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PROGRESSIVE ARTERIAL OCCLUSION ANTI-BLACKOUT SUIT
WITH ARM  CUFFS

ar 3 .
28

Figs. 2 and 3

60 pounds per square inch pressure source. The
resulting, very rapidly progressive high pressure
inflation of the bladder system from the ankles to
the abdomen was controlled by a pressure shut-off
line from the top of the abdominal bladder, which
regulated the final level of pressure according to
the level of acceleration. This pressure was set
to the presumed arterial occlusive level of 150
mm of Hg at 1.5G and increased automatically by 50
mm of Hg per G above this level--so, for example,
at 5G the final suit pressure was about 325 mm Hg
(9).

The average protection afforded by this suit
of 2.1G was more than double the protection affor-
ded by the Frank's suit. Addition of arterial oc-
clusive arm cuffs in effect converted the subject
to a heart-lung-head preparation and increased the
average level of protection to 2.9G against visual
systems and decrease in blood content of the ear
(9).

The so-called simple arterial occlusion suit
(Figure 4) which consisted of arterial occlusive
cuffs on both thighs and arms, plus a highly
effective abdominal bladder, was nearly as effec-
tive as the progressive arterial occlusion suit,

A somewhat simpler version of this suit, without

the arm cuffs, which could be worn over a conven-
tional light-weight flying suit, was also fabri-

cated and tested (Figure 5).

The effectiveness of the progressive arterial
occlusion suit as well as the M-1 voluntary
straining maneuver was documented in a series of
restricted reports and acceleration physiology
movies filmed on the Mayo human centrifuge and in
a specially instrumented dive bomber during World
War II.

Inflation of these suits to arterial occlu-
sive pressures was accompanied by considerable

ARTERIAL  OCCLUSION  ANTI-BLACKOUT  SuiT

(fom US Poent 2,495,316
DM Clork o of, Filsd Sept 14, B45)

Figs. 4 and 5
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(from US Potent 2,498,316, DM Ciork o ol; Filed Sept M, 1348 )

discomfort. 1In spite of their high degrees of pro-
tection, pilots at that time did not consider
blackout to be a sufficient problem to warrant use
of such uncomfortable garments.

Consequently, these very high pressure anti-G
suits were never used operationally. However, phy-
siologic studies of the effects of separate infla-
tion of the leg, abdominal and, in some suits, the
arm cuff components of the pneumatic bladder
system, and varying the size, location and
pressures to which these individual components were
inflated, provided the basis for fabrication by Mr.
David M. Clark in 1943 of the so-called simple
single pressure bladder system (Figure 6). This
bladder system, or closely similar variants
thereof, when incorporated into various coverall,
trousers or externally worn skeleton-type garments,
and its associated single pressure G activated
valve has been the basis for all operationally used
suits during World War II and up to the present
(3,9,13),

Fig. 6 Fig.7

Centrifuge tests demonstrated that increasing
the area or the inflation pressure to which the
bladder system was inflated and/or snugness of fit
of the garment into which this bladder system was
incorporated increased its effectiveness as an
anti-G suit (13). Unfortunately, increasing any
one or all of these factors also increased the
discomfort associated with G-suit use. The relati-
vely ineffective skeleton type suit (Figure 7)
which is still used today (4,9) was the result of a
compromise between these factors during World War
II: {(16).

The most effective of these simplified suits,
the so-called Model 21, incorporated the single
pressure bladder system into a closely fitting ine-
lastic trousers. In multiple bioassay-type tests
(17) in the centrifuge and in flight, the average
protection afforded by this suit was 1.9G (18,19).

Direct recordings of arterial pressures in
1945 (Figure 8) obtained simultaneously at heart

Fig. 8



DEVELOPMENT OF METHODS FOR PREVENTION OF
ACCELERATION INDUCED BLACKOUT AND UNCONSCIOUSNESS
IN WORLD WAR II FIGHTER PILOTS.
LIMITATIONS: PRESENT AND FUTURE

Earl H. Wood
Department of Physiology and Biophysics
Mayo Medical School
Rochester, Minnesota

During World War II and up to the relatively
recent past, use by fighter pilots of an anti-G
suit combined with voluntary straining maneuvers
were considered to provide adequate protection
against acceleration induced losses of vision
(blackout) and the much more serious (but thought
to be relatively rare) losses of consciousness
(1-3).

However, multiple recent crashes of current
high speed, very maneuverable fighter planes, due
to pilot +G, induced losses of consciousnesss
(GLOC) during sustained high acceleration simula-
ted combat maneuvers indicate that the physiologic
capabilities of the pilot and his supporting anti-
G suit are being exceeded and will be increasingly
so in future, ever higher performance fighter
planes (4,5).

Consequently, if sustained very high G maneu-
vering capability fighter planes provide important
tactical advantages, more effective methods for
prevention of black-out and GLOC in the pilots of
these planes are urgently needed.

In the conventional sitting position, a
fighter pilot's primary defense against blackout
is his anti-G suit which he can supplement by
voluntary straining maneuvers up to the limit of
his physiologic capabilities (2).

Although the ultimate effectiveness of the
combined use of a G suit and voluntary straining
maneuvers are subject to the limitations of human
cardiovascular and pulmonary physiology, the cur-
rently used U.S. Air Force anti-G suit does not
approach this limit. This is remarkable since
more effective anti-G suits and associated automa-
tic inertial suit pressure control valves were
fabricated and tested during World War II (6,7).

However, in spite of its known relatively
low protective value, the current externally worn
Air Force anti-G suit was adopted over 40 years
ago mainly because of pilot acceptance. This
acceptance resulted from its convenient donning
and doffing characteristics, the minor degree of
discomfort associated with its inflation during
exposure to acceleration, and more importantly
that GLOC was not considered, or at least not
admitted by pilots to be a tactically important
problem in the relatively low speed fighter planes
of that era. The current urgency of the GLOC
problem dictates, among other things, an in-depth
review of what is known concerning the physiology
and limitations of anti-blackout suits.

Initially developed anti-G suits were based
on the belief that decreased venous return to the
heart was the most critically important result of
the increased weight of blood which is an una-
voidable effect of acceleration. Development of
cumbersome water filled, pneumatic gradient and
pulsatile pressure suits resulted.

The water filled Frank's Flying Suit which
was used successfully by the British Air Force
during the 1942 invasion of North Africa was the
foremost anti-G suit during the early years of
World War II (8). Early anti-blackout suits were
developed concurrently or shortly thereafter,
chiefly by the U.S. Navy. Pictures of these
suits, including an anti-G abdominal bladder, a
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pulsatile pressure suit, and a gradient pressure
suit, are included in a review published shortly
after World War II (9). A somewhat more cumbersome
gradient pressure suit was designed and tested by
Cotton in 1940 in a small human centrifuge in
Australia.

The basic concept upon which these early suits
were based, namely that maintenance of venous
return to the heart would be a very effective means
of preventing blackout, was tested when the Mayo
human centrifuge became operational in late 1942.

A steel container designed to allow a seated sub-
ject to be immersed in water up to base of heart
level was mounted in the cockpit of the centrifuge
(10). The G tolerance cf 15 healthy young men was
determined with and without water immersion up to
or above heart level and also while wearing the
Frank's Suit. The protection against subjective
losses of vision and objective decreases in blood
content of the ear provided by the Frank's suit and
actual immersion in water to an equivalent level
was determined to be about 1G (11). This was less
than hoped for and stimulated search for more
effective means of prevention of blackout.

Following the lead of the Canadian human
centrifuge group, the duration of exposures to
given levels of acceleration on the Mayo human
centrifuge was initially restricted to five
seconds, This restriction was based on the fact
that aircraft at that time had insufficient power
to sustain accelerations greater than several G for
more than five seconds and also on the belief that
circulatory collapse, due to cessation of venous
return, would occur if high levels of acceleration
were maintained for longer periods.

This concept was tested in 1942; and, somewhat
unexpectedly, as illustrated in Figure 1 the pro-
gressive loss of blood content and arterial pulsa-
tion in the ear, which occurred during the first
seven seconds of the exposure, were, if the expo-
sure was prolonged to more than ten seconds, inter-
rupted by a rapid recovery of both of these
objective parameters, and a concomitant restoration
of vision occurred (12).

Fig. 1

These findings along with water immersion stu-
dies strengthened belief that arterial pressure
rather than venous return is the major determinant
of human G tolerance when in the upright sitting
position.

Consequently, physiologic and mechanical
methods of increasing systemic arterial pressure
were considered and studied in an initial series of
intensive tests on the Mayo human centrifuge from
1942 through 1943 (13-15).

So-called arterial occlusion suits were found
to provide much higher levels of protection than
devices designed to support venous return, Several
types were designed and fabricated in close colla-
boration with Mr. David M. Clark (Figure 2).

The most effective of these, with its automa-
tic, very rapidly inflating pressure control valve,
is illustrated in Figure 3. The air bladder system
was inflated very rapidly from the ankles upwards
to the abdomen via a valve, which at 1.5G opened
the bilateral air inlet lines at the ankles to a
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Flying with future high performance aircraft
also means that colour displays may be used to
present flight and weapon information. Colour
vision may be disturbed during high G-loads, in
the same way as peripheral vision is disturbed by
the blood pressure drop accompanied by hypoxia in
the retina. This gray-out during high G-loads may
sometimes proceed to black-out, where all vision
is lost. Similar phenomenona might happen to the
hearing as well as to the other senses.

The use of joy-stick mediated CRT-pointing
as command in the aircraft instead of the
pressing of buttons or the movements of switches
may also cause problems due to motoric
difficulties during high G-loads. The control and
strength of the muscles to move the hand with the
very high precision required must be sufficient
in the high G-situation, otherwise the commands
may become inaccurate.

Speech commands may also be used in high
performance aircraft. The automatic
interpretation of such speech commands at 1 G has
now reached a very remarkable 1level of correct
responses. During high G-loads, however, the
speech is distorted as it is during vibrations.
During the time the pilot has to perform the
straining maneuvers with closed or semiclosed
glottis, the speech is either impossible or very
difficult and highly distorted. If positive
pressure breathing is going to be used in future
high performance aircraft to  improve G-to-
lerance, the use of speech commands might also be
difficult during the high G-loads.

In conclusion, the high performance aircraft
of today and in the near future may expose the
pilot to rapid onset high sustained G-loads. This
implies that the physiological limitations of the
human tolerance to G acceleration sometimes are
reached and might even be exceeded. In some res-
pects the psychological and physiological
requirements on the pilot are much more
pronounced in the high performance aircraft,
while in other respects, the modern technology
facilitates the tasks for the pilot. The
psychomotor performance may be decremented with
the high G-loads as well as the vision and
speech. The high physical demands in the high
sustained G enviromnment with repeated straining
maneuvers may cause general as well as local
muscle fatigue. The kidneys as well as other
internal organs of the body are influenced by the
high G loads and their performance may be affec-
ted. A decreased oxygen saturation of the blood

in  combination with a rapid cerebral blood
pressure drop during high G loads, might result
in a G-induced 1loss of consciousness with

disastrous consequences to the pilot. Such a loss
of consciousness may require an autopilot system
to temporarily take-over the controls of the
aircraft. In that case the aircraft definitely
has caused the pilot to exceed the physiological
limitation of human tolerance to Gz acceleration.
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reached. An indication of the adaptation of the
circulatory system may be given by the passive
slow onset rate G-tolerance measurements. The
more active G-tolerance measurements will, on the
other hand, give an indication of the circulatory
system as well as of the correct technique, the
muscle force and endurance required to perform
the straining maneuvers.

The endurance G-tolerance may be measured by
the aerial combat maneuver (ACM) G-profile with
repeated 15 s periods of, for instance, 3.5 and
5.5 G without anti-G-suit (7), 4.5 and 7 G with
anti-G-suit (8) or 10 s periods of alternating 5
and 9 G (9) until volitional exhaustion. Here the
general physical endurance as well as local
muscle fatigue are important factors.

The ability to recover after repeated
periods of high G-loads is still another type of
G-tolerance, giving an indication of the
readiness for new G-exposures during a 24 h
period.

To measure G-tolerance in a human centrifuge
the subjects have to be familiar to the G-loads
and the vestibular effects in the centrifuge.
Fighter pilots are of that reason often chosen.
Naive subjects have to be trained for weeks in
the centrifuge to be able to be wused in
G-tolerance measurements.

The variability in different subjects
exposed to high G-loads is very great (10, 11).
Some may tolerate only 7 G for less than 15 s,
while others may tolerate 9 G for 45 s with
anti-G-suit. During unsuccessful circumstances
even an experienced fighter pilot may encounter a
G-induced 1loss of consciousness at such a low
G-load as 3.5 G, indicating a great G-tolerance
variability in the same day as well as on a daily
basis. Selection procedures should be more
important in the future, at least to eliminate
those with 1low G-tolerance, who could be a
flight hazard when flying high performance
aircraft. It is not only a question of such
constitutional factors as blood column distance
from heart to brain and baroreceptor reactivity,
but also of physical ability and endurance to
perform the necessary straining maneuvers during
high G loads. Among other constitutional factors
than height, weight, age etc., which are
investigated so far, no evidence exists that
muscle fiber composition and muscle capillary
density can be a good predictor of high
G-tolerance (12). If other muscle function tests,
anaerobic tests or psychomotor stress reaction
tests might be used in the selection of pilots
with high G-tolerance remains to be investigated
(13, 14). It appears, however, to be very
difficult to predict a good future G-tolerance in
a subject.

Many environmental and physiological factors
may interfere with a good G-tolerance. Such
limitations may be caused by heat stress,
dehydration, hypoglycemia, fatique,
hyperventilation, hypoxia, alcohol and hangover
etc., but also by a minor illness and by
medication. A dehydration of 3 % of the body
weight without raised body temperature may, for
instance, reduce the ACM G-tolerance without
anti-G-suit by about 40% (15). A dehydration of
this magnitude is not inconceivable in a fighter
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pilot operation. If it is combined with raised
body temperature, which could be the result of
using a chemical defence protection equipment,
the effect should be still more pronounced. Even
small decrements in G-tolerance, however, may
have a major impact on the operation of a high
performance aircraft at high G-loads. A1l these
negative factors should, therefore, be still more
important now. The negative factors may not only
increase the risk of G-induced 1loss of
consciousness, but they may also induce a further
impaired psychomotor performance during the high
G-loads.

The very rapid onset high sustained G-load
in air combat maneuvering with high performance
aircraft may cause inadequate cardiovascular res-
ponse. The immediate heart rate response may be
only a fourth of the final heart rate reached
with very rapid onset rate (16). The tendency to
rapid cerebral blood pressure drop during this
situation may also require immediate respiratory
and muscle straining maneuvers (M-1 or L-1) as a
countermeasure. The adequate performance of the
straining maneuvers implies a correct technique
to execute them as well as a sufficient muscle
endurance. A correct technique may best be
trained in a human centrifuge and the muscle
endurance 1is best obtained by strength training.
Consequently, centrifuge training (17) as well as
strength training (18, 19) has been shown to
increase ACM G-tolerance substantially. The
strength training requires, however, that many
muscle groups are trained to obtain an improved
G-tolerance, and not only, for instance,
abdominal muscles (7, 20). Aerobic training, on
the other hand, has not been shown to increase
G-tolerance (18). Endurance training might even
imply proneness to cardiac dysrhythmias,
G-induced 1loss of consciousness and motion
sickness (21).

The very high sustained G-loads requires a
good muscle endurance to be able to execute
repeated straining maneuvers. A muscle strength
training program is, therefore, beneficial for
that reason, but to recover from missions with
many strenous high G-loads a combined strength
and moderate aerobic training could be of value
(21).

Another way to push the physiological
limitations of human tolerance to Gz acceleration
appears to be the use of positive pressure
breathing in combination with an effective
anti-G-suit, and especially assisted positive
pressure breathing (22, 23, 9).

The high sustained G-loads may imply func-
tional physiological  disturbances such as
shunting of the blood in 1lungs and G-induced
pulmonary atelectases (24) with deteriorated
blood oxygen saturation as well as strain on the
kidneys with proteinuria (25). It may also imply
injury to some structures of the human body, as
for instance the petechial hemorrhages in the
skin (so called G-measles) that may be found in
unprotected external areas of the body. If other
internal organs of the human body will be injured
by the high G-loads, such as some time ago was
suggested in the hearts of pigs (26), remains to
be investigated. So far no such findings have
been found in humans (27, 28).



PHYSIOLOGICAL LIMITATIONS OF HUMAN TOLERANCE TO
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The advances in aircraft technology with
higher engine thrust, higher wing 1loading and
computer assisted electronic "fly by wire" flight
controls of a highly unstable and extremely
maneuvrable fighter aircraft may expose the pilot
to very high G-loads of up to or even exceeding 9
G. The onset-rate of the G-load may also be very
rapid in these high performance aircraft, but is
usually restricted by the computer of the
aircraft to 6 G/s. This restriction is mainly due
to a presumed physiological Tlimitation of the
pilot with a risk of G-induced 1loss of
consciousness. The high performance aircraft also
allows the execution of steep turns for extended
periods of time, thus exposing the pilot to
sustained high G-loads. This sustained high
G-load is very fatiguing as it continuously
requires maximal respiratory and muscular
straining maneuvers (M-1 or L-1 maneuvers) of the
pilot to avoid a cerebral blood pressure drop
with a following risk of G-induced loss of
consciousness.

The presentation of important flight and
weapon data with head-up and head-down displays,
CRT-techniques and better ergonomics of the cock-
pit facilitate the pilot”s operation of the air-
craft. The interpretation of the great amount of
information given, the requirements for very
rapid decision making and the necessity for
simultaneous looking out through the cockpit in
these very fast flying aircraft exert, however,
an extreme high stress on the pilot. If the
stress of the high sustained G-load, requiring
repeated very tiresome straining maneuvers, is
added to that, it is apparent that the pilot may
have a deteriorated mental performance and may be
the 1imiting factor for the fully operation of
the high performance aircraft in high G
environments (1).

The development of chemical warfare has for-
ced the introduction of protective devices for
the pilots that will interfere with their
performance. These devices will induce heat
stress, which is lowering the G-tolerance of the
pilot and are adding further stress to the pilot.

Reports of G-induced loss of consciuousness

during flying with high G-loads of high
performance aircraft with sometimes disastrous
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consequences have appeared (2). The occurrence of
these can be 7looked upon as a failure of the
ability to protect the pilot against the high
G-loads and a transgression of the limit of the
pilot”s maximal performance. Other measures have
to be taken to avoid the disastrous consequences,
when the G-induced loss of consciousness already
has occurred. It may imply the development of
equipment to detect the G-induced 1loss of
consciousness in order to let the computer of the
aircraft with help of the advanced ground
proximity warning device and the autopilot system
take command of the aircraft for a low G climb to
safe altitude. During this maneuver the pilot may
have a chance to recover and to resume the
control of the aircraft again.

The mean incapacitation time of a G-induced
loss of consciousness appears to be about 15 s
(3). During the final stages of the unconscious-
ness clonic convulsions may appear, before the
consciousness is regained. As this
unconsciousness is accompanied by a retrograd
amnesia, confusion and deteriorated mental
performance (4), the ability to properly handle
the aircraft may be impaired for long periods
afterwards. A G-induced loss of consciousness may
therefore, for safety reasons, be considered as a
cause of aborting a sortie.

Rapid onset G-loads may also be found in
civilian competitive and aerobatic flying with
very maneuvrable small aircraft. Most dangerous
seem the rapid transitions from, for instance, 5
negative G to more than 5 positive G to be (5).
The baroreceptor response during the rapid
transitions from negative to positive G-loads
appears to be too slow, which may result in rapid
drop in cerebral blood pressure. Reports of
G-induced 1oss of consciousness of that reason
have also appeared (6).

Negative G-loads provoking occasional pre-
mature atrial and ventricular contractions and
bradycardia to the extent of asystole may also
impose a risk to pilots (6).

During the acceleration phase of a space
shuttle launched into space or during the re-ent-
ry, the astronauts are only exposed to G-loads
not exceeding about 3 G. Orthostatic reactions
may, however, be seen during the re-entry and the
immediate time thereafter, as a result of a
deconditioning of the circulatory system during
the microgravity in extended sojourns in space.

G-tolerance in  human  subjects may be
measured in many ways. Orthostatic tests on tilt
tables seem not to be a very effective tool to
estimate G-tolerance during high G exposure.
Instead, human centrifuges are used to measure
G-tolerance wusually relaying on subjective
end-points. Motivation and subjective experience
of the effort level may influence the results in
endurance type G-tolerance measurements to
volitional exhaustion. The tolerance to withstand
rapid onset and high sustained G-loads, where
tiresome straining maneuvres continuously are
required, 1is one way of defining G-tolerance.
Another way may be the passive G-tolerance
measurements, when subjects are exposed to slow
onset rate but gradually increasing G-loads
without the wuse of straining maneuvers until
peripheral 1ight 1loss end-point criteria is

§-23



Although Coermann (2) years ago developed a
two-degrees-of-freedom model to measure the
response of his eight seated, human sub-
jects to vibration, his two-mass model did
not account for any of the peaks beyond the
primary one and assigned a small percentage
of the total mass to the upper torso.

In evaluating the new model further,
the model or calculated mass (m; + mp) was
compared to the actual mass (test weight)
of each primate. The results are shown in
Table 2. The agreement between the two
masses was very good in the case of all
seven test animals. It also strongly sup-
ports the previous observations (7-9) that
both the monkeys and baboons vibrate out of
phase rather than rigidly with the seat
over most of the frequency range tested.

Table 2. Comparison of measured and
model mass values™*

Hodel values
Animal Test weight (m) + m3)
Rhesus monkey:
$058 21.0 (9.53) 17.76 (B.06)
#314 20.3 (9.21) 20.31 (9.21)
#4360 16.8 (7.62) 16.79 (7.62)
#318 28.0 (12.70) 25.87 (11.73)
Mean 21.3 (9.66) 19.30 (8.75)
Baboon:
#F96 26.0 (11.79) 25.98 (11.78)
#F26 37.5 (17.01) 36.76 (16.67)
#F88 31.0 (14.06) 27.99 (12.70)
Mean 31.5 (14.29) 28.49 (12.92)

*All values in pound (1b) units (kg units in parentheses)

Interspecies Scaling. Based on the
insignificant difference in impedance and
transmissibility between the Rhesus monkeys
and baboons, the question was raised in the
previous report (9) concerning the selec-
tion of the baboon as a better biodynamic
model than the Rhesus monkey and also the
phylogenicity of the two subhuman primate
species. Moreover, in a study by Little
and coworkers (4), it was found that in
evaluating the viscoelastic properties
(e.g., max. strain rates) of the major
spinal ligaments of Rhesus, baboon and
chimpanzee, the Rhesus was closer to the
chimpanzee in many cases than was the ba-
boon. Thus, in combining the results of
both programs, it appears that the baboon
may not be in the same lineage with the
Rhesus and chimpanzee but on another con-
verging line. In view of the cost and
availability of both animals, the Rhesus
appears to be a good research model to
extrapolate data to humans (9).
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Fig. 5. Models. A. One-degree-of-freedom
model where mg = mass of lower half of body,
my = mass of upper half of body, c = damp-
ing factor, and k = spring factor [modified
slightly after (1)]. B. Two-degrees-of
freedom (TDOF) model where mj = mass of
pelvis and upper leg, m; = mass of upper
body and head, c; and cy = damping coeffi-
cients for respeCtive masses, and ki and

ky = elastic coefficients for respective
masses.

secondary peaks seen in some of the animals,
(e.g., Baboon #F96) as well as provides a
good fit of impedance magnitude for both
species (Figs. 6 and 7).
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Fig. 6. Comparison of mean impedance

magnitude of four Rhesus monkeys and
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magnitude of three baboons and TDOF
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Table 1. Model parameters for impedance
data at two acceleration levels

Animal n' gt gt uy 2 kg

Rhesus monkey :
§

#058 L 0.0260 1.81 350 0.0200 0.9 35
[} 0.0260 1.68 300 0.0200 0.85 30
#314 L 0.0280 2.13 450 0.0246 1.08 37
H 0.0280 1.96 380 0.0246 0.95 29
#4360 L 0.0075 1.41 735 0.0360 2.20 105
B 0.0075 1.23 560 0.0360 1.85 T4
#318 L 0.0200 2.36 775 0.0470 2.12 75
H 0.0200 2.08 600 0.0470 2.01 67
Hean L 0.0230 1.90 435 0.0270 1.35 53
] 0.0230 1.76 375 0.0270 1.25 45
Baboon:
#F9% L 0.0190 3.09 1400 0.0483 2.79 126
B 0.01%0 2 87 1200 0.0483 2.81 128
#F26 L 0.0360 3.32 850 0.0592 2.54 BS
B 0.0360 2.%0 650 0.0592  2.46 80
#FB8 L 0.0135 2.20 1000 0.0590 3.32 146
H 0.0135 2.06 875 0.05%0 2.91 112
Mean L 0.0202 2.83 1100 0.0536 3.02 133
B 0.0202 2.58 900 0.0536 2.76 111

"), By * masses in lb'sec?/in

+

€]y €2 = damping coefficients in lb*sec/in
tkl, ky = elastic coefficients in 1b/in
*1. and B refer to 0.177 and 0.283 rms G, ascceleration levels, respectively

Note: By multiplying the tabulated data by 174.98, the model would be
expressed in the following SI units: "w" in N-s/m, "c" in N-s/m
aod "k" in N/m.

The model matched also the phase
angle data but not as well as impedance
magnitude; this is detailed elsewhere
(Kaleps, Yackiel and Slonim: Ms to be
published). An estimate of the modeling
parameters derived from the TDOF model for
both primate species at both G levels is
presented in Table 1. When the mean imped-
ance magnitude curve for each species was
compared with the TDOF model, the fit was
very close, as shown in Fig. 8.

6.0 Ib*s/in

10-“30 N+*s/m

e—= Mean for all baboons
=—a Mean for all Rhesus

218 = MODEL for ail baboons
Lol a=-ce MODEL lor all monkeys
° 5 10 15 20 P 20 5 40 pa— .
Fig. 8. Comparison of mean impedance mag-

nitude of all Rhesus monkeys, all baboons
and TDOF model within the 0.18-0.28 rms G
range. A pure mass line (meg) for each
species is included.
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Impedance Phase. The impedance phase,
which was measured starting with the last
monkey and in all three baboons, showed a
phase angle minima at the low frequency
region, 10-20 Hz, and at an amplitude from
20 to 40 degrees. As showed in Fig. 3,
there was no significant difference in
phase between G levels, reflecting a linear
response here also. At the higher frequen-
cies, 35-50 Hz, the response varied; one
baboon (#F88) showed a sharp rise in phase
angle, whereas another (#F26) tapered off.
The former exhibited '"mass-1like'" charac-
teristics as reported for Rhesus by Broder-
son and von Gierke (1), and the latter was
""damper-1like' as described for Rhesus also
by Edwards et al. (3). The third baboon
(#F96) was intermediate in response between
the other two. Thus, the results (Fig. 3)
showed that impedance phase can vary from
mass-like to damper-like in character.

When the mean phase angle curve of one
Rhesus monkey was compared to that of the
three baboons, there was no significant
difference between the two species (9).

o
—_— Ty

Fig. 3. Impedance phase vs. G level
for each of the three baboons. (8)

Transmissibility. The transmissibili-
ty from seat pan to the top spinal acceler-
ometer in all seven primates showed the
greatest amplification at low frequency,
5-12 Hz. Transmission at the bottom accel-
erometer, which was near the vibration
source, was close to unity over most of the
frequency spectrum tested, with a slight
peak in the 6-9 Hz area. There was no sig-
nificant difference between G levels in any
of the three transmissibility ratios, indi-
cating a linear response. The small dif-
ference between G levels reflected a ten-
dency towards non-linearity but not to the
extent observed with the impedance data.
When the mean curve of the Rhesus monkeys
was compared to that of the baboons, there
was no significant difference between
species in any of the three transmissibili-
ty ratios; see, e.g., Fig. 4 comparing
transmission from the seat to the top
spinal accelerometer (TOP/TAB) between both
species.

In a similar but somewhat complemen-
tary study, which began also in the late
1970s, another group of workers sought to
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—— BABOON Mean w/S5% CL

------ RHESUS Mean w/95% CL

TOPITAB

[ s 10 18 20 :'i a0 s a0 48 so0
Fig. 4. Mean TOP/TAB transmissibility
curves compared between baboon (solid
lines) and Rhesus monkey (dashed lines).

directly measure transmissibility in pri-
mates. Quandieu et al. (5,6) in France
implanted 3-5 accelerometers on the ventral
surface of the lower lumbar centra of Rhe-
sus monkeys and very small baboons and ex-
posed them to sinusoidal and/or random
vibrations ranging from 0 to 100 Hz at
either 0.1 or 0.25 rms Gz. Quandieu re-
ported differences in response between his
animals in terms of both transfer and co-
herent functions upon which he based his
results; he reported also on a lack of
non-linearity over the 0-80 Hz range at

low acceleration levels (below 0.5 rms Gz).
The latter observation corroborates the re-
sults found in this study.

One explanation for the lack of non-
linearity observed throughout this study
may be that the range of excitation was
too narrow, i.e., 0.25 and 0.40 peak G
rather than one farther apart. This should
be considered in future efforts.

Modeling. A one-degree-of-freedom
model developed by Broderson and von Gierke
(1), as shown in Fig. 5A, had been applied
to these data, and the results were satis-
factory (7-9). This model considers the
restrained, seated animal as having a two-
mass response: one reactive ("sprung") and
the other inert (or moving with the seat).
The lower half of the body is assumed to
respond like a pure mass, mg, and only the
upper torso, my, is free to move relative
to the chair. The modeling results indi-
cated that there was a tendency to be less
rigid (more decoupling from the seat) at
the higher G level (9). However, this
simple model, which assumes "ischial stiff-
ness'" and no lower body response, did not
account for the secondary peaks in the 25-
50 Hz range exhibited by many of the seven
primates. Therefore, other models were
evaluated, and a two-degree-of-freedom
(TDOF) model was selected and applied to
the same data as before. In the new model,
which is shown in Fig. 5B, the lower torso
characteristics are incorporated. This
model, developed this year by Kaleps et al.,
not only fit well the individual primates,
but also the mean response of each species.
The model clearly accounts for the large



BIODYNAMIC RESPONSE OF SUBHUMAN
PRIMATES TO VIBRATION
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A program was initiated in this labo-
ratory eight years ago to develop a method
to directly measure transmissibility up the
spinal column and determine the impedance
of subhuman primates to vertical sinusoidal
vibration. Accelerometers were implanted
on the spinous process at the upper and
lower region of the spine of Rhesus monkeys
and later baboons. This report will pre-
sent the results obtained on the impedance
and transmissibility characteristics of
both species of primates as well as on the
application of a recently developed model
to the data to obtain a better approxima-
tion of the biodynamic response and, to a
small extent, on an effort towards inter-
species scaling to humans.

METHODS

The methodology for implanting two
miniaturized, damped, heat-compensated
accelerometers on the spinous processes of
the upper thoracic and lower lumbar spine,
respectively, and the procedures used for
measuring impedance magnitude, phase angle,
and transmissibility from the load plate
(seat pan) up the spinal column have been
described previously (7-9). Four 7-8 year-
0ld Rhesus monkeys (Macaca mulatta) and
three 4-5 year-old baboons (Papio papio),
all males of similar size (8- g), were
tested four days after accelerometer im-
plantation on an electrodynamic vibration
machine for a period of one hour (mean 53
min) per day up to four consecutive days.
They were exposed to vibrations from 4 to
50 Hz at 0.177 rms Gz then at 0.283 rms Gg
(0.25 and 0.40 peak Gz, respectively). The
frequency spectrum was as follows: 4-16,
18, 20, 25, 30, 35, 40, 45 and 50 Hz; the
exposure period per frequency per G level
was approximately 30 seconds, which was
similar to that of other workers (1,3).

The biomechanical response to vibra-
tion was measured by impedance magnitude,
phase angle, and three transmissibility
ratios; the latter were the ratios of rms
accelerations between the top spinal accel-
erometer (TOP), bottom spinal accelerometer
(BOT) and table or seat pan accelerometer
(TAB). The modeling parameters, comprising
mainly the damping and elastic coefficients
and mass values, were calculated from the
impedance data.

*Present address:
Dayton, Ohio 45426.

5282 Greencroft Drive,
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RESULTS AND DISCUSSION

Impedance Magnitude. The impedance
magnitude of the four Rhesus monkeys and
three baboons showed a resonant peak at low
frequencies, 7-20 Hz, with some primates
showing one or two other peaks from 25 to
50 Hz. Impedance magnitude was generally
less at the high G level than at the lower
G level over most of the frequency spectrum
tested, as seen in Fig. 1. The difference
between the two G levels was not signifi-
cant, thus the response was linear although
the tendency towards non-linearity existed
for all seven primates. A plot of the mean
impedance magnitude per G level of each
species showed that the largest resonant
peak for both species occurred at 20 Hz.
When the mean impedance magnitude curves
(#95% CL) of both species were plotted and
compared, the results showed no significant
difference between species, except in one
small area, 8-9 Hz (Fig. 2).

as e ap ar

LU L

] M D W ar s e b bems T ) oo @ W e a0 em
Fig. 1. Impedance magnitude vs. G level
for each of the four Rhesus monkeys. (7)

S BABOON Mean w/95% CL

R [T RHESUS Mean w/95% CL
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Fig. 2. Mean impedance magnitude curves
compared between baboon (solid lines) and
Rhesus monkeys (dashed lines).
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DISCUSSION

In terms of adaptation to high gravitational
pressures In Its cardiovascular system, the
giraffe Is certainly unique. The edema-
preventing mechanisms that were detected In
glraffe legs Included: 1) variable and sometimes
negative P s and Pys, 2) Impermeable capillary
membranes ¥o retain Intravascular proteins, 3)
arterial wall hypertrophy and vasoconstriction to
reduce dependent blood flow, 4) a prominent
|ymphatic system, and 5) skin and fascial
"g-suit™ combined with one way valves In the
veins and lymphatics to reduce venous capac Itance
and to propel blood and peripheral lymph upwards
against a gravitational pressure gradlent. This
study demonstrates that intravascular and
Interstitlal fluld pressures are highly variable
during normal exercise and that studies of
recumbent and upright-stationary animals may give
misleading Information about transcapillary fluld
balance. For example, it Is known that sick
glraffes soon dle after assuming the recumbent
position. Also, our static, upright results
provide an Incomplete plcture. Therefore, normal
exercise activities with concomitant pumping of
velns, Interstitial fluids and peripheral Iymph
are Important for edema prevention in dependent
tissues. In this context, It Is noteworthy that
taller mammals (e.g. glraffes and humans) have
tight fasclal layers around their |ower
extremitles whereas shorter mammals (e.g. rats
and rabbits) do not. Apparently the cyclical
compression and decompression assoclated with
muscular activity and tight fascial enclosures
(11) explain the highly variable Pa’ Pv' and Pt
that were observed.

The exlstence of Impermeable capillaries In
the glraffe tends to ralse n. and lower my but
also, this relative 1mperme$%lll+y may Impor=
tantly reduce fluid conductivity Lp through
the capillary membrane, allowing the lymphatic
system to carry away any excess Interstitial
fluld that forms. |In addition, based on our
Xe-133 washout results, it Is apparent that
precaplllary vasoconstriction normalizes blood
flow and reduces caplllary filtration area A In
dependent tlissues.

Some anatomical adaptations of the giraffe
and human obviously represent developmental
ad justments to high and varliable gravitational
pressures. For example, the Important work of
Williamson and col leagues document that caplllary
basement membrane thickness Increases two fold
from neck muscle to leg muscle of adult gliraffes
and humans (15). On the other hand, such
membranes In the human fetus are uniform and
considerably thinner than those In children and
adult humans. A thicker caplllary membrane In
dependent tissues of the adult provides
anatomical evidence for lower permeablil|ity to
plasma ultrafiltration across the capillary. In
this context, 1t would be Interesting to
Investigate alterations of edema-preventing
parameters In human legs during long-term
exposure to microgravity and subsequent
read Justment to Earth's 1 g or to hypergravity
conditions on a larger planet. It Is possible
that the smooth muscle tone of precaplillary
arterioles and lymphatic vessels In dependent
tlissues Is lost during long-term space flight In
the absence of countermeasures. Long-term bed
rest studles of edema-preventing mechanisms In
humans may elucldate the time course of this
postulated vascular deconditioning. The effect
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of long-term microgravity on fascia and other
connective tissue structures needs careful
assessment as well. Such studies should provide
knowledge about mechanisms and rates of
deconditioning and reconditioning in space
travelers as well as [n patlents exposed to
long-term bed rest.

The venous and arterial pressure data
Indicate that a siphoning phenomenon is probably
not Important to maintenance of blood perfusion
In the gliraffe brain (5). The exIstence of dense
valves In the head and distal neck as compared to
sparse valves In the proximal neck Indicates
their Importance for preventing retrograde venous
flow, for example, during short periods when the
glraffe's head Is |lowered below heart level
during drinking.

The results obtained in these initial
studies of the giraffe suggest avenues of future
gravitational physiology research In giraffes,
other animals, as well as humans. For example,
adaptations to head-down drinking In the giraffe
requires further study to determine If
Intracranlal hypertension is a problem In this
posture. Cerebral spinal fluld pressures should
be measured In various positions and activitlies.
Lymphatic flow and pressures deserve detalled
studies In giraffes and In patients exposed to
long-term bed rest. More complete histo-
morphometric studies would provide greater
anatomical understanding of the physiologlical
mechanlsms Involved In edema prevention. Sleep
patterns In the giraffe should be studied because
of the lack of recumbency. Fascla and skin
comp | lance should be studied In legs of varlious
animals. Studies of other gravity sensitive
animals [e.g. snakes (8) and ostriches] are
Indicated. Finally, better and more complete
studles of venous pressures from the head Into
the thoracic cavity and right ventricle are
needed.
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MEAN BLOOD AND TISSUE FLUID PRESSURES ( mmHg )
DURING UPRIGHT, STANDING POSTURE

Figure 2. Mean arterial P, , venous P, and
Starling pressures (P, 7. Pt’ and Ty) In
glraffe (right) as compargd 16 human (left) at
hydrostatic levels between the head and feet.
Lymph samples obtained from the leg had only
trace amounts of protein and T, = 0. Foot
samples for T, were often conflmlnafed by blood
and therefore, were less rellable. It's
noteworthy that P, beneath the tight skin and
fascia of the legs ranged between 40-50 mmHg,
Indicating the presence of a "natural g-sult" In
the giraffe. Data for human pressures are
obtained from several sources besides our
previous studles [From Hargens et al. (6)].

Although P_was not measured directly In the
giraffe, It's pfobably near P, In the feet (150
mmHg) and near 10-20 mmHg at the top of the
glraffe's neck (5). Surprisingly T was
Identical In the giraffe and human and therefore,
Te In the giraffe foot offers no unusual
resorptive pressure for preventing dependent
edema. Although some PyS In the neck were
negative, average bodily P: ranged between 1 and
6 mmHg, except under the tight skin and fascla of
the extremities where mean P, was 44 mmhg.
Interestingly, ﬂt was very low (1 mmHg), except

in foot samples that were often contaminated by
blood. This finding provided evidence that
giraffe capillaries are highly Impermeable to
plasma proteins and that Opapproximated unity.
This conclusion was supporfed by studles of
peripheral lymph that Indicated only trace
amounts of proteln were present and ﬂlequalled
zero.

Blood flows In skeletal muscle ff the Peck
and the leg both averaged 4 ml-min ~+100g ",
Therefore, 1t was apparent that arteriolar smooth
muscle was effective In normallzing blood flow in
the leg despite significantly higher arterial
perfusion pressures. Precapillary sphincter
activity combined with pronounced arterlal and
arterlolar wall hypertrophy In dependent tIssues
were prominent features of our gliraffe
histomorphometric studies (10).
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Plugging our values for the Starling
pressures Into Equation 1 yielded a net
resorptive pressure of =7 mmHg In the giraffe
neck and net filtration pressures of +88 to +152
mmHg for tissues of the leg. These calculations
suggested that gliraffes were susceptible to
dependent edemz in an upright, stationary
posture. However, our radiotelemetry data for
the giraffe foot Indicate that P, (ranging
between 70 to 380 mmHg), P, (-250 to +240 mmHg)
and Pt (=120 to +80 mmHg) were highly variable
during normal ambulation. Consequently, It
appeared there was an effective pumping mechanism
in the vascular and interstitlal spaces for
removing blood and Interstitial fluld against
gravity. The tight skin and fasclal layers of
the giraffe leg provided a functlional "g-sult" to
prevent pooling of blood and interstitial fluld
In dependent tissues.

The pressure gradient down the Jugular vein

was about one-tenth that expected for a
continuous column of blood (Fig. 3).

L Dense valves
X

CATHETER
+ = [NSERTION
POINT

VEI

max. extension

by

DISTANCE ABOVE HEART

0 2 4 6 8 10

JUGULAR VEIN PRESSURE
mmHgq (®)

Dense valves

Figure 3. Pressure as a functlion of hydrostatic
helght In the Jugular vein and Intervalve
distances In the giraffe neck and leg. In one
giraffe the jugular veln pressure gradient was
approximately 0.14 cm H20 per cm of vertical
distance. Intervalve distances were short In the
head, distal neck, and proximal legs but long In
the proximal neck [From Hargens et al. (5)].
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Alan R. Hargens

Division of Orthopaedics
and Rehablilitation (V-151)
University of California
and YA Medical Center
San Diego, California 92161

| NTRODUCT ION

This paper reviews our recent results (5,6)
concerning hemodynamics and fluld balance In the
glraffe as It pertains to gravitational
physiology. By virtue of Its tallness, the
giraffe provides a sensitive animal model for
Invest igating adaptive mechanisms to terrestrial
Iife In a normal gravitational fleld (1 g).
Compared to other mammals, adult giraffes are
unique because they reach five fo six meters and
walk around most of the day and night In an
upright posture. Previous physiological studles
of the glraffe have focused upon arterial blood
pressures at levels of the head and neck
(2,9,13,14). Briefly, these Investigations
demonstrated that arterial pressure near the
giraffe heart Is about twice that In humans so as
to provide more normal blood pressure and
perfusion to the brain. It Is also known that
giraffes faint when exposed fo relatively small
increases In g forces while they are transported
by plane. However, another important question to
gravitational adaptations of tall animals Is how
glraffes avold pooling of blood and tissue fluld
(edema) In dependent tissues of thelr
extremitles. Assuming a 5 1/2 meter giraffe has
a mean arterlal pressure of 200 mmHg at heart
level, one may roughly calculate the mean
arterial pressure In the foot may exceed 400
mmHg. The famous Danish physlologlist August
Krogh speculated that collold osmotic pressure
must be very high in blood of giraffe feet In
order to prevent edema formation (14). Previous
to our experiments last year, however, no one had
measured collold osmotic or hydrostatic pressures
In blood or tissue of giraffe feet.

METHODS

The forces that regulate transcaplillary
fluld balance were first identifled by the
pioneering British physiologist Ernest Starling
(12). These fluld pressures are commonly called
"Star|ing pressures™ and are represented as P,
P¢» Tco and my (Fig. 1) In the present &
formutation o¥ transcapillary fluid flow Jc:

Jg = LALP = Py) - o (m - my)] Eqn. 1
where L, Is fluld conductivity, A Is caplllary
nembrang surface area, and Op Is the protein

reflection coefficient for the caplillary membrane
(3).
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INTERSTITIAL PERIPHERAL

FLUID LYMPH
Figure 1. Starling pressures that govern fluld
exchange across the capillary membrane are
flltration pressures (capillary blood pressure P
and interstitial fluld colloid osmotic pressure

) and resorptive pressure (blood colloid
o&ho*lc pressure T.). Interstitial fluid
pressure P, Is sometimes positive (favoring
resorp?!on* and sometimes negative (favoring
flltration). Usually, fluld Is flltered across
the caplillary membrane into the Interstitium and
drained by the peripheral |ymphatic system.

During the 1985 Giraffe Physiology
Expedition to South Africa, eight 3-4 meter male
and female giraffes were studlied In terms of
thelr "Starling pressures™, regional blood flow,
and histomorphology. Because of culllng programs
unique to South Africa, two glraffes were kil led
by a local butcher who allowed harvesting of
multiple tissue samples from varlous regions of
the giraffes' bodies. Separately, arterial and
venous blood pressures were determined by
saline-filled, polyethylene tubing connected to
pressure transducers kept level with each
catheter tip. This also allowed periodic
sampl Ing of arterial and venous blood for
determination of collold osmotic pressure (1).
Concurrently, interstitial fluid pressure P, was
measured by the wick catheter technique (4),
maintaining the pressure transducer level with
the catheter tip. Empty wick catheters were
employed to collect 5ul samples of Interstitial
fluid for determination of colloid osmotic
pressure (4). Jugular veln pressures were
measured as a function of hydrostatic height In
three glraffes using the Millar Mikrotip
transducer. Thus, venous pressures were
determined without saline-filled catheters
because the pressure-sensing surface was at the
catheter's tip. These measurements were
correlatec with venous valve spacing studles In
dissected veins. Local blood flows In neck and
leg tissues were measured by the Xe-133 washout
procedure (7). These Initial studies of the
giraffes in a stationary upright posture were
possible using @ mixture of detomidine and
azaparone to sedate the giraffes during all
catheterizations and blood flow measurements.
Subsequently, a radlotelemetry system was mounted
In & backpack at the base of each glraffe's neck.
This allowed continous monitoring of blood and
Interstitial fluld pressures while the gliraffe
was free to move during normal day and night
activities.

RESULTS

Mean values for arterial and venous
pressures qualitatively matched the expected
gravitation pressure gradients using the heart as
a reference for fluid discontinuity between the
head and foot (Fig. 2).
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power spectra between HUT and HDT during MA in-
creased substantially, especially for the higher
frequency activities. The powers of 15-17 Hz and
40 Hz activities during HDT-MA were significantly
less than those during HUT-MA at O -P3-Tg and
02-P4-Tg, especially at 0p-P4-Tg.

A

-—run----a- -l-w--l--n

i 01433
-0-wnn-'-i|-q .liﬂ-."...'.
Figure 2. The mean EEG power spectra of

15 subjects at different electrode posi-
tions during HUT-MA (-) and HDT-MA ().

Camparison of EEG Responses to MA during HUT and
HDT

In Table 1, the statistical results of cam-
parison between the EEG power responses to MA
were summarized for HUT and HDT respectively. Two
major features were revealed: compared with R,
the power of 40 Hz activity was significantly
increased during HUT-MA but not during HDT-MA
so that the power of 40 Hz during HDT-MA was sig-
nificantly less than that during HUT-MA at Op-P4
-Tg ; however, the power of 8-10Hz and 15-17Hz
activities were decreased significantly during
HDT-MA but not during HUT-MA.

Table 1. Sumary of EEG responses to MA
during HUT and HDT

rrequency (M)
78 91012 15161719 20 21 23 25 27 34 40 41 43 44 45 46

HUT
Pz . e . .
cs - . . .
01-F3-15 -. . . . s ..
02-P4-16 . . . e
HD?
7z ~e-su-ase “es -
cz R .
01=P3-T5 -+ -» ~ee-e -w e -e - w-se
02-P4=T6  —e-se-we - . . .

* ¢ P<0,05; **1P¢0,01; ***; PLO,001

DISCUSSION

Reliable EEG responses to MA were derived
from present study by using the triggered MA and
a time-locked delayed sampling method. Taking
the EEG samples from 0.3 to 1,3 seconds after
each number displayed could basically eliminate
the effect of visual perception and could just

cover the period during which MA was taking place.

The most interesting finding was that the
increase of 40 Hz EEG activity during MA was sig-
nificantly declined during HDT, espectially in
the posterior right brain. It is known that the
40 Hz activity is related to the focused attention
(2) and the right brain is probably more envolved
in the attention process (1). Therefore, it is
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reasonable to suppose that in the simulated WLC
the responsibility of the brain is declined as
far as the attention is concerned. As mentioned
before, one of the reasons of the EEG response
change to MA may be the increased activity of
baroreceptors resulted from the body fluid shift
during simulated WLC. This point is supported
by Walker's data (3) that the amplitude of P
in the VEP at systolic pressure phase recorded
from right brain is significantly less than that
at diastolic phase. The supposed suppression of
brain's activity is also supported by another
finding in present study, i.e., the great reduc-
tion of 8-10 Hz and 15-17 Hz ativities during
HDT-MA. As it is evidenced that the low frequency
(below 13 Hz) and the high frequency (above 26
Hz) EEG activities are more related to the activi-
ties of subcortical structures (4), the results
of present study, i.e., the decrease of 1-7 Hz
activities during HDT (Fig.l and 2) and the res-
ponse change of 40 Hz and 8-10 Hz activities
during HDT-MA, suggest that HDT may has more
profound effects on the function of subcortical
structures.

In summary, the results of present study
provides the evidence to show that the BFS is
substantially changed in the simulated WLC, so
that investigating the BFS change during space
flight is by no means unimportant.
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THE EFFECT OF HEAD-DOWN TILT ON THE EEG
RESPONSE TO MENTAL ARITHMETIC (MA)

Wei Jinhe, Yan Gongdong,
Guan Zhigiang, Shen Xianyun

Institute of Space Medico-Engineering
Beijing, China

ABSTRACT

To investigate the possible change of brain
function state (BFS) in the weightless condition
(WLC), 15 normal subjects' EBEG responses to MA
during 45° head-up tilt (HUT) and -10° head-down
tilt (HDT) were campared. The major finding was
that the increase of 40 Hz EBEG activity during
MA was significantly less during HDT than during
HUT, especially at the scalp area corresponding
to right associate cortex. It was suggested that
the responsibility of brain was declined and the
BFS was readjusted, especially in the posterior
right brain in the simulated WLC.

The hypothesis of present study is that, as
the BFS is determined by the interactions among
the subsystems of brain, the following physiologi-
cal changes in human resulted fram the microgravi-
ty environment during space flight may affect the
BFS: (a) a great portion of body fluid shifts to
the head and chest fram lower body which may cause
changes in the brain circulation and the activity
of baroreceptors in the cardiovascular system;
(b) the abruptly change of the function state of
vestibular system; (c) the disturbance to the
weight-supporting and posture-maintaining system
and it's adaptation process. To see if there is
any change of BFS in the simulated WLC, the EEG
responses to MA during HUT and HDT have been com-
pared. This is one part of a series studies on
the effects of simulated weightlessness on the
reponse property of central nervous system.

METHODS

15 right handed healthy volunteers (male,
18-50 yr) were studied. The subjects were lying
on a camfortable tilt table in a sound attenuated
and electrical isolated room. A triggered MA
method was used. Twenty one-digit numbers were
displayed to the subjects successively, once per
3 seconds, through a Sharp-pc-1500 camputer which
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was fixed at the front of the subjects with
a 30an-distance away from their eyes. The subjects
were asked to add or substract the displayed num-

bers to or from the preceeding result according
to it's sign.

Four EEG electrodes were placed at F, , Cj,
01- P3-Tg and 0p-P4-Tg of the International 10-20
system with linked ears as reference. The vertical
EOG of right eye was also recorded. The EEG and
EOG signals were amplified with a pass band of
0.05-100Hz, and recorded an analog tape (Sony
A-69 tape recorder) for off-line analysis.

The procedures of experiment were as follows:
after practising MA and preliminary EEG recording
at supine position on the tilt table, the subject
was turned to 45° HUT, on the 30 min of HUT, EEGs
at rest (R) and during MA were recorded; then
set the subject to -10° HDT, taking the same
recordings.

EEGs were analysed on pathfinder II
(Nicolet), all the programs were written in
FORTRAN by the authors. The powers of 1-46 Hz
EEG activities were calculated in terms of a
time-locked and delayed sampling method and FFT,
the sampled data were tapered first by a cosine
window. For both the rest and MA condition, twenty
l-sec samples were used to get the mean power
spectra of each subject. To reduce the effect
of wvisual perception on the EEG response, the
samples were started 0.3 sec after each number
was displayed, The power differences in each of
the 1-46 Hz EEG activities in 15 subjects were
compared between MA and R as well as between HDT
and HUT, respectively, in terms of paired-data
t-test:

RESULTS

Camparison of EBEG Power Spectre between HUT and
HDT at rest

The mean EEG power spectra of 15 subjects
during HUT and HDT at R were shown in Fig.l. There
were only a few frequencies at which the power
differences between HDT and HUT were significant.
The decrease of 1-7Hz activities at 0;-P3 -Ts and
09-P4-Tg, and the decrease of 34 Hz activity at
Cz and O -P -T during HDT were prominent.

7w % ® B w oW e i
FRBQUENCT,

02-p4-26

L
T I
-'-n---lu--- RIGEENCT e

Figure 1. The mean EEG power spectra of
15 subjects at different electrode posi-
tions during HUT (-) and HDT (-) at rest.

Camparison of EEG Power Spectra between HUT and

HDT during MA
As seen in Fig.2, the differences of EEG
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Integration  of preparations, experiments and
postflight evaluation

An informal coordination of research pro-
posals was initiated at an early stage among
several potential investigators in the Anthrorack
project. An effort was made to encourage propos-
als which would be synergistic rather than com-
peting. The subsequent peer review and accommoda-
tion study also aimed at identifying experiments
which could be coordinated. Within each physio-
logical subdiscipline (e.g. pulmonary physiology)
a coordinating principal investigator has been
appointed.

The ground-based development and validation
of experimental methods must be performed by each
participating investigator, who must provide
national funding for that work. ESA on the other
hand provides the Anthrorack facility with its
service elements and access to common facilities
for the training of astronaut scientists. Last
but not least ESA provides the space transpor-
tation in collaboration with US and German
agencies.

The time-lining of the experiments is per-
formed by the project management and represents a
compromise between investigator requests, avail-
ability of crew time and constraints dictated by
other activities in the Spacelab. As an example
one important consideration must be whether
vigorous physical activity such as during
ergometry generates disturbances of the microgra-
vity environment necessary for certain experi-
ments in material science. Other important con-
siderations concern the contamination of the
Spacelab atmosphere with certain breathing gases
used in pulmonary studies. A similar time-lining
will be made for the various ground control stu-
dies, that the astronauts must undergo before and
after the space mission.

In comparison to traditional ground-based
physiology, space research must be based on
observations made on a very limited population.
Extreme care must therefore be taken to avoid
overinterpretation of chance findings. By careful
experimental design this risk can be minimized,
i.a. by observing similar (but not identical)
phenomena with several different methods. A coor-
dinated post-flight analysis of data 1is also
necessary. Efforts will be spent to facilitate
exchange of data and conclusions between the
various investigators. The ultimate aim of the
Anthrorack study is to perform a systems analysis
of human physiology in microgravity rather than
the mere compilation of results from mutually
independent investigators.

S-12



- Pourcelot, L. (F-11):
system: regulation and
weightlessness

Cardiovascular
adaptation to

ENDOCRINE RESPONSES. The blood and fluid
shifts resulting from the absence of gravity
elicit and are modified by concomitant endocrine
responses. In particular the investigations in
this area have focused their interest on endo-
crine mechanisms of the pituitary and the
kidneys:

- Norsk, P. (DK-22): The influence of micro-
gravity on endocrine and renal elements of
volume homeostatis in man

- Riondino, G. (I-40): Effect of spaceflight
on pituitary activity, reproductive func-
tion and some retinal parameters related
to cephalic circulation

- Roecker, L. (D-52): The role of volume
regulating hormones and plasma proteins in
man for the adaptation to micro-g, and for
the readaptation to terrestrial conditions

PULMONARY FUNCTION. On the earth, gravity is
generally considered to be the single most im-
portant determinant of the distribution of both
alveolar ventilation (VA) and blood perfusion
(Q) of the lungs. However, this remains to be
proven, and it could not be excluded that other
jmportant mechanisms for the VA/Q distribution
can be detected in the absence of gravity. The
following studies employ i.a. rebreathing and
wash-out techniques to study these scientific
issues. The possibilities of fluid accumulation
in the lungs during microgravity will also be
considered:

- Linnarsson, D. (S-21): Pulmonary perfusion
and ventilation in microgravity, during
rest and exercise

- Maelskaer, P. (DK-35): Pulmonary stratifi-
cation and compartment analysis with
special references to microgravity

- Paiva, M. (B-55): Ventilation distribution
in microgravity

METABOLISM. A multitude of influences will
give rise to metabolic changes 1in microgravity.
Among such influences can be mentioned muscular
unloading, which is likely to affect both Tlong-
term protein metabolism and the energy cost of
during short-lasting muscular exercise. Studies
in this area are:

- Fern, E.B. (CH-49): Changes in the rate of
whole- body nitrogen turnover, protein
synthesis and protein breakdown under con-
ditions of microgravity

- Linnarsson, D. (S-20): Overall gas ex-
change during rest and exercise in micro-
gravity

GERMAN AND US STUDIES. The Anthrorack faci-
1ity will be shared with a number of German and
US investigators. The selection of these non-ESA
experiments is not finalized at the time of this
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review (October 1986). However, a high degree of
scientific and operational synergism is antici-
pated between these experiments and the above ESA
experiments.

The hardware

The Anthrorack hardware is under construc-
tion and consists of a double rack designed to
fit into the Spacelab, which provides power,
cooling etc. The rack will provide recording and
computing facilities of more general type. In
addition, there will be a number of service
elements, i.e. equipment for specific experiment-
al purposes in areas where a number of different
investigators have specified the use of similar
instrumentation. Among the service elements the
following can be mentioned:

- Amplifiers for surface potentials such as

ECG

- Blood pressure device for non-invasive
intermittent determminations during rest
and exercise

- Blood sampling kits
- Centrifuge for blood samples

- Ergometer for studies of dynamic leg exer-
cise

- Facility computer for on-line display and
computations

- Freezer/Cooler for sample preservation
- Limb volume measurement device

- Lower body negative pressure device with a
controlled internal enviromnment in terms
of pressure and termal exchange

- Respiratory monitoring system including
gas flow meters, mass spectrometer and
facilities for rebreathing

- Ultrasonic monitoring system including a
two-dimensional echocardiograph and dopp-
ler facility for blood flow studies.

Several contractors are now in the process
of determining the final design of the Anthrorack
hardware, and the construction of certain el-
ements is already completed. The progress of this
work 1is monitored by technical and scientific
experts from ESA and participating research
institutions.

Experiment-specific equipment is to be pro-
vided by the investigator, who must qualify the
equipment against the same rigorous standards as
ESA-developed equipment. Examples of such equip-
ment are:

- Tonometer for intraocular pressure

- Body fluid densitometer
- Shell tissue thickness meter

- Electrical impedance device for segmental
fluid volume

- Demand valve for pulmonary wash-out stu-
dies
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THE ESA ANTHRORACK PROJECT: INTEGRATED RESEARCH
IN HUMAN PHYSIOLOGY

D. Linnarsson

Department of Baromedicine
Karolinska Institute
S-104 01 Stockholm, Sweden

The evolution of terrestial 1ife has taken
place under the constant influence of gravity,
but in all fields of life sciences there is a
lack of knowledge about the importance and nature
of the influence of gravity on 1ife processes.
This is true also for the area of human physiolo-
gy. A new exciting tool for experimentation be-
came available with the onset of the manned
exploration of space. The men and women who were
exposed to microgravity could be observed as
experimental subjects. Areas where new insights
could be gained were e.g. in the control of
balance and Tlocomotion, in cardiovascular
dynamics, inm  fluid balance and in bone
mineralization.

In the European Space Agency, the prepara-
tion for a life science programme was started in
the early 70°s, with the aim to offer European
life scientist the possibility of wusing micro-
gravity as a tool for basic research. A "Life
sciences working group" was established as an
advisory organ within the agency. Announcements
of opportunities were distributed to the scien-
tific community as a call for ideas in 1975 and a
call for proposals in 1976. On the basis of this
iterative dialogue with the scientific community
the concept of a facility for studies in human
physiology was formulated and was given the work-
ing name "Anthrorack". The facility was to be
flown as a double rack 1in the European-built
Spacelab. The Anthrorack project has come to be
used not only to designate a certain set of
hardware but also for the set of experiments to
be performed with it.

During the early 80"s the parallel processes
of defining the scientific experiments to be per-
formed and the corresponding hardware were initi-
ated with calls for proposals and for tender
respectively. The final selection of experiments
was made during the fall of 1986, and was based
first on a scientific peer review process and
then on a technical and scientific accommodation
study. The first flight opportunity for Anthro-
rack experiments will be with the Spacelab flight
D-2 in the early 907s.

The experiments
Provisions were made to accommodate all

type§ of physiological experiments. However,
previous space experimentation in the US and in
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the USSR, and the iterative communication with
the scientific community has shown that espec-
ially the following areas could profit scienti-
fically from experiments in microgravity: control
of balance and locomotion, cardiovascular dy-
namics, endocrine responses to fluid and blood
shifts, pulmonary function and metabolism. Due to
constraints of experimental time in particular it
was decided to put the emphasis on the Jlatter
four areas during the first mission with Anthro-
rack. This, however, does not reflect any scien-
tific priority between the various subdisci-
plines.

The proposed and selected experiments deal
with overlapping areas, so that any subdivision
of the experiments into subdisciplines will not
be entirely consistent. However, for the purpose
of simplicity an attempt has been made to group
the experiments as they are listed below: Within
each group principal investigators are listed in
alphabetical order.

FLUID BALANCE. Earlier space flights have
revealed the presence of a previously unknown
fluid distribution mechanism causing a headward
shift of fluid and edema in the cephalad areas
of the body. The studies in this area employ a
variety of methods to quantify and to follow the
time course of these fluid shifts during a 7-10
day exposure to microgravity:

- Draeger, J. (D-47): Tonometry: measurement
of intraocular pressure in microgravity

- Hinghofer-Szalkay, H. (A-41): Body fluid
densitometry: investigation of volume and
protein shifts

- Kirsch, K. (D-51): Fluid volume distribu-
tion within superficial shell tissues and
the tissue compliance along body axis in
man

- Linnarsson, D. (S$-19): Total body fluid
and segmental fluid distribution in micro-
gravity.

CARDIOVASCULAR DYNAMICS AND BLOOD. Blood
shifts in the cephalad direction go along with
the fluid shifts mentioned above. Net reductions
of blood volume are known to follow together with
a reduced orthostatic tolerance. So far only
sparse and indirect data exist on cardiac per-
formance during rest and exercise (stroke volume,
cardiac dimensions) and central and peripheral
vascular control during tests with simulated gra-
vity (lower body negative pressure, LBNP). The
activity of certain form elements of the blood is
also altered. In the following studies an inte-
grated study of these changes can be made:

- Bonde-Petersen, F. (DK-44): Peripheral and
central hemodynamic adaptation to weight-
lessness during rest, exercise and lower
body negative pressure in humans

- Cherrier, M. (F-34): Study of the inci-
dence of hemorheologie diseases found 1in
individuals subjected to weightlessness or
space motion sickness, thanks to new bio-
logic and pharmacologic  techniques
(Erythrometer and Troxerutine CAS)

- Foldager, N. (DK-17): The central venous
Pressure during weightlessness
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TABLE 1. Spacelab Life Sciences Experiment Complement

Niscipline/Investigator Mission Discipline/Investigator Mission
Renal/Endocrine Muscle
C. S. Leach 1,2 K. M. Baldwin 1,2
M. C. Moore-Ede 2,3 J. F. K. Hoh 1,2
D. Riley 1,2
Cardiovascular/Cardiopulmonary T. P. Stein 1,2
C. G. Blomgvist 12
D. L. Eckberg 1.2 Calcium/Bone
L. E. Farhi 152 C. D. Arnaud 1;2
P. M, Hutchins 1,2 E. R. Morey-Holton 1,2
V. P. Popovic 1,2
J. B. West 1,2 Vestibular
M. D. Ross 1.2
Hematology L. R. Young 1,2
P. C. Johnson, Jr. 1.2
(2 experiments) General Biology
R. D. Lange 1.2 C. A. Fuller 2,3

Immunology
A. Cogoli 1

inflight period and others will be centrifuged to
expose them to as many as 4 times the force of
gravity. Information from other experiments will
be provided to the principal investigator of this
experiment for comparison of the actual environ-
ment of in vivo lymphocytes during spaceflight
with that of the cultured cells.

Muscle Discipline

Four experiments will investigate the origin
of the muscle atrophy and negative nitrogen bal-
ance that were documented in the Skylab mis-
sions. 0One will deal with the question: Is pro-
tein synthesis decreased or is protein breakdown
increased, or do both occur during spaceflight
(8,9)? The rate of synthesis of several pro-
teins, including fibrinogen, albumin, immuno-
globulin G and hemoglobin, will be calculated
from the rate of urinary excretion of a radio-
labeled amino acid. The rate of breakdown of
collagen and muscle protein will be determined by
measuring the rate of excretion of amino acids
that are characteristically produced by catabo-
lism of those proteins (5).

Since the breakdown of muscle cells puts
quantities of electrolytes and nitrogenous sub-
stances into the blood, and the excess must be
eliminated by the kidneys, results of this pro-
tein metabolism experiment and the fluid/electro-
lyte metabolism experiment are related. Measure-
ments of fluid compartments will be wused in
determining how the fluid environment around mus-
cle cells may change, and body mass data can be
compared to protein synthesis and degradation
rates. Circulating levels of hormones involved
in metabolism, such as cortisol and catechol-
amines, will also be useful for interpretation of
the protein metabolism experiment.

Three experiments are concerned with the
effects of spaceflight on skeletal muscle (8,
9). Investigators will attempt to detect any
early signs of atrophy and impaired muscle func-
tion and determine which muscles are affected.

Calcium/Bone Discipline

___ Studies of mineral loss during spaceflight
will be concerned with factors that control cal-
cium metabolism (5,8). Circulating levels of the
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calciotropic hormones calcitonin, vitamin D, and
parathyroid hormone will be determined; a calcium
tracer will be used to study calcium turnover,
and bone growth will be measured. DNata from the
fluid/electrolyte experiment (circulating and
urinary levels of calcium, phosphorus, sodium,
and hormones regulating fluid and electrolyte
metabolism) will be provided to the principal
investigator of the mineral loss experiment.

Vestibular Discipline

The objective of two experiments is to docu-
ment effects of spaceflight on the vestibular
system (8). In one experiment the gravity recep-
tors (otolith apparatus) will be examined. In
the other, the sensory conflict theory of space
motion sickness will be investigated by measuring
a number of the manifestations of perception by
the vestibular system. These will include eye
deviation during rotation, and leg electromyo-
graphic activity. Signs and symptoms of space
motion sickness will be measured and compared
with hormone and fluid metabolism data from the
fluid/electrolyte experiment.

General Riology Discipline

A thermoregulation experiment will be per-
formed (8,9) in which body temperature will be
monitored continuously. Changes in circadian
rhythms during spaceflight might alter normal
control of body temperature. To date, little
information 1is available concerning circadian
rhythms during flight.

Conclusion

The experiment complement for SLS-1, SLS-2,
and SLS-3 was selected to enhance the basic
understanding of physiological adaptation during
spaceflight., Although the results of previous
studies confimm that suspected changes are
occurring, causal relationships cannot yet be
defined. The integrated experiments to be con-
ducted on the SLS-1, SLS-2, and SLS-3 missions
should bring us closer to defining such relation-
ships. These missions will contribute to the
progressive improvement of man's performance in
space, both in the short term for Shuttle opera-
tions and in the projected long-term Space
Station missions.



The dedicated Spacelab life sciences mission
was designed to provide the first opportunity to
study the acute effects of microgravity exposure
in a comprehensive, interrelated fashion. Primary
emphasis was placed on gathering more data related
to previously observed physiologic effects of
weightlessness. The immediate, major effects of
the absence of gravity are reduction of the load
on weight-bearing tissues such as bone and muscle,
reduction of hydrostatic gradients of hody fluids,
and alteration of vestibular system function.

Twenty-one experiments are being developed as
the scientific payload of the Spacelab life
sciences mission. These experiments can be
arranged into eight disciplines: renal/endocrine,
cardiovascular/cardiopulmonary, hematology, immu-
nology, muscle, calcium/bone, vestibular, and gen-
eral biology (8) (Table 1). Although the original
research flight plan was conceived as that of a
single mission, payload development and maturation
have resulted in division of the original payload
into three dedicated missions. These missions are
identified as Spacelab Life Sciences 1 (SLS-1),
Spacelab Life Sciences 2 (SLS-2) and Spacelab Life
Sciences 3 (SLS-3).

A data sharing plan was formulated to maxi-
mize the amount of information to be obtained from
each mission and to minimize redundancy. Although
each experiment concentrates on a particular prob-
lem of space medicine, the problems are inter-
related and must be solved by using information
from several different research areas., Investiga-
tors will also share information at group meetings
and through publications. The synergistic effect
of payload integration is expected to result in a
scientific yield that far exceeds that of its com-
ponent experiments conducted independently.

Renal/Endocrine Discipline

Two experiments investigating fluid and elec-
trolyte metabolism provide a good example for
demonstrating interrelationships between experi-
ments on a mission. These experiments will focus
on the headward fluid redistribution resulting
from spaceflight, and its effects on fluid and
electrolyte metabolism. The volume of fluid in
various compartments of the body will be measured
before, during, and after flight. The compart-
ments to be measured are blood plasma, intracel-
lular and extracellular fluid, interstitial fluid
and total body water. Body mass will be deter-
mined on every inflight day, and volume of all
urine voids will be recorded. Subjects' food and
water intake will also bhe recorded throughout the
fliynt, and the amounts of sodium, potassium, cal-
ciun dnd protein ingested will be calculated,

A radioactive tracer will be used to measure
the secretory rate of aldosterone, which plays a
major role in regulation of fluid and electrolyte
metabolism. Additional hormones to be measured in
blood plasma include antidiuretic hormone, angio-
tensin I, prostaglandins, cortisol, adrenocortico-
tropin, aldosterone, atrial natriuretic factor,
and catecholamines. All of these hormones are
involved in the regulation of fluid and electro-
lyte levels in the body. Renal function tests
will be conducted during spaceflight: glomerular
filtration rate and effective renal plasma flow
will be determined early and late in the mission.
Rlood urea nitrogen, sodium, potassium, calcium,
phosphorus, creatinine, chloride, and osmolality
will also be measured. Most of the same variables
will be assayed in urine if volume is sufficient.
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Cardiovascular/Cardiopulmonary Discipline

Six cardiovascular/cardiopulmonary experi-
ments are concerned with the effects of acute
fluid shifts on the cardiovascular and puimonary
systems, adaptation of the cardiovascular system
to weightlessness, and postflight cardiovascular
and pulmonary readaptation to terrestrial gravity
(8,9). The data to be collected include blood
pressure and heart rate, electro- and echocardio-
grams, cardiac output measurements, pulmonary
blood volume and hlood flow distribution, central
venous pressure, leg blood flow and venous com-
pliance, and static leg volume, Fchocardiography
and early measurement of central venous pressure
during the first 12 hours of flight should make
it possible to determine the time course of the
buildup of fluid in the head and chest during
weightlessness. This information as well as data
pertaining to fluid volume in the leg will com-
plement the fluid volume measurements to be made
for the fluid/electrolyte experiment. Aspects of
central and peripheral circulation, including
arterial/venous pressure, microcirculation, and
aortic blood flow, will be measured before launch
and after landing. The decreased bhlood volume
expected to develop during spaceflight may cause
changes in these hemodynamic variables. One of
the experiments will provide detailed information
ahbout pulmonary function in microgravity, an
integral part of the picture of cardiovascular/
cardiopulmonary system physiology in spaceflight.

Hematology Discipline

Three hematology experiments will focus on
erythrokinetics (8,9). The body's "correction"
of a perceived increase in fluid volume is
thought to be the cause of the decrease in plasma
volume that has consistently been observed after
spaceflight. The decreased plasma volume, in
turn, is thought to result in an increased pro-
portion of cell volume in the blood, which is
eventually reduced by a decrease in red cell mass
(6). Determination of the times at which the
alterations occur would help to confimm or refute
this hypothesis. The results of renal function
tests should aid interpretation of the hematology
experiments because they should show how fast the
kidney is eliminating fluid. Plasma volume,
total body water, and body mass are other varia-
bles that will be measured in the fluid/electro-
lyte experiment but are important in understand-
ing blood cell production during flight. Rlood
levels of electrolytes, minerals, creatinine,
urea nitrogen, and most of the hormones will also
be furnished to the principal investigators of
the erythrokinetics experiments. Hematocrit and
serum protein data collected for the erythro-
kinetics experiments will be used in interpreta-
tion of the fluid/electrolyte experiment because
these variables indicate how concentrated the
blood is with respect to red blood cells and pro-
teins.

Immunology Discipline

An  immunology experiment (8,9) will be
directed toward answering the question of whether
spaceflight effects on lymphocytes are caused by
weightlessness itself or by other spaceflight-
related stresses. Lymphocyte cultures prepared
on the ground, as well as cultures prepared dur-
ing flight, will be used for studies of lympho-
cyte ultrastructure, proliferation, and protein
synthesis during spaceflight. Some of the cells
will be exposed to microgravity throughout the
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SPACELAB LIFE SCIENCES 1 AND 2
SCIENTIFIC RESEARCH OBJECTIVES

Carolyn S. Leach and Howard J. Schneider
NASA/Johnson Space Center
Mail Code SD4
Houston, Texas 77058

The pressurized Spacelab module was designed
and built to allow investigators to conduct
research in space in an environment approximating
that of a ground-based laboratory. It is config-
ured to allow multiple investigations employing
both human and non-human subjects. This flexibi-
lity is exemplified by the SLS-1, SLS-2, and
SLS-3 experiment complement. Twenty-one experi-
ments will be performed on these missions; the
areas to be investigated are renal/endocrine
function, cardiovascular/cardiopulmonary func-
tion, hematology, immunology, metabolic activity
of muscle, calcium metabolism, the vestibular
system, and general biology. A plan for integra-
tion of measurements will allow each investigator
to use data from other experiments. The experi-
ments make up a scientifically balanced payload
that addresses fundamental biomedical problems
associated with space flight and provides the
first opportunity to study the acute effects of
weightlessness in a comprehensive, interrelated
fashion,

The Life Sciences Flight Experiment Program
of the National Aeronautics and Space Administra-
tion is developing a dedicated Spacelab Life
Sciences mission (9). The concept of a life
sciences dedicated mission evolved from a desire
to fully utilize life sciences research opportu-
nities afforded by the Space Shuttle/Spacelab
system toward the fulfillment of program goals.
These goals are to promote the safety, well-
being, and productivity of man in space, as well
as to use the space environment to further man's
understanding of fundamental problems in gravita-
tional biology.

Early Research in Space Medicine

Examination of human physiological effects
of spaceflight began with limited preflight and
postflight measurements during the Mercury,
Gemini, and Apollo programs (4) in the United
States and the Vostok program (10) in the Soviet
Union, Observed effects included degradation of
cardiovascular performance, hemoconcentration,
loss of red cell mass, loss of exercise capa-
bility, loss of bone density and calcium, loss of
muscle nitrogen, vestibular disturbances, and
disturbances in fluid and electrolyte metabolism.
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The Skylab missions provided the first
opportunity to conduct a comprehensive program of
biomedical investigations in the microgravity
environment (3). Unlike the previous programs,
in which few inflight tests were performed,
Skylab had equipment onboard for inflight physio-
logic testing. A great deal of biomedical
information was obtained, which confirmed and
added to the results from earlier spaceflight
investigations. However, as in many research
efforts, data from the Skylab studies generated
more questions than answers. They showed that
the many physiologic systems involved in the
response to weightlessness have different
response times. The body is normally in a steady
state: blood pressure, fluid content of the
body, red blood cell mass, and other physiologic
conditions are stabilized at particular set
points. Results from Skylab and other missions
have indicated that after a few days the body
begins to adapt to weightlessness and new homeo-
static set points are established (7).

In these early periods of research in space
medicine, emphasis was placed on identifying and
characterizing disturbances in a number of physi-
ologic systems. The limitations of spaceflight
research at that time precluded the rigorous,
systematic study necessary to explain the under-
lying mechanisms, but it was recognized that many
of the important issues of space medicine could
be addressed on short missions if proper facil-
ities and techniques were available (8). The
Spacelab facility, which can carry sensitive
equipment normally unavailable for flight, pro-
vided the opportunity to document the integrated
human response to spaceflight while attempting to
understand the role of each major physiologic
component.

Advantages of Spacelab

The Spacelab, built by the European Space
Agency, is carried in the payload bay of the
Space Shuttle. The pressurized Spacelab module
is a versatile inflight laboratory that can be
configured to meet the hardware requirements of
an experiment payload (2,9). A set of laboratory
core equipment designated as Life Sciences Labo-
ratory Equipment is available for a wide variety
of life sciences investigations (1). Experiments
can be conducted in a comfortable shirt-sleeve
environment with a controlled atmosphere.

Spacelab Life Sciences Missions

In response to an Announcement of Opportu-
nity, approximately 400 investigators submitted
proposals for experiments to be conducted on a
Spacelab Life Sciences mission (9). Each pro-
posal underwent peer review by scientists from
the academic and industrial communities. Approx-
imately 100 proposals were further evaluated for
their ability to meet engineering requirements
for flight (2) and objectives set forth in the
Announcement of Opportunity (9). Requirements
for experiment selection included the need to
perform the experiment in space and a relatively
high probability that the experiment objectives
could be attained under the conditions imposed by
payload integration and the laboratory itself,
Reviewers gave preference to studies that dealt
with issues important for manned spaceflight and
to studies that could be combined to make effi-
cient use of Spacelab resources,



primary, acute and secondary adaptive
reactions in different subjects vary
widely, then the measurements performed
at specific or standardized time inter-
vals are not actually standard because
they describe changes that correspond to
different stages of adaptation. This
statement, which is correct with respect
to ground-based simulation studies,
seems to be obligatory in relation to
gpace studies where nonuniformity asso-
ciated with the reacting systems is ag-
gravated by the nonuniformity of the
gituations and operational functions.
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mechanical tension, decrease of the load
upon the musculo-skeletal system, etc.
The ensuing muscle atrophy and bone re-
sorption facilitate the excretion of
nitrogen, potassium and calcium. These
changes are enhanced by variations in
hormonal regulation, viz. increased se-
cretion of parathyroid hormone, gluco-
corticoids, aldosterone, decreased pro-
duction of calcitonin and thyroxine.
After provocative tests with calcium
lactate and potassium chloride the ex-
cretion of calcium and potassium grew
(Figs. 6, 7). This can be induced by a
smaller amount of the electrolytes and
conseguently by a lower capacity of mus-
cles and bones to retain them.

The data obtained allowed the con-
clusion that exercises may act as an ef-
fective countermeasure against adverse
changes developing in weightlessness.
The earlier hypothesis that electrolyte
deficiency developing in microgravity
can be compensated by salt supplementa-
tion has not been confirmed (12). However,
in simulation studies in which the test
subjects received potassium and calcium
supplements and exercised regularly and
actively the beneficial effect was evi-
dent (14).

Comparison of the data obtained d
during and after flights gives evidence
that transition and long-term exposure
to microgravity produce a milder stress
on the hormonal regulation systems than
the subsequent period of readaptation to
Earth gravity. The stimulation effect of
the normal gravitational field acts as
a specific stress-agent that triggers
various adaptive reactions.
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Figure 6. Potassium excretion during KCl
loading before and after 175-day flight.

After short-term flights biochemical
changes show features of the adaptation
syndrome of a moderate degree: stimulati-
on of the sympatho-adrenal system, trans-
fer of the stimulation effect to the pi-
tultary-adrenal system and adequate in-
volvement of mechanisms that can rapidly
restore the homeostatic level. By cont-
rast, after long-term flights biochemical
changes become more dramatic and involve
changes in carbohydrate and lipid metabo-
lism, energy exchange, amino acid and
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vitamin balance. In this situation the
gsympatho-adrenal system develops dis-
tinct shifts involving its activation
(in which the hormonal component predo-
minates during the first days and the
transmitter component afterwards) and
rearrangement of steroidogenesis which
may modify the proportion of gluco- and
mineralocorticoids, reduce prostaglan-
dins and stimulate the kallicrein-kinine
system at different stages of readapta-
tion. The specific feature of homeosta-
gis after a prolonged exposure to micro-
gravity is a mismatch between a signi-
ficant stimulation of the sympatho-adre-
nal system and an inadequate manifesta-
tion of biological effects of catechola-
milneses

BEFORE 82-DAY BED REST
o @ ALDNSTERONE

S — A

MEQ/min

UV,
ALDOSTERONE, Pgq/ml

Figure 7. Changes in the rate of potas-

sium renal excretion and concentrations

of aldosterone in blood flow. Potassium

chloride load before and during bed rest
in control (I) and exercising %II) test

subjects.

The data summarized in this presen-
tation that describe very clearly signi-
ficant differences in the mechanisms of
acute and delayed adaptive responses to
microgravity, are obviously at variance
with the concept mentioned at the begin-
ning of the report that views the pro-
cesses of adaptation as a sequence of
events triggered by the same agent, i.e.
microgravity and developing at
a different rate. In the light of the
data reviewed preference should be given
to the hypothesis according to which
these processes occur as independent re-
actions controlled by different systems
and induced by different triggers: by
microgravity that manifests in immediate,
acute reactions and by microgravity-in-

duced variations in the inner medium that
manifest in delayed reactions. It seems
therefore justifiable to term those lat-
ter as secondary reactions.

If this hypothesis is true, then the
probability of a'very wide variability of
the data obtained in microgravity is very
hlgp and the probability of a close simi-
larity of such data is very low. Since
the pattern and rate of development of
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Figure 4. Diuresis and sodium excretion
rate before, during and after 45-day
head down tilt in response to 0.9% NaCl
load.

se in the excitation of the motoneuronal
pool and a decrease of the segmentary
inhibition rate (1). The increase in the
excitability of motoneurons together with
the decrease of inhibitory processes
seems to be the most plausible cause of
the drastic increase of the variability
of III of motor units. As it is known
one of the major factors responsible for
the stabilization of the rhythmic activi-
?y ?f motoneurons is recurrent inhibition
13).

After 30 days of head-down tilt the
gigns of hypersensitivity of all para-
meters under study disappeared; the dis-
tribution of alterations, i.e. increase
in the frequency of motor unit discharg-
es, appearance of paired discharges when
reproducing and maintaining of efforts
of small amplitude - pointed to a change
in the predominant mechanism of adapta-
tion: the mechanism of recruitment of
additional motor units sufficient to make
up for a relatively mild contraction de-
ficiency of the acute stage was replaced
with the mechanism of enhanced excita-
tion of each motor unit. The latter is
less favorable energetically but is ca-
pable to support motor activity under
the conditions of increasing muscle hypo-
trophy.

Systems of neuro-humoral regulation.
During 25 years of manned space flights

a large body of factual data was accumu-
lated that concerned metabolic processes
and neuro-humoral and hormonal regulation
at different stages of adaptation to usu-
al flight factors and subsequent readap-
tation to Earth's gravity. They showed
metabolic changes typical of different
stages of adaptation to the flight effects.

The stage of primary (acute) adapti-
ve metabolic reactions (of 1 or 2 days in
duration) is associated with the neuro-
emotional stress during launch and inser-
tion into orbit as well as with blood re-
distribution to the upper body during or-
bital flight. The stress situation is
also responsible for the tension of the
hypothalamic-pituitary-adrenal system re-
corded during the first hours of exposure
to immersion and head-down tilt. Blood
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and interstitial fluid shifts in the
cranial direction occur due to the ab-
sence of the hydrostatic pressure and
lead to increases in venous return,

blood central volume, vascular distensi-
on in the cardiopulmonary area and re-
flex responses that produce changes in
the cardiovascular function and fluid-
electrolyte metabolism. The decline in
the antidiuretic and antinatriuretic ac-
tivity causes a decrease in the produc-
tion of ADH, renin, aldosterone, an in-
crease in the secretion of prostaglandins
and renal excretion of water, sodium, po-
tassium and chlorine ( 4 ). The above
changes in volumoregulation are transi-
ent and hormone secretion grows by the
end of the first day of exposure when

the blood volume diminishes. This process
is physiologically favorable and the re-
duced circulating blood volume is adequa-
te to the specific conditions; this seems
to explain why the level of water and
electrolyte excretion after administra-
tion of NaCl isotonic solution on immer-
sion day 2 was higher than the pretest
value (Fig. 4).
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Figure 5. Calcium lactate loading during
prolonged bed rest.

The next stage of adaptation is cha-
racterized by the development of compen-
satory reactions that prevent further
enhancement of the above metabolic varia-
tions and abolish to a certain extent the
changes recorded at the acute stage. The
decrease of plasma ACTH detected in the
Skylab crewmembers (17) and the reduction
of catecholamine metabolites in urine
with blood epinephrine and norepinephrine
remaining unchanged during the 237-day
mission %4,9) are indicative of the lack
of stimulation of the sympatho-adrenal
system in long-term flights. Measurement
of the norepinephrine concentration and
activity of catecholamine-synthesizing
enzymes in the hypothalamus of rats after
20-day space flights did not reveal a
distinct stress-reaction (16).

However, as the time in microgravity

increases it produces a direct effect re-
lated to the abolition of deformation and
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Figure 2. Alterations of motor units cha-
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vals (ISI, above) and their variability
(below) during immersion (on the left)
and bed rest (on the right).

1

Similar variations were seen in
other components of the motor system. It
has been previously demonstrated that
microgravity results in a noticeable (40%
and over) decline of the tone of the leg
back muscles. In immersion this decline
reached a maximum on day 2-3 while in bed
rest it developed at a slower rate: it
was detected on day 2 and continued to
increase progressively by days 14-30(3)

Considering possible mechanisms of
the effect of the simulation studies on
the motor unit function, the, appearance ,

of low frequency motor units we would like to

notice during immersion and bed rest pha-
se l. It is known that low frequency of
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Figure 3. Alterations of characteristics
of H-reflex (above) and T-reflex (below)
durin% immersion (on the left) and bed
rest (on the right).

Amplituces of H- and T-responses are
shown by black signs, thresholds by open
signs; the triangles show the amplitude
of M-wave.

motor units discharges when muscle ten-
sion is not high, is characteristic of
high threshold motor units - the decline
in the recruitment threshold in this
group of motor neurones could be a con-
sequence of increased excitation of the
motoneuronal pool. This increase excita-
tion was also inaicated by synchroniza-
tion of motor unit activity and by en-
hancement of the tendon (Achilles) re-
flex and its receptor-free analog H-re-
flex (Fig. 3) which during immersion and
the first 30 days of head-down tilt dis-
played changes pointing out to an increa



MECHANISMS OF ACUTE AND CHRONIC EFFECTS
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Direct (primary) and adeptive (im-
mediate and delayedg responses of differ—
ent systems of the human body to micro-
gravity were and still are in the focus
of space physiology investigations. The
results can be well illustrated by sche-
mes and tables from (2,4) . The importan-
ce of this problem is beyond any doubt.
It is clear that discrimination in the
mosaic picture of the microgravity synd-
rome of the reactions that maintain or
disturb homeostasis, correct description
of the trend and time-course of develop-
ment of adaptation changes at diiferent
stages of exposure to microgravity, and
identitication of the factors that may
inhibit or stimulate them are necessary
for both practical and theoretical purpo-
ses. Extended biomedical investigations
carried out in manned space flights of
varying duration onboard the Salyut sta-
tions, on the one hand, and in ground-
based simulation studies, on the other,
have furnished a large body of data that
have helped a better understanding of
the intrinsic mechanisms of adaptation
processes responsible for homeostasis in
altered gravity fields. The complexity
of these mechanisms, their heterogeneous
and sometimes opposite action at differ-
ent stages of exposure to microgravity
are discussed with respect to specific
adaptation processes in certain physio-
logical systems.

Motor system. Coordination disorders
have been regularly observed after expo-
sures to microgravity. Kinematic changes
0of locomotor acts, decrease of vertical
posture tolerance, increase of motor re-
action time have been consistently re-
corded after both short- and long-term
exposures to actual and simulated micro-
gravity (5,6,11). The microgravity-induced
syndrome involves alterations in every
component of the motor system: activity
of the main proprioceptive inputs, state
of muscle periphery, spinal reflex me-
chanisms and central systems of motor
control (7,15,8). It is obvious that any
of the above factors may play a leading
role in the origin of coordination dis-
orders; however, the mechanisms of their
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development at different stages of expo-
sure have remained obscure until recent-
1yo

With the purpose of clarifying these
mechanisms during short- and long-term
exposures to microgravity, we investigat-
ed the motor apparatus in simulated
weightlessness using a standard battery
of tests and methods. Emphasis was placed
on the motor unit activity which is known
to be a direct indicator of the spinal
motoneuron function (10).

Our investigationg demonstrated
that exposure to microgravity caused dys-
metria. In the programmed movements this
dysmetria was shown up by a decrease in
the gradations of muscle efforts, an in-
crease of the amplitude and number of er-
rors; in the pursuit movements this in-
volved a drastic increase of the variabi-
%}ty of the parameters under study (Fig.

The above changes were reliably de-
tected in various experimental situa-
tions: immersion per se and combined
with bed rest and head-down tilt, when
performing a task at rest or along with
the other motor tasks simultaneously.
The universal and congistent pattern of
these changes indicated their close as-
sociation with simulation effects.

Characteristics of the changes of move-
ments parameters in different simulation
studies were dissimilar: in the 7-day im=-
mersion study they were monophasic, rapid
and reached a maximum by test day 3. Dur-
ing the 120-day head-down tilt test the
variations developed at a slower rate
and went through two stages that can be
distinguished in all parameters measured:
the 1st stage covered the first 14-30
days and the 2nd stage developed there-
after.

During exposure to immersion and
head-down tilt the activity of motor
units of agonist muscles, i.e. soleus and
gastrocnemius muscles, varied distinctly.
The pattern and time-course of these
changes were also different: during head-
down tilt the above two phases were very
distinct. During immersion and the first
30 bed rest days the mean duration of
interimpulse intervals (ISI) increased
due to the appearance of units with un-
usually low frequency,the variability of
this parameter also increased drastically
and synchronization of motor unit activi-
ty was clear (Fig. 2).

After 30 days of head-down tilt the
mean duration of III in the soleus and
gastrocnemius muscles decreased consist-
ently, reaching a minimum by day 120

; the variability of this para-
meter slightly diminished by test day
30-60 and increased significantly there-

after; there was no synchronization of
motor unit activity.
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Permit me to extend the Commission’s great appre-
ciation and gratitude to the distinguished members of
the local Organizing Committee and its Chairman,
Professor Saiki, as well as the Advisory Board of this
Committee, for all the efforts expended in the prepa-
rations for this meeting, and especially for arranging
the excellent meeting facilities in the renowned Nihon
University, making possible for many of us to enjoy a
unique experience in a fascinating environment. Let
me also express our appreciation to all speakers and
their colleagues for sharing with us the results of their
endeavors in many areas of gravitational physiology,
expended in many parts of the world, far and near. The
Commission-is especially pleased and impressed by the
fact that so many colleagues from our host country
have responded to our invitation by submitting many
excellent papers.

We hope that this meeting will be enjoyable also for
those who are here as representatives of sponsoring and
supporting organizations, which have played a decisive
role in the realization of this meeting. In conclusion, I
wish to introduce Professor Masao Ito, President of the
Physiological Society of Japan. The Society has gra-
ciously accepted to act as host for this annual meeting
of our Commission. Professor Ito is Dean of the Faculty
of Medicine of the University of Tokyo and a Member
of the IUPS Council. He is famous to all physiologists
involved in research on the functions of the brain.

H. Bjurstedt
Chairman, Commission on Gravitational Physiology
International Union of Physiological Sciences

Department of Environmental Physiology
Karolinska Institutet, Stockholm, Sweden

PRELIMINARY ANNOUNCEMENT

IUPS Commission on Gravitational
Physiology—Ninth Annual Meeting
28 September-2 October 1987
Nitra, Czechoslovakia

The Ninth Annual Meeting of the Commission on
Gravitational Physiology of the International Union of
Physiological Sciences is being planned for Nitra (1-h
drive from Bratislava), Czechoslovakia in September
1987.

The Commission Meeting will comprise open ses-
sions for slide presentations of voluntary papers dealing
with the effects on physiological systems of humans,
animals, and plants of changes in magnitude or direc-
tion of the force environment. Included are the effects
of the weightlessness during spaceflight, acute and
chronic acceleration, vibration, and the various forms
of simulated weightlessness. Also included is consider-
ation of the evolutionary consequences of gravity and
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the role of gravity in the manifestations of scale effects
in animals and plants. The Commission Meeting will
also include symposia by invited speakers on several
topics in gravitational physiology.

It is planned to publish the Proceedings of the Ninth
Annual Meeting as a Supplement to The Physiologist.
As previously, the Proceedings will contain the volun-
tary papers and symposium papers presented at the
Meeting.

Your participation in the Commission Meeting is
welcomed. If you are interested in the particulars, please
contact Dr. Orr E. Reynolds, Commission Business
Officer, American Physiological Society, 9650 Rock-
ville Pike, Bethesda, MD 20814, USA.



Introductory Remarks

It is a great pleasure for me, as Chairman of the IUPS
International Commission on Gravitational Physiol-
ogy, to welcome you all to another of the Commission’s
Annual Meetings, the eighth of its kind. Although
gravitational physiology can be regarded as a very
voung branch of the physiological sciences, the Com-
mission is pleased to note that it has rapidly attracted
increased interest from the international scientific com-
munity. Qur latest meeting was held in Niagara Falls
in 1985 and was organized in conjunction with the Fall
Meeting that year of the American Physiological Soci-
ety. At this joint meeting the number of papers in
gravitational physiology represented no less than a fifth
of the total number of papers in all the physiological
areas taken together. The contributions to the programs
of our annual meeting have shown a steady increase in
scientific content, and we are pleased to note that the
present meeting is no exception. It is the first time that
a Commission meeting is held in the Orient. This
certainly contributes to making this meeting a most
stimulating experience for participants who have not
previously visited this part of the world.

Our Commission has as its ultimate aim to under-
stand the physiological significance of gravity, the enig-
matic and, at the same time, probably the most familiar
of all forces in our environment. Gravitational physi-
ology encompasses the functions of living matter in
response to the full range of gravitational forces both
above and below the norm force of gravity exerted on
stationary objects on the surface of the earth. The
advent of aviation, and particularly the more recent
developments in this area, have necessitated inquiry
into the deleterious physiological effects produced by
increased force environments. To find the answers,
research started about a half century ago with the aid
of human centrifuges capable of producing high gravito-
inertial conditions. However, in order to fully under-
stand the physiological significance of normal gravity,
the device of studying the effects of removal of the
acting force is both informative and necessary. But this
is not possible in earth-bound laboratories for more
than a few seconds. It was not until the birth of the
space age that a weightless environment could be cre-
ated and maintained for long periods of time. In this
way, the arrival of the space age opened the opportunity
for experimentation over the full spectrum of G forces.

One can look at gravitational physiology in terms of
problems belonging to three interconnected areas, viz.
those dealing with man’s health and survival in space,
the use of weightlessness in space flight as a tool for
studying fundamental issues in biology and medicine,
and ground-based research aimed at simulating the
effects of gravitational forces greater or smaller than
the norm of earth gravity.

Ever since the beginning of the space age there has
been a continuing need to know the nature of the
adverse physiological effects resulting from exposure to
the weightless state in long-term space missions. It is
important to find out about possible obstacles to space
habitation, both in terms of ill effects during the expo-
sure itself and following the return to the normal force
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environment on the earth. These problems have to do
with the nature of space-related adverse effects and the
possibilities of treatment or prevention. We now have
a wealth of information from a considerable number of
man-years in space. This area is in many aspects of an
applied nature but also has proven of great interest in
the case of problems of a more basic nature.

The “pure science” area of research in gravitational
physiology is that in which the G factor, or rather
imposed changes in the strength and direction of the
effective G vector, including its reduction down to zero,
is used as a tool primarily for research to understand
the physiology of living organisms on earth, and thus
to look into problems of intrinsic scientific interest. As
the G factor is increasingly utilized as a biological tool,
it will more and more attract interest from researchers
in the basic biological and medical sciences.

Ground-based experimentation in gravitational phys-
iology has already given extremely valuable insight into
the physiology of gravireception, changes in the distri-
bution of blood volume and their secondary effects on
cardiovascular and endocrine functions, as well as other
functions that have been shown to be especially sus-
ceptible to influences from the gravitational environ-
ment. Such ground-based research is of great impor-
tance also because it yields results and ideas that can
be verified and tested using space experimentation for
validation and refinement.

This meeting will deal with several problem areas
concerned with effects of the force environments on
living matter at various levels of organization. There
will be four symposia with invited papers. The first
special symposium will be held today and will be de-
voted to the general topic of current concepts in gravi-
tational physiology. The second symposium will be held
tomorrow and will be entirely devoted to reports and
discussions of results in gravitational physiology ob-
tained in recent space flights. Into this symposium we
have fitted a special NASA Life Session with invited
papers. The third symposium, on Friday, is concerned
with problems related to the mechanisms of gravirecep-
tion in mammals and associated functions of the brain.
Here we have the opportunity to hear about and discuss
results from experiments performed both on the ground
and in the space environment. The fourth symposium
will be held on Saturday and will deal with the possi-
bilities of simulating various effects of weightlessness
and studying them in ground-based laboratories, in
other words, the design and use of different kinds of
animal and human models of weightlessness.

We are certainly happy that so many colleagues have
responded to our call for voluntary papers. During the
course of this week, 47 such papers, in addition to the
36 invited papers, have been submitted for presentation
in four open sessions. These voluntary papers will high-
light results from many diverse areas of gravitational
physiology, including results from experimentation in
space, effects of changes in body position in the normal
force environment, simulation of gravity, models of
weightlessness, fluid shifts and electrolytes, gravirecep-
tion, and high G environments.

S—vii



Human and Animal Models of Weightlessness

Symposium

Physiological Comparison of Rat Muscle in Body
Suspension and Weightlessness. X. J. Musacchia,
J. M. Steffen, R. D. Fell, and J. Dombrowski

Neurophysiological Responses in Suspended Animal
Models. Y. Oomura and T. Katafuchi

Effects of Gravity on Rhythmic Activities in the
Phrenic and Sympathetic Nerve Discharges. T.
Hukuhara, N. Kimura, K. Takano, and F. Kato

Comparative Aspects of Hematological Responses in
Animal and Human Models in Simulations of
Weightlessness and Space Flight. R. D. Lange,

J. B. Jones, and P. C. Johnson, Jr.

Local Fluid Shifts in Humans and Rats: Comparison
of Simulation Models with Actual Weightlessness.
C. M. Tipton, J. M. Overton, M. J. Joyner, and
A. R. Hargens

Metabolic Adaptation in Hypokinesia in Humans.
H. Saiki, J. Nakajima, M. Nakaya, Y. Sugita, M.
Sudoh, K. Shioda, and Y. Saiki

Controlled Water Immersion as a Model of
Weightlessness. 1. D. Pestov and A. V. Pokrovsky

Hypogravity and Gravireception

Directional Difference in Effects of Long-Term
Hyper-Gravity Upon the Cardiac System of the
Hamsters. H. Satake, Y. Mizuno, S. Watanabe,
and K. Matsunami

Chronic Acceleration and Organ Size in Domestic

S-vi

S-102
S-106

S-109

S-113

S-117

S-121
5-125

S-129

Fowl. A. H. Smith S-131

Changes of Cardiac Systems of Decerebellated
Hamsters in Hypergravity Conditions. S. Ueki, T.
Kawashima, H. Satake, M. Nakashima, and K.
Matsunami

Cardiopulmonary Response of Rats to Centrifugal
Accelerations. M. Sudoh, K. Shioda, M. Kohno,
S. Ikawa, K. Kawakami, and H. Saiki

The Response of Skeletal Muscle Mass to Changes in
Acceleration. G. C. Pitts

Receptor Mechanism and Neuronal Circuit
Subserving Gravitational Responses in Crayfish.
M. Hisada, M. Takahata, T. Nagayama, and M.
Yoshina

Physiological Roles of Calcium in Light-Induced
Gravitropism in ZEA Primary Roots. A. Miyazaki
and T. Fugii

S-133

S-135
S-137

S-139

S-141

Gravitational Physiology

(Presented at the XX Xth International Congress of
Physiological Sciences, Vancouver, B. C., Canada,
July 13-18, 1986)

Cardiovascular Responses to Central Hypovolaemia
in Man: Physiology and Pathophysiology. T.
Bennett

The Effects of Exercise Training on Factors Affecting
Orthostatic Tolerance. P. R. Raven, M. L. Smith,
D. L. Hudson, and H. M. Graitzer

S-143

S-147

Index S-151



Table of Contents

Introductory Remarks
H. Bjurstedt

Current Concepts of Gravitational Physiology

Symposium

Mechanism of Acute and Chronic Effects of
Microgravity. O. G. Gazenko, A. 1. Grigoriev, and
I. B. Kozlovskaya

Spacelab Life Sciences | and 2: Scientific Research
Objectives. C. S. Leach and H. J. Schneider

The ESA Anthrorack Project: Integrated Research in
Human Physiology. D. Linnarsson

The Effect of Head-Down Tilt on the EEG Response
to Mental Arithmetic (MA). W. Jinhe, Y.
Gongdong, G. Zhigiang, and S. Xianyun

Gravitational Cardiovascular Adaptation in the
Giraffe. A. R. Hargens

Biodynamic Response of Subhuman Primates to
Vibration. A. R. Slonim

Physiological Limitations of Human Tolerance to
Gz Acceleration. U. 1. Balldin

Development of Methods for Prevention of
Acceleration Induced Blackout and
Unconsciousness in World War II Fighter Pilots.
Limitations: Present and Future. E. H. Wood

Recent Space Flight Results in Gravitational

Physiology Symposium

Physiological Investigations of Primates Onboard
Biosatellites Cosmos-1514 and Cosmos-1667.
0. G. Gazenko and E. A. Ilyin

Central Circulation During Exposure to 7-Day
Microgravity (Head-Down Tilt, Immersion, Space
Flight). V. E. Katkov, L. I. Kakurin, V. V.
Chestukhin, and K. Kirsch

Hormonal Regulation in Space Flights of Varying
Duration. I. A. Popova, B. V, Afonin, N. A.
Davydova, and A. I. Grigoriev

Space Flight Results and Topics in Terrestrial

Environment

Effects of 7-Day Space Flight on Weight-Bearing and
Non-Weight-Bearing Bones in Rats (Cosmos
1667). L. Vico, D. Chappard, A. B. Bakulin, V. E.
Novikov, and C. Alexandre

Body Impedance Measurement During Space
Mission D1. F. Baisch and L. Beck

Magnetic Effect on Cardiopulmonary Function in
Man. O. Okai

A Unique Relationship Between Economs’ Theory
on the Largest Land Mammal and Our Dynamic
Theory of Growth, Maturation and Ageing. S.
Tatsunami, N. Yago, and N. Fukuda

Study of the Initial Period of Adaptation to
Microgravity in the Rat Experiment On-Board
COSMOS-1667. O. B. Gazenko, E. A. Ilyin, E. A.
Savina, L. V. Serova, A. S. Kaplansky, 1. A.
Popova, V. S. Oganov, K. V. Smirnov, and L. V.
Konstantinova

Body Position and Simulation of Gravity

Cardiovascular Responses During 70° Head-Up Tilt:
The Effect of Elevated Body Temperature and
High Alcohol Blood Levels. 1. B. Mekjavic, C. A.
Gaul, M. D. White, and K. D. Mittleman

Changes of Arterial and Venous Blood Flow During
Orthostasis and the Effect of Atropine. W. K. Park
and E. U. Chae

The Physiologist, Vol. 30, No. 1. Suppl., 1987

S—vui

S-6
S-10

S-13
S-15
S-19
§-23

S-31

S-36

S-42

S-45
S-47
S-49

S-51

S5-53

S-56

S-58

The Effect of Body Position on Ventilation and
Perfusion in the Lung. E. Moriya, E. Kawakami,
M. Sudoh, and S. Ikawa

Effects of Graded Head-Up Tilting on Muscle
Sympathetic Activities in Man. S. Iwase, T. Mano,
and M. Saito

Cardiovascular Effects of Head-Up Tilt As Affected
by a Vasopressin Analogue. R. Baer, O. Eiken,
and U. Balldin

10° Head-Down and -Up Tilting on the Water
Intake and Cardiovascular Responses During Mild
Exercise in Woman. K. Yokozawa, S. Torikoshi,
M. Inazawa, K. Itoh, Y. Fukase, J. Nagano, and
Y. Suzuki

Cardiovascular Responses of Aged Men to
Orthostatism During Heat Exposure. K. Shiraki,
S. Sagawa, M. K. Yousef, N. Konda, and K. Miki

Cardiorespiratory Responses to Supine Leg Exercise
During Lower Body Negative Pressure (LBNP). O.
Eiken and H. Bjurstedt

Effects of LBPP Stocking on Cardiovascular
Responses During Rest and Exercise in LBNP and
Upright Position in Woman. J. Nagano, S.
Torikoshi, K. Yokozawa, M. Inazawa, K. Itoh, Y.
Fukase, and Y. Suzuki

Increased Cholinergic Activity During Graviation-
Induced Pre-Syncope in Man. K. Sander-Jensen,
J. Mehlsen, C. Stadeager, N. J. Christensen, T. W.
Schwartz, J. Warberg, and P. Bie

Effects of Lean Body Mass and Aerobic Power on
LBNP Tolerance in Woman. S. Torikoshi, K.
Yokozawa, M. Inazawa, K. Itoh. Y. Fukase, J.
Nagano, and Y. Suzuki

Mammalian Gravireception and Brain Function

Organization of Maculo-Ocular Pathways Via Y-
Group Nucleus and Its Relevance to Cerebellar
Flocculus in Cats. Y. Sato and T. Kawasaki

Cerebellar Adaptive Function in Altered Vestibular
and Visual Environments. M. Ito

Characteristics of Vestibular Reactions to Canal and
Otolith Stimulation at an Early Stage of Exposure
to Microgravity. M. G. Sirota, B. M. Babayev,
I. B. Beloozerova. A. N. Nyrova, S. B. Yakushin,
and 1. B. Kozlovskaya

Sensory Interaction in Weightlessness. L. N.
Kornilova, G. Bodo, and R. R. Kaspransky

Implications of Otoconial Changes in Microgravity.
M. D. Ross

Models of Weightlessness, Fluid Shifts and

Electrolytes

Physiological Responses During Whole Body
Suspension of Adult Rats. J. M. Steffen, R. D.
Fell, and X. J. Musacchia

Influence of Simulated Weightlessness on Maximal
VO, of Untrained Rats. J. M. Overton and C. M.
Tipton

Continuous Determination of Blood Volume and
Blood Sodium Concentration on Conscious Rats:
A Potential Tool for the Analysis of Water
Balance During Weightlessness. T. Morimoto, E.
Sugimoto, H. Nose, T. Okuno, T. Natsuvaraa, and
M. Morita

Mechanism of the Increase in Plasma Volume
During Head-Out Water Immersion (WI) in Dogs.
K. Miki, S. K. Hong, and J. A. Krasney

S-60

5-62

S-64

S-66

S5-68

S-70

§-72

S-74

S-75

S-77

S-81

S-82
S-85
§-90

5-94

S-96

S5-98

S-100
S-v



breathing at rest is controlled so as to keep the alveolar
pressure of carbon dioxide regulated with narrow limits
even under the influence of relatively large variations
in the ambient atmospheric pressure. By exposing hu-
man subjects to a barometric pressure of 6 atmospheres,
Hill obtained most valuable confirmation of this con-
clusion: although the percentage by volume of carbon
dioxide was found to be less than 1.0 instead of about
5.5 found at normal atmospheric pressure, the calcu-
lated alveolar carbon dioxide was the same in both
cases. Hill was the first proponent, in one of his papers
in 1908, for the use of a mixture of air, or preferably
oxygen with some 5 percent of carbon dioxide, in the
resuscitation of cases of carbon monoxide poisoning—
a treatment widely used today in order to induce hy-
perpnea and an increased rate of removal of the noxious
gas.

During the latter part of his professional life, after
accepting the position as Director of Applied Physiol-
ogy at the Medical Research Institute, which he was to
keep until his retirement in 1930, Hill was able to give
free scope to his gift for research into more practical
aspects of human physiology and medicine. Much of
Hill’s research during this period gives away his contin-
ued curiosity in basic physiological mechanisms. From
a more formal point of view, however, his area of
responsibility was often expressed in the term “physical
medicine” (a more modern and descriptive designation
for this area might be “environmental medicine”). He
devoted his attention very largely to the influence of
environmental temperature and to the humidity and
movement of the air as well as solar radiation on human
comfort, health, and capacity for work.

With the outbreak of the First World War, one of
Hill’s first assignments was concerned with the medical
aspects of gas warfare, and he also contributed reports
on the ventilation of dugouts. Hill went on to investi-
gate the influence of varying atmospheric conditions
on heat loss from the body by convection, radiation,
and the evaporation of water, and for assessing these
environmental factors he developed the “kata-ther-
mometer,” by which the rate of heat loss from the
instrument by convection, radiation, and evaporation
could be calculated.

Hill and his co-workers proved, largely with the use
of the kata-thermometer, that what causes the stuffiness
of badly ventilated rooms is not lack of oxygen, or
excess of carbon dioxide, or the presence of any mys-
terious exhalations; what chiefly matters in the venti-
lation of “closed” spaces is the maintenance of suitable
humidity, temperature, and movement of the air. Hill’s
investigations on factors determining subjective sensa-
tions of comfort or discomfort both indoors and out-
doors, in a variety of climates, including tropical as well
as temperate, were summarized by him in two books,
Health and Environment and Sunshine and Open Air.
Their Influence on Health, with Special Reference to
Alpine Climates, both published in 1925. A noteworthy

fact is that Hill was the first to design a bed-tent for the
clinical administration of oxygen (1921). He described
the physiological basis for the limits of high-altitude
flying with oxygen and the role of oxygen breathing in
the 1933 Mt. Everest expedition.

Hill had many other interests besides his scientific
work. He had a remarkable talent for painting and was
equally adept with oils and with watercolors. Indeed, at
one time it was touch and go whether he became a
professional artist or a physiologist. He held private
exhibitions of his paintings and animal studies and
these were very favorably received by the critics. An
example of his gift as an artist is the self-portrait hanging
in the Physiology Theatre at the London Hospital Med-
ical School.

In the present context, it is particularly appropriate
to note that a friendship with a distinguished Japanese
artist led to Hill’s meeting many Japanese visitors to
London; Hill’s artistic production was specially ad-
mired by these visitors, and this resulted in three very
successful exhibitions of his paintings in Japan. In
Britain he became the first president of a Medical Art
Society.

Another gift that Hill had was for writing fairy tales
for children, of which he published two books, one
illustrated with his own drawings. These tales showed
an intuitive understanding of the child mind. A friend
writes (cited in The Lancet, April 12, 1952): “The
artistic and scientific temperaments are often incom-
patible, but in Leonard Hill they attained an almost
uniquely happy synthesis which, combined with his
humanitarianism, was the secret of his outstanding
contribution to medicine ...” and continues: “Hill’s
last published contribution was a letter to The Listener
(March 27, 1952), in which the final paragraph aptly
sums up his own philosophy: ‘There is no lack of
mystery in the universe as shown by the physicist, the
astronomer and the biologist, and the brain is capable
of investigating the mystery and of spreading poetry
and delight.” In his book Philosophy of a Biologist,
published in 1930, Hill had given his reflections on
what life and his studies had taught him. Renouncing
all religious doctrines, he declared that modern science
has brought mankind to recognize the existence of “a
power equivalent to the purest conception of God
stripped of all dogma and superstition.”

Leonard Hill’s scientific standing was early recog-
nized, and he was elected a Fellow of the Royal Society
in 1900. He was knighied on his retirement in 1930.
Hill died at Corton, near Lowestoft, on March 30, 1952,
in his 86th year.

Biographical notes on Sir Leonard Hill generously
provided by Professor Henry Barcroft, F.R.S., London,
Dr. James P. Henry, Los Angeles, and Professor Eric
Neil, London, are gratefully acknowledged.

H.B.



Dedication

The Proceedings of the 8th Annual Meeting of the
IUPS International Commission on Gravitational
Physiology are dedicated to Sir Leonard Hill in recog-
nition of his fundamental and insightful discoveries
concerning the influence of gravity on the circulation
in man and animals. These discoveries contributed
importantly to present knowledge of factors of mechan-
ical and reflex nature that maintain circulatory home-
ostasis when challenged by changes in the gravitational
vector.

Leonard Hill was born in Tottenham, England, on 2
June 1866, third son of G.B.N. Hill, and a grandnephew
of Sir Rowland Hill of penny-postage fame. Family
abilities are well reflected in Hill's own generation, with
his elder brother, Sir Norman Hill, being a leading legal
authority on shipping and another brother, Sir Maurice
Hill, being a High Court judge: Lord Justice Scott was
his cousin. Hill entered University College, London,
duly qualifying in medicine in 1889 and becoming M.B.
(London) in 1890. After a year as house surgeon at
University College Hospital, he entered upon an aca-
demic career in physiology, returning to University
College where he worked as an assistant professor in
the physiology department, and then continued his
research as lecturer at the London Hospital Medical
School. Here he was to become professor of physiology
when the chair was instituted in 1912. Hill accepted in
1914 the appointment as Director of Applied Physiol-
ogy at the National Institute for Medical Research, then
situated at Mt. Vernon, Hampstead.

It was not until the nineteenth century that the first
notions of a connection between certain severe circu-
latory disturbances, sometimes fatal, and body position
began to appear in the literature. Notable examples
were the observations of Piorry in France, who com-
municated case reports and recognized the pooling
effect of gravity in dependent blood vessels, and Wagner
in Germany, who measured the blood pressure of ani-
mals in different body positions to determine the loca-
tion of the “hydrostatic indifference point.”

In his first paper on the influence of gravity on the
circulation in 1895, Hill stated in the introductory
sentence that this question is “of very obvious impor-
tance, yet it is one curiously neglected by physiologists.”
Hill had examined a clinical case in which the skull had
been trephined and noticed that a negative intracranial
pressure developed when the patient stood up. This
observation led to his extensive research on the hemo-
dynamic effects of changes in body position. For his
experimental work he constructed an animal holder,
which could be swung round a horizontal axis with the
animal’s limbs fully extended and in the same direction
as the long axis of the body. The pressures in the vessels
under observation were recorded with manometers and
a smoked-drum kymograph. The research was carried
out on anesthetized rabbits, cats, dogs, and monkeys,
and the same general results were obtained from all.
From the results of his experiments, Hill concluded
that, in the head-up position, as the blood drains into
the abdominal veins, the heart empties and the perfu-
sion of the brain ceases. He was the first to recognize

the perfection of the vasomotor and other compensa-
tory mechanisms that make it possible for man and
monkeys to withstand the effects of gravity produced
in the upright position in which they are destined to
exist. In a paper published a few years later, Hill used
the sphygmomanometer devised by himself and H.
Barnard to demonstrate in human subjects the varia-
tions in arterial pressure that depend on the hydrostatic
component (they lost precedence over Riva Rocci for
the armlet method by only a few months). They were
the first to recognize the decrease in effective circulating
blood volume caused by gravity-induced sequestration
of blood in dependent veins and, by inference, the
protection afforded by the leg muscle pump.

Most of Hill’s observations and conclusions on the
influence of gravity on the circulation are contained in
several papers published by him and his co-workers in
the Journal of Physiology (London) during the period
1895-1899; they are summed up and supplemented by
additional findings and interpretations in some of his
books from the same period and in his chapter on the
circulation in the large Texthook of Physiology (Ed. E.
A. Schafer, 1900).

If the physiology of the cardiovascular system was
Hill’s “first love,” his continued research at the London
Hospital Medical School increasingly came to focus on
integrative aspects of circulatory and respiratory func-
tion, especially with regard to influences of various
environmental stresses. During the opening years of
this century, much of Hill’s research was devoted to
hyperbaric physiology and medicine. At the time such
work was of great practical importance in view of the
high incidence of serious illness and loss of life among
deep-sea divers and caisson workers. Hill and his col-
leagues confirmed and extended Paul Bert’s observa-
tions about the cause of the symptoms of decompres-
sion sickness and could demonstrate the movements of
nitrogen into the blood and urine during compression;
they could also demonstrate the immediate appearance
of bubbles of gas in the capillaries of a frog’s foot on
rapid decompression as well as their disappearance on
recompression. Hill successfully decompressed himself
after exposure to an excess pressure of 6 atmospheres
using his own method of slow decompression with a
ramp-shaded profile. Subsequently, J. S. Haldane de-
vised the quicker method of stage-decompression. From
his book, Caisson Sickness and the Physiology of Work
in Compressed Air, published in 1912, it appears that
Hill accepted the method of stage-decompression; he
was later to make further contributions to this subject.
Hill considered Haldane’s decompression tables for
compressed air too close to the limit of safety—he
favored a reduction of the permissible pressure drop
between steps in stage-decompression from the ratio of
2:1, adopted by Haldane, to 1.75:1, a contribution of
fundamental importance, and more in accord with
present-day procedures for safe deep-sea diving on com-
pressed air.

Hill used the hyperbaric environment as as tool for
basic research into the chemical control of respiration.
Haldane and Priestly showed in 1905 that normal
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CARDIORESPIRATORY RESPONSES TO SUPINE LEG EXER-
CISE DURING LOWER BODY NEGATIVE PRESSURE (LBNP)

0. Eiken and H. Bjurstedt

Department of Environmental Medicine
Karolinska Institutet
104 01 Stockholm, Sweden

It is well known that suction applied over
the lower portion of the human, supine body
(LBNP) induces physiological responses that are
in many respects similar to those caused by
gravitational loading in the upright position. In
this way, changes in hydrostatic pressure
components at various reflexogenic zones in the
circulatory system can be avoided. LBNP may
therefore be used to isolate and study those
responses to gravity which are due solely to the
caudad displacement of blood volume in the low
pressure system.

This study is concerned with the dynamics of
cardiac and respiratory responses to leg exercise
as influenced by LBNP-induced translocations of
the blood volume. Three questions were posed. 1)
How do heart rate and stroke volume respond to
the onset of dynamic leg exercise? 2) Is there a
rapid phase in the exercise hyperpnea at the
onset of exercise? 3) How is the magnitude of
exercise hyperpnea affected?

Methods

The experiments were carried out with the
subjects positioned supine in an opening to an
altitude chamber with the lower portion of the
body positioned inside the chamber. Hermetic
sealing at the level of the iliac crest (in the
experiments on ventilation, slightly below this
level) was accomplished by a rubber diaphragm.
Graded leg exercise was performed on an
electrically braked cycle ergometer, with the
axis of the pedals at the level of the heart. A
shoulder support was used to avoid work with the
amms during pedalling. Heart rate (HR) was
recorded by a 1linear cardiotachometer, stroke
volume (SV) by an impedance cardiograph.
Breath-by-breath inspiratory minute volume
(V.) and mouth-occlusion pressure (P, .) were re-
corded by a computer-assisted assemb?é}.

The protocol in the experiments on cardiac
responses was as follows. Following a period of
rest, exercise was performed at 0, 50 and 100 W
for 4 min at each workload. In the experiments on
ventilatory responses, a period of rest was
followed by two 5 min bouts of exercise (0 and
100 W) separated by 5 min of rest. The chamber
pressure was maintained at atmospheric Tlevel

(control) and at -50 Torr (LBNP), respectively.
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Results

As is evident from Fig. 1, resting values for
SV and HR were lower and higher, respectively,
during LBNP than in the control condition.
Initiation of exercise in the control condition
caused an abrupt initial increase in HR, which
subsequently continued to increase with the work
intensity; stroke volume, on the other hand,
remained essentially at resting values throughout
the exercise periods. During exposure to LBNP,
onset of exercise induced a prompt and
considerable rise in SV, with a further slight
increase as work intensity was raised, whereas HR
showed a small but significant drop during
loadless pedalling.

1% co (1-min™)

n=6

a= LBNP
o=CONTROL
T=sE

wnx p<0.001

W p<0.01
% p<005

100 - badad kaiad

80

60

REST ow 50w oow

Figure 1. Cardiac output (CO), heart rate (HR)
and stroke volume (SV) values at rest and during
exercise in the control condition and during LBNP
at -50 Torr.

Resting values for Vl and P were unaf-
fected by exposure to LBNP. Time goﬁrses for VI
at the transition from rest to exercise at 100 W
were similar with and without LBNP (Fig. 2). At
the 0 and 100 W workloads the steady-state values
for both V. and P were significantly higher in
the contro{ cogdigfsn than during LBNP (AV.=3.3
and 4.9 1 min~" at the two workloads, respec{ive-
1y).

Discussion

Mode of cardiac adaptation to exercise. - The
differences in SV and HR responses at the onset



the aged to vasoconstrict the skin and to
override the heat induced vasodilation may
be an indication of decreased sensitivity
of the baroreceptors as compared to young
men.
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Fig. 1. Responses of fgrearm blood flow
(FBF) to head-up tilt (70 ) and acute heat
exposure in young and old men. Solid
circle with bars, means+SE for the
elderly; open circles with bars, means+SE
for the young. *P<0.05 comparing vs supine
value.

The average TPH in
became significantly
both groups in the hot environment. At
ZG'C. head-up tilt caused no significant
changes in TPR in either age group. At
the hot environment TPR tended toward
decrease during tilt in the elderly, but
did not change in the young.

The reduced FBF and no change in CO and
TPR during tilt suggest wvasoconstriction
of the periphery and increased blood flow
to the visceral and other vital organs.
Althuugg postural changes in the aged
at 40°C were accompanied by a slight
decrease in TPR and vasodilation, MAP and
CO were maintained and all subjects

supine position
lower (P<0.05) in

managed the orthostatic maneuvers without
syncope. Thus, the maintenance of venous
return in the elderly may be achieved by

an attenuated increase in FBF during heal

exposure (2.6 folds of the level at
thermoneutrality as compared to 4.4 folds
in the young), on the contrary, in the

young, it may be achieved by the
vasoconstriction in the visceral organs. _
There were no age dependent changes of T-
sk during the tilt test under either
environmental condition. The average Tes
duging the period of supine position at
26 C was not significantly different in
either group, being 36.60+0.08°C and
36.96+0.04°C, in the old and young groups,
respectively. The Tes began to increase
immediately after head-up tilting with a
faster rate at the beginning, reaching a
plateau level after the 10th min of the
head-up tilt. The rate of the increase

was higher in the young, consequently
their Tes became higher, though not
significantly, than that of the elderly at
the termination of the test, being
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36.68+0.09 and 36.77t0.050C in the Slderly
and young, respectively. At 40 C the
average Tes was significantly higher
(P<0.05) in the elderly. The head-up tilt
increased Tes of both age groups (P<0.05)
with a faster rate at the beginning and
kept increasing until the end of the
experiment.

Since Tes accurately reflects blood
temperature in man (3), the immediate rise
in Tes upon tilting reflects a decrease in
blood flow to periphery; a redistribution
of blood flow upon tilting. It has been
reported that wvasoconstriction in the
intestinal and renal flow during heating
(2). If the sympathetic nerve activity
is not appropriately working in the old,
heating or orthostatism would induce an
inadequate constriction in the splanchnic
blood flow, resulting in a different blood
distribution as we observed in the present
experiment.

In conclusion, unacclimatized, healthy
young and old men can manage orthostatic
maneuvers with minimum incidences of heat

syncope. Orthostatic tolerance in
thermoneutrality and during acute heat
exposure was not significantly influenced
by age. However, the compensatory

mechanisms of the cardiovascular system to

maintain or regulate blood pressure and
cardiac output differed between young and
old men. The peripheral vascular
responses to postural change was

qualitatively and quantitatively different
in both age groups. The quantitative
differences such as greater rise in HR,

gradual increase in TPR and the return of
MAP to supine values were necessary to
offset the additional stress of heat and

thus maintain adequate blood flow to vital

organs. The present experiment suggests
that aging may result in sluggish or
inadequate sympathetic nervous reflex.

However, the elderly individual seems to
develop a <circulatory adaptation either
peripherally and/or centrally to overcome
the loss of this autonomic nervous control
and thus tolerate orthostatism in heat.
We may estimate an altered sympathetic
nerve activity in the old by measuring the
redistribution response of blood flow by
heat exposure or passive Lilting.
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CARDIOVASCULAR RESPONSES OF AGED MEN
TO ORTHOSTATISM DURING HEAT EXPOSURE
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The effect of age on cardiovascular
responses to passive tilting was
investigated using six old (61-73 yr) and
ten young (21-39 yr) men. Experiments were
carried out gt 26 C and after acute
exposure to 40 C. Continuous measurements

of esophageal and skin temperatures, and
heart rate were made. Blood pressure,
forearm blood flow, and cardiac output

were measured at 4-5 min intervals.
Measurements were made in supine position
and after 70 degree head-up tilt for 15
min. Cardioacceleration during the tilt
test was greater in the young than the
old. 0ld men did not show significant
decrease in FBF during tilting, suggesting
a possible defect in the sympathetic
nervous reflex. However, other circulatory
adaptations seems to overcome this
deficiency, resulting in orthostatic
tolerance similar to that of tge young.
During head-up tilt at 26 and 40 C, Tes 1in
the old responded differently, which may
suggest an alteration of blood flow
distribution, presumably due to diminished
blood flow to the periphery.

One of the important manifestations of
dysfunction in the autonomic nervous
system is orthostatic hypotension, a
function of baroreceptor activity, which
seems to decrease in many elderly people
(1). The objectives of our proposed study
are to examine: a) the age-related
differences in orthostatic tolerance in
combination with heat stress, and b) to
provide useful signs to predict impairment
of the orthostatic tolerance.

METHOD

Six male old subjects, age ranged
from 61 to 73 yr and 10 young men ranging
from 21 to 39 yr volunteered for the
experiment. Each subject was dressed in
cotton shorts in the climatic chamber of
which temperature (Ta) was kept constant
at 26 C. Each subject was harnessed with
skin thermocouples, esophageal probes, ECG
electrodes, tape-on twin mylar electrodes
for measuring cardiac output, a mercury-in

-Silastic Whitney strain gausge, and blood
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pressure cuff. After kKeeping a sitting
position on a comfortable wide-meshed
chair for 60 min (equilibrium period),

the subject moved and lay on a tilt table.
During the first 15 min on the tilt table
when the subject lay supine, blood
pressure, heart rate (HR), cardiac output
(CO) and forearm blood flow (FBF) were
measured every 5 min. The skin (Tsk)

and esophageal (Tes) temperatures were
moni tored continuously throughout the
experimental period. The tilt table

was raised to 70 degree within 3 s and
maintained at the position for 15 min
(head-up tilt). During the period of head-
up tilt, starting at the first min, BP,
HR, FBF, and CO were measured every 4 min.
On completion of the tilt test at 26 C the

subject again sat on the chair and Ta of
the chamber was raised to 40°C. The
sugject remained sealed for 105 min at

40°C (heat exposure period) , then lay on
the tilt table, a&and the same tilt pro-
cedure and measurements were carried out.

RESULTS AND DISCUSSION

In this study none of the subjects
showed any signs or symptoms of syncope.
The average HR during sgpine position at
thermoneutrality (Ta = 26 C) was about the
same in both age groups, and it increased
1 min after the head-up tilt and remained
a higher level until the termination of
the tilt test. However, a significant
increase in heart rate in the orthostatic
position was observed only in the young.
Heat exposure significantly increased
(P<0.05) HR in both groups. The head-up
tilt increased HR promptly and it remained
significantly higher (P<0.05) until the
termination of the tilt test. However, the
magnitude of HR response was higher in the
young, though not significant.

The average mean arterial pressure

(MAP) of the elderly at 26 and 40 C was
significantly higher (P<0.05) than the
young. Heat exposure significantly

decreased MAP of bolh age groups (P<0.05)
at supine period. No tilt-related changes
in MAP were observed in both age groups.
Al 2B°C. systolic pressure significantly
decreased during head-up tilt in the young
group. However, the old group did not show

significant decline in systolic pressure
at both Ta.
Acute heat exposure slightly increased

CO of both age groups, but the orthostatic
position at 26 and 40 C had no significant
effect on CO of either age group.

At thermoneutrality, FBF during the
supine position was almosl identical in
both groups (Fig. 1). Although this value

decreased significantly (P<0.05) during
the head-up tilt in the young, no changes
were observed in the elderly. At 40°C,

the head-up tilt significantly decreased
FBF in the young. On the other hand, the
elderly showed, although not significant,
an increase in FBF. The wvasodjlation
response of the elderly at 400C was
significantly lower than that of the young
group and FBF did not change in response
to postural change from supine to upright.
As skin blood flow is Known to be under
baroreceptor influence, the inability of



In Figure 2, the average values of water
intake given in all subjects are shown in
the two tiltings. Water intake was about
14 % lower in HDT than in HUT. The average
values of HR, V02, Tsk, and Team given at
just before drinking water during exercise
in all subjects were not so different be-
tween HDT and HUT, although the MAP at the
time was significantly higher in HDT "than
in HUT. In Figure 3, the average values of
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CO, SV, and FBF given at Jjust before drin-
king during exercise were significantly
higher in HDT than in HUT, Figure 4 shows
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the relationships between MAP and HR, FVR,
C0, water intake, which were presented at
just before drinking water during exercise
in all subjects. MAP was significantly
correlated to FVR and CO, but not to HR and
water intake, Figure 5 shows the relation-
ships between SV and MAP, arteriovenous OX-
gen difference (a-v)02 diff., FBF, and
water intake, which were presented at just
before drinking water during exercise in
all subjects. SV was significantly corre-
lated to (a-v) 02 diff., FBF, and water in-
take, but not to MAP. The relationships
show that water intake correlated to SV,
FBF, and (a-v)02 diff. Also, water intake
was significantly related to Team (p<0.1l).
Therefore, the presented results suggest
that water intake increased is due to the
increase in central blood volume and also
to the elevated temperature in regulation
center in the brain.
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Discussion

In HDT, the increased MAP suggests the
increase in brain blood flow, and the sli-
ght correlation between water intake and
Team which could estimate the mean body
temperature means that the increase in br-
ain blood flow may make the hypotharamus
become warmer. However, although MAP at
just before drinking water was significan-
tly higher in HDT than in HUT, Team was
almost the same as each other in the two
tiltings. The fact suggests a weaker fac-
tor on the decrease in water intake in HUT.
In fact, water intake did not correlate to
MAP. On the other hand, CO, SV, and FBF
at just before drinking water were signi-
ficantly higher in HDT than in HUT. Also,
water intake was correlated to SV given at
just before drinking water as well as to
(a=v) 02 diff. and fore-arm blood flow,
respectively. Further, HR at just before
drinking water was in average about 10 %
lower in HDT than in HUT in spite of non-
significance. At least, these facts in-
dicate the increase in venous return and
thus in the central blood volume in HDT.
Therefore, the increased central blood vo-
lume brings fulling heart and then extend-
ing the part of receptors of water intake
in the heart. As a result of this, water
intake should be lowered by inhibiting the
activity of the receptors in HDT.

In conclusion, during a mild dynamic ex-
ercise, 10 degree HDT should make water
intake decrease, because the increase in
the central blood volume with distributing
a higher blood flow to the upper body pro-
bably inhibits the activity of receptors
of water intake shifted on the heart.
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ON THE WATER INTAKE AND CARDIOVASCULAR
RESPONSES DURING MILD EXERCISE IN WOMAN
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To investigate the relationship bet-
ween water intake and cardiovascular re-
sponses during mild pedalling in tilting
positions, 5 female students hzve per-
formed a 30C kpm/min exercise for 60 min
period in 1C degree head-up (HUT) and
head-down tilting (HDT). Through the
experiments, V02, HR, arterial blood pre-
seure, cardiac output(C0), fore-arm blo-
od flow (FEF), mean skin temperature(Tsk)
and external audicmutus temperature(Team)
were measured.water intake at 50 min of
exercise was 14 % lower in HLT than in
HUT. A mean arterial blood pressure(MAP),
CO, stroke volume (SV), and FEF given at
Just before drinking water were signifi-
cantly lower in HDT, although V02, HR,
Tsk, and Team at that time were not dif-
ferent between HDT and HUT. Water intake
was significantly correlated to the val-
ues cf SV, arterio-venous oxygen diffe-
rent, and FBF, but not to the MAF. The
rresented results suggest that the inc-
rease in central blood volume inhibits
water intake during mild exercise in HIT.

A hypothesis in this study is that when a
mild dynamic exercise is perfermed for a
prclonged period in the two tilting posi-
tions of head-up and head-down, water in-
take during exercise should be decreased
by the increase in central blood volume in
the head-down tilting, because the incre-
ase inhibits the activity of receptors of
water intake in the heart. Also, the iso-
tonicity in the brain blood should be kept
due to the blood flow increased by the he-
ad-down tilting.

Or the other hand, a possibility is that
if the increase in a warmer blood flow in
the brain stimulates the body temperature
center due to the head-down tilting , the
center should function to increase water
intake because of keeping internal body
temperature.

In this study, the relationships between
water intake and cardiovascular responses
and body temperatures have been investi
gated during mild pedalling in head-dcwn
and head-up positions.

Subjects and Methods

Five female students participated as the
subjects in the study. Their average body

S-66

weight was 51.6 kg, and the average body
158.2 cm, which were almost the same as
the Japanese same age (20 yrs) woman's le-
vels. Their average VOZ max was 42.16 ml/
kg/min, and also was included in Japanese
standard values of young woman. Before the
experiment, the subjects were imformed the
purpose and details of the study.

In Figure 1, protocol of experiment was
illustrated. That is, after 15 min rest,
a 300 kpm/min load exercise was performed
for 60 minutes in 10 degree head-down til-
ting (HDT) or head-ur tilting (HUT). Water
with about 7.5 C was at will intaken at 50
min., during exercise. The water volume
drunk was determined as water intake in
each subject. Through all experiments, ox-
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Fig. 1, Protocol and Time Table
in Experiment

gen uptake(V02), heart rate (HR), arterial
blood pressure, cardiac output (CO), fore-
arm_blood flow (FBF), mean skin temperatu-
re(Tsk), and external audiomutus tempera-
ture(Team) were measured at each testing
point shown in Fig.l. V02 was determined

by a metabolic analysing system which was
corstracted with a mass-spectrometer, gas
flow-meter, and computer. HR was counted
on the record of EKG by a2 computer system.
The blood pressure was measured by meansof
auscultation method in the right upper arm.
CO was measured by acetylen gas rebreath-
ing method, which was analysed by a mass
spectrometer. FBF was measured in the left
fore-arm by means of Whitny's mercury en-
closed rubber straingauge plethysmography.
Tsk and Team were meausred by a thermister
system.

Results

Comparing time courses of measurements be-
tween HDT and HUT, V02 during exercise was
presented almost the same as each other in
the two tiltings, although HR was lower,
and mean arterial pressure (MAP), FRF and
CO were higher levels in HDT., Tsk and Team
changed during exercise were not so diffe-
rent between HDT and HUT.

Meant SE of 5 subjects
Fig.2.
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position. After TGLVP, the head-up values for TPR
were on the average 31% higher than the correspon-
ding values after placebo. Therefore, head-up tilt
did not appreciably affect the response of TPR to
TGLVP and the increases in TPR after the drug and
the tilt were essentially additive. Head-up values
for MAP were on the average 7 mm Hg higher with
the drug.

In the post-tilt period, TRP remained signifi-
cantly higher after TGLVP than in the placebo ex-
periments, an indication of the prolonged action
of the drug, which was also apparent in the post-
tilt levels of MAP and HR.

Discussion

The nature and dynamics of postural changes in
the circulation have been aptly reviewed by Gauer
and Thron 1965 (5). Among circulatory variables
that can be regarded as primary determinants of
orthostatic tolerance are cardiac output and mean
arterial pressure. In the present study, our inte-
rest was focused on how the behaviour of these va-
riables was modified by TGLVP during a standardi-
zed 700 head-up tilt test lasting for 20 min.

During head-up tilt, mean arterial pressure at
heart level tended to remain higher in the drug
than in the placebo experiments, with a signifi-
cantly higher mean value after 8 and 16 min. This
pressor effect of vasopressin and its analogs is
well documented in the literature (1,2). The find-
ing that cardiac output showed a more marked de-
crease in the drug than in the placebo experiments
with the difference being significant after 16 min,
was entirely due to a greater curtailment of stroke
volume, since heart rate rose to almost identical
levels in the placebo and drug experiments,

The question arises as to the mechanism under-
lying the exaggerated curtailment of stroke volume
in the drug than in the placebo experiments, the
difference being significant after 8, 12 and 16 min
of head-up tilt. Three primary possibilities may be
considered. First, the drug may have impaired
stroke volume because of exaggerated infracardiac
pooling in the head-up position, with associated
impairment of cardiac filling. There is, however,
no experimental evidence that vasopressin or its
analogs may dilate capacitance vessels; on the con-
trary, many investigations have shown either a
fleeting or even a sustained venoconstrictive ef-
fect of vasopressins in several mammalian species
including man, as reviewed by Nakano (1). Second,
the drug induced an increase in left ventricular
afterload in terms of resistance against left ven-
tricular ejection. However, there is little reason
to believe that such a moderate increase in left
ventricular afterload could be the cause of the
greater curtailment of stroke volume in drug ex-
periments in the head-up position (cf. ref. 6,7).
Third, the exaggerated fall in stroke volume might
have been due to a negative inotropic effect se-
condary to coronary vasoconstriction, a well-known
effect of vasopressin and its analogs (1).

Whatever the cause of the reductions in stroke
volume and cardiac output, these effects were, in
our healthy individuals, provoked only in the head-
up position. Even though TGLVP caused exaggerated
increases in total peripheral resistance and mean
arterial pressure, the deleterious effects on the
stroke volume and cardiac ouput are very likely to
be disadvantageous with regard to orthostatic to-
lerance.
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CARDIOVASCULAR EFFECTS OF HEAD-UP TILT AS
AFFECTED BY A VASOPRESSIN ANALOGUE

Roman Baer, 0la Eiken and U1f Balldin

Department of Aerospace Medicine
Karolinska Institutet
Stockholm, Sweden

Introduction

Vasopressin is a smooth muscle constrictor
with preferential action on peripheral resistance
vessels, thereby increasing total peripheral re-
sistance and systemic arterial pressure (1,2).

This effect is thought to be mainly responsible
for the improvement in orthostatic tolerance in pa-
tients with neuropathic orthostatic hypotension.

The present study is concerned with certain
cardiovascular effects of a synthetic analog to va-
sopressin, tri-glycyl-lysine-vasopressin (TGLVP)
which after conversion to LVP, exerts powerful con-
striction of resistance vessels (3,4). Preliminary
trials in supine human subjects showed that an in-
travenous dose of 10 ug (50 mIE)/kg body weight in-
duced a clearcut increase in mean arterial pres-
sure. However, there seems to be no information on
the effects of TGLVP during orthostatic stress. Im-
portant determinants of cardiovascular tolerance to
orthostasis are total peripheral resistance to
blood flow and cardiac output (5). Accordingly, the
present study was carried out to investigate the
effects of TGLVP on the tolerance to orthostasis in
healthy subjects and especially how this drug af-
fects responses of cardiac output and total peri-
pheral resistance to this condition.

Methods

8 healthy male volunteers were exposed to 20
min of 709 head-up tilt. Mean (range) age, height
and weight were 30 (22-46) years, 179 (173-186) cm
and 74 (61-103) kg, respectively.

Systolic and diastolic pressures were measured
by an automatic blood pressure recorder. Mean ar-
terial pressure (MAP) was derived by adding one
third of the pulse pressure to the diastolic pres-
sure. Heart rate (HR) was recorded by a linear car-
diotachometer; stroke volume (SV) by impedance car-
diography.

Experimental protocol., On two different days
and at the same time of the day, by single blind
administration and in randomized order, the sub-
jects received either 10 ug (50 mIE)/kg body weight
of TGLVP or a corresponding volume of 0.9% saline
i.v. Baseline recordings of HR, MAP and SV were
obtained after 15 min supine rest on the tilt-
table. This was immediately followed by i.v. in-
jection of placebo or TGLVP. 4 min after injection,
supine pre-tilt values were recorded, and the sub-
ject was subsequently placedin a 700 head-up posi-
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tion for 20 min or until symptoms of impending syn-
cope occurred. Post-tilt values were obtained as
averages of 2 and 6 min post-tilt recordings.
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lysine-vasopressin (A) and placebo (o0); n=8. Time
for i.v. administration indicated by arrow. *=p<£
0.05 ***=p<0,001.

Results

In the supine position, TGLVP caused a pre-tilt
drop in HR by 8 beats/min (p<0.001). SV remained
essentially unchanged, resulting in a slight and
statistically non-significant reduction in CO.
There was a 29% (p<0.001) rise in total peripheral
resistance (TPR; estimated as MAP/CO) resulting in
an 8 mm Hg increase in MAP (p<0.01).

During head-up tilt, TGLVP caused an exaggera-
ted curtailment of SV as compared to placebo, the
difference becoming significant after 8 min of
tilt (9%; p<0.05). Head-up values for HR were iden-
tical after TGLVP and placebo.TGLVP caused anexag-
gerated fall in CO throughout the tilt period, the
difference being most pronounced after 16 min
(15%; p<0.05).

After placebo, values for TPR were on the ave-
rage 32% higher in the head-up than in the supine



MSA burst rate was low when the ABP oscillation had
low amplitude and low frequency at supine position, but
became elevated when the ABP oscillation had high
amplitude and high frequency.

As the tilting angle became large, the MSA in-
creased in its burst rate as well as the burst amplitude.
In a subject shown in Fig.3, the burst rate (BR) at ho-
rizontal level was 22 (bursts/min), and the heart rate
(HR) was 52 (beats/min). When the bed was tilted up to
40°, BR increased to 52, and HR to 60. At the-upright
position, BR increased to 68, and HR to 82.

The BR and HR were thus quantitatively analyzed
at each tilting angle. They were plotted on a graph
taking the sine function of tilting angle as the abscissa
and BR and HR as the ordinate (Fig. 4). In this sub-
ject, a significant positive linear correlation was found
between the sine of tilting angle and BR (Y=16.3+47.5
sinX, r=0.988, p<0.005), and also between the sine of
tilting angle and HR (Y=73.4+23.2sinX, r=0.946, p<0.005).

In the same way, the average MSA burst rates in
21 subjects were plotted on Fig. 5, showing a sig-
nificant positive linear correlation between the sine
function of tilting angle and the burst rate (Y=16.2+
33.9sinX, r=0.716, p<0.005).

DISCUSSION

The evidence that positional change from supine to
upright activates the muscle sympathetic nerve was_ ini-
tially proved microneurographically by Burke et al. ) in
1977. However, since their method was volitional
standing-up, the MSA change due to exercise should be
also contaminated. The exercise-induced reinforcemgnt of
MSA was reported by Mark et al.? and by us”. To
eliminate the exercise effects on MSA, a passive and
static head-up tilting was employed in our study.

The gravity that works on our body can be divided
into two component, the body axis component of gravity
which pull our body toward the foot direction and the
force to push the bed. The body axis component of
gravity can be expressed as gesinf , where 8 means
the slope angle of the tilting bed (Fig. 6).

In the present study, a linear function was proved
between the sine of tilting angle and the MSA burst
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rate during passive and static head-up tilting. This

means that the MSA is activated proportionally to the

increase in the body axis component of gravity.

Mechanism of the MSA_ enhancement in standing
was discussed by Burke et al. ]. They described that the
low pressure system might be activated to enhance the
MSA. The MSA was proved to respond clearly to the
ABP fluctuation during head-up tilting. This may indi-
cate that the MSA is enhanced not only by the low
pressure syﬁem but also by the high pressure system.
Béth et al.”’ proved that the carotid sinus baroreceptor
was particularly sensitive to phasic changes in carotid
sinus pressure to modify MSA. Since the ABP showed
more remarked fluctuation at larger tilting angle, the
MSA might be more enhanced in this condition by
phasic change in the carotid sinus pressure.

The passive and static head-up tilting up to upright
position causes the venous pooling at the lower body,
resulting the decrease of venous return, and this lowers
the cardiac output and arterial blood pressure. This
mechanism should influence the low and high pressure
systems at the same time, activating the baroreflex.
The generalized sympathetic nervous system activation
may be induced by the baroreflex activation during
head-up tilting. The enhanced MSA may contribute to
the peripheral vasoconstriction which elevates the sys-
temic blood pressure and to the maintenance of the
constant cerebral blood flow.

CONCLUSION

Muscle sympathetic nerve activity in humans is en-
hanced by head-up tilting in linear correlation with the
body axis component of gravity. This mechanism might
be important for homeostatic control of blood pressure
against gravity.
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EFFECTS OF GRADED HEAD-UP TILTING
ON MUSCLE SYMPATHETIC ACTIVITIES IN MAN,

SATOSHI IWASE, TADAAKI MANO, and MITSURU SAITO

The Research Institute of Environmental Medicine,
Nagoya University, Nagoya 464, Japan.

Discharge responses of sympathetic nerve fibers innervat-
ing the skeletal muscle in human subjects to graded
head-up tiltings, in every 5° to 10° from 0° (supine
position) to 90° (upright position) were analyzed micro-
neurographically using a tungsten microelectrode inserted
percutaneously and unanesthetically into the tibial nerve
at the popliteal fossa. Subjects were 21 normal male
and female volunteers aged 19-61 with prior informed
consents. Muscle sympathetic nerve activity (MSA), re-
corded as pulse synchronous burst activity increased its
numbers of bursts per minute, expressed as burst rate,
when tilting angle became large. In a subject, whose
arterial blood pressure (ABP) was measured by cathe-
terization method, MSA responded reciprocally to fluc-
tuations of ABP wave, being enhanced when ABP
decreased and becoming silent when ABP increased. A
significant positive linear correlation was established be-
tween the sine of the tilting angle (the body axis com-
ponent of gravity) and the MSA burst rate. It is con-
cluded that the changes of MSA burst with head-up tilt-
ing may be related to the homeostatic mechanism
against the gravity for the maintenance of systemic
blood pressure.

INTRODUCTION

When we change our body position from supine to
upright, gravity of the earth causes several kinds of
body fluid shift, which results transient postural hypo-
tension. To compensate this, sympathetic nervous system
is activated to stabilize the arterial blood pressure to
maintain the cerebral blood flow constant. Until recent-
ly, the activity of sympathetic nervous system in hu-
mans could be evaluated only through the function of
effector organs, e.g. heart rate, blood pressure.
However, advances in medical electronics have made it
possible to record the activity of the sympathetic nerv-
ous system directly, although limited to muscle and
skin, by wusing a tungsten microelectrode. This method,
called microneurography, to observe the sympathetic
vasoconstrictor ﬂerve activity directly, was initiated by
Hagbarth et al."’ in 1968, and became to be utilized in
various kinds of fields.

In the present study, we observed the postgangl-
ionic fiber activity of sympathetic nerves innervating
the human skeletal muscle, which is called muscle sym-
pathetic activity (MSA), to analyze how this vaso-
constrictor nerve activity contribute to the human blood
pressure maintenance during orthostasis.

SUBJECTS AND METHODS

Subjects were 21 male and female volunteers aged
from 19 to 61. They were laid on a tilting bed, pos-
sessing the rotation axis at the equilibrium point of the
body. A tungsten microelectrode, with a tip diameter of
1 um, a shaft diameter of 100 U m, and impedance of
3-5 M{l was inserted percutaneously without anesthesia,
into the tibial nerve at the popliteal fossa. The heart-
beat synchronous multifiber burst activities in the post-
ganglionic efferent fiber of the muscle sympathetic
nerve (MSA) were recorded by a high impedance pre-
amplifier, and observed by a cathode ray oscilloscope.
The identification of the Nzl?A was referred to the
criteria described by Wallin“’. The electrocardiogram
(ECG) by bipolar chest leads, and respiration curve by
an impedance method were recorded simultaneously. The
arterial blood pressure (ABP) was measured by ausculta-
tion method, wusing an autosphygmomanometer. In one
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Fig. 1: Block diagram of the experiment.

subject, ABP was measured by catheterization method
continuously at the brachial artery. All data were stored
in a multichannel FM magnetic tape recorder, and
analyzed by off-line processing (Fig. 1).

After recording the data at 0°, which signified the
horizontal level, the bed was tilted in 5°interval up to
30°, and in 10° interval to 90°, which was the upright
position, At each tilted state, the MSA was recorded at
least for 5 min after remaining for 1 min, waiting to
reach the steady state., An L-shaped board was attached
to the lower end of the bed to assist the sole. The bed
was tilted manually with an angular velocity of 14°/min.

The change of MSA was analyzed quantitatively as
"burst rate", which means the number of burst dis-
charges per minute, having the unit of bursts/min. It
was counted from the full-wave rectified and integrated
MSA trace on a pen-recorder.

RESULTS

The MSA bursts were discharged reciprocally to the
ABP changes. It was discharged when the ABP fell,
while became silent when the ABP rose (Fig. 2). The
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Fig. 2: Spontaneous muscle sympathetic nerve activity
at the tilting angle of 60°.
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The Z, value in the right upper lung field
changed from subject to subject. We studied
changes associated with postural changes
using that at 0°as control. As shown in
Figure 6, the results disclosed that the
changes at +45°were greater than those at
-45°with a 10 % fluctuation on the average.
Similar changes were also demonstrates in
blood volume measured using Tc-99m-RBC. In
the lungs, the volume declined more at +45°
than -45°.(Fig.7). Both tidal volume and
minute ventilatory volume remained constant
with no impact from postural changes, but
blood gas significantly declined at -45°.
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Discussion

To date much study has been conducted
concerning changes in the pulmonary and
circulatory functions associated with
postural changes, including the sitting
position, supine position and lateral
decubitus. Such studies are carried out in

relation to a therapeutic rationale or with
an eye to improving the accuracy of
examination. By contrast, the clinical
usefulness of information derived from a
study conducted in the head down position
is ill-documented. Though it is reported
that dyspnea is improved in -16° position

(2), the findings mostly deal with
physiological changes.

In the current study we tried a postural
change of -45"in order to elucidate what
changes would result from contrary
positions of -45"and +45°, when 0 is wused

as control. It was initially though that
since -45°is an unnatural posture, there
would be striking changes in measurements.
However, BP, HR and CO as well as pulmonary
blood volume changed greater at +45° than
-45°. On the other hand, there occurs a
significant decline in blood gas, and this
implies that some wunknown changes have
occurred in the pulmonary-circulatory
system. Elevation of the diastolic peak in
the impedance pulmonary pulses 1is also
observed, and further study is needed
before we understand what the change means,
though in the case of the 1limbs, venous
filling and backward filling are known to
be accountable for it. Appearance of these
after dialysis could be linked to the state
of pulmonary congestion. In order words,
the degree of change in early diastolic
filling due to a postural change could
serve as an index of pulmonary congestion.
In the current study we used -45° and +45°
for postural change, and we are now
studying to see if adequate information
could be obtained by studying the changes
at -20°, or so, instead.
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THE EFFECT OF BODY POSITION ON VENTILATION
AND PERFUTION IN THE LUNG

2
E.MORIYA' ,K.KAWAKAMI' ,M.SUDOH”,S.IKAWA

'Department of Radiology, ? gpace Medicine
Laboratory, The JIKEI University School of
Medicine, Tokyo 105 JAPAN.

The effect of body position on
respiratoly systems discussed for the
following positions Supine, Head up
45° (+45° ) and Head doyn, 45° (-45° ).
Distribution of V, Q, V/Q was measured
by radionuclide method. Cardiac output,
pulmonary pulses and base transthoracic
impedance were by electrical impedance
plethysmography. Change of blood volume
in the lung was measured using Tc-99m-
RBC. Blood pressure, ventilatory volume
and blood gas were also measured.
Cardiac output and blood pressure were
significantly decreased in +45° . Early
diastolic peak in the impedance
pulmonary pulse was increased in -45° .
Change of base impedance was greater in
+45%, than in -45°, corresponding with
the changes of blood volume. This result
suggested that V/Q mismatch is increased
in -45°.

While the physiological
pulmonary and circulatory functions
associated with postural changes are well-
documented, such changes in the head down

changes of

position are not as well
documented. (1), (2), (3)
We studied pulmonary and circulatory

functions in the supine position (0°), head
up 45 degree position (+45°) and in the
head down 45 degree position (-45°) wusing
electrical impedance plethysmography and
Radionuclide methods.

Method and subjects

Six healthy men (aged 25-45 years) were
used in the study. Pulmonary pulses,base
transthoracic impedance (2,) and cardiac

output were measured by means of electrical

impedance plethysmography, and total
peripheral resistance was calculated from
cardiac output and blood pressure. In

addition, changes in pulmonary blood volume
were also measured using Tc-99m-RBC.
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we studied minute ventilatory
volume and blood gas. The postural changes
were performed in the order of 0°, +45°,
0°, and -45°. When ten minutes had passed
in each position, measurements were made of
each studies, which took about 5 minutes.
(Fig.1)

Furthermore,

Radionuc)ide study Iwpedance plethysmozrephy
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Fig.1l Radionuclide study and
Impedance plethysmography.
Results
Figure 2 shows changes in blood pressure
(BP) and heart rate (HR). While blood
pressure rose in the +45° position, HR

showed no significant difference except for
a slight increase. Stroke volume (SV) and
cardiac output (CO) tended to decline in
the order of -45°, 0°, and +45°, and the

decline was significant at +45° . As a

result, total peripheral resistance (TPR)
remained high at +45°.(Fig.3)
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volume and cardiac output.

As shown in Figure 4, the early diastolic
peak appearing in the impedance pulmonary
pulse at 0" rose at =-45" . The early
diastolic peak, which was extrapolated to
tbe pulmonary impedance pulse at shown in
Fig.5, was significantly elevated at -45°
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changes of heart rate(HR) and respiratory
rate(RR) in the upright and head-down tilt.

In upright tilt, venous Pco: was increased

re decreased. Hct was increased in both upright
<0.01) and head-down tilts. The increased Hct
tilting is suggestive of extravascular fluid

The findings of blood Pco:, Po. and Hct

were not interferred by the atropine.

On the basis of these findings we conclude

that the administration of atropine is somewhat
effective on improving the cardiovascular toleran-

ce

to postural changes. Thus, atropine attenuates

the severe diminution of the blood flow to the
head during orthostasis, and also reduces the
changes of HR and RR in both orthostasis and anti-
orthostasis.
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CHANGES OF ARTERIAL AND VENOUS BLOOD FLOW DURING
ORTHOSTASIS AND THE EFFECT OF ATROPINE

W.K. Park and E.U. Chae

Department of Physiology
Keimyung University School of Medicine
Taegu 630, Korea

ABSTRACT

This study was attempted to clarify the effect
of atropine on the tolerance of the cardiovascular
system to the upright and head-down tilt, and to
investigate the change of blood flow through head
and lower leg with Electromagnetic flowmeter in
both tilts before and after atropine state. Four-
teen anesthetized dogs(10-14kg) were tilted from
supine to +77° upright and then to -90° head-down
position, and the same course was taken 20 minutes
after intravenous administration of 0.5mg atropine.
In upright tilt, the blood flow both on the artery
and vein through head and lower leg were decreased.
And the atropine attenuated the decrement of the
blood flow on the carotid artery, but not on the
vessels of the lower leg. In upright tilt, arte-
rial Poas was slightly decreased, but venous Po:
was markedly(p < 0.01) decreased and venous Pcoa
was increased(p < 0.05). Hct was increased in both
tilts(p<0.01). The findings of blood Po:, Pco.
and Hct were not interferred by the atropine. In
conclusion, the atropine attenuates the severe
diminution of the blood flow to the head during
orthostasis.

INTRODUCTION

The passive tilt has been performed to study
the orthostasis on the cardiovascular system(9).
The orthostasis due to upright tilt was demonstra-
ted as follows; the venous return, cardiac output
and systemic arterial blood pressure were decreas-
ed, whereas there was concomitant increase of
heart rate, through the negative feedback mediated
by such as the baroreceptor.

Previous investigators have suggested that the
tolerance to the orthostasis could be increased by
blocking the cholinergic fiber with atropine which
prevented vasodilation and bradycardia through the
vasovagal reflex during the orthostasis(1-3,5,6,8,
10-15). However, this hypothesis has not been
clearly understood.

This study was attempted to clarify the effect
of atropine on the tolerance of the cardiovascular
system to the upright and head-down tilt, and to
investigate the change of the blood flow through
head and lower leg with Electromagnetic flowmeter
in both tilts before and after atropine state.

METHODS

Fourteen anesthetized dogs of 10-l4kg were
examined by tilting from supine position to +77°
upright position(orthostasis), and then to -90°
head-down position(antiorthostasis) for 10 minutes
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on each test. And the same course was taken 20
minutes after intravenous administration of 0.5mg
atropine.

The measurements were made of the blood flow
(ml/min.) on the carotid artery, external jugular
vein, femoral artery and femoral vein. At the
same time pH, Pcoa, Po: and hematocrit(Hct) of the
arterial and venous blood, and heart rate(HR) and
respiratory rate(RR) were measured. The measure-
ments obtained from upright and head-down tilt
were compared with those from supine position.

RESULTS AND DISCUSSION

In upright tilt, the blood flow both on the
artery and the vein through head and lower leg
were decreased, however the decrement of blood
flow through the head was greater than the lower
leg. And the atropine attenuated the decrement of
the blood flow on the carotid artery, but not on
the vessels of the lower leg.

HR was moderately increased in upright tilt,
but slightly in head-down tilt. The percent
change of HR after the atropine administration was
smaller than that before the atropine state in
both upright and head-down tilts. Before the
atropine state, RR was decreased in upright tilt,
whereas increased in head-down tilt(4). However
after the atropine state, the percent change of RR
was smaller than that of before the atropine state
in both upright and head-down tilts.
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fig. 1. Effect of atropine on the percent
changes of blood flow in carotid artery(CA),
external jugular vein(JV), femoral artery(FA),
and femoral vein(FV) through the head and
lower Leg of dogs in the upright and head-down
tilt. The each bar represents the mean value.
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Assuming the upright posture elevated the

heart rate (p<0.005) in all conditions. Increased

core temperature further elevated heart rate
(p<0.001) when compared to the euthermic
conditions. Although alcohol appears to enhance
heart rate in the supine and upright positions
under conditions of euthermia and hyperthermia
(Fig.2) , the differences cbserved were not
significant.

DISCUSSION

It has been well established that elevations
in skin and core temperature either as a result
of exercise (Bjurstedt et al., 1983) or hot air
exposure will induce syncope during a head-up
tilt (Lind et al., 1968) and will reduce the
+G, tolerance (Allan and Crossley, 1972). The
reduction in orthostatic tolerance during
elevated body temperature has been demonstrated
by Johnson et al. (1973) to result from the
inability of the baroreflex mechanism to
supercede the heat induced vasodilation.

The present study demonstrates that alcohol
acts synergistically with elevated body tempera-

tire increasing peripheral perfusion by decreasing

peripheral resistance, as indicated by the
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Figure 2: Strcke volume and heart rate

reduction in mean arterial blood pressure with a
concamitant rise in heart rate.
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CARDIOVASCULAR RESPONSES DURING 70° HEAD-UP
TILT: THE EFFECT OF ELEVATED BODY TEMPERATURE
AND HIGH ALCOHOL BLOOD LEVELS

I.B. Mekjavic, C.A. Gaul, M.D. White
and K.D. Mittleman

School of Kinesiology
Simon Fraser University, Burnaby
British Columbia, Canada VSA 1S6

INTRODUCTION

During immersion in thermoneutral water, the
hydrostatic pressure of the water on the lower
extremities causes a shift in blood volume to
the intrathoracic region, thus enhancing venous
return (Arborelius et al. , 1972, Gauer and
Thron, 1965). A rapid emergence from the water
will instantaneously remove the hydrostatic
force exerted by the water, resulting in pooling
of the blood in the lower extremities and an
inadequate cardiac filling, as a consequence of
the gravitational force. The ensuing drop in
mean arterial blood pressure is normally compen—
sated by the baroreceptor reflex, which enhances
heart rate and total peripheral resistance.

Immersion in water above neutral temperature
will cause dilatation of peripheral blood vessels,
however the pressure of the surrounding water helps
to artificially maintain venous return and cardiac
filling. Emergence from a hot bath will give
rise to more severe reductions in blood pressure,
due to the reduced overall resistance offered by
the peripheral blood vessels. The action of a
vasodilatatory agent, such as alcohol, may thus
pose a further strain on the cardiovascular
system.

The purpose of the present study was there-
fore to investigate the cardiovascular changes
resulting fram a head-up tilt, analogous to
emergence from an aqueous enviromment, at elevated
body temperature in combination with elevated
levels of blood alcchol.

METHODS

Six young healthy male subjects participated
in the experimental trials. All experiments
were conducted at the same time of day at weekly
intervals, with the order of trials randomized for
each subject.

Each subject participated in a total of
four trials in which their blood alcohol and
thermal status was varied. In the control
condition, subjects ingested a total of 7.5 ml
of orange juice per kg. of body mass. In trials
where the blood alcohol level was elevated subjects
ingested 2.5 ml. of a 40% alcohol in 1:2 solution
with orange juice. Thus the fluid intake for the
two conditions was similar. Both the control and
alcohol conditions were conducted with the
subjects either euthermic or hyperthermic.

To elevate the ogre temperature, subjects
were immersed in a 40°C bath. They remained
immersed in the bath for a maximum of 60 minutes,
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though immersions were tenm.rmted upon rectal
temperature reaching 38, 5%. Subjects were
requested to ingest the fluid within the initial
15 minutes of immersion. Upon completion of the
immersion, subjects were placed on a tilt table
in the supine position, and follow:l.rg five minutes
in this position, were tilted to a 70° head-up
tilt, In the euthermic conditions, subjects
rested in the laboratory and were requested to
ingest the fluid in 15 minutes. They were placed
on the tilt table once 60 minutes had elapsed
from the onset of the fluid ingestion.

During the experimental procedures, skin
temperature was measured with thermistors placed
at five sites: arm, chest, thigh, calf and abdomen.
Rectal temperature was monitored with a thermistor
inserted 15 cm. All temperature measurements were
sampled with an HP3497A Data Acquisition System
(Hewlett Packard) controlled by an HP85 minicomput-
er (Hewlett Packard).

During the postural change from supine to 70%
head-up tilt, continuous electrocardiographic
tracings were obtained on an HP7404A Oscillographic
Recorder (Hewlett Packard). Systolic and diastolic
pressures were recorded with a sphygmomancmeter
at the mid-point of each five minute period in the
supine and upright position. Stroke volume was
measured non-invasively with an impedance plethy-
smograph (Bomed Manufacturing Ltd.) Blood samples
were also drawn and analysed for blood alcohol
content.

RESULTS

In the euthermic state, rectal temperature
(meants.e.) was 36.78+0.1 and 36.4210.2 for the
control and alcohol conditions respectively. In
the hyperthermic conditions, rectal temperature
was elevated to 38.28+0.09 and 37.98+£0.19, for the
control and alcohol conditions, respectively. In
contrast to the rectal temperature, there was no
significant difference in the levels of urweighted
mean skin temperature between the four experimental
trials: euth./control = 29.7+0.3; euth./alcchol =
30.440.2; hyper./control = 30.7+1.0; hyper./
alocohol = 32,1+0.1. The average blood alcohol
levels were slightly higher for the euthermic
condition (0.09940.014 gms.%) in comparison to the
hyperthermic condition (0.078£0.01 gms.%).

As observed from Fig.l. systolic blood
pressure was maintained between 108.5%6.1 mmig
(supine in the hyperthermic/alcohol condition) and
121.245.7 mHg (upright in the euthermic/control
cordition). There was no significant difference
in the observed systolic blood pressures for the
experimental conditions. In contrast, head-up
tilt induced a significant (p<0.005) increase in
diastolic pressure in conditions when subjects
were euthermic, whereas the changes cbserved in the
control and alocohol conditions at elevated core
temperatures were not significant. The effect of
aloohol was enhanced at elevated core temperature
to cause a significant difference between the
euthermic/alcohol and ic/alcohol trials
for both the supire (p<0.001) and upright (p<0.005)
postures.

With the exception of the hyperthermic/alcohol
condition, head-up tilt induced a significant
(p<0.005) reduction in stroke volume, as indicated
in Fig.2. The effect of alcohol was not evident
in both the euthermic and hyperthermic conditions,
however, increased core temperature instigated a
significant reduction in stroke volume in the
supine position fram 123.549.5 ml. in the euthermic
condition to 78.5+11.5 ml. in the hyperthermic
condition.



In summary, the Cosmos-1667 experi-
ments have demonstrated that a 7-day
space flight is sufficient in terms of
time for a number of structural, metabo-
lic and functional changes to emerge in
microgravity due to the underloading of
certain physiological systems. lMost
changes that develop in the course of
adaptation to microgravity increase with
flight time while some variations origi-
nate at an initial stage of adaptation
to microgravity and remain unchanged
(i.e. 4o not increase or decrease) during
long-duration flights. The characterist-
ic feature of the initial stage of adap-
tation to microgravity is the absence of
significant changes in blood biochemist-
ries in the presence of structural and
metabolic shifts in organs and tissues.
This gives evidence that the mechanisms
that maintain stable homeostasis at the
organism level remain operational.
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responsible for bone homeostasis modify
their function in such a way as to make
bone structure adequate to the diminished
loads. It implies that bone changes
(which are pathological in terms of gro-
und-based requirements) actually consti-
tute a normal physiological response to
the absence of gravitye.

Morphological examinations of -the
neuroendocrine systems related to the
regulation of water exchange and vascular
tone (the hypothalamic-pituitary neuro-
secretory system, HPNS, and adrenal me-
dulla) were suggestive of an enhanced
excretion of ADH-vasopressin in the HPNS
(E.I.Alekseev). This enhancement of the
activity of HPNS neurons formed a respon-
se to the return to Earth gravity and
provided water retention and vascular
tone increase postflight.

The morphological investigation of
adrenal medulla which was the first of
this kind showed that the gravitational
stress which the animals experienced
after touchdown stimulated epinephrine
and norepinephrine release from adrenal
cells (N.G.Prodan) and that the greater
excretion of catecholamines was express-
ed in higher concentrations of epinephri=-
ne and norepinephrine in blood. However,
the lack of changes in the content of
catecholamines and in the activity of
enzymes involved in their synthesis in
adrenals as well as an increase in the
amount of B-receptors in the cardiac
muscle and spleen led to the conclusion
that the function of rat adrenal medulla
was not stimulated during flight (4).

The emergence of an acute gravita-
tional stress after flight was accompani-
ed with a higher concentration of corti-
costerone and a lower concentration of
thyroxine in blood (5). Additional data
concerning the pattern and level of the
stresgs-reaction were derived from the
study of the lymphoid organs (6). The
data analysis made it possible to assess
the severity of the gravitational stress
and to discriminate changes that origi-
nated inflight from all changes detected
in lymphoid organs. The flight-induced
changes included a decrease (by 18%) in
the thymus weight which was produced by
the stressogenic effect of the launch and
microgravity per se. (The decline in the
thymus weight of the rats sacrificed 4-8
hours after flight cannot be attributed
to the gravitational stress: it was pre-
viously demonstrated that a decrease in
the thymus weight in response to an acute
stress-reaction can be distinguished only
10 hours after the onset of a stressoge-
nic effect (7)). Manifestations of an
acute gravitational stress (degradation
of thymus lymphocytes, neutrophil infilt-
ration of the spleen) were less pronounc-
ed than after earlier flights of 18-20
days in duration. In regards to the lym-
phoid tissue it is important to note that
the flight rats also displayed a decline
of the proliferative activity of T-lym=-
phocytes (which may be one of the causes
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responsible for a decrease in the weight
of lymphoid organs during prolonged
flights), a tendency towards an increase
in the number of T-lymphocytes in bone
marrow, and a fall of the cytotoxic acti-
vity of T-lymphocytes - normal killers

in the spleen and bone marrow (8).

In addition to the above changes,
the hemopoietic organs also showed inhi-
bition of erythropoiesis although the
flight time was relatively short. The in-
hibitory effect was indicated by a sta-
tistically significant decrease in the
content of erythroid elements in bone
marrow (N.A.Chel'naya) and absence of
erythropoietic foci in the spleen (G.N.
Durnova, E.V.Vorotnikova). Erythropoiesis
inhibition was paralleled by a lower con-
centration of reticulocytes in periphe-
ral blood.

The emergence of an acute stress-
reaction after flight determined many
metabolic changes in blood and other tis-
suese. For instance, accelerated mobili-
zation of glucose that led to hyperglyce-
mia provided energy needed for adaptati-
on processes whereas increased creatini-
ne concentration in blood pointed to
muscle protein degradation although no
direct signs of enhanced proteolysis
were found in the muscle tissue (5).
leasurement of the rate of lipid pero-
xidation and formation of its products
as well as antioxidative protection fac-
tors in blood, muscles, liver and heart
did not reveal an increase in the lipid
peroxidation products in blood or heart
and did indicate it in liver and muscles
(N.V.Delenyan, A.A.larkin).

Analysis of fluid-electrolyte ba-
lance and renal function permitted the
conclusion that after flight the elect-
rolyte composition of blood remained es-
sentially unchanged, except for phospha-
temia. The kidneys showed a larger
weight, a lower content of potassium,
sodium and magnesium, and an unchanged
concentration of calcium (Y.V.latochin,
L.A.Denisova). The decrease in the water
content was found in muscles and heart.

Study of a wide range of digestive
enzymes (hydrolases, carbohydrases, pro-
teases, lipases) in the stomach, intesti-
ne, salivary and pancreatic glands led to
the conclusion that variations in the
functional state of the digestive system
after the 7-day flight were similar in
gsign to those observed after longer-term
flights but were of much smaller magni-
tude (9).

Investigation of the reproductive
function of the male rats after flight
which included a cytological examination
of the testes, sexual behavior, mating
with intact females and evaluation of
the development and viability of their
progeny did not show any significant dif-
ferences in the experimental and control
animals with respect to any of the above
parameters (10).



STUDY OF THE INITIAL PERIOD OF ADAPTATION
TO MICROGRAVITY IN THE RAT EXPERINMENT ON-
BOARD COSMOS-1667
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L.V. Serova, A.S. Kaplansky, I.A. Popova,

V.S. Oganov, K.V. Smirnov, I.V. Konstan-
tinova

Institute of Biomedical Problems, lloscow,
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The primary goal of the rat experi-
ment onboard Cosmos-1667 was to investi-
gate structural and metabolic changes
that develop in animal organs and tissues
at the initial period of adaptation to
microgravity.

The study was carried out on 28 male
rats of the Wistar SPF strain weighing
330-350 g. Of these T rats were kept for
7 days in the Bios-vivarium cage (with
the volume 20 1) onboard Cosmos-1G67, 7
rats were used in the ground-based cont-
rol study that was performed in the bio-
satellite mockup and simulated all phy-
siologically important space flight fac-
tors, except for microgravity, and 14
rats were used as controls of the flight
and synchronous experiments. During the
study all the animals were given a paste-
like diet (1) in the amount 55 g per ani-
mal per day and water ad libitum. The
experimental and control rats were deca-
pitated by means of a guillotine 4 to 8
hours after the studies were completed.

Post-mortem examinations showed that
after the 7T-day flight there were no mac-
roscopically visible changes in the vis-
cera or the CNS. There were no signific-
ant changes in the weight of the body,
heart, liver, testes, adrenals, m.quadri-
ceps femoris, m.extensor digitorum longus
and metriceps brachii. However, the
weight of the soleus, gastrocnemius,
plantaris, brachialis ana biceps brachii
muscles as well as that of the thymus and
spleen decreased significantly, while the
kidney weight increased.

It was found that the T-day exposure
to microgravity was sufficiently long to
produce distinct structural, metabolic
and functional changes in the musculo-
skeletal system. During the early period
of adaptation to microgravity atrophic
changes developed in different muscles,
particularly in mesoleus. This was first
of all true of myofibers characterized by
a high level of oxidative metabolism (2).
However, parameters of energy metabolism
remained essentially unchanged (S.M.Iva-
nova, O.I.Labetskaya) although all muscl-
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es taken under study showed glycogen ac-
cumulation and increased activity of
phosphorylases A and B while me.gquadri-
ceps femoris displayed a lower activity
of creatine kinase (L.M.Kurkina, T.E.
Drozdova). The structural and metabolic
changes were accompanied by variations
in contractile properties of these muscl-
es: decrease of the contraction force
was seen in m.soleus and delay of the
contraction development in most of the
muscles examined (S.A.Skuratova, L.M.
furashko) .

Histomorphometric examinations of
rat bones revealed distinct manifestati-
ons of structural changes that suggested
the development of osteoporosis (Ge.N.Dur-
nova, Z.F.Sakharova, E.I.Ilyina-Kakueva),
Among the bones examined histologically
(tibial and iliac bones, lumbar verte-
brae) the greatest changes were detected
in the spongy matter of proximal metaphy-
ses of the tibia and the smallest chang-
es in the spongiosa of the iliac bones.
Osteoporosis developed due to the inhibi-
tion of de novo bone formation which was
suggested by the reduction of the number
and activity of osteoblasts. The questi-
on whether osteoporosis in microgravity
is also associated with enhanced bone
resorption still remains open because
the larger number and higher activity of
osteoclasts were recorded only in the
spongiosa of tibial metaphyses but not
in the spongy matter of lumbar vertebrae
or iliac bones. The increase in the os-
teoclast number and activity in tibial
metaphyses well correlated with bioche-
mical data which indicated a higher ac-
tivity of acid phosphatase in proximal
metaphyses of the tibia and forearm bones
as well as with a higher activity of the
parathyroid glands. Measurement of bone
mechanical properties (A.V.Bakulin, V.E.
Novikov) demonstrated that postflight
there was a decline in maximum relative
deformation and an increase in modulus
of elasticity which suggested indirectly
a potential decline of bone strength.
Structural and metabolic changes that
occur in bones during orbital flight are
assoclated with the lack of static and a
drastic decrease of dynamic loads upon
the musculo-skeletal apparatus. These
changes are primary (3? and elicit struc-
tural and functional variations in the
neuroendocrine systems involved in the
regulation of bone growth and mineral
metabolism. Morphological investigations
of the adenohypophysis (E.I.Alekseev),
Phyroid and parath;s'roid glands (G.I.
Plakhuta-Plakutina) give evidence that
at an early stage of adaptation to micro-
gravity there were changes indicative of
inhibition of somatotrophes (growth hor-
mone producers) and thyroid C-cells (cal-
citonin producers). Simultaneously, the
function of parathyroid glands increased
as demonstrated by a larger size of nu-
clei of parathyroid cells, a higher num-
ber of oxyphilous cells and mitoses. Both
trends facilitated disorders in bone re-
modelling and development of osteoporo-
sis. Thus, in microgravity the systems
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write the following relation,
m(a,b,f;t)=p T(a,b,f;t), (6)

where m(a,b,f;t) is the body mass of animal
at age t and »p the lumped density of
cells. By combining Eqn. (6) with Eqgn.
(1), can now be expressed as a func-
o? totaling five parameters including

tion
age t.

In Fig. 2, Egn. (6) was fit to data of
body mass of Japanese male for the year of
1980 published by Japanese Ministry of

Health and Welfare. Triangle marks repre-
sent average body mass at each ages and the
line the theoretical curve computed by Eqn.

(B): The parameters estimated by the Mar-
quardt least squares method (4) were as
follows; a, 2.9; b, 0.62 (1/years); f,
0.048; and p , 10.1(kg/one normalized unit

number of cells).

Though our model is still simple, Eqn.
(6) could simulate an outline of age depen-
dence of body mass, thereby providing the
age of maximal body mass.
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Figure 2. Simulation of body mass of
Japanese male by Eqn. (6).

Parameter dependence of Gmax

On the basis of our non steady state
2-compartmental model, we have successfully
simulated human 1life table data (5) and
noticed that the values for parameters a
and b decreased while that for parameter f
increased during the period from 1895
through 1980 in Japan. These changes in
parameters have resulted in slight in-
creases in body mass and remarkable in-
crease in life span of Japanese people.

In this context, we studied the de-
pendence of Gmax on these parameters. In
Fig. 3, Gpa is illustrated as a function
of parameter f, the other parameters being
kept constant. In this figure, the longi-
tudinal axis is scaled by the terrestrial
gravity. The value of Gp,, goes up almost
linearly with a gradient ?.5 when the value
of f is increased

In Fig. 4, G is plotted as a func-
tion of a and b. ?t is clearly shown here
that is not greatly sensitive to vary-
ing va?ues of a , although it is slightly
changing with varying b. Such characteris-
tics of Gp,yx has resulted in a plane some-
thing like a parabola. Thus Gp, may take
a minimal value with varying vaTue of b as
far as the value of a remains unchanged.
Because the parameter b roughly relates to
the living standard, we may point to the
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fact that the value of b for the present
human being must be very close to an op-
timum as evidenced by the prolonged life
expectancy in advanced countries.

3.5

3.0 1

Gmax

1.5 T T T - T - - —~ -
0.01 0.03 0.05 0.07 0.09 0.11
£
Figure 3. as a function of parameter
£ Value o¥ G for Japanese male
for the year o? 1980 is indicated by
an open circle.

Looking at the trends of change in the
gravitational tolerance with varying values

of the three parameters, it may be con-
cluded that Gp,, for human must have
remained almost unchanged in the past
hundred years and will remain without any
large change in the near future as well.
3.5 W
301 e —————
b _
= 2.5
&
4]
A
2.0 7
1.5 T T T T T T T 1
1. 3.0 4.0 5.0 6.0

Figure 4. Gp,. as a function of growth
saturation constant a and living rate b.
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Abstract

A power law of the effect of gravity on
land mammals has been presented by A.C.Eco-
nomos (J. Theor. Biol., 89, 211-215, 1981)
using only one single variable, i.e. the
body mass m of adult animals. He has thus
clearly demonstrated the relationship be-
tween gravitational tolerance Gpax and body
mass, and estimated the most progable body
weight of the largest land mammal as about
20,000 kg.

By incorporating into Economos'law our
theoretical equation for body mass which
was derived on the basis of modern
molecular biology, we have found through
computer simulation that human gravita-
tional tolerance seems to have remained al-
most unchanged in the past and also may not
largely change in the near future for the
relative insensitiveness of G, to the
parametric changes in our theoretical
equation.

Introduction

Economos’ law of gravitational tole-
rance for an adult land mammal that has a
body mass of m is expressed as follows;

2 -0.14

Gpax = 4m (1)

On the
elaborating

other hand, we have been
our own dynamic theory of
growth, maturation and ageing (2,3). As one
of the results of our theory, we have
derived an equation for body mass using
such parameters as growth saturation con-
stant a, living rate b, cell loss constant
f and lumped cell density p . By combin-
ing our equation with Eqn. (1), we have
studied in the present paper the dependence
of gravitational tolerance on those para-
meters.

Dynamic Theory of Ageing

Framework of our theory is illustrated
in Fig.1. Here, an animal is expressed as
an ensemble of two non-steady state 2-com-
partmental systems.

We assume the presence
kinds of cell populations in
is proliferative cell population and the
other non-proliferative, functional one.
These cell populations will be referred to
later as compartments. In Fig. 1, N(t) and
M(t) represent normalized number of cells
in each compartments, respectively.

of only two
animals, one
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Some of the proliferative cells are
transformed into non-proliferative, func-
tional cells wunder the influence of a
specific protein termed differentiation
factor which is supplied through the ac-
tivity of a specific gene.

As illustrated, state of this par-
ticular gene 1is distributed between two

states; one is repressed and the other
induced. As far as it stays in the induced
state, this particular gene remains active

in synthesizing the differentiation factor.
These states are assumed to be brought
about either by association or dissociation
of a repressor molecule.

Parameter V; represents rate of dis-
sociation of the repressor molecule from
that gene and vice versa parameter Vg rate
of association to the gene.

Vi
M ==

Proliferation
b
<:’;:::\:)b'r1(t) : N(t)
Differentiation

Cell loss | f-b

!

Fig. 1. Non steady state 2-compartmental
systems of growth, maturation and ageing.

Cell loss 1 fb

Most fundamental assumption 1lies in
that the equilibrium of the two states is
not steady but changes with time 8o that
fraction of induced state fi(t) is given by
the following equation;

f.(t)= azln(V,/V 2

L il (Va/Vy), (2)
where a is a constant that determines the
initial value of fi(t). hence growth

saturation constant.

Other assumptions are; 1) both rates
of proliferation b and cell loss factor f
are constant, and 2) rate of differentia-
tion that depends on fi(t) can be expressed
as b fil(t).

Based on these assumptions, N(t) and
M(t) are described by the following dif-
ferential equations,

dgﬁét) - bM(t)_b.fi(t]M(t)—f'bM(t)r(3)
dﬁé“ = bef; (£)M(t)-£-bN(t) . (4)

By integrating Eqns.3 and 4, an
equation for total number of cells T(t), is
obtained as follows,

T(t)= N(t)+M(t)

a,£ bt
= {1+ln( ¥ __ )} o~fbt
(5)

e + 1

Simulation of body mass
Because body mass of any animal
should be proportional to T(t), we may
S-51



When we added another magnet to
increase the field area, DTR were 98.2 #
3.1 % for 0.4 KG, 101.0 + 3.4 % for 0.8 KG
100.2 + 5.1 % for 1.2 KG.

There was no difference in the
descending time ratio between the case
without the magnetic field and the case
with it. Even if we used the additional
magnet, we still did not observe any dif-
ference in the discending time ratio.

~ 168 168 A0 MAGNET
T 140 T
& 120 ® 128
o108l G- cleel @@ 0O
8e 8o
68 68
48 40 ] PO
9.4 0.8 1.2 2.4 8.8 1.2
FIELD (KG? FIELD (KG>
Fig. 3. DTR in various magnetic fields;

the right panel for additional magnetic
field.

Fig. 4 shows the ascending time ratio
ATR in the various magnetic fields. ATR
were 114.,2 + 12.0 % for 0.4 KG, 104.4 + 40
.1 % for 0.8 KG and 86.3 + 17.2 % for 1.2
KG.

When we added another magnet to
increase the field area, ATR were 108.1 #
7.2 % for 0.4 KG, 97.4 + 8.2 % for 0.8 KG,
and 99.1 + 24.1 % for 1.2 KG.

From the results we found that there
was no difference in the ascending time
ratio between the case without the mag-
netic field and the case with it. Even
when we used the additional magnet, we
still did not observe any difference in
the ascending time ratio.

-~ 168 5 168 AD MAGNET
T 140} ¥ 140
o 120 a 120
a 100 Q- i ix a 1ee| Ij~{j,g;
ge ¢ 80 |
60 | - 68 |-
q8 L—1 i T Pyl SRR SRy BRMe (S
8.4 8.8 1.2 9.4 8.8 1.2
FIELD (KG) FIELD (KG)

Fig. 4. ATR in various magnetic fields;
the right panel for additional magnetic
field.

Fig. 5 represents the oxygen satu-
ration decrease ratio OSDR in the various
magnetic fields. The OSDR were 95.3 * 9.7
% for 0.4 KG, 91.2 + 16.3 % for 0.8 KG and
78.4 + 11.7 for 1.2 KG.

When we added another magnet to
increase the field area, the OSDR were
96.4 + 16.6 % for 0.4 KG, 86.3 + 11.9 %
for 0.8 KG and 76.2 + 8.8 for 1.2 KG.

From the results we found that there
was significant difference in the oxygen
saturation decrease ratio between the case
without the magnetic field and the case
with the field of 1.2 KG.

When we added another magnet, we
found that significant difference existed
in the oxygen saturation decrease ratio
between the case without the magnetic
field and the case with the field 0.8 and
1.2 KG.

Discussion
From the results reported we consider
the cause of results described above. All

particles such as oxygen, hemoglobin and
so on may go down with respect to the
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gravitation (From M.Okazaki, N.Maeda and
T.Shiga: Drift of an erythrocyte flow line
due to the magnetic field, Experimentia 42
842-843,1986). When the magnet is ener-
gized, the magnet may attract both deoxy-
hemoglobin and oxygen upward against the
gravitation in this experiment.

I 60 AD MAGNET
T 140 i
[ w 170
2 o108 5
2 3 0.
40 s T e
60
ap L— 1 1 [
9.4 8.8 1.2
FIFLF (KG)

Fig. 5. OSDR in various magnetic fields;
the right panel for additional magnetic
field.

This suggests that the magnet has the
greater intensity of the field with the
wider field field area, the greater volume
of deoxyhemoglobin may be made in the
lung. By this mechanism the magnetic
field may stimulate the respiratory func-
tion of the gas exchange in the lung. Con-
sequently, the decrease in oxygen satura-
tion curve is thought to be reduced owing
to breath holding in the magnetic field as
compared with the control data. 1In this
meaning the mechanism would not be acti-
vated under the condition of the weight-
less state.
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In the experiment we used a magnet
and added another magnet to increase the
field. Ten subjects, placed between the
poles of the magnet, were requested to
maintain veluntary apnea for a period of
30 seconds by breath holding. Oxygen satu-
ration curve was measured from each sub-
ject and analyzed. The result was as fol-
lows: 1) There was no difference in both
descending and ascending time when the
magnetic field was applied. Even when we
added another magnet, still no difference
was observed due to the applied magnetic
field. 2) There was significant differ-
ence in a decrease in oxygen saturation
curve when the magnetic field of 1.2 KG
was applied. When we added another magnet
we also found significant difference due
to the applied field of 0.8 or 1.2 KG.
These results are attributable in some
part to the fact that the magnet attracts
the oxygen and deoxyhemoglobin whereas it
does not do oxyhemoglobin which gravitates
downward.

There are many studies on biomagne-
tism and magnetobiology but relatively few
reports exists on a magnetic effect on the
cardiopulmonary function. Here, we inves-
tigated the effect of the magnetic field
mainly on the pulmonal function.

Method

A subject was placed between poles of
the magnet whose maximum field intensities
on the surface were 0.4, 0.8 and 1.2 KG.In
the first experiment we used the magnet No
(1), and added anather magnet No (2) to
increase the field area, as shown in Fig.
%

The physiological data from a subject
was illustrated in Fig. 2. In the order
from top to bottom typical recordings of
electrocardiogram ECG, pulse wave PW, res-
piratory wave RW and oxygen saturation
curve 0SC were depicted. ECG was measured
by the conventional ECG lead II, pulse
wave measured with a plethysmograph
attached to the left fore-finger tip,
respiratory wave measured with a ther-
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Fig. 1. Schematic representation of
experimental system; an oval shows a sub-
ject, and rectangules (1) and (2) are bar
magnets.

mister attached to the nose, and oxygen
saturation curve measured with an ear
oxymeter attached to the left auricle.

We instructed a subject to maintain
voluntary apnea for a period of 30 seconds
by breath holding. For the mean time ECG
made no change, the amplitude of the pulse
wave was reduced and the respiratory wave
did no appear. The oxygen saturation curve
went down to the minimum point of the oxy-
gen saturation, and, thereafter, restored
to the normal level of oxygen saturation.

Fig. 2. Typical recordings of ECG, PW,
RW and OSC.

Here we defined the time for the
descending part of the oxygen saturation
curve as descending time. We call the
the descending time A for the control and
a for the magnetic field. Then we calcu-
lated a descending time ratio by the egqua-
tion DTR = a/A. Likewise we defined the
time for the ascending part of the oxygen
saturation curve as ascending time. So we
call the ascending time B for the control
and b for the magnetic field. Then we
calculated an ascending time ratio by the
equation ATR = b/B. Furthermore, we
defined the maximum decrease in the oxygen
saturation curve as oxygen saturation
decrease. So we call the oxygen satura-
tion C for the control and c for the mag-
netic field. Then we calculated the oxy-

gen saturation decrease ratio by the egqua-
ion OSDR = c?C.

Results
Fig. 3 shows descending time ratio
DTR in the various magnetic fields. DTR

were 98.1 + 3.0 % for 0.4 KG, 104.3 + 4.3
for 0.8 KG and 99.0 = 3.2 % for 1.2 KG.
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b) Early changes in cardiac performance

From the two fast channels ECG and ICG we measured
of time intervals, like i.e. the left ventricular
ejection time (LVET). Reproducibility of the sig-
nals allowed to make interpretations from the area
under the ICG-curve during LVET.

For each astronaut, histographic distribution
patterns (Fig. 2) were always made from data col-
lected at the same time of day. For all four
astronauts they show that the values were in-
creased on mission day 1 (M1). In one astronaut,
values below control were observed on mission day
3 (M3). Post-flight, elevated values were observed
in two astronauts. Normalization could not be ob-
served before the seventh post-flight day.

Cardiac Output

° i |
; | i
BDC
‘ ‘Lt?. Lo% ‘hm ‘5/

i
T Teas%

! 11 |
\ i |
|
;‘km *h. M1
| 1+44% | +30% +28%
P
M3

1-5%

in[i | W N G

+15% “16% [:0% 0%
3 2 1 0

Fig. 2: Cardiac output calculated as the product
of heart rate and the area under the ICG-curve
during LVET. Figures refer to astronauts.

A venous occlusion manoeuvre was performed in-
flight and on ground in a supine position as a
dynamic test to estimate heart function. Appli-
cation of the data within a ventricular function
curve showed no significant performance change of
the heart. This is in contrast to our findings in
HDT [1] when we observed a reduction in ventricu-
lar performance.

Iszi MW\N\M

HR
min+
i 90} MO
0 \j\W\j\tf
2 0 6 12 18
MET
h

Fig. 3: Heart Rate: 24 h records from one astro -
naut during Baseline Data Collection (BDC) and
Mission Day 0/1 (MO0).
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c) Changes in cardiac autonomic control

From our head down tilt studies [4] we deduced
that a heart rate reduction might be possible
within the first few days of spaceflight. This can
be shown very clearly for this astronaut (Fig. 3).
Right from the start, heart rate decreases. The
bars at the 60 b/min level represent the sleep
period. During sleep, heart rate is considerably
lower inflight (MO) than preflight (BDC).

The resting heart rate of this astronaut lies
below his usual pre-flight values. This suggests
that an active process e.g. enhanced parasympathe-
tic activity is responsible for the low heart
rate. To corroborate this hypothesis, a breathing
protocol was performed, demanding rhythmic brea-
thing. The objective was to record the so-called
respiratory sinus arrhythmia (RSA) in order to
quantify parasympathetic outflow [3]. Figure 4
shows the variability of RR-interval expressed as
percent of mean RR-interval. Usually, variations
are about 20 %. In weightlessness, these values
are considerably higher. This has to be inter-
preted as an increase in parasympathetic activity.

RR Interval Variability
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breathing rate

Fig. 4: Variability of RR-interval expressed as %
of mean RR-interval for four different respiratory
rates. Data from one astronaut.
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BODY IMPEDANCE MEASUREMENT
DURING
SPACELAB MISSION D1
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Quantification of body fluid redistribution
and loss during space flight and observation of
the effects on the heart were the aims of this ex-
periment. The impedance of two body segments (Z-
torso and Z-body) to a 100 kHz 1mA constant cur-
rent, the first derivative of the torso segment
and the ECG were recorded with a 24-hs personal
recorder. Data were obtained from two astronauts
during launch and reentry and inflight from an-
other two. The recumbent period prior to launch is
decisive for fluid redistribution in the compart-
ments covered by this method. The amount of fluid
shifted is comparable to that produced by daily
positional changes. A fluid loss of about2.51 can
be infered through the values of Z-body and an-
thropometric factors. Cardiac output, as assessed
by dZ/dt, was increased -more than 30% of control-
even on the 2nd inflight day; on the 4th day its
values were however lower than pre-flight. It was
not possible to demonstrate deconditioning effects
on the heart of the payload specialists during
this multidisciplinary Spacelab Mission. Heart
rate and its variability strongly suggest in-
creased cardiac parasympathetic activity.

The scientific questions tackled by
experiment are

the D1

a) Time course of fluid shift and fluid loss

b) Early changes in cardiac performance during
u-g

c) Changes in cardiac autonomic control

Basically, the equipment included an impedance
module and a 24h personal recorder. Two astro-
nauts wore this equipment during launch, another
two astronauts carried out inflight measurements.
The impedance electronic was designed in the
Institute of Biomedical Technique in Stuitgart.
An alternating constant current of 100 kHz and 1
mA was led through the body. The impedance time
course f the body segments shoulder to waist (Z-
torso) and shoulder to knee (Z-body), the first
derivative of the torso segment (ICG) and the ECG
were recorded. Correlations with the specific
conductance of different biological tissues have
shown that the 100 kHz impedance technique could
cover a body shell of about 1.5 to 2.5 cm depth
[2]. For the calculation of fluid loss and fluid
shift, a resistivity of 60-90 Ohm x cm was
assumed.
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a) Time course of fluid shift and fluid loss
During Baseline Data Collection the following 24h
time course was be observed: in the morning, the
impedance values have a peak; during the day a
decrease with oscillations takes place. Reason for
the decrease is food intake. Position changes and
movement artefacts cause the oscillations. An
impedance decrease measured in a given body seg-
ment correlates with an increased amount of fluid,
provided comparable postures are kept. During the
night, impedance increases again. This can be
interpreted as a fluid loss, since the content of
the bladder can not be registered by this method
[5].This time course is observed in both, the Z-
body and Z-torso curves. Variations range within
+/- 5% of the respective absolute impedance values
(Z-thorax =~ 31 Ohm, Z-body =~ 55 Ohm).

Before launch, i.e. when the astronauts are in a
supine position with legs up, fluid flow into the
thorax segment could be observed during a very
short time. In this position, counterreactions st-
art already, which initiate fluid loss. There was
no event in the records that could be interpreted
as marking the transition into weightlessness,
when entering earth orbit.

Both observed segments showed similar courses
after the 1initial changes: an increase of impe-
dance values reflecting that body fluid was drawn
from both, the body and the torso segment. Body
impedance values remained 1increased. For one
astronaut, Z-torso impedance values normalized in
the course of the mission. In the recovery phase,
pre-flight values were not reached before seven
days. According to the body shell model, the in-
flight fluid shift in the thorax segment can be
described as a fluid loss. In the recovery phase,
this effect is intensified for a short period;
normalization takes about seven days (Fig. 1, top
panel).

The summary of calculated fluid loss data shows
the following course (Fig. 1). Signs of fluid loss
can already be observed during the prelaunch
position on the launching pad. For one astronaut,
the fluid loss was over after a few hours, for the
others it took two days. Adaptation to weight-
lessness takes lesser time than readaptation to
the 1-g environment.

FLUID SHIFT

$
A
él 1
-2
_3 I
| FLUID LOSS timé
{ | days
™0 M3 M6 RO RL "7
80C MISSION I RECOVERY

Fig. 1: Schematic representation of fluid shift
(top panel) and fluid loss (bottom panel) on the
basis of impedance data of four astronauts.



gescrganisation may be, in part, attributanle to apnormal tone
formation. Osteoid seam surfaces were reduced at the endosteal and
trabecular Tevels and the thickness was decreased in the endosteunm.
In the Spacelab-? flight, tibial osteoblasts were studied (5).
There was no change in cytoplasmic activity between flight and non
flight rats but the cytoplasmic area of flight ostecblasts tended
to be reduced. This would result in less collagen secretion. [t is
not known in our study whether the mineralization rate occured
normally: tetracycline 1labeling was not realized because of other
experiments concerning hydromineral metabolism (tetracyclines are
known to modify some jonic metabolisms). Previous works indicated
that the bone matrix at the arrest line periosteal region was
abnormal and hypomineralized (14). The Cosmos 1667 flight would
indicated that bone formation defect (osteoid apposition plus
mineralization) did extend in trabecular area and endosteal surface
of the tibial metaphysis.

The  osteoclastic population, determined with a specific
histoenzymologic method (10) was unaffected by this 7-day space
flight. This result 1is comparable with that of 5-day Cosmos 1514
(8) (in tibia) and 22-day Cosmos 1129 (15). There is no large
change in weight-bearing bone resorption in rats, contrary to bone
formation.

A decrease in trabecular bone mass
occured in previous Cosmos (16 - 2).
hydroxyproline and inorganic phosphorus content analysis in rats
flown aboard Spacelab-3 indicate an alteration in the guality of
the femur. ODuring the Cosmos 1667 flight, there is evidence of
trabecular bone volume maintaining in the area located under
nuscular dinsertions in the proximal femur metaphysis. TURNER et al.
(17) demonstrated- that the effects of space flight (Cosmos 936),
sciatic nerve section and pelvic suspension produced @&
characteristic pattern of inhibition of bone formation which was
site specific within the tibia (space flight produced maximum
inhibition of bone apposition at the anterior base and the least
inhibition at the medial edge). All these results supported the
hypothesis that the preservation of muscular tractory can have a
orotective effect on the skeleton.

In the non-weight-bearing bones (thoracic and lumbar vertebrae),
bone mass and bone resorption parameters were found unchanged. In
the Spacelab-3 flight, the bone weight and osteocalcin were
decreased in lumbar vertebra (7). Ostecid parameters were not
measurable in our study, but Spacelab-3 results would indicate a
decrease in bone formation within 7 cdays of weightlessness
exposure. However, we must be careful before comparing these two
sudies: Spacelab-3 rats were younger (66 days old) than Cosmos 1667
rats; bone and serum osteoccalcin values are known to be age
dependent in rat (18). After the Cosmos 1129 flight, FRANCE et al.
(19) provided informations suggesting an incomplete osteoid
mineralization in vertebrae and KAIARIAN (4) reported that
inmediately” the f1ight there was a 20 - 25 § decline in the ability
of thoracic and lumbar vertebrae to resist axfal loading to
failure. As such, this Cosmos 1667 flight appearec to be too short
to induce bone mass parameters decrease in vertebral bodies. [n the
Cosmos 1514 flight, an dincrease of the osteoclast number was
observed (8). Consequently the effects of space flight on the
skeleton appeared to be different in young male and young pregnant
rats.

In conclusion, significant changes in bone appear within 7 days of
space flight and data from other Cosmos series suggest that the
bone changes are not transient. This study confirms that
non-weight-bearing bones are not as much at risk as the elements of
the weight-bearing bones. Furthermore, marked differences observed
between areas with and without muscular insertions, emphasize the

in the distal femoral metaphysis
The calcium, collagen

most important role of mechanical factors in bone mass
preservation.
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TABLE 1 : TIBIAL HISTOMORPHOMETRIC PARAMETERS (mean ¢- SD) IN
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TABLE 2 : FEMORAL BONE MASS PARAMETERS (mean +- SD) IN FLIGHT (n =

7) AND IN  CONTROL (n = 7) ANIMALS.
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TABLE 3 : VERTEBRAL PARAMETERS (mean +- S0) IN FLIGHT (n = 1) AND
IN CONTROL (n = 7) ANIMALS.



EFFECTS OF 7-DAY SPACE FLIGHT
ON WEIGHT-BEARING AND
NON-WEIGHT-BEARING BONES 1IN

RATS (COSMOS 1667) '

L. VICO., D. CHAPPARD, A.V. BAKULIN, V.E. NOVIKOQV, C. ALEXANDRE.

LBTO — GIP Exercice - Université de Medecine - 42023
Saint-Etienne - Cedex - France.

Previous 3-week COSMOS spaceflights indicated a significant reduction
¢f bone mass in weight- and non-weight-bearing bones probably due to 2
decreass ia beone formetion activity. On COSMOS 1657, 7 flight and 1
contro] male rats were studied by bone histomorphometric methods. 1]
Weight-bearing__bones in proximal tibial metaphysis, the trabecular
bone volume was markedly declined in flight animels. Trabeculze were
decreased in  number and thickness; this probably leads to an
alteration of bone mechanical properties. Formation activity
{reflactad by osteoid seam thickness and csteoid surface measurements)
was decreased at the trabecular and endosteal levels. Resorpticn
activity (osteoclast number and active rescrption surfaces measured by
a histoenzymologic method) remained unchanged. The imbalance that
appeared to occur between these cellular activities may be responsible
for the loss of trabecular bone mass. In proximal femoral metaphysis,
trabecular bone volume was measured in area located under muscular
insertions. Deleterious effects of weightlessness were not observed.
Therefore, muscular tractory may have a protective effect on
weight-bearing bones. 2) Non-weight-bearing_ bones : in thoracic and
Tumbar vertebrae, no change was found neither in bone mass nor in bone
cellular parameters. This short flight appeared to confirm that
non-weight-dearing bones are not as much at risk as weight-bearing
pones curing spaceflight. Furthermore, marked differences obsarved
betweer areas with and without muscular insertions, emphasize the most
important  role o° mechanical factocrs in trabecular bone mass
preservation.

INTRODUCTION

Available data were oprovided in growing male rats which have been
orbited on board of the soviet Biocosmos space flights (ranging
from 18.5 to 22 days): the mechanical properties were found to be
altered (1) on long bones, ine periosteal bone formation in the
tibial and humeral diaphysis was found to be inhibited (2), a
decreased trabecular bone volume and an increased fat content of
the bone nmarrow were reported (2) in the proximal tibial
metaphysis. [n mandibles, a delay in maturation of the collagen and
mineral fractions was observed (3) and the vertebral crush strength
was found to be declined (¢).

in rats flown in the NASA Spacelab-3 mission of 7 days duration,
alteration of the femur and humerus qualities and decrease in
osteoblast function were shown (5 - 6 - 7). In the Biocosmos 1514
flight (5 days duration), pregnant rats were orbited: no change
sccured in weight-bearing bones and an increase of the osteoclast
number was found in vertebrae (8).

We report in this study the histomorphometric bone changes induced
by a 7 day space flight ( Biocosmos 1667).

MATERIALS AND METHODS

Male Wistar rats (105 days old) weighting 333.14 +- 12.3 g, were
randomized into 7 ground-based controls and 7 flight animals placed
in orbit in individual cylindrical cages for a period of 7 days
(10-07-85 to 17-07-85).

Histomorphometric study was done on proximal metaphysis of tibia
and femur and on thoracic and lumbar vertebral bodies. Specimens
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were embedded in methacrylates as previously described (8). Heigth
sections were stained according to a modified Goldner's trichrome
(9) for bhone mass and ostaoid carameters, six others were stained
for Osteoclastic Tartrate Resistant Acid Phosphatase (CTRAP) by a
histoenzymologic method (10) and were used for the determination of
the osteoclast number.

In tibial metaphysis, measurements were done in the primary
spongiosa  located under the growth plate-metaphyseal junction and
in the secondary_ spengicsa located under the primary spongioss
(11). In femur metaphysis, measurements were done in a area located
under the femoral neck (collum femcris) and vicinal to the
trochanter major, in regard to muscular insertions. In vertebrae,
measurements were done in the mid-part of the bodies.

The fractional area of mineralized tissue or Trabecular Bone Volume
was determined. The Mean Trabecular Plate Thickness, Density and
Separation (MTPT, MTPD, MTPS) reflected the spatial arrangement of
trabecular bone structure. The number of osteoclasts per wm” of
trabecular bone and the Active Resorption Surfaces expressed as the
sercentage of total trabecular surfaces covered with tartrate
resistant acid phosphatase positive, reflected the osteoclastic
activity. The Mean Thickness of Ostsaid Seams in um and the
Osteoid Surfaces expressed in mm /mm2 of trabecular
surfaces represented osteoblastic activity parameters. A1l data are
given as the mean +- 50 and the Mann and Whitney non parametrié‘iﬁs
used to compare flight anc contro! animals.

RESULTS

In tibia (table 1), the flight rats exhibited a significant
decreased of trabecular bone volume. [t was reduced by 55 % in the
primary spongiosa and by 47 % in the secondary spongiosa. MTPT was
significantly less in the flight group by 2¢ % for the primary
spongiosa and by 20 § for the secondary spongiosa. MTPD was also
significantly less than that of the controls: 43 § for the primary
spongiosa and 40 % for the secondary spongiosa. As a consequence,
MTPS was significantly higher in flight rats: 140 § for the primary
spongiosa and 84 % for the secondary spongiosa. At the contrary, in
the proximal femur metaphysis where there was contiguous muscle, no
difference was observed between the two groups in all these
parameters (table 2)

Parameters reflecting the resorption activity were measured in the
secondary spongiosa of the tibial metaphysis: no difference neither
in osteoclast number nor in active resorption surfaces was seen.
Osteoid surfaces in the secondary spongiosa were significantly
decreased (56 %) in flight animals. Mean thickness of osteoid seams
were too thin to be measurable. At the tibial endosteal level,
osteoid surfaces and nmean thickness of osteoid seams were
significantly less in flight animals by 27 % and 15 §,
respectively.

No change was observed neither in thoracic nor in lumbar vertebrae
(table 3). As far as the osteoblastic activity is concerned, the
mean thickness of osteoid seams and the ostecid surfaces were not
measurable because of their minute amount. The resorption activity
was not modified by 7 days of weightlessness exposure “n both
vertebrae.

DISCUSESION

The current study would demonstrated that trabecular bone mass of
growing male rats was rapidly and impontantly reduced in the
proximal tibial metaphysis as early as the Tth day of
weightlessness exposure. A trend of decreasing bone mass anc
mineral content in tibiae of suspended rats (model that unweights
only the hindlimhs) was established within 5 days (12). In as short
a period as one week, the bone loss appeared to be more important
in microgravity that in unweight conditions in growing male rats.
However, in the 5-day Cosmos 1514 flight (8), the tibia metaphysis
of pregnant rats did not exhibited any modification compared to
controls. It could be advocated that the bone Joss become visible
between the 5th and the Tth day of weight lessness exposure, however
nothing is known about effects of hormonal changes of pregnancy
during space flight: comparison remains very risky. In this study,
the bone loss was found to be associated with a decrease in
trabecular density and thickness. The bone trabeculae are known to
dispose themselves in such a way as to provide mechanical support
(13). Our findings are consonnant with results of strength testing
in the Spacelab-3 (7) that indicate an increase fragility of
humeri. The trabecylar bone loss accompagnied by architectural
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If it is assumed that the SAS does
vary in weightlessness being an adaptive
reaction, then inhibition of its recept-
or component develops slowly and per-
sigts for a longer time in the postflight
period while changes in the secretory
ability of the SAS varies rapidly de-
pending on the readaptation character-
istics.

The decline of tissue reactivity to
catecholamines is also suggested by in-
adequate reactions of the hypothalamic-
pituitary and renin-angiotensin systems
of regularon in response to a signific-
ant stimulation of the SAS hormonal com=
ponent after prolonged space flights:
lack of changes in the concentration of
pituitary tropic hormones as compared to
the preflight level and decrease of
plasma renin activity. Since the stimu-
lation of renin secretion in man is pri-
marily determined by sympathoadrenal me-
chanisms with direct involvement of ad-
renergic receptors, then the decline of
their functional activity may be the
factor that leads to the reduction of
plasma renin activity. This, in turn,
causes a low concentration of aldostero-
ne in blood (Fige. 4). After long-term
flights the renal excretion of aldoste-
rone was significantly higher than after
short-term flights (Fig. 4).

NG/WL /W

= BEFORE FLIGAT
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= =
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Fig. 4 Renin activity (I) and aldosterone
concentration (II) in blood (A) and renal
excretion of aldosterone (B) after long-term
flights.

Thus, functional rearrangement of
the systems of hormonal regulation deve-
lops in a different manner, depending on
the flight duration. Short-term flights
of up to 14 days induce a moderate stress
of the sympatho-adrenal system with an
adequate effect of catecholamines at the
tissue level. Unlike this, long-term
flights lead to changes that suggest a
reduction of the functional activity of
§ec§ptors in response to space flight ef-

ectis.

Similar changes were detected in
prolonged bed rest studies where cell
gsensitivity to hormones may vary in the
fashion observed in weightlessness. It is
very likely that this factor accounts for
the decrease in the cortisol concentra-
tion and the increase in the ACTH concen-
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tration as well as for the reduction of
water permeability of the nephron distal
compartment and the high ADH content of
blood observed at certain bed rest pe-
riods. The hormonal activity of blood
per se does not determine the level of
the organ response because the hormonal
effects can be modulated. It is clear
that these problems form an important
area of research in space medicine and
need further study.
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at R+1 and R+7 (Fig. 3). This increase
in cortisol was not associated with con-
siderable changes in the blood content
of ACTH. This could be ascribed to a
lowered sensitivity of the efferent
organ (adrenals) to the hormonal effects.
The renal excretion of 1l7-hydroxycortico-
steroids remained essentially unchanged.
This gives evidence that the moderate
stress occurring immediately after
flights of no more than 14 days in du-
ration does not trigger strong adaptive
mechanisms that function at the level of
hypothalamic-pituitary regulation. It

is very likely that this reaction is li-
mited to the SAS stimulation and sub-
sequent reaction of the systems respons-
ible for catecholamine effects at the
tissue level.

In view of this it was important to
detect postflight changes in the activity
of the renin-angiotensin-aldosterone
gystem and the system(s) responsible for
homeostasis regulation at the tissue
level. At R+1 the PG A+E concentration
decreased signitricantly which can be
regarded as a response of the vascular
tone regulation to an enhanced pressor
effect mediated via adrenergic stimula-
tion. It cannot however be ruled out that
the decrease of the prostaglandin concen-
tration in blood is determined by chang-
es not only in vascular tone regulation
but also in other metabolic patterns,

{or instance fluid-electrolyte metabo-
ism.

On the first postflight day most
cosmonauts showed decreases of diuresis
and sodium, potassium and osmotically
active substances in urine. Irrespective
of the flight time essentially every
crewmember exhibited a mismatch between
urine osmolarity and diuresis level. Im-
mediately postflight when the level of
diuresis decreased, the osmotic concen-
tration did not grow (as it occurs in
the normal physiological conditions) but
diminished. The ADH concentration in
blood was higher than preflight which
pointed to an inadeguate reaction of re-
nal cells to the hormone.

The stimulation of the antidiuretic
system on the first day after short-term
flights was accompanied by a significant
increase in plasma renin activity and
aldosterone concentration in blood and
urine. Obviously, this increase of the
aldosterone concentration in blood is
produced by a higher plasma renin acti-
vity via angiotensin.

By contrast, on the first day after
long~-term flights the SAS was noticeably
stimulated but the blood concentrations
of ACTH, STH, TTH, cortisol, cAMP and
depressor prostaglandins as well as the
renal excretion of 17-hydroxycorticoste-
roids and 17-ketosteroids did not differ
from the preflight level. It looked as
if the long-term flights induced lesser
changes than the short-term flights. But
this was not consistent with physiologi-
cal examinations of the crewmembers.
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This led us to the conclusion that long-
duration flights gave rise to a qualita-
tively different hormonal reaction caus-
ed by prolonged exposure to weightless-

nesss
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Fig.3 Blood concentration of acth(I),cortisol
(II), aldosterone(III), plasma renin activity(IV)
and excretion of aldosterone(V) after short-
term flights.

First of all, mention should be
made of a significant stimulation of the
SAS hormonal component. Under normal con-
ditions changes of this sign but of low-
er magnitude lead to the stimulation of
adrenergic receptors accompanied by an
increase in the cAMP concentration and
in the cAMP/c¢GMP ratio which was record-
ed after short-term flights. Following
long-duration flights the cAMP concent-
ration remained unchanged anc the cAMP/
cGMP ratio declined; in other words, in
spite of a high concentration of epine-
phrine in blood its action upon adrener-
gic receptors did not grow, this being
suggestive of some functional blockade
of adrenoreception. These data emphasize
once again the necessity of investigat-
ing not only hormone concentrations in
blood but also receptors of target-or-
gans, the latter being of greater signi-
ficance. The lower reactivity of adrener
gic receptors is also confirmed by other
data, viz. enhanced inactivation of ca-
techolamines and simultaneous reduction
of the formation of methylated products
of epinephrine and norepinephrine meta-
bolism. This indicates a change in the
inactivation of the transmitters after
their interaction with receptors. In ad-
dition to the above variations, it was
found that prolonged space flights re-
sulted in a greater production and en-
hanced metabolism of dopamine and DOPA
that do not proauce a distinct biological
effect on the target organs but can com-
plete with epinephrine and norepinephri-
ne for the receptor binding sites, thus
decreasing their functional activity. An
alternative cause of the lower adreno-
reactivity may be the total decline of
the SAS activity in weightlessness. As
it was demonstrated by the joint Soviet-
Czechsolovakian experiment during the
237-day flight, the secretion of cate-
cholamines was not stimulated and their
metabolism was decreased in weightless-
ness.



HORMONAL REGULATION IN SPACE FLIGHTS OF
VARYING DURATION

I.A. Popova, B.V. Afonin, N.A. Davydova,
A.I. Grigoriev

Institute of Biomedical Problems, koscow,
USSR

In the course of adaptation to space
flight effects and subsequent readapta-
tion to Earth gravity regulatory systems,
develop significant changes. This gives
an impetus to the study of changes in
hormonal regulation as a function of
flight time. In this context the key pro-
blem, which is the subject of the pre-
sent report, is the blood content of hor-
mones and responses to them of target
organss

Methods

Blood biochemistries were measured
twice before flight, normally at F-60 and
F-30 days, and twice after flight, nor-
mally at R+1 and R+7. Urine samples were
collected for 72 hours 30 and 5 days pre-
flight, on the recovery day, and during
the first 10 days postflight.

The following agents were quantita-
tively measured in plasma or serum: epi-
nephrine, norepinephrine, cAMP, cGMP,
pressor prostaglandins (PG F,) and de-
pressor prostaglandins (PG AgE), STH,
TTH, ACTH, cortisol, aldosterone, plasma
renin activity, insulin, triiodothyronine
(T3), thyroxine (T4), ana testosterone.
The following agents were determined in
urine: l7-hydroxycorticosteroids and 17~
ketosteroids, aldosterone, epinephrine,
norepinephrine; catecholamine precursors
- dopamine and DOPA and catecholamine me-
tabolites - metanephrine, normetanephri-
ne{dvanillyl-mandelic and homovanillic
acids.

Hormonal and biologically active
substances were measured by RIA, using
commercial test-kits.

Results and Discussion

A detailed description of the perti-
nent investigations in individual flights
can be found elsewhere (1-6).

It is important to note that after
space flights of 4 to 14 days in duration
the sympatho-adrenal system (SAS) was
stimulated and the renal excretion of
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epinephrine, norepinephrine, precursors
of their synthesis and catecholamine
metabolites was increased. The coeffici-
ents epinephrine/norepinephrine, norepi-
nephrine/dopamine and dopamine/DOPA in
urine were also increased, indicating a
higher rate of catecholamine synthesis
and secretion. The coefficient epine-
phrine/norepinephrine was increased to a
greater extent than the coefficient nor-
epinephrine/dopamine which suggested a
predominant stimulation of the hormonal
component over the transmitter component
of the SAS (Fig. 1).

J6/28 W
se( * x-3=<0,05

T

x T
;ﬁ. T i‘:’:‘:‘.‘.‘;ﬁ. T
» x )
ST

Ty x ermoe I
’ i
W iy g L

1o %r.‘.‘ﬂu.

B Mt b B
Fig.1 Renal excretion of norepinephrine (I) and
epinephrine (II) after short-term flights.
Abscissa: days before (-) and after (+) flight
x-significant difference with the preflight data.

After long-duration (1-8 months)
flights the blood concentration and re-
nal excretion of catecholamines were
higher than preflight. This increase on
the 1st postflight day was related to
epinephrine. The changes in the para-
meters characterizing catecholamine syn-
thesis and metabolism were indicative of
a stress-reaction which was more signi-
ficant than after short-term flights
(Fig. 2).
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Fig.2 Blood concentration (A) and renal excre-
tion (B) epinephrine (I) and norepinephrine (II)
after long-term flights.

The hormonal reactions of the pi-
tuitary-adrenal system after short- and
long-term space flights were markedly
different.

Following 4-14-day flights the blood
level of cortisol increased gignificantly



on test days 2 or 3 and the absolute values
of most circulation parameters become iden-
tical by the end of exposures. The simila-
rity in circulation responses to the two
simulations allows us to assume with a
high degree of probability that exposure

to an actual space flight of the same du-
ration produces identical changes in some
of the circulation parameters. This assump-
tion has been already confirmed with re-
spect to CVP. As to other circulation pa-
rameters, their variations are to be re-
liably measured in real weightlessness.

To understand better the changes in
circulation pzrameters and to develop
countermeasures egainst them in actual
space flights, it is necessary to use
more informative techniques, e.g. cathe-
terization. It is clear that such tech-
niques can be applied only in the presen-
ce of a highly qualified specialist(s)
and sophisticated equipment onboard the
gpacecraft.
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tive velues of most parameters under stu-
dy. For instance, the absolute value of
CVP by the end of heasd-down tilt and im-
mersion was 0,8+0.6 and 0.1+l.1 mm Hg,
respectively, that of mean PAP was '8.8+
+1.0 and 10.7+l.1 mm Hg, respectively,
and that of cardiac_index was 3.7+0.1
and 3.6+40.2 1/min/m2, respectively. It
should be emphasized that the absolute
values of venous pressure in the intra-
thoracic area were significantly (p £
0.05) lower than those recorded at the
ons2%.

5 -
4-
2
3718
(3]
o
=
2 2 \
- ~
& ~ SPACEPLIGHT
- ™\ HEAD-DOWN
P "-\ BED REST
S
0 - ™~ IMMERSION
—— i |
i T AN |
control 2 days 7

Figure 8. Changes of central venous pres-
sure during 7-days spaceflight and simu-
lation of weightlessness.

It should also be stressed that the
gign of changes in circulation parameters
after the first day of exposure to simu-
lated weightlessness was identical to
that observed during routine tilt tests
(decreases of CVP, PAP, volume characte-
ristics of the right ventricle, etc.).
This proves the existence of effective
compensatory mechanisms which are to ge-
nerate an optimal hemodynamic situation
that develops in the normel man in the
upright position.

The similar circulation responses to
the two simulation methods suggest with
a high degree of probability that circu-
lation responses in actual space flight
are of the same character.

Comparison of the effects of 7-day
space §ht! head-down tilt and immersi-
on on central venous pressure. CVP varia-
Tions in microgravity attract great at-
tention because this parameter is, first,
a very accurate indicator of changes in
the circulating blood volume and, second,
an important factor in changes of fluid-
electrolyte metabolism and renal function
which may develop as a neuroreflex reac-
tion or due to the release of atrial
natriuretic peptides. This is the reason
why Tietlein et al. in their publication
"The main lines of biomedical investiga-
tions in U.S. space manned missions" un-
derline that "measurement of such para-
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meters as central venous pressure in
flight should be performed in a greater
number of astronauts and during a much
longer period of time than it was done
before".

Fizure 8 illustrates CVP variations
in the 7-day Spacelab-1 flights recorded
according to the method of Kirsch (1985)
as well as in head-down tilt and immer-
sion tests of the same duration. For the
sake of simplicity we averaged the CVP
values recorded in two crewmembers bhefore
flight and on flight days 1 and 7 and
presented them in mm Hg. At R + 1 this
parameter decreased from 4.1 to 2.2 mm Hg
and at R + 7, to 1.7 mm Hge It can be
readily seen that time-course variations
of this parameter during flight were very
close to those observed during exposure
to the two simulations.

Table. Comparison of influence of head-
down bed rest (HDBR) 15° and water im-
mersion (WI) on some parameters of cent-
ral circulation (according to the begin-
ning of every influence).

T-th hour 7-th dagy
HIBR IM HDBR IM

PARAMNETERS

Central venous 0 0 - -
pressure

Pulmonary artery + - - -
pressure

Brachial arter + 0O 0 0
pressure (mean%

Cardiac index 0 0 - -
Stroke index 0 0 - -
Blood volume in the 0 - - -
right heart

End systolic volume + - - =
of right ventricle

End-diastolic volume + - - -

of rizht ventricle
Work of right

ventricle

Work of left - 0 0 -
ventricle

Total pulmonary - - - -
vessels resistance

Total peripheral 0 o o0 +
resistence

Heart rate 0 0 0 0

+ increasing; - decreasing; 0 stable

Conclusion

Comparison of the central circula-
tion effects of two methods, i.e. 7-day
head-down tilt and "dry" water immersion,
that simulate the physiological action of
weightlessness gives evidence that during
the first hours of exposure the effects
are more distinct in immersion. This may
be associeted with its primary effect.
The circulation parameters cease to chenge



blood volume in the right heart, right
atrium work, total pulmonary resistance,
right ventricle end-diastolic and end-
sysgtolic volumes.

As compared to head-down tilt at
-15°, exposure to "dry" immersion (n=9)
causes changes in central circulation
(Fige T)e

110
END-

HOURS DAYS

Figure 6. Changes of end-diastolic and
end-gystolic volume of right ventricle
during 7-days water immersion. C - cont-
rol; R - recovery.

Comperiscn of the imary effect of
immersion versus head=cown - on b
cod circulation. Central circulation

parameters ex 1ted noticeable changes
20 min after the onset of immersion (n=9)
(Fig. 7). For instance, during immersion
versus head-down tilt of the same dura=-
tion there were additional, statistically
siznificant (p<0.0l1) increases of CVP by
44%, mean pulmonary artery pressure by
39%, right ventricle work by 67%, and to=-
tal pulmonary resistance by 26%. In these
conditions blood volume in the right
hearg grew from 299+18 to 371+16 ml (p<
O -()5 L

Capdiac index increased by 0.5
1/min/m¢ only at the expense of_incre-
ment in stroke index (by 6 ml/m?) since
heart rate remained essentially unchang-
ed.

In this situation the parameters of
mixed venous blood oxygenation, pOp and
HbOp, tenced to increase.

The above changes may be produced,
first, by the hydrostatic effect of im-
mersion and, second, by the concomitant
factors. Simulation studies have shown
that due to the hydrostatic effects in
the supine position the difference in
blood volumes between the vessels located
above and below the axial (or great) ves-
sels is 400 to 700 cm3. Upon transition
into orbit (and probably upon immersion
into the water bath) this differential
volume moves upwards in the transverse
direction and propagates slong the ves-
sels in inverse proportion to their ri-
gidity (Grigoryan et al., 1986). The
concomitant factors that result in in-
creases of the above parameters of cent-
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ral circulation involve positive pressu-
re breathing (evidently, of a small va-
lue), rapid transition of interstitial
fluid to the wvascular bed, myorelaxation
and relative hyperthermia (Khosla and Tu
Bouis, 1981; Krasney et al., 1982; Bonde-
Petersen, 1982; Lollgen et al., 1984).

CENTRAL VENOUS PRESSURE

- \
- \

1 -
18 _  MEAN PULMONARY ARTERY PRESSURE

mm Hg § 1 - ==AD-DOWN TILT 15°

ES \ - WATER IMMERSION

10~
CARDIAC INDEX
4 N
vmer?] A
3
60 STROKE INDEX
ml/m° } \\i
NN
S I \

400 BLOOD VOLUME IN THE RIGHT HEART
ml } ‘s
300 "‘Sk‘

Figure T. Comparison of influence of
short-term head-down tilt 15° (20 min)
and water immersion.

Comperison of the effect of 7-day
head-down t1lt -15° and immersion on
central circulation. Comparative effects
[5) ead-down and immersion (relati-
ve to the onset of each exposure) are
shown in Table. It is seen that adapta-
tion of the circulation system to the
two effects has both common and different
features.

Luring the first hours of exposure
the two models different primerily in
the PAP Response, total pulmonary resist-
ance, and right ventricle work. Luring
head-down tilt these parameters increased
by the 5 - Tth hour, reaching the values
recorded immediately after the onset of
immersion. It appears that in the course
of T-hour head-down tilt the events de-
velop at a slower rate than during 7-day
immersion. This may be associated with
its primery effect discussed above.
Thereafter qualitative variations of
most parameters are identical.

In addition to the similarity of
the qualitative changes seen after 2 - 3
days of head-down tilt and immersion,
both exposures cause identical quantita-
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of the circulating blood volume as early
as one day after the onset of head-down

tilt. This may be one of the factors re-
sponsible for a rapid fall of CVP in our

study- -
120 |

END-
LIASTO-
LIC
VO%UHE e J

SYSTO-
VOLUME
%

Figure 3. Changes of end-diastolic and
end-systolic volume of right ventricle
during 7-days head-down bed rest.

C - control; R - recovery.

Immersion. Exposure to 7-day immer-
sion caused changes in virtually every
parameter of central circulation. By test
day 2 there was a pronounced decrease of
PAP (p <0.01), by day 3 of CVP (p<0.05)
and by day 6=-T7 of systolic arterial pres-
sure (p<0.05) (Fig. 4). It can be seen
that during the entire period of immersi-
on venous pressure in the intrathoracic
area was significantly lower than pretest

PULMONARY
ARTERY

15—

RIGHT
ATRIUM

110

BRACHIAL 2
ARTERY 70

60
co1235 7 2 3 4 5 6 7T R
hours d a y s

Figure 4. Changes of pressure (mm Hg) in
different cardio-vascular compartments
during 7-days water immersion. C -cont-
rol; R - recovery.
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Puring immersion the parameters de-
rived from the thermodilution curve also
showed marked chenges (Fig. 5). By day 2
there was a significant decrease of car-
diac and stroke 1nd§ces which made 0.67
1/min/m¢ and 8 ml/m<, respectively (p<«
0.05). Blood volume of the right heart
began to decline during the first hours
of immersion and by day 2 decreased by 57
ml which made 15% (p< 0.05). This para-
meter remained diminished by the end of
exposure. The mean transit time of the
indicator increased and by immersion day
4 reached a plateau that was higher than
pretest.

CARDIAC s )
INDEX I
1/min/me

3

60 <
STROKE

INDE
ml/m

40 -

400
BLOOD
VOLUME

300 -

gec

2
c, 0 1235

HOURS DAYS

~—
n
vl
-~

Figure 5. Cardiac index, stroke index,
blood volume in right heart and indicator
mean transit time (t) of this asrea during
T=days water immersion. C - control; R =
recovery.

Time-course variations of end-dia-
stolic and end-systolic volume of the
right atrium were also very distinct
(Fig. 6). Beginning with the first hours
of immersion they consistently decreased,
with the decrease being the greatest by
immersion day 2 (p<0.05). Later on these
parameters did not vary significantly,
remaining below the pretest level.

Throughout the immersion test acid-
base ecuilibrium and oxygenation of mixed
venous blood remained relatively constant,
giving evidence that circulation changes
were adequate to metabolic requirements
of organs and tissues.

Our findings show that "dry" water
immersion leads to changes in most para-
meters of central circulation which be-
come stabilized by immersion days 2 or 3.
By this time the followlng parameters di=-
minish and remain lowered thereafter:
CVP, PAP, cardiac index, stroke index,



in great detail (Katkov et sl., 1983).

The data obtained were treated with
a computer and statistical analysis was
carried out using the Student's t-test.

Results end Piscussion

Antiorthostatic hypokinesia. Among
the parameters meaaureﬁ CVP and pulmona-
ry artery pressure (PAP) showed the most

ronounced responses to head-down tilt
?Fig. 1). In 6 out of 8 subjects CVP re-
mained essentizlly unchanged while FPAP

25 T -

o
PULIONARY ] é

ARTERY

RIGHT
ATRIUM

130 4

120 4

BRACHIAL o ]
ARTERY

70

hours

days

Figure l. Chaenges of pressure (mm Hg) in
different cardio-vascular compartments
during T-days head-down bed rest. C -
control; R - recovery.

increased 2 or 3 hours after the onset
of exposure. The increase, particularly
of systolic pressure, reached a maximum
by the Tth hour of tilt. This was com=-
bined with increases in total pulmonary
resistance (by 20%) and right ventricle
work.

On experimental day 2 CVP began to
diminish but PAP returned to the pretest
level. On experimental days 3-5 both pa-
rameters became lower than in the cont-
rol and remained such till the end of
the experiment. This was accompanied by
a decreasse in total pulmonary resistance
(p € 0.05) while rizht ventricle work did
not change (p> 0.05).

Turing head-down tilt most parame-
ters derived from the thermodilution cur-
ve did not show any significant varia-
tions (Fige. 2). It can be seen that blood
volume in the right heart and mean tran-
git time of the indicator through this
area remained essentially stable; by the
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end of the test cardiac index tended to
decrease and stroke index declined signi-
ficantly on experimentsl day 6 (p< 0.05)
when compared to the pretest value.

The above observations include pri-
marily end-diastolic and end-eystolic vo-
lumes of the right ventricle, the varia-
tions of which were also evaluated from
the thermodilution curve (Fig. 3). The
only exception ie their distinct decrease
by test day 2. By the end of immobiliza-
tion these parameters tended to decrease.

w

CARTIAC |
INDEX .
1/min/me 5 J |
|

|

60
STROKE
INDEX
ml /m

%]
o
L

3007

BLOCD
VOLUME

200~

2,5

sec i

W= 012357 2 3 4 5 6 TR

hours days

Figure 2. Cardiac index, stroke index,
blood volume in rizht heart and indicator
mean transit time ?t) of this area during
7-days head-down bed rest. C - control;
R - recovery.

During the immobilization period
acid-base equilibrium and oxygenation of
mixed venous blood did not vary consider-
ably which indicated that blood circula-
tion was adequate to the metabolic re-
quirements.

Qur results that point to a relative
stability of CVP during the first day of
exposure to head-down tilt are consistent
with the data reported by other authors
who also used the catheterization techni-
que (Nixon et al., 1979; Lollgen et al.,
1984). By contrast, PAP increased notice-
ably by the 5 - Tth hour of the tilt test.
In our opinion, that was primarily induc-
ed by an increase in total pulmonary re-
sistance of the Kitayev reflex type. This
mechanism is to maintain constant pressu-
re in pulmonary capillaries which is
needed to prevent lung edema.

Alongside, increased pressure in the
pulmonary artery - left atrium area may,
as known, exert a tangible effect on hor-
monal and fluid-electrolyte metzabolism
(Gauer-Henry reflex). This leads to en-
hanced diuresis and subsequent decrease
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CENTRAL CIRCULATION DURING EXPOSURE TO
T-DAY MICROGRAVITY
(HEAD-DOWN TILT, IMMERSION, SPACE

FLIGHT)
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Transition from Earth's gravity
(1 G;) to microgravity induces changes
in afmost every parameter of central cir=-
culation. This so-called primary reaction
has been adequately investigated in simu=-
lation studies in which man was immersed
in the standing or sitting position or
man was transferred from the head-up to
the recumbent position (Arborelius et
al., 1972; Gauer, 1975; Norsk et al.,
1984 ; Katkov and Chestukhin, 1980; Loll-
gen et al., 1984). The reaction involved
an increase of venous pressure in the
intrathoracic area (right atrium, pulmo=-
nary artery, left atrium) that plays an
important part in the regulation of
fluid-electrolyte metabolism as well as
an increase of cardiac output and stroke
volume.

However, the exposure time in these
studies was limited to minutes and occa=-
sionally to hours. This is the reason
why many cruciel problems still remain
unresolved. These can be formulated as
follows: first, what are the precise
(quantitative) values of the parameters
taken under study; second, what occurs
with them (primarily with venous pressu-
re in the intrathoracic area) when the
exposure time increases to 7 days; third,
are the circulation changes adequate to
metabolic requirements.

Answers to these questions can be
found in ground-based simulation studi-
eg. It is known thet the most common
methods simulating the physiological ef-
fects of microgravity are head-down tilt
or antiorthostatic hypokinesia and im-
mersion. A very important present-day
task is to identify similarities and
dissimilarities in their effects. If they
are gimilar in qualitative and quentita-
tive terms, then it can be claimed with
a high degree of probability that weight-
lessness causes similar changes; if the
effects differ significantly then it is
necessary to look for another and bvetter
method of simulation.

Unfortunately, accurate cardiovas-
cular studies cannot be readily perform-
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ed in actual weightlessness which makes
it difficult to make a comprehensive
comparison of simulation and flight data.
Bearing this in mind, we have decided to
make use of individual but sufficiently
informative circulation parameters re-
corded in weightlessness. In particular,
we have concentrated on invasive measu-
rements of central venous pressure (CVP)
carried out during the Spacelab=-1 7-day
space flight according to the method of
Kirsch who has kindly shared the data
obtained.

In this context we have specified
the following goals:

- to identify changes in blood cir-
culation, acid-base equilibrium and oxy=-
genation during 7-day simulated weight-
lessness: head-down tilt at =-15° and im-
mersion;

- to determine similarities and
dissimilarities between these changes;

- to compare CVP variations occur-
ring during 7-day space flight, head-
down tilt =-15° and immersion.

llethods

The basic procedure was a prolonged
(up to 12 days) implantation of catheters
to different compartments of the cardio-
vascular system of healthy men-volunte-
ers. Every one of them gave an informed
congent.

The test subjects (17 volunteers)
were subdivided into two groups that well
matched each other with respect to their
age, weight and height. Group 1 (8 sub-
jects with the average age 33 years,
weight 77 kg and height 179 cm) took part
in 7-day head-down tilt at -15° and
Group 2 (9 subjects with the average age
33 years, weight 86 kg and height 179 cm)
in 7-day "dry" water immersion. In the
latter case the test subjects remained
in recumbency in the water bath wrapped
in a water-proof film (Shulzhenko, Vil-
Vilyams, 1976).

Two or three days before the onset
of simulation a Swan-Ganz catheter tipped
with a thermistor was implanted into the
pulmonary artery and a Teflon catheter,
into the brachial artery. Pressure in the
right atrium, pulmonary and brachial ar-
teries was measured using highly sensi-
tive manometers located at the right
atrium level. Cardiac output was recorded
by the thermodilution technique. The
thermodilution curve was used to determi-
ne blood volume in the right heart and
variations in the right ventricle end-
diastolic and encd-systolic volumes. Acid-
base equilibrium and oxygenation para-
meters were measured by an autcmatic gas
analyzer. Circulation parameters and
blood biochemistries were determined
daily and during the first day almost
every hour. The methods of catheteriza-
tion and registration and measurement
equipment used were previously described
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light signal was used to identify and
describe time-course variations of the
motor function in weightlessness, which
never returned to the norm by the end of
flight (5,10,11).

Examination of the monkeys at the
recovery site showed that all the four
animals were in good condition after
their 5- or T-day flights. They were ac-
tive and their reaction to the people
around were adequate.

As a result of their 5-day flight
the monkeys Abrek and Bion lost 7.4 and
B.6% of their body weight. This should
be attributed not only to the effect of
weightlessness but also to their decrea-
sed food and juice consumption: during
flight Abrek consumed 2.5 times and Bion
4 times less food and juice than during
the same period of time before flight.
This resulted in body dehydration. Exami-
nations carried out during the first two
days postflight revealed decreases in
plasma volume by 27% and extracellular
and interstitial fluid by 33% (12).

After the T-day flight the body
weight of Vernyi and Gordyi remained un-
changed, Blood and plasma volumes dimi-
nished insignificantly. The average food
consumption of the monkeys made 55% and
90% of the amount normally consumed pre-
flight.

Blood analysis at the recovery site
showed signs of an acute stress-reaction
related to deorbiting and deceleration
as well as to the rendezvous with the ex-
perimenters.

Postflight the monkeys underwent
detailed clinico-physiological examina-
tions. Bion diet 69 hrs after recovery
because of small intestine volvulus. At
autopsy no significant signs of chronic
stress, inhibition of erythropoiesis,
increased destruction of red blood cells
or atrophy of limb muscles were detected

Thirty days after flight Vernyi and
Gordyi were exposed to the synchronous
control study in the biosatellite mockup,
in which all physiologically important
factors of space flight, except for weigh
welghtlessness, were simulated.

Conclusion

Physiological investigations of rhe-
sus-monkeys flown onbocard biosatellites
of the Cosmos series constituted a new
stage of Soviet research programs of spa-
ce biology and gravitational physiology.
These investigations have, first of all,
demonstrated that this animal model is
adequate to the goals specified with re-
spect to their priority. Moreover, the
data obtained can be extrapolated to man
which is of key importance for the theory
and practice of medical support of manned
gpace missions.
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Measurements performed with the use
of direct methods have shown that at an
early period of adaptation to weightless-
ness the excitation of vestibular neu-
rons connected with semicircular canals
and otoliths increases. Changes in the
vestibulo-oculomotor interaction during
this period of time have been identified
and described quantitatively.

lieasurements of blood flow velocity
in the common carotid artery did not re-
veal any significant variations at the
early period of adaptation to weightless-
ness. Taking into consideration this ob-
servation as well as distinct edema of
the face and neck of the monkeys during
=7 days of exposure to weightlessness,
it can be postulated that the cause of
unpleasant sensations reported by cosmo-
nauts and astronauts such as heavines in
ana blood rush to the head is not an in-
creased arterial flow to the upper body
but some other factors or mechanisms. At
present it can be suggested that in
weightlessness outflow of venous blood
and cerebrospinal fluid becomes somehow
hampered. Another possibility cannot be
excluaed - changes in vascular permeabi-
lity in the region of facial soft tis-
sues that are normally characterized by
a low interstitial pressure which produc-
es edema of the face, particularly lips,
and neck.

The above investigations have demon-
strated that by the end of 5-7 days in
welghtlessness most parameters under
study tend to the norm. However, during
this period of time they do not return to
the preflight level.

Further primate studies onboard bio-
satellites will help unravel the pattern
of adaptation of various physiological
systems to weightlessness. At the present
time Soviet scientists are busy preparing
various experiments on monkeys onboard
the biosatellite to be launched next
year. Emphasis will be placed on neuro-
physiological investigations of sensory
systems and behavior of animals in the
space flight of up to 14 days in dura-
tion. It is hoped that this increase in
flisht time will help examine physiologi-
cal responses of the animals not only
during the initial but alsoc the interme-
diate period of adaptation to weightless-
ness.
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For example, Abrek and Bion exhibited a
distinct decrease of heart rate, which
reached its peak at night and in the
morning, a drop of body temperature by
0.5°C by the end of flight, as well as a
change in HR and body temperature circa-
dian variations. By contrast, Vernyi and
Gordyi did not show any significant
changes in HR, body temperature and its
variations as compared to the preflight
values (1,4).

The vestibular function and vestibu-
lo-oculomotor interaction were_ examined
using two provocative tests (2). The
first test provided an adequate stimula-
tion of the otolith apparatus by means
of vertical displacement of the primate
chair. This displacement device was acti-
vated at 8.00 a.m. daily. The chair was
lifted to a height of 50 mm at a slow
speed and was allowed to fall down with-
in 1.1 sec. The test was conducted every
day for 3 min during which the chair was
taken up and down 12 times.

The second test was used to produce
an adequate stimulation of semicircular
canals and to investigate vestibulo-ocu-
lomotor interaction. Every morning after
the first test was completed the pre-
trained monkey was presented a positive
and a differentiation light signal of
0.5 sec in duration. The light signals
appeared on a gpecial panel in a random
sequence either to the left or to the
right from the panel center at an angle
of no more than 400. In response to the
positive light signal the monkey was to
turn his head towards the signal, fix his
gaze at it and push the stick of the arm
actograph. A correct response was reward-
ed with 0.3 g Jjuice. If the monkey made
an erroneous response, i.e. if he did not
push the stick in response to the positi-
ve light signal or if he pushed the stick
in response to the ditferentiation light
gignal, the monkey failed to receive a
portion of juice and the next signal was
presented with a delay. The test continu-
ed for 20-2% min daily; during this time
the monkey was presented light signals up
to 400 times.

Analysis of the electrical activity
of neuronal populations of the median
vestibular nuclei recorded inflight in
responsgse to dynamic stimulation of the
vestibular apparatus revealed excitation
of both the otolith organ and semicircu-
lar canals. Changes in the otolith respon-
ges developed earlier than those in the
canal responses. By flight days 5-6 the
neuronal responses of the vestibular nu-
clei to an adequate stimulation of the
vestibular apparatus returned to the pre-
flight level (4-7).

This increase in vestibular excitati=
on was accompanied by changes in the ves-
tibulo-oculomotor interaction. After gaze
fixation at a light signal the amplitude
and velocity of head movements decreased,
the rate of eye nystagmic movements in-
creased, the precision of eye fixation at
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the target decreased, and correction eye
movements emerged. These changes in the
regulation of eye and head movements di-
minished with flight time but did not
disappear before the end of flight (4-7).

Measurements of the blood flow li-
near velocity in the common carotid arte-
ry of Bion and Gordyi revealed its varia-
tions of different sign: in Bion it de-
creased while in Gordyi it increased
during the first hours of exposure to
weightlessness. However, this parameter
did not essentially differ from the pre-
flight level at later hours or days of
flight (8). This finding viewed in com-
bination with the edematous changes of
the face and neck suggests that the lat-
ter as well as other symptoms, e.g. the
feeling of heaviness in the head or nasal
congestion, which appear during the
first days in orbit are procduced not by
a greater blood flow to the head but by
something else. The first thing to be
taken into consideration is impaired out-
flow of venous blood and cerebrospinal
fluid and, in addition, increased vascu-
lar permeability, at least in the tissu-
es with a low interstitial pressure to
which the soft tissues of the face and
neck belong.

Examination of EKGs of the monkeys
did not demonstrate any amplitude or time
variations or pathological lesions in the
myocardium. According to the rheoplethys-
mographic data recorded during the Cos-
mos-1667 flight, cardiac output was at a
maximum on flight day 1 and at a minimum
at flight day 5. On the 1st flight day
the values of stroke volume and periphe-
ral blood flow resistance in the common
carotid artery were also maximal (1,8).

Every flight day a provocative test
that required stereotyped leg movements
(pushing the stick of the leg actograph)
in response to a light signal was carri-
ed out. As a reward or reinforcement the
animals were given a small amount of
juice. The monkeys Abrek and Gordyi re-
fused to perform this test throughout
the flight. Vernyi began to avoid this
test on flight day 4. In view of the
fact that the leg test is a more compli-
cated motor act than the arm test it can
be assumed that short term exposure to
weightlessness impairs significantly the
mechanisms triggering sophisticated motor
acts. On the basis of manned studies in
space it can also be assumed that this
functions should be restored completely
as soon as adaptation has developed. With
respect to simpler motor acts, i.e. push-
ing the stick of the arm actograph in
response to a light signal, no changes
were seen in weightlessness. These obser—
vations give evidence that weightlessness
produces no effect on mental processes
such as signal perception and processing,
decision taking and execution ?6,9).

Analysis of electromyograms and ki-

nemasic parameters of pushing the stick
of the leg actograph in response to a

§-33



Table l. Primate studies in Cosmos flights

Cosmos-1514 Cosmos-1667
Parameter

Abrek Bion Vernyi Gordyi
Age J yrs 5 yrs 3 yrs 3 yrs

7 mo 3 mo 1 mo
Weight 3500 g 4640 g 4040 g 4150 g
EEG of the cortical sensorimotor area + +
Neurogram of vestibular nuclei + + +
EOG + + -
IMechanogram of head movements + + +
EMG of leg back muscles +
Total motor activity + +
Deep body temperature + + + +
Skin temperature + +
EKG + + + +
Rheoplethysmogram + T +
Blood flow linear velocity * +
Arterial pressure + +

In the primate capsule the light:
dark cycle was 16318, i.e. the daytime
was kept from 8.00 a.m. to midnight and
the night-time from midnight to £.00 a.m.
Ambient temperature was maintained in the
range 24-25°C in the head area.

Every cay from 10.00 a.m. to 12.00
and from ¢.00 p.m. to 8.00 p.m. the ani-
mals were given a paste-like diet that
consisted of natural foodstuffs with a
well balanced content of proteins, fats,
carbohydrates, high-energy and trace ele-
ments. The daily diet contained 25.41 g
proteins, 20.2 g fats and 111.28 g carbo-
hydrates. The ratio of proteins, fats
and carbohydrates was 1:0.8:4.3.

Water content of the daily diet was
70% and its caloric value was 700 kcal.

VWhen performing conditioned instru-
mental reflexes in the morning and in
the evening, the monkeys could receive
through a nozzle 75 ml juice which was a
mixture of wild-rose berry syrup and
pomegranate juice (150 ml juice per day
at the most). The following environmental
parameters were maintained in the cabin:
oxygen - 150-210 mm Hg; carbon dioxide -
about 10 mm Hg; relative humidity 30-T70%;
temperature 21-259C; barometric pressure
715-780 mm Hg; ammonia below 5.5 mg/m3;
acetone, formaldehyde, mgthanol, acetal-
dehyde, propane l.5 mg/m’; oxygen concen-
tration 130-168 mg 0,/m’.

The maintenance and handling condi=-
tions in the Cosmos study did not produce
any speciiic adverse effects on the ani-
mals which increased the "purity" of the
results obtained.

The telemetery monitoring of the

health status of the monkeys during flight
covered the following parameters: heart
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rate (HR), respiration frequency, body
temperature, food and juice consumption,
behavior as judged from the TV data. All
physiological parameters during flight
were recorded on a tape recorder.

Results

In the flight program the highest
priority was given to the study of the
vestibular system and its interaction
with the oculomotor apparatus as well as
to the investigation of fluid redistribu-
tion to the upper body. Other experiments,
although they were paid much attention,
were of lower priority.

It should be emphasized that the
physiological responses of the rhesus-
monkeys to weightlessness at an early
flight period showed distinect individual
variations. During the first 1 or 2 days
all the animals were, as a rule, inactive
and sleepy. But thereafter they returned
to the normal at a different rate. For
instance, behavioral responses of the
monkey Abrek returned to the normal by
the end of flight day 2 while those of
the monkey Bion only by the end of flight
day 4. The monkeys Vernyi and Gordyi did
not show a noticeable inhibition of their
activity during the first flight days and
they did not display a high activity la-
ter on. It is important to note that dur-
ing the first two days of flight the face
and neck of the monkeys were edematous.
The edema decreased gradually but did not
disappear entirely by flight day 7. This
indicated that throughout the initial pe-
riod of adaptation to weightlessness the
water content of the soft tissues in the
upper body remained increased (1,4).

Marked individual responses of the
monkeys to the effects of weightlessness
were also confirmed by other findings.



PHYSIOLOGICAL INVESTIGATIONS OF FRIMATES
ONBOARD BIOSATELLITES COSMOS-1514 AND
COSLO0S-1067

0.G. Gazenko and E.A. Ilyin

Institute of Biomedical Froblems, Loscow,
123007, USSR

It is known that the early period of
adaptation to weightlessness occupies
the first 5 to 7 days of space flight.
During this time period many physiologic-
al changes that constitute the so-called
space adaptation syndrome develop. A com-
prehensive study of this syndrome was
the primary goal of physiological inves-
tigations of four monkeys flown onboard
Cosmos-1514 and Cosmos-1667 in 1983 and
1985. The flight duration was 5 and 7
days, respectively.

Methods

The investigations were carried out
on rhesus-monkeys, higher nonhuman pri-
mates, that have been studied in great
detail.

The mental function of rhesus-mon-
keys is so complex that their psycho-
emotional behavior and elementary ope-
rational acts can be explored. Obviously,
this is of great interest for biological
assessment of space flight effects on the
central nervous system and sensory (op-
tic, vestibular and motor) organs.

Rhesus-monkeys and humans have many
similar physiological characteristics,
esgey structure of the musculo-skeletal
and respiration systems, blood morpholo-
gical and biochemical parameters, blood
serological and antigenic characterist-
ics, duration of the menstrual cycle.

The major portion of the day the
monkeys keep the vertical or semi-verti-
cal posture. Due to this, they have well
developed gravireceptors in the circula-
tion system and the mechanism of cardio-
vascular regulation identical to that in
man. This morpho-functional characterist-
iecs of rhesus-monkeys makes it possible
to use them in studies of the effects of
weightlessness and acceleration on the
cardiovascular and other gravity-depend-
ent systems. Results of these studies
can with a high degree of certainty be
extrapolated to man.
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The description of the rhesus-mon-
keys used in the Cosmos studies is given
in Table l. The table also lists the
physiological parameters recorded using
implanted or attached electrodes.

The training period of the monkeys
continued, on the average, for l.5 yrs.
This period included candidate selection
on the basis of clinico-physiological pa-
rameters, monkey acclimatization with
the flight capsule, development of in-
strumental reflexes, and surgical implan-
tation of various electrodes.

The biosatellite carried two monkeys
and other biological objects (rats, fish,
amphibians, insects, plants, unicellular
organisms). Each monkey was kept in a
moulded chair in the bottom of which
there was a hole to collect urine and
feces. The monkey was rigidly fixed to
the chair in the pelvic area but its tor-
so and arms and legs remained more or
less tfree. Before launch and reentry the
animals were pulled to the back of the
chair by special restraints.

The monkeys were flown in special
capsules (1,2). Each capsule was equipped
with an air heater, light source, paste-
like diet and juice nozzles, blower,
waste collector, light signal panel, and
sticks of the arm and leg actographs to
perform conditioned motor responses (Fig.
1l). In flight the two monkeys were able
to see each other.
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Figure l. Primate capsule used in Cosmos
biosatellites. 1 - light source; 2 - TV
camera; 3 - Jjuice nozzle; 4 - light sig-
nal panel; 5 - food nozzle; 6 - stick of
the arm actograph; 7 - device for verti-
cal displacement of the primate chair;

8 - blower; 9 - food container; 10 - jui-
ce container; 1l - air decontamination
filter; 12 - waste collector; 13 - air
bactericidal filter; 14 - stick of the
leg actograph; 15 - scientific equipment;
16 - moulded primate chair.
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They concluded that the prone position seems
quite feasible in flights of at least two hours'
duration with head support and proper torso
bedding and that further examination of the prac-
tical aspects of prone pilot installations would
appear desirable, emphasizing cockpit dimensions,
hold-down gear, escape hatches, instrument place-
ment, and visibility (mirrors, etc.) (25).

There have been many studies over the years
which demonstrated that the supine position also
provides a very high G tolerance. However, for
both physiologic and psychological reasons, the
prone position is much superior to the supine,

One of the important differences is the severe

dorsal-ward displacement of the heart, and the

consequent severe overdistention of the ventral
region of the lungs, which occurs at high G levels
in the horizontal supine position. These effects
are associated with a much greater danger of lung
injury and larger dependent pulmonary arterial-
venous shunting than in the prone position

(21-23).

In any event, at this point I believe it is
appropriate to repeat the statement of F-16 pilot
Lt. Col. Steve Sniteman recorded in a recent CBS
Evening News broadcast: "High G tolerance gives
you the capability to turn and shoot somebody
down. 1If you don't have high G tolerance, you are
a grape. If my plane could pull 15 Gs and if I
went into combat and was trained to do that, that
is what I would want to do." This is a direct
challenge to the aerospace medical research and
engineering communities. The surest and safest
way to meet this challenge is to design future
fighter planes and train their pilots to fly these
planes in the horizontal prone position.

After all, Superman flies in the prone posi-
tion. We should redesign our fighter plane cock-
pits and train our fighter pilots to fly in the
prone position so they can perform as supermen,
too (2,3).
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and head levels in healthy humans (Figure 9) docu-
ment that the effectiveness of an anti-G suit is
directly proportional to its capability of pro-
ducing arterial hypertension at heart level during
positive acceleration (14).

Fig. 9

During a control exposure (Figure 10, center
panel) to 5 +G,, blood pressure fell to zero at
head level in spite of a normotensive level at the
heart. Inflation of the suit at 5 G (right panel)
produced a systolic hypertension at heart level of
about 200 mm Hg. This was sufficient to overcome
the hydrostatic gradient of nearly 125 mm Hg. bet-
ween heart and head levels and, therefore, to
maintain a blood pressure at head level sufficient
to support cerebral and retinal blood flow
throughout the exposure.

The protection afforded by the M-1 maneuver
is directly proportional to the degree of hyper-
tension at heart level that the pilot can achieve
during combat maneuvers (7).

Qur studies during the 1940s indicated that a
very well-trained man can increase his G tolerance
by as much as 3 G by using this maneuver (7).
However, this degree of protection would not allow
a very well-trained pilot to maintain vision at
levels of acceleration of more than 7-8 +G,.

Fortunately, however, the protection afforded
by simultaneous use of a G suit and various types
of voluntary straining maneuvers are directly
additive (7,18). This is the means that F-16
pilots use to prevent blackout and loss of
consciousness during very high-G maneuvering of
this modern fighter plane.

However, at 13.5 G, for example, which F-16
Pilot Sniteman would like to be trained to
withstand (2), the blood would be as heavy as mer-
cury so that a systolic pressure of nearly 340 mm
Hg. at heart level would be required just to main-
tain a column of blood up to the head and a systo-
lic pressure of at least 400 mm Hg. at the heart
would be required to maintain a blood pressure at
brain level sufficient to provide the minimum
cerebral blood flow required to sustain vision and
consciousness at this level of acceleration.

Colored motion pictures of subjects on the
Mayo Human Centrifuge during such exposures
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document tremendous engorgement of the skin
progressing downwards from ear level (20).
Photoelectric recordings of ear opacity (i.e. blood
content of the ear), made in 1943 during inflation
of the progressive arterial occlusion suit, com-
bined with a very vigorous M-1 maneuver, have docu-
mented that the blood content of the ear can
actually be increased above the control (1 G) level
throughout sustained exposures to 9 G. This has
occurred to the degree that all unprotected, i.e.
nonpressurized, areas of the skin below neck level
were covered with petechial hemorrhages (2).

These findings indicate that the very high
levels of protection required to prevent blackout
and loss of consciousness at levels of acceleration
of more than 7-8 G, are potentially dangerous.

Because of the very large vertical intratho-
racic pressure gradients at high levels of acce-
leration caused by the increased weight of pulmon-
ary blood and tissue, and the simultaneous negli-
gible increase in weight of the near-zero specific
gravity intrapulmonary gases - the function and
anatomical integrity of fragile lung parenchyma are
very susceptible to changes in the gravitatiomal=-
inertial force environment (20,21).

Studies in dogs and chimpanzees have demon-
strated that the normal vertical gradient in
pleural pressure at 1 G is magnified five-fold at 5
G so that alveolar collapse and pulmonary arterial
venous shunting and edema occur in dependent
regions of the lung, simultaneously with severely
overdistended alveoli and zero perfusion in the
most superior regionms (21,23).

Thoracic roentgenograms of healthy humans,
obtained just prior to and after an exposure to 6
G, illustrate that a striking reduction in lung
volume and increases in density in dependent
regions of the lung do occur at high levels of
acceleration (21,22).

These foregoing remarks and figures indicate
that normal human anatomy and cardiorespiratory
physiology, particularly in the upright seated
position, are poorly designed for exposure to high
force environments. Furthermore, efforts to in-
crease tolerance to positive accelerations of more
than 6-9 G require combined use of a G suit and
continuous, properly executed, straining maneuvers
which, if relaxed for a few seconds, can lead to
blackout and - with a high probability of a fatal
crash - unconsciousness, Furthermore, more inten-
sive use of these maneuvers to sustain even higher
G levels carries potential danger of injuries to
the lungs and the cardiovascular systems.

Studies carried out in a number of labora-
tories over the years indicate that these problems
could be largely avoided by assumption of the prone
position (2). A 1943 report (24) documented that:
In the prone position humans can tolerate very high
accelerations without visual symptoms, and that
excessive pressure on the chin at high accelera-
tions could probably be largely eliminated by a
properly designed chin rest/or a chin cap.

Two years later in 1945, Drs. William Clark,
Jim Henry, and co-workers carried out a much more
complete study of the prone position in the human
centrifuge in the Aeromedical Laboratories of the
University of Southern California. Their prone
position assembly incorporated a counter-weighted
head support so that the subject could raise,
lower, and turn his head during high G exposures.

None of their eight subjects experienced vis-
ual symptoms during exposures to 12 G when the head
was horizontal with the trunk. However, if the
head were raised 4-6 in. above the horizontal,
completed blackout occurred at 10-12 G in some
subjects,
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PHYSIOLOGICAL RESPONSES DURING WHOLE
BODY SUSPENSION OF ADULT RATS

J. M, Steffen, R, D. Fell and X. J. Musacchia

Depts. Biology, Exercise Physiology and
Physiology/Biophysics, University of Louisville,
Louisville, KY 40292

ABSTRACT

The objective of this study was to
characterize responses of adult rats to one and
two weeks of whole body suspension. Body weights
and food and water intakes were initially reduced
during suspension, but, while intake of food and
water returned to presuspension levels, body
weight remained depressed. Diuresis was evident,
but only during week two. Hindlimb muscle
responses were differential, with the soleus
exhibiting the greatest atrophy and the EDL a
relative hypertrophy. These findings suggest
that adult rats respond qualitatively in a manner
similar to juveniles during suspension.

INTRODUCTION

The hypokinesia (decreased muscle use) and
hypodynamia (reduced mechanical Toading) induced
by suspension techniques have been utilized to
simulate muscular (Musacchia et al., 1983) and
skeletal (Doty and Morey-Holton, 1984) responses
as well as cardiovascular (Musacchia and Steffen,
1984), fluid/electrolyte (Deavers et al., 1980),
hematological (Dunn et al., 1985) and
immunological (Rose et al., 1984) alterations
associated with microgravity. A potential
limitation of the current ground-based model has
been a reliance on the use of immature, rapidly
growing juvenile animals as experimental
subjects. Although much useful data has been
obtained from these studies, the results could be
limited when comparisons to adult human responses
are required. Whether adult subjects respond to
suspension in a manner comparable to juveniles or
whether adaptive responses differ between these
groups has not been completely elucidated.
Therefore, we have undertaken a study designed to
characterize the responses of adult rats to whole
body suspension.
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MATERIALS AND METHODS

Adult (450g) male Sprague-Dawley rats were
suspended for up to 14 days with a 25° head down
tilt utilizing an adaptation of the procedure
previously described for juveniles (Musacchia et
al, 1980). To accomodate animals of a larger
size, the perforated aluminum back braces and
denim/velcro harnesses were enlarged
appropriately. The following parameters were
determined for three days prior to suspension and
daily during suspension: body weight, food and
water intakes and urine volume. A group of
animals was sacrificed as time zero controls for
determination of starting muscle weights (soleus,
gastrocnemius, plantaris, EDL, quadriceps and
tibialis anterior). Muscles were excised from
experimental subjects after seven and fourteen
days of suspension.

RESULTS AND DISCUSSION

A rapid reduction of food and water intake
following suspension resulted in a loss of body
weight (Table 1). Weight loss stabilized at
approximately a 15% decrease after 4-5 days of
suspension and remained at this level for the
remainder of the experimental period. Food and
water intakes slowly recovered to presuspension
levels after 5-6 days of suspension and there-
fore cannot easily account for the continuing
depression of body weight. Adults exhibited a
slightly diminished output of urine during the
first two days of suspension, but urine volume
increased to levels 50-75% greater than
presuspension values by the second week of
suspension., The absence of an early diuretic
effect in adults contrasts with previous
observations in juveniles (Deavers et al, 1980)
and could be related to reductions in water
intake during this period.

Hindlimb muscle responses to suspension
unloading were most evident in adults during
the second week of suspension, in contrast to
juveniles (Musacchia et al., 1983).
Differential hindlimb muscle sensitivity to the
atrophic effects of disuse followed the pattern
observed in juveniles, with the soleus muscle
most responsive (>20% weight loss) over the 14
day period. The gastrocnemius, plantaris and
quadriceps atrophied to a smaller extent (<15%
weight loss) than the antigravity soleus. The
anterior compartment muscles (EDL and tibialis
anterior) did not atrophy and exhibited a
relative hypertrophy when muscle weights were
normalized for body weight differences. The
absolute response of muscles from suspended
adults appears to be less than that observed in
juveniles.

In summary, responses of adults to
suspension are qualitatively similar to
previous observations reported for juveniles.
However, there do appear to be specific
quantitative differences which may be of
importance. Included among these is the
apparently slowed rate of response of adult
muscle to suspension unloading. (Supported by
NASA grant NAG 2-386).



number of linked cells are required for initial analysis of
stimulus vectaors): at the first central. integrative level
within a system (it is also laid out in linked domains): at
central structures comparing signals coming in from the
two sides [lack of strict symmetry): and at central reflex
and conscious stations. where prior sensory analyses are
compared for action [(as between visual. kinesthetic and
vestibular information, to determine the position of self
in gravitational space for appropriate motor response).

How neural tissue compares information must be
resolved experimentally. However. in macular sensory
fields the initial process would appear to be vector
addition to obtain a resultant that is transmitted by
neural code to the brain. The coding is accomplished by
altering existing background discharges in eighth cranial
nerve neurons. Georgopoulos et al. [1986) have analyzed
responses in a population of neurons in monkey motor
cortex and have provided evidence for vector summation
(addition) in coding of arm movement. They suggest that
this process might be used in general by neuronal assem-
blages coding motion direction, which would include
linked hair cells in bioaccelerometers. However, as
suggested by Land's work and by macular morphology
described briefly here and elsewhere. comparisons in-
volving resultants could be universally utilized by neural
tissue to interpret the environment and to direct motor
responses.

If the premises discussed above are correct then study
of the vestibular system in space and in related. ground-
based research has more far-reaching consequences than
any of us dreamed when we began. Physiological studies
of hair cell responses and resulting nerve activity in
anatomically defined sensory fields, and of end organ
adaptability to new acceleratory environments are
particularly required. Such integrated anatomical and
physiological investigations could not only lead to new
understanding of how vestibular receptors function. but
also to greater knowledge of functioning of neural tissue
in general.
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Figure 3: Two collaterals of afferent-type [arrow-
heads) emerge from this calyx [C). The collateral at
left contacts a type |l (I1) hair cell. Efferent-type
terminals (double arrows) synapse on the afferents and
also on another nerve fiber [N] in the field (lower left).
(11,000X)

metry in some portion of the macular end organs was
suspected as a possible cause of space motion sickness
(Space Adaptation Syndrome) by Egorov and Samarin
(1970) and by von Baumgarten et al. (1875). Experimen-
tal support for this concept was obtained by Kornilova
et al. (1983] through their study of Soviet cosmonauts.
But a morphologic basis for such asymmetry has been
difficult to demonstrate until now.

The importance of ground-based studies in the context
of space research cannot be over-emphasized. We may
take the example of our own work on neural innervation
patterns and implications from findings on otoconia in
rats that were space-flown. Previous common knowl-
edge of macular organization was based upon study of
single sections, or of a limited number of serial sections.
This work strongly indicated that each type of hair cell
had its own kind of connection with the brain stem: type
| cells had calyces and type |l cells had boutons or demi-
calyces. Occasionally. a type |l cell was additionally
innervated by a calyx or a calyceal collateral (Ades and
Engstrom, 1965). As a result. the first place significant
integration of signals from the two kinds of receptors
could occur was in the central nervous system. Only
when we began to assemble long series of sections. and
to trace specific cells and nerve endings. did we begin
to learn that type | and type |l hair cells are integrated
peripherally into the same neural circuitry. and that the
innervation patterns are varied by location and are com-
plex. Moreover, patches of hair cells forming individual
sensory fields are linked to one another through shared
type Il hair cells. Within a single field. hair cell polari-
zations differ slightly from cell to cell so that vector
addition must occur. Taken together. the findings in-
dicate that the maculas. like the retina. have a mor-
phology that indicates that complex processing of
sensory information occurs peripherally. Additionally.
macular end organs appear to be dynamic on morpho-
logical grounds. because of the presence of kinocilia
having all the ultrastructural features of motile cilia
(Ross et al., 1985b: Ross and Donovan, 1986). The end
organ should be highly adaptable (given sufficient time)
to new but not overwhelming changes in a gravitational
environment. Space Adaptation Syndrome. then, may
reflect peripheral as well as central adjustment to
microgravity.

Short-term peripheral adaptation can be tested
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through physiological experiments on future space flights.
Maorphological correlates might be alterations in number
and/or configuration of ribbon junctions, and in propor-
tions of various kinds of vesicles at efferent-type synap-
ses. Demonstration of such changes. should they take
place, will require the most detailed kinds of reconstruc-
tions to prove their existence.

The value of reconstructions in all vestibular research
in which comparisons are to be made between space-
flight and control material must be stressed. Our current,
most primitive reconstructions have already revealed
facts not observed through research with single sections
or by study of montages of serial sections. Results of
computer-assisted reconstructions demonstrate that
many of the type Il hair cells of the M-type sensory field
have their heads (the detecting part) within the territory
outlined by type | cells. This is important functionally,
because type |l cells routinely have shorter kinocilia and
stereocilia than do type | cells and may respond after
type | cells of the same sensory field are stimulated.
Certain type |l cells extend their heads into territory
between sensory fields, however. These may serve to
"talk to" adjacent fields. They would help define bound-
aries during low-grade stimulation but could provide for
overlap in sensory fields as strength of force increases.

The findings that the two kinds of hair cells are
integrated into the same neural circuitry and that
maculas are organized into linked domains may prove to
be the most significant findings of this ground-based
research. The most exciting conceptual result is the
idea that the macula. like the retina, is a microcosm of
the brain. Maculas have the advantage for study in that
they are more simply organized than the retina. Like
the retina. however. which has rods and cones. maculas
have different kinds of detecting elements. Even in
maculas of vertebrates having but one basic type of hair
cell, the type |l variety, there is evidence of subclasses.
Lewis and Li [1975) defined 6 morphologically and
functionally different kinds of type Il cells in frog. In
rat. which has both type | and type Il hair cells, B differ-
ent kinds (type | and type Il cells considered together]
were distinguished on the basis of stereociliary tuft
morphology (Ross et al., 1985b).

This diversity in hair cells is a starting point for dis-
cussion of comparison as the basis for information pro-
cessing by maculas, and by neural tissue in general, as
first proposed by Land (1977] for the visual system. Land
showed that two detecting systems. which respond to
different wavelengths of light. are required for color
vision., He has suggested that somewhere in the visual
system, in retina and/or cortex. the processed informa-
tion [called "lightness") coming from the two systems is
compared. Reflectance alone does not determine the
color seen. but perception of one patch of color is in-
fluenced by patterns of color around it (Land. 1977:
Brou et al., 1986).

It is a feature of retinal function (and of all sensory
receptors) that detection of a stimulus depends upon
change. Visual recognition that two objects are differ-
ent requires that a boundary difference between them
be distinct and also be detected. It is commanly known
that even if contrast at boundaries is pronounced. images
stabilized on the retina vanish [see discussion and exper-
iments outlined in Brou et al., 1986). The importance of
change in signal detection is one reason why thinking
of maculas as passive detectors of gravity., a constant
force, must be erroneous (Ross, 1985b).

The notion of comparisons as fundamental to retinal
functioning. espoused by Land (1977), has further
analogies to the maculas and to the working of nervous
systems in general. Comparisons may be the basis of
neural operations at all levels: at end organs [a specific
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Figure 1: The lateral border of the left utricular
macula of a 51-day-old rat is illustrated here. Compare
otoconia with those in Figure 2. (BODX)

Scanning electron microscopy: Otoconia from fixed
(3 older rats) and unfixed (6 young rats] inner ears were
obtained from space-flown rats and from 18 ground
controls. DOetails are given in Ross et al.. 1985a. and in
Ross and Donovan. 1886.

RESULTS

Otoconia: Otoconia from both groups of space-flown
rats showed no signs of demineralization. Both flight
groups also showed accumulations of very small otoconia
along the lateral border of the otoconial patch, but
weight-matched controls did not exhibit numerous minia-
ture otoconia. The tiny otoconia often appeared to be
closely associated with body surfaces of large otoconia.
as though they grew from them. Saccular otoconia
showed a smoothing out of otoconial body surfaces com-
pared to ground controls. This smoothing occurred
throughout the patch and was not confined to a specific
region as were the utricular differences noted.

Because we had not noticed such miniature otoconia in
otoconial patches in previous work with rats of the
Charles River strain. it appeared essential to study more
ground controls obtained from Taconic Farms. The
question of possible laterality in otoconial distribution
had to be answered because few matched pairs of oto-
conial patches were available. This was because some
flight and ground-control specimens had been turned
over to examine under- as well as top-sides of the
patches for possible morphalogical changes.

Subsequent investigation of three groups of Taconic
rats, ranging between 51 and 93 days of age. showed
that differences in otoconial size existed along the
lateral borders of the two utricular maculas in the same
animal (Figures 1 and 2). No increased proclivity for
right or left side dominance in distribution of miniature
otoconia could be found in the small sample studied.

Macular neuroepithelium: Ultrastructural research
using serial sections has shown that type Il cells are
integrated into the neural circuitry supplying type |
hair cells. That is. type Il hair cells are in close apposi-
tion with calyces and synapse with them through ribbon
junctions. Calyceal collaterals also contact type |l
hair cells extensively. but these can be of efferent as
well as of afferent type (Figure 3]). Efferent-type
calyceal collaterals are often beaded and vesiculated
and usually end opposite subsynaptic cisterns. The
final source of afferent innervation of type Il hair cells
is from branches of nerves terminating otherwise as
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Figure 2: Otoconia at the lateral border of the
right utricular macula. shown here. are larger than those
of the left. shown in Figure 1. (BOOX).

calyces.

A second kind of efferent-type nerve terminal occurs
in the vestibular system. This kind is highly vesiculated
and chiefly terminates on calyceal collaterals, close to
their origins [Figure 3). and on neural elements in the
field [Figure 3). The terminals show presynaptic densi-
ties, which serve to orient vesicles at the synapse: and a
subsynaptic web is often present. The origin(s) of fibers
terminating in these ways is (are) still not known with
certainty. Adding to the complexity are afferent-type
fibers having vesiculated terminals on type Il hair cells
or on other afferent- or efferent-type neural elements
in the neuroepithelium.

It was also learned that there are three different
kinds of nerve innervation patterns in the saccular
macula: the "U" type. in which the parent nerve loses its
myelin below the macular neurcepithelium: the "MU"-
type. in which the nerve is myelinated to the base of the
neurcepithelium but a short unmyelinated segment occurs
before the calyx: and the "M"-type pattern. in which the
calyx springs directly from the myelinated nerve. A
recent study of a series of 415 sections showed that these
same kinds of terminal patterns occur in the utricle. A
single M-type terminal together with its associated hair
cells was reconstructed from these sections. Its calyx.
which contained five type | cells, was apposed by eight
type Il cells. Six of the eight type Il cells had their
heads within the area outlined by the type | cells. While
it was not possible to demonstrate specific cell polariza-
tions with the program used, it was apparent that many
of the heads of the hair cells were oriented at angles to
one another.

DISCUSSION

Results obtained from rats flown on SL-3 are indica-
tive of the ultimate importance of the new tool. micro-
gravity. in the study of the vestibular end organs. Space-
flight experiments using rats and frogs [Vinnikov et al.,
1980: Ross et al.. 1985a) continue to demonstrate that
macular end organs are able to cope with microgravity.
Otoconia do not demineralize and disappear, at least
over short-term space flight. Other findings which
suggest a slight increase in otoconial mass [Lychakov and
Lavrova, 1985: Ross et al., 1985a) require much additional
testing. In our own case, exploration of the possibility
that Taconic rats had laterality in otoconial distribution
resulted in demonstration of end organ asymmetry in
this strain. This finding will have to be taken into
account as our space-related research continues. Asym-
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ABSTRACT

Otoconia of maculas of Sprague-Dawley rats [Taconic
Farms) flown aboard Spacelab-3 showed no signs of de-
mineralization. Other findings were accumulations of
miniature otoconia at the lateral border of utricular
patches and a smoothing of surfaces of saccular otoconia.
These features were not observed in age- and weight-
matched ground controls. Subsequent study showed oto-
conial asymmetry to be normal in this strain. Further
research in space, taking this into account, is clearly re-
quired. Findings of ground-based studies would suggest
that neural structures of maculas are adaptable to micro-
gravity but might show changes over time. Moreover,
maculas have the potential for integration of the sort
ascribed to brain and retina. although on a less complex
scale. They may act as comparators, and asymmetry may
be an important property. Coordinated studies in space
and on the ground could lead to new understanding of how
maculas function and adapt to new acceleratory environ-
ments: and to insights about the functioning of neural
tissue in general.

INTRODUCTION

The vestibular macular end organs are the only sensory
receptors dedicated solely to the detection of gravita-
tional and translational linear acceleratory forces. Sig-
nals generated at the periphery are integrated centrally
with visual and kinesthetic inflow to keep the organism
oriented praoperly in its normal. 1-g environment. It is
self-evident that appropriate studies of vestibular
maculas in the virtual absence of one of their normal
stimuli, gravity. could tell us a great deal about how they
function on Earth.

Recently. we were fortunate to obtain inner ears from
rats flown on board Spacelab-3. Only the otoconial
patches could be studied in detail because of the time
interval between death and dissection of the temporal
bones (see Material and Methods section. below]. Results
of our investigation demaonstrated unequivocally that
exposure to the entire spectrum of environmental con-
ditions experienced during the flight and return on
Spacelab-3 had no deleterious effect on otoconia (Ross
et al., 1985a; Ross and Donovan, 1886). The conditions
were lift-off acceleratory force, microgravity 7 days in
duration, deceleration during landing. and 1-g for 12 hrs
prior to tissue harvest, Part of the postflight time at 1-
g was spent on a Lear jet flying from Edwards Airfield
in California to Kennedy Space Center in Florida.
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Other observations were made that are more open to
question. These were that miniature otoconia were
prominent on the lateral side of the utricular otoconial
mass in space-flown rats but not in age- and weight-
matched. ground-based contrals: and that body surfaces
of saccular otoconia were smoother than those of con-
trol rats (Ross et al., 1985a: Ross and Donovan, 1986).
These findings are fraught with the danger of experi-
mental error because of the necessity of removing the
otoconial patches from the maculas. They must be sub-
jected to further, rigid testing both on the ground and
in space. One question., that of possible normal asymme-
try in otoconial distribution, has already been answered
through further ground-based studies. In comparing the
lateral borders of right and left utricular maculas for
the Taconic Farms rat strain. one side shows larger
otoconia than the other [Ross and Donovan, 19861,

The results of SL-3 and of related. ground control
experiments are reviewed here as are other findings
obtained over the past few years from ultrastructural
work with serial sections. The latter research is be-
ginning to demonstrate that macular end organs are
dynamic analyzers of vectors of linear acceleratory
forces [Ross. 1885a. b). Such basic research in concert
with well-controlled flight experiments is valuable in
providing a better understanding of the functional
organization cf these living linear accelerometers, and
of their adaptability to new acceleratory environments.
Our research is also revealing similarities between the
organization of the maculas and the retina and the
brain. Hypothetically. the maculas. like the retina,
could function on the basis of comparisons (Land. 1977).
Such comparisons, made through vector addition. may
be fundamental to the functioning of neural tissue
wherever it occurs. Thus, space experiments on the
vestibular system are possibly uniquely capable of
answering basic questions of neurobiology even as they
can be used to meet more practical goals of space life
sciences.

MATERIAL AND METHODS

Sprague-Dawley rats were used throughout. Patho-
gen-free animals ~60 days old and weighing 225-275
gms obtained from Charles River generally are employ-
ed for basic ultrastructural research, including serial
reconstructions. Older and younger animals, including
fetal rats. have been studied. however. Space-flown
animals and their controls were obtained from Taconic
Farms. Within each of these groups were 6 animals
~51 days old. weighing ~200-265 gms: and 3 animals
~93 days old. weighing ~375-400 gms. Controls of the
Taconic strain used for laterality studies were of 3
different ages: 3 animals were 51 days old. 200-212
gms in weight: 3 were 72 days old, 270-300 gms in
weight: and 3 were 93 days old. 360-400 gms in weight.

Preparation for transmission electron microscopy:
Details of tissue preparation have been presented by
Ross. 1985a: and in Ross et al.. 1986. The specific
primary fixative used in our most recent series from a
utricular macula (415 sections] was 2.5% glutaralde-
hyde + 0.5% paraformaldehyde + 1.0% osmium tetrox-
ide in 0.1M phosphate buffer, pH 7.4,

A point not sufficiently emphasized previously is that
both inner ears must be in fixative within 2 mins. This
requirement has been determined empirically. Because
no temporal bones were given to us within this time-
frame. macular tissues of space-flown animals showed
artifact and could not be responsibly reported upon.
Only otoconia, which we have previously shown to be
impervious to detectable morphological alteration if
kept in situ for up to 72 hrs following death [(Ross et
al.. 1976), could be used for study.
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compensatory eye conter-rotation with
pauses that coincided with the intervals
when the head was fixed at the shoulder.
The examinations carried out on mission
days 1 and 5 demonstrated that the oto-
lith reaction of eye counter-rotation
with the eyes closed did not disappear
but slightly diminished. As indicated by
electrooculograms, this reaction develop-
ed at a much slower rate (lack of pauses)
and was accompanied by a nystagmus on
day 1. With the eyes open and the gaze
fixed complete destabilization was ob-
served on mission davs 1 and 5.

Ig
rigure 4. Electrooculograms during aciive
head movements (in the frontal plane) be-
fore flight (A,B) and during flight
(flight day 2) (C,D). 1,3 - eyes closed;
2,4 - eyes open, no gaze fixation; a -
EOG horizontal lead; b - EOG vertical
lead. Calibration: 100 mkV, 1 sec.

Thus, the flizht study of the ocu-
lomotor function within the framework of
the experiment Optokinesis was the first
one in which changes in the vestibulo-
oculomotor interaction were reccrded ob-
jectively and quantitatively. These chan=-
ges, on the one hend, indicated an in-
crease in dynamic excitation of the optic
and vestibular inputs (decrease of the
thresholds of the optokinetiec and the
vestibular nystagmus) and, on the other,
they suggested a decrease in static ves-
tibular excitation (reduction and loss
of saccades during pursuit of a moving
spot with the heed in a fixed position).

Similar changes were reported by
Gualtierotti et al. 6 : static excita-
tion of several vestibuler receptors was
decreased ané dynamic excitation was
markedly increased - the receptor cell
that was static before flight acted as a
dynemic structure during flight. The
weightless state affects not only the
function of receptors of the vestibular
apparatus but also modifies the receipt
and transmission of sensory signels at
every level of the central nervous sys-

tem.
In conformity with existing concepts
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of clinicel vestibulology, saccadic chan-
ges observed in weightlessness can be at-
tributed to the involvement of the brain
stem and cerebellum, disorganization of
vestibular-cerebellar interactions, and
modification of pontic-vestibular-cere-
bellar interactions.

Floating eye movements recorded in
weightlessness may reflect changes in the
function of stabilizing, controlling
central brain formations, i.e. midbrain
reticular formation and brain cortex 7,
8,9 . iWention should also be made of the
unloading of the musculoskeletal system
and proprioceptive deprivation which cer=-
tainly modulate the reactions under study

10,11 . It is very likely that the de-
crease of the proprioceptive flow modi-
fies the function of vestibular nuclei
and midbrain structures and therefore has
a bearing on changes in vestibular exci-
tation. On the other hand, in these con-
ditions the reverse corticofugal flow may
diminish and inhibitory effects of the
cortex upon subcortical structures may
decline (sensory gates open) which may
menifest as a decrease of the thresholds
of sensory reactions.

Obviously, changes in blood and CSF
circulation that occur in weightlessness
and modify the normal brain supply and
function also play an important role in
the development of sensorimotor reactions
in this unusual environment.
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Figure 2. Electrooculograms of eponteneous and evoked eye movements.
A,B - light spot moves in the horizontal direction; C,D - light

spot moves in the vertical direction (accordingly, horizontal and
vertical EOG leads); A,C - EOG before flight; B,D - EOG during
flight (flight day 2): 1 - EOG of spontaneous eye movements; 2 - EOG
of tracking eye movements with the head in a fixed position; 3 - EOG
of tracking eye movements after side-to-side head movements; 4 - EOG
of tracking eye movements sfter rotatory head movements; 5 - light
gpot. Calibration: 10°, 1 sec.
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Figure 3. Lower threshold of optokinetic nystagmus on Esrth (A)
and in space flisht (B). V - velocity of optokinetic stimuli
(black-and-white strips °/s). Calibration: 10°, 1 sec.

vestigation of both the optokinetic re- The oculomotor response to an ade-

flex and opto-oculomotor reactions in-
flizsht demonstrated a distinct asymmetry
of oculomotor responses to motor stimu-
lation of different direction (decline
of the reaction by 18-20% in response

to the displacement of the spot from the
left to the right).

The Physiologist, Vol. 30, No. 1, Suppl., 1987

quate vestibular stimulation also chang-
ed (Fig. 4). Turing side-to-side move-
ments of the head at a frequency of one
movement per second controlled by the
metronome with the eyes open or closed a
distinct sinusoidal curve was recorded
before flight. This curve describes s
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frontal plane (from the right to the left
shoulder within 90° of arc) at a frequen-
cy of one movement per second for one mi-
nute;

- continuous head rotation about the
vertical axis (from the right to the left
within 90° of arc) at a frequency of one
rotation per second for one minute,

The protocol of the experiment
Optokinesis required that the following
parameters be recorded:

1) spontaneous eye movements;
2) tracking eye movements;

3) upper and lower limits of the
optokinetic nystagmus;

4) eye movements during predominant
otolith stimulation (side-to-side move-
ments);

5) tracking eye movements, then up-
per and lower threshold of OKS after ac-
tive head movements;

6) eye movements during predominant
canal stimulation (head rotation);

7) tracking eye movements, then up-
per and lower threshold of OKS after
active head rotation).

Vlhen analyzing oculograms recorded
during optomotor stimulation, the follow=-
ing parameters were measured: coeffici-
ent of synchronicity, i.e. ratio of the
frequency of oculomotor responses to the
frequency of optic stimulation presented;
coefficient of phase relations, i.e. ra-
tio of time intervals between input
signels and eye reaction intervals; sac-
cadic amplitude, rate of the slow track-
ing phase, and reaction asymmetry. i’hen
evaluating nystagmograms recorded during
optokinetic stimulation, the following
parameters were also measured: nystagmus
frequency and amplitude, reaction asym=-
metry, velocity of band presentation at
which the nystagmus appeared and disap-
peared.

Oculograms recorded during vestibu-
lar stimulation (head turns and rotation)
were evaluated with respect to the pat-
tern of the sinusoid curve, i.e. whether
it was smooth or had many kinks, whether
nystagmic eye movements were present or
absent.

The examinations during the Soyuz-T
- Salyut-7 flight were performed by Lr.
Oleg Y. At'kov, a cosmonaut-physician, on
flight days 2 and 5 as well as before and
after flight. Oculomotor reactions to
optomotor and optokinetic stimulation
were recorded when the head was in a fix-
ed position.

This study revealed various changes
in the oculomotor function in space flight
that were associated with changes in the
vestibular apparatus and vestibulo=-pro-
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prio-oculomotor interactions.

Tracings of eye movements in the ab-
sence of stimulation, i.e., with the
gaze fixed and in the light-proof goggles
with the eyes open) showed destabiliza-
tion of the eye apple which included an
increased spontaneous oculomotor sctivity
of saccadic and floating character in two
subjects and in the form of the nystagmic
reaction in one subject on flizht day 2
(Fig. 2).

Significant changes were also de-
tected in the oculomotor tracking functi-
on (Fig. 2). On flight day 1 the changes
were seen duriny the pursuit of the light
spots that moved in every direction; how-
ever, they were most distinct during the
pursuit of the spots that moved in the
vertical or diagonal direction.

Before flight the coefficients of
synchronicity and phase relations were
within 0.9-1.1 and the saccadic amplitu-
des were stable with the variation scat-
ter 2°, In flight these coefficients de-
cresced significantly to 0.4-C.6 and the
saccadic amplitucdes diminished and lost
their stability (hypometry or hypermetry
with the veriation scatter 8°). Turing
the slow pursuit phase (compensatory eye
deviations towards the spotg additional
correction saccades appeared (and the
precision of the oculomotor resctions
decreased) and in certain cases they
were superposed by the nystagmic reacti-
On.

Cn mission day 5 the pattern of pur-
suit of a single spot moving in different
directions returned to the preflight le-
vel in all crewmembers.

In the early period of adaptation to
weightlessness oculomotor responses to
vestibular stimulation also changed. Be-
fore flight vestibular stimulation in the
form of rotatory or rocking head move-
ments (which constitute a combination of
complex movements) increased the ampli=-
tude of the oculomotor response to opto-
motor stimulation and caused correction
saccades. However, on mission day 2 the
seme responces seemed to make up for the
veetibuler input deficiency and normaliz-
ed the oculomotor function in two sub-
jects and completely disorganized it in
one subject. On mission day 5 vestibular
stimulation did not produce a significant
effect on the type of occulomotor respon-
ses.

The study of the upper and lower
thresholds of the optokinetic response
during flight revealed their distinct
decline in 8ll subjects: preflisht the
lower limit of the optokinetic nystagmus
corresponded to the stimulation rate
5-6 °/sec and the upper limit, to 10-20
°/sec and in orbital flizht the lower
limit was 2-3 °/sec and the upper limit
was 8-9 °/sec (Fig. 3). The decrease of
the optokinetic reflex thresholds was
also detected in all subjects on mission
day 5. It should be noted that the in-



SENSORY INTERACTION IN WEIGHTLESSNESS
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One of the crucial problems of spa-
ce medicine related to short-term space
flights was and still is space motion
sickness. Among several theories advanc-
ed to explain its origin the theory of
gensory mismatch or sensory conflict has
won general recognition.

It is very likely that the major
source of sensory conflict is the infor=-
mation transmitted along the vestibular
channel tecause its input is a mechano-
receptor formation which has emerged and
developed in the gravity field. Weight-
lessness modifies seriously the function
of the vestibuler as well as other affe-
rent systems, particulerly the musculo-
skeletal syste-, which closely cooperate
to provide spatial orientation and motor
and autonomic regulation.

Prior to 1984 no studies of the ves-
tibular apparatus or manifestation of
vestibular signals in the perceptive,
gensory, sensorimotor and autonomic re-
actions in the weightless state were per-
formed (except for regular measurements
of the vestibular function before and
after flight).

Recent vestibular studies performed
by Soviet investigators (Primate experi-
ment on Cosmos-1514 and -1667 - I.B.Koz-
lovskayae et al. 1 and Optokinesis ex-
periment on Soyuz-T - Selyut-7 - L.N.
Kornilova 2, 3 and by American and
Wlest European investigators (Shuttle and
Shuttle-Spacelab - W.Thornten, L.Young,
I1.Reschke, A.Benson, R.Baumgarten, A.
Berthoz, J.Lichgans, Ch.Oman et al. 4,

5 ) have considerably expanded the scope
of our knowledge about the function of
the vestibular system and its interaction
with other afferent inputs in weightless-
ness.

The present report reviews the data
obtained in one of the very first rele-
vant investigetions, i.e. the experiment
Optokinesis performed in 1984 during the
T-day Soviet-Indian joint flight and the
237-day Salyut-T7 flight.
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The purpose of this study was to:

- investigate spontasneous oculomotor
activity and its dependence on optokine-
tic stimulation (OKS);

- determine eye tracking movements;

- determine threshold and supra-
threshold sensitivity of the oculomotor
function to OKS of different direction
but of a known magnitude;

- examine cardiovasculsr responses
to prolonged OKS;

- assess vestibulo=-oculomotor reac-
tions to predominent otolith (head side-
to-side movements in the frontal plane)
or predominant canzl (head rotation about
the long axis) stimulation;

- evaluate the effect of active head
movements on optooculomotor reactions;

- investigate adaptation of sensory
systems to the weightless state with re-
gspect to oculo-motor reactions to vesti-
bular and optokinetic stimulation.

The OKS program is shown in Fig. 1.

a b C
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Figure 1. The prozram of Optokinesis ex-
periment. a - oketim before vestib. sti-
mulus; b - vestib. stimulus; ¢ - okstim
after vestib. stimulus.

The OKS program on a video tape (re-
corded by a Hungarian unit "Oking"§ pro=-
vided:

- presentation on a TV screen of a
light spot of 0.5° of arc that moved in
different directions at a frequency of
1 Hz;

- presentation on a 20° of arc TV
screen of black-and-white bands (of about
2° of arc in size) that moved at a velo-
city of 1 to 20°/sec in the horizontal,
vertical and diagonal directions.

Adequate vestibular stimulation in-
cluded:

- continuous head movements in the
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Figure 3. Single unit activity of MVN recorded during horizontal eye move-
ments. 1 - fragment of recording; 2 - single unit activity discriminated by
"threshold" procedure; 3 - frequency distribution on preflight and differ-

ent flight days.
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Figure 4. Integrated unit activity of
MVN recorded during vertical movement of

the chair ("1ift" reaction). 1 and 2 -
up and down movements correspondingly.

The facilitation of neuronal respon-
gses had been revealed also in these ex-
periments in reaction to otolith stimula-
tion. As it is seen in Figure 4, the
neuronal populations, identified as canal
oriented responded also to otolith sign-
als. On the Fig. 4 examples of mass ac-
tivity of non population integrated with
30 ms integration time recorded during
up and down chair movements are shown.

It is clearly seen that on the first day
of flight the neuronal response to oto-
1ith stimulation is significantly in-
creased. On the following flight days the
reaction diminished gradually, so that on
the day 7 it reached the preflight value.
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Thue, exposition to microgravity in
monkeys was followed by the distinct in-
crease of vestibular neurons responses
both to canal and otolith stimuli. This
hypersensitivity diminished gradually and
by the 5-Tth days of flight the parame-
ters of dynamic responses of MVN returned
to preflight values.
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Figure 1. Distribution of head movements
velocities causing saccade inhibition
during GFR task performence. On the left
the distributions histogram for preflight
and different flight days are shown; on
the right the mean values and SD shown by
vertical lines are presented.

close to 1.0 starting the 2nd flight day.

The appearance of K ... asymmetry in
weightlessness is also matter of interest.
In control the values of » in GFR to
the right and left targets were equal. In
flight it was not so: in monkey "Gordyi"

or in GFR to the right target increased
from the first to the 4th day of flight
to 1.5, 1.7, 1.8 and 2.0 correspondingly;
but in GFR to the left target the values
of Kyop was higher reaching 1.8, 2.2, 2.1
and E.E accordingly. The asymmetry of
Kyor Was _8till recorded up to the last
day of flight.

The adaptation processes to microgra-

vity were connected in both monkeys with
great decrease of head movements amplitu-
des and velocities: 2 hours after take
off the amplitude of head movements, that
was normally close to 20 degrees (21.6+
+1.1) decreased by 30% (15.4+0.7 degrees).
On tg; 5-Tth flight days it Iowered down
to 50%.

On the whole the results of this
part of experiment supported and enlarged
the previous ones, showing clear, that
exposition to microgravity was followed by
definite signs of facilitation of canal
vestibulo-oculomotor reactions. The pro-
cesses of adaptation in this case include
two mechanisms, that are the early beha-
vioural one, which causes the inhibition
of head movements velocities and amplitu-
des, and the late central one, responsib-
le for the inhibition of the transfer

function in the vestibulo=-occulomotor re-
flex arc.

This conclusion was confirmed also

by the results of neuronographic studies.
Pecent recording of 3 neuronalpopulation
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Figure 2. Tistribution of Kyor in eye-
head coordination patterns performed
during GFR task on preflight and differ-
ent flight days.

have been obtained in this experiment
that is two in monkey "Vernyi" and one -
in monkey "Gordyi". In one of the records
(in monkey Vernyi) there was a stable
recording of activity of 2-3 single neu-
rons (Fig. 3). As it is seen in Fig. 3,
the mass activity, recorded in Vernyi
during performaence of GFR includes dis-
charges of cells, which can be easily
discriminated using simple "threshold"
procedures.

The frequency distribution of these
single unit discharges during task per-
formance for all preflight and flight
days is shown at the bottom of the figu-
re. It is seen, that in this case the
head movements consisted of two phases -
from the left to the right and vice verm
of the same amplitude and duration. Divi-
ding each phase into 4 equal time inter-
vals we calculated the number of impulses
in every of them. The number of impulses
in 400 ms time interval before the move-
ment start was served as a control. The
distribution was averaged by 25 head mo-
vement for each day. The dash line on
the figure shows the level of activity
without head movements.

Under ground conditions the head
movements to the rizht were followed by
the frequency increase and to the left -
by frequency decrease. Under microgravi-
ty the parameters of both reactions were
changed starting the day 2 of flight the
increase of frequency during movements
to the right was accentuated; on the
days 6 and 7 the characteristics of re-
sponse returned to the preflight value.
The decrease of frequency during move-
ments to the left on the first records
was substituted by an increase, but on

the days 2-3 it reappeared and was even
accentuated,
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CHARACTERISTICS OF VESTIBULAR REACTIONS
TO CANAL AND OTOLITH STIMULATION AT AN
EARLY STAGE OF EXPOSURE TO MICROGRAVITY

M.G. Sirota, B.M. Babayev, I.B. Belo-
ozerova, A.N. Nyrova, S.B. Yakushin,
I.B. Kozlovskaya

Institute of Biomggical Problems, Moscow,
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The problem of space motion sick-
ness (SMS) has always occupied an import-
ant place in space biology and medicine.
A detailed study of the complex of symp-
toms of SMS in manned space flights help=-
ed to describe the phenomenoclogy of the
disorders and their time-course, to iden-
tify the factors initiating and facili-
tating its manifestations. Nevertheless
the data - necessary and sufficient for
correct theory of the pathogenesis of SMS
can hardly be obtained in manned experi=-
ments. In this context the necessity and
the sdvantage of animal studies which
provide wide possibilities to standardize
all the experimental conditions as well
as to record directly the activity of
various parts of integrative systems us-
ing invasive methods is evident. There-
fore the program of experiments carried
out on board of biosatellite "Cosmos-
1667" included two experiments purposed
to investigate the excitation in space
of two parts of the vestibular apparatus,
namely semicircular canals - on the model
of rapid gaze fixation reaction (GFR) and
otolith organ - on the model of "1lift
reaction" (Lift).

Methods

Under conditions of the "Lift" ex-
periment the chair with primate was mov-
ing up and down by 50 mm. The ascending
movement was slow, it lasted for 8 se-
conds, the descending one was fast its
duration was only l.4 seconds. So the
ascend and descend accelerations in
weightlessnees were close to 0,0016 and
0,007 g correspondinglye.

The parameters of GFR (eye-head co-
ordination pattern) were used for study-
ing the semicircular canals function and
characteristics of vestibulooculomotor
interaction (1,2).

Horizontal eye and head movements as
well as the activity of neurons of me-
disl vestibular nuclei were recorded. The
cemi-microelectrodes of 0.7-1.0 mOm re-
sistance had been used for neuronal re-
cording during space flight. These elect-
rodes picked up primarily the mass acti-
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vity of neuronal population, though in

some cases the activity of some single

close lying units could also be identi-
fied and analyzed.

All the date were tape recorded si-
multaneous recording of input signals,
that is amplitudes and velocities of
head movements, output characteristics -
amplitudes and velocities of eye move-
ments along with neuronal activity of
vestibular nuclei provided broad possibi-
lities for not only functional but to
some extend also structural analysis of
alterations caused by microgravity and
adaptive processes in vestibulooculomotar
interaction.

The schedule of experiment was uni-
form for all days of flight and included
12 "1ift" stimuli presentation after
which monkeys were exposed to GFR task.
Luring each GFR test the animals perform-
ed up to 600 eye-head coordination pat-
terns. The records taken in the same con-
ditions 22 hours before flight served as
a control.

Results

Before as well as during all days of
flight the monkeys were active at work-
ing on the experimental program. However
the time of its fulfilment exceeded
greatly the average values in the first
days of flight, reaching 118 minutes in
one animal and 96 minutes in the other.
Later from day to day the duration of
program realization decreased progressi-
vely so that to 5-Tth days it came to
preflight valuee (25=30 minutes). The
results of comparative analysis of GFR
"time" characteristics and those of mo-
tor reections allow to assume that the
increase in duration of task fulfilment
recordec cduring the first days of flight
wae due to the alterations of GFR accura-
cy. The latenies of saccades rose, the
number of errors in gaze fixation and
penalties in form of extra-time intervals
between conditioned signals increased
significantly, but the motor reaction
latencies at the same time did not chan-

ge.

The first records of GFR and 1ift
reactions performed 2 hours after launch
revealed the definite signs of increase
of the dynamic vestibular excitability.
That was shown by clear decrease of head
movemenis velocities, causing saccade
inhivition (Fig. 1), and significant in-
crease of Kyop remained high (2.0, 2.5,
and even 3) i 3-5 days of flight. How-
ever, along with that some smeller valu-
es, close to normal ones, began to appear
since 2nd flight day. To the 6th flight
day the number of GFR in which Kyor ex-
ceeded 2 diminished significantly. It
can be assumed that variability of Kyor
characteristic for this time interval
reflected the mixture of direct microgre-
vity effects with those of adaptive pro-
cesses, aimed to normalize the eye-head
coordination. It should be pointed out,
that the mode of K .. distribution was



CEREBELLAR ADAPTIVE FUNCTION IN ALTERED
VESTIBULAR AND VISUAL ENVIRONMENTS
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Roles of the cerebellar flocculus in
adaptive control of vestibulo-ocular re-
flexes are hypthesized on the basis of
experimental and theoretical investigat-
ions. Neuronal mechanisms of this adap-
tive function of the cerebellum are
explained in terms of a special type of
synaptic plasticity found in the cerebel-
lar cortex, i.e., long-term depression at
parallel fiber-Purkinje cell synapses.
Generalization of the hypothesis to entire
problems of adaptive and learning motor
control is attempted.

The current view that the cerebellum
is an organ dedicated to adaptive and
learning control of motor and autonomic
functions 1is based on three 1lines of
evidence: 1) lesion experiments on animals
and clinicopathological observations on
human patients, 2) structural anaylses of
neuronal circuit in and around the cere-
bellum and discovery of synaptic plastici-
ty 1in the cerebellar cortex, and 3)
recording of signals from cerebellar
neurons in alert, behaving animals.

We have been studying roles of the
cerebellar flocculus which receives vest-
ibular signals via mossy fiber pathways
and visual signals via climbing fiber
pathways, while it projects Purkinje cell
axons to relay neurons of vestibulo-ocular
reflexes. These structural aspects pre-
dict that the flocculus adaptively modi-
fies vestibulo-ocular reflexes by refer-
ring to retinal errors during inadequate
performance of vestibulo-ocular reflexes,

represented by wvisual climbing fiber
signals. Remarkable adaptation indeed
occurs in the horizontal canal-ocular
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reflex under sustained visual-vestibular
interaction, and this adaptation is abol-
ished by 1lesion of the flocculus, or of
the visual pathway to the flocculus via
the inferior olive. Recording from
floccular Purkinje cells further demonst-
rated that vestibular mossy fiber res-
ponsiveness of floccular Purkinje cells
indeed altered in parallel with adaptation
of the horizontal canal-ocular reflex.
Thus, the available evidence supports the
view that the flocculus is the site of
adaptive control of the horizontal canal-
ocular reflex.

Paired electrical stimulation of the
climbing and mossy fiber pathways to the
flocculus indeed causes a sustained de-
pression of the vestibular mossy fiber
responsiveness of floccular Purkinje cell-
s. The site of this effect is located at
synapses from parallel fibers (axons of
cortical granule cells) to Purkinje cells.
This long-term depression (LTD) can be
induced by paired stimulation of parallel
fibers and climbing fibers, or by ionto-
phoretic application of L-glutamate, a
putative neurotransmitter of parallel
fibers, to Purkinje cells in conjunction
with climbing fiber stimulation. LTD
appears to be a physiological counterpart
of memory in the cerebellum, and mechan-
isms of this synaptic plasticity have been
investigated in both in vivo and in vitro
slice preparations. It has been shown
that occurrence of LTD depends on Ca
influx into Purkinje cell dendrites caused
by climbing fiber impulses, and that the
depression is due to desensitization of
glutamate receptor in parallel fiber-Pur-
kinje cell synapses.

When the  horizontal <canal-ocular
reflex performs inadequately, retinal
errors thereby induced may create climbing

fiber signals to the flocculus, which
would in turn cause LTD in @parallel
fiber-Purkinje cell synapses active at

that moment. Vestibular mossy fiber con-
nections to floccular Purkinje cells, if
active at a moment of inadequate reflex
performance, would then be disconnected;
the reflex performance would be modified
toward minimization of retinal errors.
Fujita's simulation model of the cerebel-
lar circuit consistent with this view
successfully reproduced Gonshor and Mel-
vill Jones' human data of the horizontal
canal-ocular reflex adaptation, and so
supports the above view.

Similar adaptive mechanisms may apply
to wvertical and rotatory canal-ocular
reflexes, maculo-ocular reflexes and opto-
kinetic eye movements. Even though
evidence is less complete, it is probable
that the flocculus is alsoc the site of
adaptive control of these reflexes.
Learn@ng phenomena in more complex motor
fgnctlons such as locomotion and voluntary
l}mp movements may also be underlaid by
similar cerebellar adaptive mechanisms.

Ref. M. 1Ito The Cerebellum and Neural
Control. Raven Press, New York, 1984.
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to the y-group nucleus (3-6).
Polysynaptic inputs to the dorsal-y-
group nucleus may also originate not
from the semicircular canals but from
the otolith organs, since 1) the
vestibular nuclear neurons activated by
ipsilateral ampullar nerve stimulation
were inhibited by contralateral ampullar
nerve stimulation (35), while those
activated by ipsilateral macular nerve
stimulation were also activated by
contralateral macular nerve stimulation
(36), and 2) target neurons in the
dorsal-y-group nucleus activated by
stimulation of the ipsilateral
vestibular nerve were also activated by
stimulation of the contralateral
vestibular nerve (28).

Conclusion

These findings strongly suggest
that the dorsal-y-group nucleus is
functionally different from the ventral-
y-group nucleus. The dorsal-y-group
nucleus receives floccular caudal-zone
inhibition and transmit otolith inputs
to the contralateral caudal half of the
oculomotor nucleus innervating superior
rectus and inferior obligque muscles
through the 'crossing ventral tegmental
tract'. Maculo-ocular reflex arc
through the dorsal-y-group nucleus is
composed of, at least, 4 neurons. While
the ventral-y-group nucleus is free from
floccular inhibition and transmit
gravity inputs from the saccule to the
other structures of the brain including
the flocculus. These conclusions are
sumarized in Fig. 3.
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conjugate eye movement, while
destruction of the y-group nucleus
eliminated the downward eye movement
evoked from the floccular caudal-zone
(26).

Efferent projections of target
neurons of floccular caudal-zone
inhibition were then studied (27).
Target neurons were identified by
observing cessation of spontaneous
firings following electrical stimulation
of the floccular caudal-zone. The
cessation started at 1.0-2.0 ms after
floccular caudal-zone stimulation and
lasted for 10-40 ms. Target neurons
showed antidromic responses to
stimulation of the contralateral
oculomotor nucleus innervating superior
rectus muscles contralateral to the
motoneuron and inferior oblique muscles
ipsilateral to the motoneuron (27),
suggesting efferent projections of
target neurons to the oculomotor nucleus
innervating superior rectus and inferior
oblique muscles. Other investigators
also reported projections of the y-group
neurons to the oculomotor nucleus (5, 7-
9). Therefore, the neuronal pathway
responsible for mediation of the
downward eye movement evoked by
floccular caudal-zone stimulation may be
composed of at least three neurons; 1)
Purkinje cells in the floccular caudal-
zone, 2) target neurons in the y-group
nucleus and 3)motoneurons innervating
superior rectus and inferior obligue
muscles.

We then investigated axonal
trajectories of target neurons (28).
During extracellular recording of a
single target neurons, a glass-insulated
tungsten microelectrode was inserted
systematically into the brain stem for
microstimulation, searching for
antidromic responses. Low threshold
points for antidromic activation were
mapped. The axons of target neurons
pass through a region closely ventral to
the lateral part of the brachium
conjunctivum, continue rostrally in a
region between the brachium conjunctivum
and the lateral lemniscus, arch medially
around the rostral part of the nucleus
reticularis tegmenti pontis, cross the
midline, continue to the contralateral
side by about 1.5 mm lateral from the
midline, arch rostrally, run in the
central tegmental field on the
contralateral side, arch dorsomedially
around the caudal pole of the red
nucleus, and enters the contralateral
oculomotor nucleus from the
ventrolateral side. 1In the caudal half
of the contralateral oculomotor nucleus,
the axons of target neurons branch out
and terminate. This neuronal tract via
ventral part of the pontine tegmentum is
distinct from classically established
vestibulo-oculomotor tract (8, 10, 29-
34) via the medial 1longitudinal
fasciculus, the brachium conjunctivum
and the ascending tract of Deiters. We
call our tract the 'crossing ventral
tegmental tract' (28).

S-78

Functional differences between dorsal-y-
group and ventral-y-group nucleus

On cytoarchitectural grounds the y-
group nucleus is divided into two
subdivisions; the dorsal subdivision of
the y-group (dorsal-y-group) of loosely
packed medium sized neurons and the
ventral subdivision of the y-group
(ventral-y-group) of densely packed
fusiform neurons (Fig. 2) (33).

Fig. 2. Photograph of a frontal section
through the y-group nucleus showing that
the y-group nucleus is located between
the lateral cerebellar nucleus (LC) and
the restiform body (RB), and that the y-
group nucleus is divied into two
subdivisions: dorsal-y-group (DY) of
loosely packed neurons and ventral-y-
group (VY) of densely packed ones.
Abbreviations: LV, lateral vestibular
nucleus; SLP, subnucleus lateralis
parvocellularis of lateral cerebellar
nucleus; FL, flocculus.

Differences in neuronal connections
between the dorsal-y-group and ventral-
y-group nucleus were investigated by
observing responses of single dorsal-y-
group and ventral-y-group neurons to
electrical stimulation of the oculomotor
nucleus, the floccular caudal-zone and
the primary vestibular nerve (28).
Target neurons of floccular caudal-zone
inhibition were located in the dorsal-y-
group nucleus and the adjacent medial
part of the subnucleus lateralis
parvocelluralis of lateral cerebellar
nucleus. Most neurons in these nuclei
project to the contralateral oculomotor
nucleus, and about half of these neurons
receive polysynaptic inputs from the
vestibular nerve on both sides. On the
other hand, most neurons in the ventral-
y-group nucleus receive monosynaptic
inputs from the ipsilateral vestibular
nerve, and some of these neurons project
to the flocculus. Monosynaptic inputs
to the ventral-y-group nucleus may
originate from the saccule, since
previous anatomical investigations
demonstrated saccular nerve projections
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VIA Y-GROUP NUCLEUS AND ITS RELEVANCE TO
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The y-group nucleus is a subnucleus
of the vestibular nuclear complex, and
is situated dorsal to the restiform body
and ventral to the lateral cerebellar
nucleus (1,2). It receives afferent
projections from the saccule (3-6) and
projects to the oculomotor nucleus (5,
7-10). Electrical stimulation of the
saccule produced upward eye movement
(5). Therefore, there is a possibility
that the y-group nucleus mediate maculo-
ocular reflex originating from the
saccule. On the other hand, the
cerebellar flocculus 1is known to
modulate vestibulo-ocular reflex {11-
15). The y-group nucleus is one of the
3 major target nuclei receiving
floccular inhibition (16,17). The
present paper reviewed maculo-ocular
pathways via y-group nucleus and its
relevance to the flocculus.

Neuronal pathway from the flocculus to
the oculomotor nucleus via y-group
nucleus

Previous anatomical studies have
shown that the y-group nucleus receives
projections from the cerebellar
flocculus (18-20). We studied
topographycal localization of floccular
Purkinje cells projecting to the y-group
nucleus in cats, using the method of
retrograde axonal transport of
horseradish peroxidase (HRP). Following
HRP injection into the y-group nucleus,
labeled Purkinje cells were found in the
caudal one-third of the ipsilateral
flocculus (17). We call this caudal
area of the flocculus the caudal-zone
(Fig. 1 A and B). An additional
experiment in cats by Carpenter and
Cowie (21) also supported our wview that
the y-group nucleus receives projections
from the floccular caudal-zone.

The floccular caudal-zone was then
electrically stimulated in ketamine-
anesthetized cats (22). Slow and smooth
downward conjugate eye movement was
elicited (Fig. 1C). Since it has been
established that the floccular Purkinje
cell has the inhibitory effect on the

The Physiologist, Vol. 30, No. 1, Suppl., 1987

“middle A
zone rostral

zone

% —'f—‘routral

lateral

VLO
o rostral DC
Cc caudal DC

VL
rostral D

ipsilateral

horizontal upward C
S Y

é +rontral

downward ventral

Fig. 1 Photographs of a clay model of
the right flocculus (A, top view; B,
oblique view; C, side view). The cat's
cerebellar flocculus is not a single
entity but can be divided into three
zones (A). Each zone has different
neuronal connections (B). Direction of
eye movement elicited by electric
stimulation of each zone is different
(C). Abbreviations: DC, dorsal cap of
inferior olive; MV, medial vestibular
nucleus; SLP, subnucleus lateralis
parvocellularis of lateral cerebellar
nucleus; sv, superior vestibular
nucleus; VLO, ventrolateral outgrouth of
inferior olive; y, y-group nucleus of
vestibular nuclear complex. (Modified
from Sato and Kawasaki, Brain Res.
1984).

activities of the vestibular nuclear
neurons (23-25), we suggested that the
downward eye movement may be elicited by
Purkinje cell inhibition on the y-group
neurons (22). This view was supported
indirectly by our next experiments.
Electrical stimulation of the y-group
nucleus elicited slow and smooth upward
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mm Hg of all subjects in HDT resting expe-
riment (HDTR) but the average 53 mm Hg in
supine experiment (SR)., There was signifi-
cantly different between the two averages
in HDTR and SR (Fig. 2 ). Tolerable time

performed in grade of LBNP load was avera-
ge 13 minutes of all subjects in HDTR but
the average 17 minutes in SR. There was

also significantly different between the

two averages in HDTR and SR (Fig. 3. These
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results mean that LBNP tolerance decreases
after weightlessness stimulated more than
it in SR. )

In Fig. 4 , shows the relationships betwe-
en LENP tolerable pressure and VO2max, gnd
1BM. The tolerable pressure was si unifi-
cantly correlated to VO2mex(p<0.05), but
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not to LBM., However, LBNP tolerable time
was significantly correlated to both LBM
and VO2max (p<0.05)(Fig.5). Further, LBM
was correlated to stroke volume(SV), mean
arterial pressure (MAP) and systolic arte-
rial pressure(SAP) given at the final mea-
suring point during LBNP in each subject
(p<0.05§ as well as to VO2max (P<0.01).

Discussion

The decrease in LBNP tolerance after the
adaptation to weightlessness stimulated
is due to increasing sensitivity to sympa-
thetic nervous system, because there was
more rapidly reaching to the cardiovascul-
ar criterion for LBNP tolerance in HDTR.

LBNP tolerance was significantly correla-
ted to LBM as well as VO0Z2max. The LMB was
significantly correlated to SV, MAP, and
SAP obtained at the LBNP tolerable time.
These facts means that LBM suggested total
muscle mass in each subject is a factor of
making to decrease the sensitivity of car-
diovascular functions to the gravity in
woman.

In conclusion, the present results could
give so an import evidence that in woman
the LBNF tolerance is affected by LBM as
well as maximum aerobic power.
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The present study has been investi-
gated whether lean body mass (LBM) is a
factor of the tolerable capacity against
LBNP or not in 8 female students. A LBNP
condition was gradually loaded after a
15 min supine rest(SR) and 6 hrs 5" head-
down tilting rest(HDTR), respectively.
LBM was determined by the body density
in a 33 C water. The criterions for the
LBNP tolerance were reaching both over
20 bpm increasing HR form each resting
level and below 20 mm Hg decreasing pu-
lse pressure, or having some what bad
feeling in subjects. In the experiments,
V02, HR, cardiac output(CO), and arteri-
al blood pressure were measured. Althou-
gh there was the decrease in the LBNP
tolerance in HDTR as comparing with the
case in SR, LBM was similarly correlated
to VO2max(p<0.01), and also to LBNP to-
lerance time and pressure(p<0.05) as we-
11 as to systolic and mean pressure(p<
0.05). The results evidenced that LBM
was an important factor of LBNP toleran-
ce as well as VO2max in young woman.

In the previous studies, it has been evi-
denced that VOZ2mas is an important factor
in tolerance capacities against gravita-
tional stress., The VOZ2max is inversely co-
rrelated to % Fat per body weight. There
is so a possiblity that the tolerance aga-
inst the gravity should be affected by the
lean body mass which suggests the total
mascle mass in each person, because the
mascle mass is a factor supporting venous
return with strengthing muscle pump and
increasing arterial blood pressure.

In the present study, lean body mass in
the body composition was investigated in
young woman. Then, the relationships be-
tween lean body mass and VOZ2max, LBNP to-
lerance, and cardiovascular responses to
LBNP stimulated were studied.

Subjects and Methods.

8 female students participated to the
present study as subjects. Their age was
an average of 22 years old. The averaged
bedy weight in the subjects was 52.0 kg,
body hight 158 cm, and VO2max/weight 41.78
ml/kg/min. These characteristics of the
subjects were included in Japanese same
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standard levels of the same age woman.,

In their body compositions, the averaged
% fat of weight was 21.8 % and thus the
lean body mass (LBM) 40.64 kg.

Ahead of the start of the study, the sub-
Jects were introduced the purpose and me-
thods of experiments.

The first experiment determined the body
composition in each subject by measuring a
body density in a 33 C water, by which a
% of fat in the body weight could be esti-
mated. The second experiment measured the
tolerance against lower body negative pre-
ssure(LBNP) in the supine position, in wh-
ich the subjects rested for 15 minutes.The
third experiment also investigated LBNP
tolerance, where the subjects were exposu-
red to a -5 head-down tilting (HDT) for 6
hours before LBNP load. In the last two
experiments, LBNP was loaded in order to
a system, which was giving the subjects -
8 mm Hg for one minutes,-16 mm Hg for one
minutes,-30 minutes for 3 minutes, -40 mm
Hg for 5 minutes, -50 mm Hg for 5 minutes,
-55 mm Hg for 3 minutes, and finally -60
mm Hg for 3 minutes, continuously, using
a lower body negative pressure box. The
criterions for the LBNP tolerance determi-
ned in the present study were that increa-
sing HR had reached over 20 beats/min more
than a resting level adaped to supine po-
sition and the 6 hours HDT and at the same
time rulse pressure was decreasing below
20 mm Hg, or that the subjects had maken
a sense some what bad feeling. In Figure 1
the experimental protocol and typical time
courses of measurements in the 2nd expe-
riment given in subject AK are shown. The
measurements were oxygen uptake (V02), HR,
cardiac output (CO), and arterial blocd
pressure through all experiments. V02 was

SUBJECTS
£ " "o " ] ] 3|
M | | 24 |1600|51.0 2.49 /4882|193 |138 4396
NN | 22 (152.0 46.5|1.88 4043|190 | 21.6 |36.46
AM | 20 |1620 56.5|2.55 4513|194 |230 4383
A K |22 1640|590 2.50|42.37| 196 [21.2|46.49
M S | 22 [161.0/53.0 2.28|43.02/191 |25.2|39.64
M A |21 |157.0/54.0|1.71|31.67/205 |27.2|39.31
21 (148.0 /46.0 1. 62 35.22|194 |22.2(36.79
M x | 21 [159.0(50.0|2.38 47.60 184 |20.1/39.93

Table 1,Characteristics of each
subjest participated in the
present study, who are normal
female students.

determined by a metabolic analysing system
which was constructed with a mass-spectro-
meter, gas flowmeter, and computer. CO was
measured by means of an athetylen gas re-
breathing, which was analysed by a mass
spectrometer. HR was counted from the re-
cords of chest leading EKG by a computer.
Arterial blood pressure was measured by an
auscultation method in the left upper-arm.

Results

Tolerable pressure against LBNP which was
determined as LBNP value given at reaching
a LBNP tolerance criterion was average 47
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INCREASED CHOLINERGIC ACTIVITY DURING
GRAVITATION-INDUCED PRE-SYNCOPE IN MAN
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STADEAGER, NIELS J. CHRISTENSEN, THUE W.
SCHWARTZ, JPRGEN WARBERG, AND PETER BIE

Panum Institute, Hvidovre and Herlev Hospital
University of Copenhagen
Copenhagen, Denmark

The influence of vagal activity on heart
rate changes was measured during central
hypovolemia induced by lower body negative
pressure in six healthy subjects before and
after cholinergic blockade with atropine. The
results indicate that normotensive central
hypovolemia is characterized by increases in
indices of sympathetic activity. However,
hypotensive central hypovolemia was
characterized by a slowing of the heart rate and
increases in indices of vagal activity, which
was abolished after administration of atropine.

It is generally accepted that gravitation-
induced progressive central hypovolemia in man
initially is characterized by an increased
sympathetic activity (1,3,6). Further decrease
in venous return may bring about an abroupt fall
in arterial pressure and heart rate (HR) - a
vasodepressor syncope is induced. The condition
is characterized by arterial hypotension,
slowing of the heart, and increases in indices
of cholinergic activity (6). Atropine
attenuates the decrease in HR and tend to
improve the tolerance to central hypovolemia by
delaying the onset of the syncope (2). In
addition indices of a general increase in vagal,
cholinergic activity has been found in emotional
(5) as well as tilt-induced syncope in man (6).

The aim of the present study was to
evaluate the qualitative changes - especially
the increase in cholinergic activity - when the
central hypovolemia passes through a
normotensive to a hypotensive stage.

Results

The influence of vagal activity on (HR)
changes was evaluated during gravitational
stress induced by lower body negative pressure
in six healthy subjects before and after
cholinergic blockade with atropine (0.03 mg per
kg body weight). Suction of 55 mmHg resulted
intially in an increase in HR (55 + 4 to 90 + 5
beats/min), and a decrease in mean arterial
pressure (94 + 4 to 81 + 5 mmHg), central venous
pressure (7 + 1 to -3 + 1 mmHg), and cardiac
output (6.1 ¥ 0.5 to 377 + 0.1 1/min). Arterial
plasma epinephrine increased from 7 + 1 to 18 +
4 pg/ml, and norepinephrine from 27 + 2 to 55 +

6 pg/ml.
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However, after 8.2 + 2.3 min mean arterial

pressure suddenly dropped to 41 + 7 mmHg and
concomitantly the initially increased HR
decreased to 57 + 3 beats/min. Plasma
catecholamines were unchanged, while plasma
pancreatic polypeptide increased, indicating an
increase in vagal, cholinergic activity. The
hypotensive episode could be repeated after
atropine injection - although without bradycardia
or increase in pancreatic polypeptide. Atropine
did not change the time until the onset of
syncopal symptoms (8.2 +- 2.3 min), and atropine
did not change the degree of hypotension.

Conclusions

The observations support the view that

arterial pressure during gravitational stress is
maintained by a decrease in pulse pressure
stimulating the sympathetic system, resulting in
an increase in HR. In addition they show that the
subsequent decreased HR associated with severe
hypotension is caused by a cholinergic mechanism
- presumably increased vagal activity. The
observed bradycardia may be evoked, when the left
ventricle of the heart - under a high sympathetic
activity - is squeezed around an almost empty
chamber. Thus the cardiac depressor reflex may
serve as a protective mechanism causing a brake
on the heart allowing for an improved diastolic
filling in situations when venous return is
critically reduced (4).
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In Ex,III, V02 during running was not di-
fferent between LBPPS and N-LBPPS neverth-
eless exercise intensities, but HR was si-
gunificantly lower in LBPPS(p 0.0l1). In
Fig. 4, the relationship between V02 and
HR during running was significantly corre-
lated, using the values given in the two
exercise and in all subjects. An important
observation is that the regression line
had lower slope and position in LBPPS
than in N-LBPPS.

Discussion

The results given in Ex.I shows that we-
aring LBPPS make HR decrease and PP main-
tain against gravity stimulated by LBNP.
This means that a 20 mm Hg LBPPS is useful
to accelerate venous return and thus to
keep the prolonged standing position.

Further, the useful LBPPS could applys
to defend cardiovascular reflex to gravity
during upright exercise and post-exercise,
because CO and SV were increased and A-V
02 Diff was decreased during exercise and
recovery by wearing LBPPS, and also beca-
use despite the same SV during exercise,
MAP was higher and A-V 02 Diff was lower
at wearing LBPPS.

These facts are also evidenced during
running by that despite the same V02 dur-
ing moderate or heavy running, HR vs V02
was lowered by wearing LBPPS in Ex,III.
VO2/HR, that is oxygen pulse, suggests SV,
so wearing LBPPS could bring the increase
in SV during running.

In conclusion, a 20 mm Hg LBPPS gives a
useful function to lower the defence re-
flex of cardiovascular responses to the
gravity stimulated. This is carried out by
that wearing LBPPS makes to push up blood
volume pooled in the lower body part with
likely pumping muscle and thus to increase
venous return in the upright position in
young woman.,
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EFFECTS OF LBPP STOCKING ON CARDIOVAS-
CULAR RESPONSES DURING REST AND EXERCISE
IN LBNP AND UPRIGHT POSITION IN WOMAN
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Wearing a lower body positive pre-
ssure stocking(LBPPS) with about 20 mm
Hg, whether or not the LBPPS is usefull
to keep cardiovascular function during
upright rest and exercise in 5 female
students. Comparing between wearing and
no wearing LBPPS,in the 1st experiment, the
subjects were stimulated by LBNP with NA
SA procedure. In the 2nd, a 60 % V02 max
pedalling was performed for 20 minutes.
In the 3rd, also, 60 and 80 % VO2max
treadmill running were performed for 20
minutes. Through the experiments, V02,
cardiac output(C0), HR, and arterial blo-
od pressure?AP) were measured. In all ex-
periments, wearing LBPPS, V02, and AP
were not so different from non-wearing
it, but HR was lower, and CO and stroke
volume (SV) were higher. Further, HR aga-
inst V02 and arteriovinous 02 difference
against SV were lower, but mean arterial
pressure against SV was higher in wear-
ing LBFPS. Wearing LBPPS could make to
be a benefit factor defencing decreasing
central blood volume in upright exercise.

A prolonged standing position accelerates
the function of the leg's muscle pump to
keep venous return and thus heart fulling.
Despite the acceleration, however, the ce-
ntral blood volume decreases with decrea-
sing venous return. This brings to decrea-
sing the heart fulling and stroke volume
in the prolonged standing. In this case,
therfore, myocardial contraction strength
and heart rate(HR) are increased to main-
tain cardiac output(CO). As the results,
cardiovascular system could have a over-
load. These facts suggest that human body
is practically week to gravity stimulating,
although human life is almost spended in
exposuring to gravity. The over stress
come from a strong difence reflex of car-
diovascular function against gravity sho-
uld be therefore eliminated as possible as
we can, This elimination may be possible
by wearing a lower body positive pressure
stocking %LBPPS) with about 20 mm Hg, be-
cause its pressure is usefull to accele-
rate venous return with strengthing muscle
pump in the legs against gravity. .

We have developed a LBPPS, so, in this
study, the validity of the LBPPS was inve-
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stigated focusing cardiovascular responses
against gravity in young woman.

Subjects and Methods

5 female students participated to the stu-
dy as subjects. Their average body weight
was 48.8 kg and average body hight was 152
cm. Their average age was 22 years old, so
these body sizes were standard in the same
age Japanese woman. The maximum aerobic po-
wer of an average 38.2 ml/kg/min in all su-
bjects was also ranged in the standard va-
lue. The subjects were informed the aim and
protocol of the study before the start of
experiments.

In the first experiment (Ex.I), the sub-
jects were exposured to LBNP, which was
loaded by NASA procedure using LBNP box.

In the experiment, heart rate (HR),oxygen

uptake (V02) and arterial blood pressure(A
Pg were measured in the two cases of wear-
ing lower body positive pressure stocking

(LBPP3) and no wearing LBPPS(N-LBPPS). The
protocol is shown in Fig.l.

In the second experiment(Ex.1I), the sub-
Jjects performed a 60 % VOZmax pedalling for
20 minutes in the upright position, which
used a Monark bicycle ergometer. In the ex-
periment, AP, HR, V02 and cardiac output(C
0) were also measured at a 15 min rest,and
at 1C min and 20 min during exercise, com-
paring between the cases of LBPPS and N-LB
PPS.

In the third experiment (Ex.III), the sub-
jects performed a 60 % VOZ2max and a 80 %
V02max of treadmill running for 20 minutes
after a 15 min resting on different days.
In the experiment, HR was measured at eve-
ry one minute, and V02 was done for 5 min-
utes of 10-15 min period during a 15 min
resting before exercise, for every one
minute of 15-20 min period during a 20 min
exercise, and for 5 minutes of 5-10 min pe-
riod during recovery in each running, com-
paring between the two cases of LBPPS and
N-LBPPS.

The LBPPS used had about 20 mm Hg positive
pressure, which the size was three kinds of
small, normal, and large girth and was fix=-
ed to each subject. The pressure was cali-
brated by a wearing positive pressure test
machine.

Through all experiments, V02 was determi-
ned by a metabolic analysing system which
was constructed with a mass-spectrometer,a
gas flow-meter, and a computer. CO was mea-
sured by an athetylen gas rebreathing me-
thod, in which argon and athetylen gases
were contenuously analyses during rebrea-
thing by a msaa spectrometer. HR was coun=-
ted from the record of the chest leading
EKG by a computer. Arterial blood pressure
was measured by the auscultation method in
the left upper arm.

Results

As shown in Fig.l, changing of AP during
LBNP stimulated was clear. That is, systo-
lic arterial pressure (SAP) was gradually
decreased and diastolic arterial pressure
(DAP) was increasing as LBNP was going up,
so pulse pressure became gradually smoller.
Although V02 during LBNP was not so chang-
ing, HR was gradually increased. Comparing
the changing rates between LBPPS and N-LBP
PS, the HR was lower and SAP and pulse pre-



of exercise can readily be explained if the role
of the leg muscle pump is taken into
consideration. In the resting condition LBNP
leads to displacement of blood volume from the
intrathoracic space into the distensible
capacitance vessels of the 1legs, causing
curtailment of SV. With the onset of pedalling,
the leg muscle pump is activated inducing
redistribution of blood into the thoracic space
with improved cardiac filling. This is in analogy
with the course of events when exercise is
commenced in the upright position (Bevegdrd et
at., 1960) and in hypergravity (Rosenhamer,
1967).

Relation between blood redistribution and
hyperpnea. - It has been claimed that exercise-
induced translocations of blood towards the heart
may be responsible for the abrupt initial phase
of exercise hyperpnea (Weiler-Ravell et al.,
1983). Despite the considerable increase in SV
following commencement of exercise in our LBNP
experiments, the ventilatory response was similar
to that in the control condition. This
observation is not compatible with a causal
relationship between exercise-dependent blood-
flow and ventilatory transients.
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Figure 2. Responses of inspired minute volume
(V.) to transition from rest to 100 W exercise
in® the control condition and during LBNP. Values
in per cent of respective final responses are
weighted means calculated on a 2.5s basis (from
Acta Physiol. Scand. 1986, 127:507-512).

Magnitude of ventilatory steady-state re-
sponses. - The finding that ventilation and
respiratory drive in termms of P0 were
considerably reduced 1in steady-state ‘Lxercise
during LBNP is interpreted in terms of diminished
humoral and/or locally induced (in the working
muscles) chemical drive. It seems likely that
such mechanisms may have originated in an
improved blood perfusion of the working muscles,
since LBNP would tend to induce subatmospheric
pressure in the leg veins during the phasic
relaxation periods. In this way the stroke volume
of the Tleg muscle pump is augmented and
consequently the mean flow in the working muscles
is accelerated.
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Table 1. Responses of adult rats to whole body suspension.

Day of Body Weight Food Intake Water Intake Urine Volume
Suspension (g) (g/100g/d) (m1/100g/d) (m1/100g/d)
0 465 7 10 4
1 430 2 3 3
7 385 6 8 &
14 390 9 12 7
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INFLUENCE OF SIMULATED WEIGHTLESSNESS

ON MAXIMAL VO9 OF UNTRAINED RATS

J. Michael Overton and

Charles M. Tipton

Exercise Physiology Laboratory
Department of Exercise and Sport Sciences
University of Arizona
Tucson, Arizona 85721, USA

ABSTRACT

The purpose of this study was to determine the effect
of hindlimb suspension on maximal oxygen uptake
(VO9 max) of rodents. Male Sprague-Dawley rats
(300-350 g) were assigned to head-down (HD) suspension
(N=8), horizontal (HOZ) suspension (N=12), or cage
(C) control (N=9) for 6-9 days. Rats were tested for
V09 max before and after surgical instrumentation
(Doppler flow probes, carotid and jugular cannulae),
and after suspension. Body weight was significantly
decreased after suspension in both HD and HOZ groups,
but was significantl% increased in the C group. Absolute
VO9 max (ml-min~!) was not different in the C group.
However, because of their increased weight, relative
VO9 max (ml-min‘l-kg‘l) was significantly reduced.
In contrast, both relative and absolute \"'02 max were
significantly lower following suspension for the HD
and HOZ groups. These preliminary results support
the use of hindlimb suspension as an effective model
to study the mechanism(s) of cardiovascular decondition-

ing.

INTRODUCTION

The head-down suspension rodent model (4,10) is associ-
ated with transient elevations in central venous pressure
(12) and neck interstitial pressure (6), diuresis and
natriuresis (4), hindlimb muscle atrophy (11), and bone
loss (10), all of which are features of actual or simulated
weightlessness. However, there is no information
available as to its value in studying cardiovascular
deconditioning, defined as a reduced exercise capacity
and impaired cardiovascular response to an orthostatic
challenge (9). Therefore, the purpose of the current
study was to determine the effect of head-down and
horizontal suspension on maximal oxygen uptake (VOg
max) of adult rodents.

METHODS

Male Sprague-Dawley rats weighing 300-350 grams
were assigned to one of three treatment groups for
a six- to nine-day period: 1) 30° head-down (HD) suspen-
sion (N=8), 2) horizontal (HOZ) suspension (N=12),
and 3) cage (C) control (N=9). The HD group was
suspended using a modification of the Musacchia method
(4). Animals were confined within a semicircular
plexiglass harness using velcro straps. The tail of
the animal was passed through a small opening in a
plexiglass attachment to the harness and secured by
taping a 2 cm portion of the flanged end of a 5 ml
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syringe barrel to the tail. The HOZ suspension was
identical to the HD suspension with the exception
of body position. C animals were housed in metal
cages 14cm X 19cm X 14cm. All animals were provided
tap water and rat chow ad libitum in two forms. In
addition to pellets, a paste consisting of chow and
tap water containing 2cc each of parsnips extract,
cherry extract, and apple cider per gallon in a 1:2
(weight:volume) ratio was also provided in an attempt
to encourage eating by the suspended rats (12).

After familiarization with treadmill running, animals
were tested for VO max wusing methods described
previously (1). Briefly, animals performed a graded
exercise protocol to exhaustion in a plexiglass-enclosed
treadmill which utilizes a flow-through design for
analysis of expired oxygen and carbon dioxide fractions
allowing calculation of VOo max  using  standard
equations. Each animal performed three VOq max
tests: 1) pre-surgery control, 2) pre-treatment, and
3) post-treatment. Surgery consisted of implantation
of Doppler flow probes (8) followed by cannulation
of the right carotid artery and external jugular vein
four days later. Pre-treatment VO max was conducted
one-two days following cannulation. Apparent efficiency
was calculated as the inverse of the regression of
the caloric equivalents of metabolism against external
work performed (3). Body weight, VO max, run time
and apparent efficiency were analyzed using 3x3 mixed
ANOVA and Duncans test.

RESULTS

The results of this study are shown in Table 1. There
were no differences between groups prior to surgery;
however, differences did develop following surgery
as the absolute VOo max was lower in the HOZ and
HD groups while body weight was lower following
surgery in the HD group. After the treatment period,
the C group demonstrated significant weight gains
while both suspended groups exhibited significant weight
losses. As a result, the C animals exhibited a significant
reduction in relative VO9 max (absolute VO max was
unchanged). While both suspended groups demonstrated
significant reductions in absolute VO max from
pre-treatment levels, only the HD group had significantly
lower relative VO max compared to pre-treatment
values. Running efficiency was not affected by
suspension. Total run time during the graded exercise
protocol was comparably reduced in all groups.

DISCUSSION

The interpretation of the VO max data is confounded
by the changes in body weight observed in this study
(and in other suspension studies using adult animals
reported at the 8th IUPS meeting). While the HD
and HOZ rats lost weight despite providing the paste
diet, the C animals gained weight. The reduction
in relative VO max (ml-min~1-kg~1) in the C group
is probably associated with the increased body weight
of the animals. Conversely, the reductions in relative
\702 max in the HOZ and HD groups were offset by
reductions in body weight. Additional experiments
are currently being conducted to determine the direct
effects of acute weight changes on relative and absolute
VO9 max in adult rats.

The potential mechanism(s) responsible for the reduction
in VOg max following head-down suspension appear
to involve the hypokinesia and hindlimb unloading
present in both suspension groups, as well as the
additional effects of the head-down posture. The
apparent efficiency of running was not significantly
altered, indicating that mechanical aspects of running
were not a consideration. A lowered VO  max  must
be due to either reduced delivery or reduced extraction



of oxygen. Delivery is typically considered to be the
limiting factor for VO3 max.  Unfortunately, cardiac
output measurements are not available. A reduction
in blood volume, which has been observed in the suspen-
sion model by others (5), could compromise delivery.
The hemodynamic response of suspended animals to
graded exercise using Doppler flow probes is being
examined. This will allow measurement of iliac blood
flow during exercise which, if compromised, could con-
tribute to the reduced VO9 max observed in this study.
A decreased lean body mass, as well as a reduction
in extraction per unit of muscle, could contribute to
decreased oxygen extraction. Data indicating hindlimb
muscle atrophy (11) and reduced (2) or unchanged (7)
mitochondrial enzyme levels provide evidence that
reduced extraction must be considered as a possible
mechanism for our observations. In conclusion, these
preliminary results support the use of hindlimb suspension
as an effective model to study the mechanism(s) of
cardiovascular deconditioning. (Supported in part by
NIH-HL 33782-02 and NASA-NAG 2-392.)
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Table 1. Body weight, maximal oxygen uptake, efficiency and run time (mean and SE)

Cage
Control
Body weight (grams) 323 + 4
VOy max (ml-min~1) 30.6 + 1.1
VOy max (ml-min~l-kg1) 94.0 + 3.0
Apparent efficiency (%) 5.0 + 0.2
Run time (min) 18.4 + 0.2
Pre-treatment
Body weight (grams) 324 + 3
V09 max (ml-min~1) 30.0 + 0.
VOg max (ml-min~1-kg=1) 93.0 + 2.
Apparent efficiency (%) 4.4 £ 0.2
Run time (min) 17 + 0.52
Post-treatment
Body weight (grams) 340 + 58b
VO3 max (ml-min~1) 28.8 + 0.8
VOy max (ml-min~1-kg~1) 85.9 + 1.88b
Apparent efficiency (%) 5.1 £+ 0.5
Run time (min) 15.8 + 0.58b

Horizontal Head-down
322 + 5 319 + 6
30.7 + 0.6 29.9 + 1.3
94.9 + 2.3 93.2 + 4.1
5.9 + 0.5 5.3 + 0.4
18.8 + 0.3 17.7 + 0.5
317 + 4 308 + sac
28.3 + 0.78 27.7 + 1.18¢C
91.0 + 2.2 89.9 + 2.4
5.3 + 0.4 5.6 £ 0.5
17.3 + 0.58 17.6 + 0.6
300 + sabc 296 + 58bc
25.3 + 0.68bc 24.7 + 0.58bc
87.2 + 1.74 84.5 + 0.9ab
5.0 + 0.4 5.3 + 0.2
15.1 + p.3ab 15.6 + 0.48ab

aSjgnificant intragroup difference from control.
CSignificant intergroup difference from cage.
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CONTINUOUS DETERMINATION OF BLOOD
VOLUME AND BLOOD SODIUM CONCENTRATION
ON CONSCIOUS RATS: A POTENTIAL TOOL FOR
THE ANALYSIS OF WATER BALANCE DURING

WEIGHTLESSNESS
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T. OKUNO, T. NATSUYAMA, and M. MORITA

Department of Physiology,
Kyoto Prefectural University of Medicine,
Kamigyoku, Kyoto 602, Japan.

A new system to measure blood volume (BV)
and plasma sodium concentration [ Na] in conscious
rats was developed, and the method was applied to
measure the transient changes in BV and [ Na] during
head down suspension in rats.

A small extracorporeal circulation was made with
chronic catheters in aorta and jugular vein and the
blood was passed through a Y —counter and a sodium
sensitive glass electrode with flow through type.
Determination of BV is based on the dilution method
of red cell labeled with radioactive Cr. The accuracy
of the BV determination on a known volume of rat’s
blood in a flask was whithin 1% and the coefficient
of deviation over 10 min was within 0.2%. The
accuracy of sodium sensitive glass electrode was
within the error of flame photometry. The method
was used for head—down suspension of rats, and BV
showed a transient decrease at the beginning of the
suspension and recovered to the pre—suspension value,
while [ Na] showed steady increase. After the
suspension, BV showed steady increase with no change
in [ Nal . These results suggest different responses
between head—out water immersion and head—down
suspension,

To simulate weightlessness, head—out water
immersion and head—down tilt have been commonly
used for human subjects and also for animal experi—
ments. Using dogs as experimental animal, Miki et al.
(1) showed that BV is increased by about 3.5%
during head—out water immersion. Recently, we
developed a new method to measure circulating blood
volume and blood sodium concentration in conscious
rats continuously (2, 3) , and an attempt was made
to determine whether BV is increased during head—
down suspension or not.

At least 5 days prior to the experiment, rats
were splenectomized and cannulated into descending
aorta and jugular vein. The other ends of catheters
were pulled out through an interscapular incision
and threaded through a flanged and coiled stainless
steel spring. The rats were bonded on the back
with plaster mesh cast for the head—down suspension.
On study days, the catheters were connected with the
extracorporeal shunt circuit, which contains a glass
coil placed in a well type Y—counter and a sodium
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sensitive glass electrode with flow through type as
shown in Fig. 1.

Circulating blood volume was determined with the
dilution method of erythrocyte labeled with radiocactive
chromium.

The accuracy of the BV obtained from this
system was checked by measuring a known volume of
rat’s blood. Twenty ml of blood with the labeled
erythrocyte was pooled in a flask, and the volume
was measured continuously using the circuit. Saline
was infused into the flask, and the amount of
infused saline was estimated. As the results, the
deviation of the reading from the known amount was
less than 0.2%, and the coefficient of variation of the
BV obtained over 10 min was about 1% when at least
40 uCi of Cr was used for 20ml of BV.

The system used to measure sodium concentration
consists of a sodium sensitive glass electrode and a
reference electrode with flow through type. In the
commercially available analyzer (SERA— 230, Horiba,
Kyoto) , a flow junction of KCIl solution is used to
obtained stable junction potential. However, in our
system, the liquid junction was replaced by 3.3 M
KCl agar bridge to minimize contamination of blood
with KCl. The junction potential was most stable
when the agar bridge was prepared with 5% agar
powder, 3.3 M KCl, 140 mM NaCl adjusting pH to
about 7.4 with Tris—HCl buffer solution.

The electromotive force of the glass electrode was
read with a high input—impedance amplifier, and the
output was recorded with a desk top computer after
analog—digital conversion, together with the out—put of
rate meter for blood volume determination.

From Aorta
oW
Pump § E
T Y- Counter
Na glass
electrode
To Vein
l,-\:
— T
-_Heparin

flash

/ \Aorta
Jugular vein

Fig 1. The system used for continuous determination
of circulating blood volume and plasma sodium con—
centration in rats during head—down suspension.



The accuracy of the system was determined using
human serum samples and buffer solutions, and the
relationship between plasma sodium concentrations or
Tris—HCI buffer solutions as determined with a flame
photometer and the electromotive force of the sodium
glass electrode showed high correlation and the 95%
confidence limit of the regression line was 0.3 mV
which was equivalent to about 1.5 meq/1 of sodium
concentration within this range. The effect of
erythrocytes on the electromotive force was also
checked using pooled blood in a flask. The pooled
blood was pumped to the electrode system, and the
sodium conentration was determined as infusing dilute
or concentrated NaCl solution into the flask. Blood
samples were obtained at equilibrium stages, and the
concentration of plasma Na was determined by flame
photometry, and the values obtained with these
methods coincided within the accuracy of flame
photometry.

On the study days, catheters were connected with
a pump to the system and at least 2 h were allowed
for the equilibrium of infused tracer. After the
equilibrium of BV and [Na] , rats were suspended
for 1 h and then the recovery was followed for
another 1 h. Head—down suspension was induced
attaching the plaster mesh cast bonded to the rat to
a overhanging beam by a freely rotating swivel as
developed by Morey (4) . This experiment was
repeated on 6 rats, and mean and standard errors of
the changes in BV and [ Na] are shown in Fig. 2.
The fall in BV at the initial stage was consistent
and the fall was observed up to 10th min, and then
BV increased to the original level. [ Na] was constant
at the initial stage, and then showed gradual rise.
Because the fall of BV started with the handling of
rat, loss of blood with the increase in sympathetic
vasoconstriciton is suggested. In about 15 min after
the end of the suspension, increase in [ Na] was
ceased, and gradual increase in BV was observed,
which suggest inflow of isotonic interstitial fluid into
vascular space. To account the change in blood
volume observed in this experiment, further infor—
mations on urine volume and cardiovascular and
hormonal variables are needed.

The results obtained in this experiment suggest
that the response of BV to head down suspension
differ from that observed during water immersion.
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Fig. 2 Changes in circulating blood volume and
plasma sodium concentration during and after head—
down suspension. Values are shown as mean and SE
of 6 observations.
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MECHANISM OF THE INCREASE IN PLASMA VOLUME DURIMNG
HEAD-OUT WATER IMMERSION (WI) IN DOGS
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and John A. Krasney*
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The present study was undertaken to determine
the mechanism underlying the alteration of
transcapillary fluid movement during WI. Systemic
arterial (Pa), central venous (Pv), plasma
oncotic, interstitial fluid hydrostatic (Pif)
pressures were measured. Mean capillary pressure,
which was calculated from Pa, Pv and an estimated
pre-to-postcapillary resistance ratio of 5-12,
increased by 27 mmHg while Pif increased by 27
mmHg at lower forelimb. A greater increase in Pif
than mean capillary pressure during WI would
create a negative hydrostatic pressure gradient
across the capillary wall. The oncotic pressure
gradient across the capillary wall was estimated
to be < 1.2 mmHg during WI. Thus, it is probable
that the negative hydrostatic pressure gradient
for fluid movement across the capillary wall plays
a major role in the increase in plasma volume
which occurs during WI.

We have reported that WI (37°C) causes an
increase in plasma volume, which precedes the
onset of a diuresis in awake dogs (3). Plasma
volume increased by 7.2% of initial plasma volume
at 35 min of WI and then it decreased slightly
from the peak level during the period of WI in
splenectomized dogs (3). In splenectomized and
acutely nephrectomized dogs, plasma volume
increased linearly during WI by 33% above the
control level by 120 min of WI (4). We observed
also that thoracic duct lymph flow did not change
significantly during WI (5). We concluded from
these studies that WI leads to a sustained fluid
movement from the extravascular into the
intravascular space across the capillary wall.

The present study was designed to determine the
mechanisms involved in the fluid shift across the
capillary wall during WI. To achieve this aim,
intravascular hydrostatic, plasma oncotic, and
interstitial hydrostatic pressures were measured
continuously in conscious dogs.

METHODS

Six mongrel female dogs were utilized. Five
weeks before the experiment, the dogs were
anesthetized with thiamylal sodium (35 mg/kg iv).
Subsequently, perforated capsules (cylinder type
measuring 15 mm in diameter and 8 mm in length)
were implanted in the subcutaneous space of the
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lower forelimb. The capsules were constructed of
porous polytehylene (pore size 70 pum). The
catheters exiting from the capsule were routed
subcutaneously to the interscapular region, and
the tips were left beneath the skin. The dogs
received either ampicillin (5-10 mg/kg) or
gentamicin sulfate (5-10 mg/kg) prophylactically
for 5 weeks to prevent infection of the capsules.
Two weeks before the experiment, the dogs were
reanesthetized and catheters were positioned with
their tips in the abdominal aorta and the inferior
vena cava via the right femoral artery and vein
for measurement of systemic arterial and central
venous pressures, respectively. Catheters were
also placed in the left femoral artery and vein
for the subsequent establishment of an
extracorporeal circuit to measure blood volume.
These catheters were routed also to the
interscapular space, and all the catheters were
exteriorized at this time. The catheters were
capped and protected by a fitted jacket.

Arterial (Pa), central venous (Pv), and
interstitial fluid hydrostatic (using both
Guyton’s capsule (Pcps) and wick catheter (Pwick)
methods) pressures were measured with Statham
strain gauge transducers. The zero reference
level for the vascular pressures was taken to be
the level of the tricuspid valve and was kept
constant throughout the experiment as the strain
gauges were mounted on an outrigger bar that kept
the transducers at the same reference level as the
dogs were lowered into the tank. Plasma oncotic
pressure was measured with a needle-type colloid
osmometer that uses a hollow fiber as a
semipermeable membrane using the extracorporeal
circuit (3). The range of the physiological
changes in mean capillary pressure (Pc) was
calculated indirectly from Pa and Pv using the
following equation:

Pc = Pa/(1+Ra/Rv) + (Ra/Rv) x Pv/(l+Ra/Rv)

where Ra/Rv is the pre-to-postcapil lary resistance
ratio. We assumed a value of 5-12 for the Ra/Rv
ratio in order to estimate the range of the
physiological changes in Pc according to previous
reports (2,3).

The WI experiments consisted of an 80 min
control period in the air, 100 min of water
immersion, and then an 80 min recovery period in
the air. The dogs were immersed to the
midcervical level after the control period in the
air. The water in the immersion tank was held at
a temperature of 37°C to keep the dogs at the
thermoneutral condition (1). Comparisons between
experimental values and individual control values
were made by the Friedman multiple comparison
test.

RESULTS

The interstitial fluid hydrostatic pressure
measured by both wick and capsule methods
increased immediately after the start of WI to 25
mmHg and 23 mmHg respectively at 2 min of WI and
these levels were maintained during WI. The
external reference pressure (Pref) was 30 mmHg in
WI (Fig. 1).

Pa increased immediately after the start of WI
by 24 mmHg above the control level at 30 min of Wi
and this level was maintained throughout the
immersion period (Table 1). There was also a step
increase in Pv by 14-15 mm Hg. Therefore, the
estimated increase in Pc from the control level



ranged from 15 (Ra/Rv=12) to 16 mmHg (Ra/Rv=5) at
30 min of WI. This increment of Pc was maintained
throughout WI. The Pcps increased by 27 mmHg
above the control level. Plasma oncotic pressure
decreased by 1.3 mmHg at 30 min of WI because of
hemodilution (3).
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Fig. l. Typical recording of interstitial fluid
hydrostatic pressure measured by widk (Pwick) and
capsule (Ppcs) methods in response to the increase
in external hydrostatic pressure (Pref) due to WI.

Table 1. Changes in hydrostatic and oncotic
pressures of intravascular and interstitial spaces
during Wi.
. Control Wl

(mmHg) | _ . __30min  60min 90min
Pa T 11144 13545# 13243= T33+4»
Pv 141 15¢1= 16¢1= 15¢1=
Pc i i -
(Ra/Rv=5) | 19+1 | 35:|= 35+1= 35¢1»
(Ra/Rv=12) 9%l | 24s1w 25+1% 2541 =
Npl 116.041.0:14.741.0% 15.1+1.0% 15.3+1.0
Pcps T 2822w 27+2%  27.2¢2w

Values are mean + SE of 6 experiments.
*Significantly Iifferzzt fr:- the control level.
See Jetail in text.

DISCUSSION

We have reported that WI causes a sustained
fluid movement from extravascular to intravascular
space immediately after the start of WI. Plasma
volume increases during the early phase of WI and
this response precedes the onset of the diuresis
(3,4). We also reported that this fluid shift
following WI was caused by am increase in net
fluid absorption across the capillary wall, not by
the increase in lymph flow rate (5).
Transcapillary fluid movement (Jv) is governed by
balancing the hydrostatic and oncotic pressures of
the intravascular and interstitial fluid spaces
and capillary filtration coefficient (Kf), and it
can be described as follows:

Jv = Kf[(Pe-Pif)-og(rpl-nif)]

where o is the osmotic reflection coefficient for
total protein. The observed increase in net fluid
absorption (negative Jv) is likely caused by the
negative transcapillary pressure gradient.

It is noteworthy that both the mean capillary
and interstitial fluid hydrostatic pressures
increased immediately after the start of WI with
elevated levels maintained thoughout WI. However,
the magnitude of the increase in Pcps caused by WI
exceeds the increase of mean capillary pressure.
The changes in hydrostatic pressure gradient (Pc-
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Pif) from the control level was -1l to -12 mmHg at
30 min of WI, which is in favor of fluid
reabsorption.

The plasma oncotic pressure decreased by -1.3
mmHg at 30 min of WI. We have estimated the
change in interstitial fluid oncotic pressure to
be < 0.1 mmHg based on the observed change in
interstitial fluid volume during 120 min of WI
(4). Therefore, the magnitude of the changes in
oncotic pressure gradient (Tpl-mif) is within 1.2
mmHg .

The estimated range of the net pressure
gradient for fluid movement was -9.8 to -10.8
mmHg. This level of negative pressure gradient
might be sustained during the course of WI since
both mean capillary and interstitial fluid
hydrostatic pressure were at high levels
throughout WI. Therefore, the development of a
sustained negative pressure gradient seems to be
the major cause of the continuous fluid movement
from extravascular to intravascular spaces
observed during WI.

In summarizing the above discussion, WI causes
an increase in both capillary and tissue fluid
hydrostatic pressure. However, the fact that the
magnitude of the increase in tissue fluid pressure
exceeds the increase in capillary pressure, might
create the negative pressure gradient for fluid
movement which, in turm, elicits an increase in
plasma volume. The diuresis acts to minimize the
increase in plasma volume.
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PHYSIOLOGICAL COMPARISON OF RAT MUSCLE IN BODY
SUSPENSION AND WEIGHTLESSNESS
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Hind 1limb unloading is achieved with whole body
suspension (WBS) and with tail suspension (TS).
Comparable levels of muscle mass loss and decreases
in protein levels result during one to three weeks
of exposure to microgravity (uG), WBS and TS.
Losses are most apparent in soleus (S),
intermediate in gastrocnemius (G) and least in
extensor digigorum longus (EDL). Comparison of S
and EDL type I and II fiber changes (numbers and
area) after seven days of uG flight (SL-3) and WBS
showed, in S, an increase in Type I and Type II
fiber density and a decrease in area. Except for a
decrease in Type I fiber density in EDL, all other
parameters remained comparable. The general
conclusions were that the S under uG and WBS
responds in a similar manner. The EDL, for the
most part, shows little change under both
conditions.

Animal models for research in gravitational
physiology adress two questions: how do animal
systems adapt to conditions of microgravity? and,
can experiments with earthside animal models be
developed to simulate responses comparable to those
evoked during exposures to microgravity?

The first question addresses general features
of physiological adaptation to a stressful
environment. In the processes of evolution animals
have adapted to conditions of 1G relative to
genetic and physiologic limitations. Studies that
test animal responses to a specific stressful
environment (microgravity) are valuable in
assessing these limitations. The second question
addresses the development of animal models used for
comparisons with subjects exposed to conditions of
microgravity.

During the last two decades many
pathophysiclogic responses of animal and human
exposure to uG have been documented but are far
from complete. It is widely accepted that exposure
to uG for periods of one to three weeks results in
atrophy of skeletal muscle in rats. This atrophy
results from disuse associated with hypokinesia and
hypodynamia. Our discussion will focus on
earthside experiments that have been used for
comparison with microgravity in both the U.S.S.R.
COSMOS series of biosatellites and the U.S. Space
Lab 3 project in 1985. Specifically, this brief
review will speak to questions associated with the
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effects of hypokinesia and hypodynamia on skeletal
muscle.

Several animal systems have been used as
models for skeletal muscle disuse atrophy in the
rat. Two variations of the unloaded hindlimb model
most frequently used are the whole body suspension
(WBS) system and the tail suspension (TS) system.
The question has been, do these models produce
results that are comparable to those seen when rats
are exposed to microgravity?

Our work has focused on the development and
use of the WBS and recently we have had the
opportunity to compare skeletal muscle changes
using WBS and (SL-3) seven day uG exposed rats.

MATERIALS AND METHODS

Male Sprague Dawley rats, 350-400 gm, were
suspended in a harness for a period of seven days
as previously described in detail (12, 13).
Appropriate weight matched control rats were
maintained in metabolic cages. These subjects were
compared with 360-410 gm rats exposed to seven days
of uG (= weightlessness) during the SL-3 flight in
1985. Ground control subjects for the SL-3 rats
were malntained in a holding facility comparable to
that in the Spacelab. For tissue samples, WBS
animals were sacrificed with pentobarbital sodium
65mg/100gm, and SL-3 rats were anesthesized with
halothane and decapitated. Hindlimb muscles, (S, G
and EDL) were excised and frozen in liquid NZ-
Tissues were placed in OCT compound, and froZen
sections were treated with an ATPase stain,
adjusted to pH 9.4. The method is a modification
of Dubowitz et al (1973). Numbers of muscle fibers
and fiber areas were recorded using a computerized
image analysis system.

RESULTS AND DISCUSSION

Comparison of models with uG experiments:

Loss of muscle mass and protein content have been
used as measures for evaluation of disuse atrophy
in hindlimb unloading due to WBS and TS. Examples
of such data from the literature are presented for
S, G and EDL in Table I. These selected references
are not intended to represent a complete review of
the literature. For example, there is additional
data of muscle mass and protein loss when the
hindlimbs are casted. Booth (1977) reported a 21%
and 457, respectively, loss of S and G mass after
21 days of casting. Almon and Dubois (1983) also
reported that after six days of limb casting there
are losses in muscle mass, 40% in S and 14% in EDL.
Szoor et al (1981) using 8 and 14 day periods of
limb casting, reported progressive loss in S, G and
EDL mass.

The data in Table 1 clearly illustrates that §S
shows the most consistent and dramatic loss of mass
following space flight and during WBS and TS
unloading. 1In addition, prolonged TS unloading,
i.e. after 14 days, does not appear to greatly
enhance the process of muscle mass loss (11).
During recovery from WBS muscle mass increase in S,
G, and EDL (13).

The muscle mass changes during WBS and
microgravity parallel total protein levels (14,
15). Those authors showed that the disuse atrophy
can be attributed to loss of cellular protein.
Through studies of relationships between protein,
RNA and DNA, they predicted that exposure to
microgravity should result in decrease cell mass
but no loss in fiber numbers. This concept
was experimentally tested and is reported below.




The data from the reports cited in Table I
does not distinguish between ages, weights, sex and
strains of rats. In the Russian COSMOS series the
rats were Wistar strain (Bratislava) and generally
young adults, both males and females. The SL-3
subjects used by Steffen and Musacchia (15) are
Sprague Dawley adult males weighing about 400 gm.
In contrast, most other rats in WBS and TS
unloading experiments have been juvenile or young
growing rats ranging in weight from less than 100
gm to about 250 gm. In earlier experiments (12)
using Sprague Dawley males, 170-200gm, we reported
not only muscle mass loss but also an initial loss
in body weight that was corrected within a few days
to renewed weight gain. The weight loss in young
growing animals is related to lessened food intake.
Older animals show significant and sustained weight
loss during seven days of exposure to microgravity
(Figure 1) (16) and WBS unloading.

From the literature review, one can conclude
that hindlimb unloading and exposure to
microgravity result in significant loss in muscle
mass and total protein in S, a predominately slow
twitch, antigravity muscle. In G, a mixed fiber
muscle, there is also a significant loss of mass
and protein in response to both WBS or
microgravity. In contrast, the least change in
mass and protein content ocurs in the EDL. Thus,
despite the variation in experimental approaches
under conditions of hypokinesia and hypodynamia,
disuse muscle atrophy is apparent and differs in
accordance with muscle antigravity functions.

In an effort to develop more precise
experimental protocols comparisons were made
between seven day microgravity exposed rats (SL-3)
and seven day WBS hindlimb unloaded rats. Rats
were of the same sex (males) and body weight.
Figure 1 shows that body weight loss occurs under
both conditions. Figure 2 shows significant
parallel losses in soleus mass.

The EDL (Figure 3) showed a significant loss
of mass in the seven day flight subjectsbut not in
response to seven days of WBS. We have no specific
explanation for these differences at this time,
although there may be a clue in the fact that WBS
subjects often exhibit a plantarflexed limb for
extended periods. These are random observations
and as yet there has been no attempt at
quantification. It is possible that this form of
muscle positioning may cause some attentuation in
the disuse atrophy.

CONCLUSIONS

Comparisons of model systems (WBS and TS) with
uG show that they are highly comparable for periods
of one to three weeks of hindlimb unloading. The
sensitivity of muscles are greatest in the slow
twitch (predominant type I fiber) soleus, greater
than the gastrocnemius a mixed fiber (type I and
1I) muscle and least effected, the mixed fiber
(predominantly type II fiber) EDL. The loss in
muscle mass, in response to unloading in WBS and TS
and uG exposures (COSMOS and SL-3) during space
flight is explained in terms of protein loss. A
specific experiment dealing with changes in fiber
numbers and fiber areas confirmed earlier
reports that muscle mass loss was the result of
cellular content rather than fiber number.
Supported in part by NASA grant NAG2-386.
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TABLE I Comparison of muscle mass and total
protein change, loss (=) or gain (+), in response
to microgravity (space flight) and hindlimb
unloading using whole body (WBS) or tail suspension
(TS) systems. Sources are cited.

SOLEUS

Conditions Percent Change Ref.

& Days Mass Protein
MICRO G
COSMOS 605

22 32(-) (8)
COSMOS 690

20.5 25(-) (9)
COSMOS 605

22 46(-) (5)
COSMOS 1129

18.5 40(-) (18)
SL-3

7&.5R*  34&24(-) 34&40(-) (7)
SL-3

7 24(-) 16(-) (15)
UNLOADED
WBS

7&7R*  29&11(-) (13)

14&7R*  428&24(-) (13)
WBS

7&14 30&41(-) (14)

(Back Harness)

7 46(-) (4)
TS

7814 34&52(-) (5)
TS

14490 45—54(-) (11)
TS

6 25(-) (10)
TS

14 48(-) (20)

GASTROCNEMI1US

MICRO G
COSMOS 690

20.5 19(-) (9)
SL-3

7&7.5R* 15&14(-) 13(-) (@]
SL-3

7 14(-) 9(-) (15)
UNLOADED
WBS

7&TR* 19&1(-) (13)

14&7R*  10&6(+) (13)
WBS

7&14 23&14(-)  (14)
WBS

14 10(-) (19)
TS

6 3(=) (10)
TS

14 290 21-16(-) (11)
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(cont) EXTENSOR DIGITORUM LONGUS

MICRO G
COSMOS 605

22 12(=) (8)
COSMOS 690

20.5 No Change (9)
COSMOS 1129

18.5 29(-) (18)
SL-3

7 10(-)  9(-) (15)
UNLOADED
WBS

7814 7.5(-)&17(+) (14)
WBS

7&7R 4&9(+) (13)

14&7R 487 (+) (13)
TS

7&14 No Change &9(-) (5
*R=Recovery

TABLE II Comparisons of type I and II fibers in
the predominately slow twitch soleus and fast
twitch extensor digitorum longus (EDL) muscles from
seven day space flight (Micro G) and WBS rats.
Values expressed as percentage of appropriate
controls for uG or WBS cage rats.

Type I Type II

I/mm2 Area/uM2 II/mm2 Area/uM2

SOLEUS

Micro G +29 -38% +69 -37
WBS +15 =14% +10 -21%
EDL

Micro G +59 -10 +63 =10
WBS +12 -24% +30 -14

*Significantly different from
controls = P<0.05
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Figure 1. Body weights, significant
differences (P<0.05) between flight
and flight controls, and H/H and H/H
controls
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Figure 2. Soleus weights, significant
differences (P<0.05) between flight
and flight controls, and H/H and H/H
controls
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Figure 3. EDL weights, significant
differences (P <0.05) between flight
and flight controls
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NEUROPHYSIOLOGICAL RESPONSES
IN SUSPENDED ANIMAL MODELS
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In unanesthetized rats, single neuron
activity in the lateral hypothalamic area (LHA)
and paraventricular nucleus (PVN) was recorded
during horizontal and head-down tilt suspension.
When the rat was raised in the horizontally
suspended position, 21 of 44 neurons in the LHA
changed activity as follows: immediate increase
(7/21, Type 1), immediate decrease (3/21, Type
I1I), and gradual decrease (11/21, Type III). The
responses were suppressed on raising with a
head-down tilt in about half of the neurons
tested. Eight of 34 neurons in the PVN changed
activity with horizontal suspension; gradual
decrease (6/8) and gradual increase (2/8). Seven
of the 8 neurons showed a greater response by
head-down tilting. Among the remaining neurons, 5
exhibited a gradual decrease in activity during
head-down tilt without any change during
horizontal suspension. In addition, four of 5
neurons that showed a decrease in activity during
head-down tilt increased their activity by
hyperosmotic stimuli. Possible signals which
induce the changes in the neuronal activity and an
involvement of the hypothalamus in regulation of
autonomic nervous and endocrine system under
simulative hypogravic condition are discussed.

INTRODUCTION

Weightlessness and simulated weightlessness
cause a variety of changes in metabolic,
cardivascular and body fluid homeostasis (10,15).
It is well known that the hypothalamus is involved
in regulation of these functions through the
endocrine and autonomic nervous system. To

understand the central mechanism of these
reactions, we investigated the effects of
simulative  hypogravic condition induced by

horizontal or head-down suspension on single
neuron activity in the lateral hypothalamic area
(LHA) and paraventricular neucleus (PVN). A
portion of this study has been previously reported

(5).
METHOD

Wistar rats weighing 300-350 g were used.
The suspension with or without a head-down tilt
method as a low G simulation was applied
€11,12,15.16) Under ketamine (100 mg/kg)
anesthesia, a bundle of recording electrodes
consisting of five flexible teflon coated

S-106

platinum-iridium wires (Medwire, New York, 25 um
0.d.) was implanted into the LHA (A, 2.3 posteror
to the bregma; L, 1.5; H. 7.5-8.5 mm down from the
cortex surface), or PVN (A, 1.5 posterior to the
bregma; L, 0.6; H, 7.5 mm down from the cortex
surface). Each electrode was exposed at the cut
end and cemented with polyethylene glycol. After
recovery, 2 wires were selected and single
neuronal activity was differentially amplified
through a dual type FET (2SK18A, Toshiba) placed
on the skull (6). Rats wore a denim harness which
had four openings to extend the legs and had a bar
attached for suspension. Long-term recording was
performed under unaesthetized conditions during
the series of trials as follows; standing on the
floor, horizontal suspension, and suspension with
a 45° head-down tilt. In some of the PVN neurons,
hypertonic saline (2% NaCl) administered
intraperitoneally (0.5 ml/rat) or
intra-third-cerebroventricularlly (2 pyl/rat).
After the experiments were completed, recording
sites were verified histologically.

RESULTS
1) Responses of LHA neurons

Twenty one of 44 LHA neurons (48%) displayed
changes in discharge frequency by the horizontal
suspension. Among these 21 neurons, 7 (33%)
responded with an increase in their activity
immediately on raising the animal from the ground
level (Type 1), 3 (14%) with an immediate decrease
(Type II), and 11 (53%) with a gradual decrease
(Type 1II).

10
imp./sec

c—
5 min

Figure 1. Effects of body suspension and partial
landing on LHA neuronal activity. A, B and C,
different neurons. » horizontal suspension;

HL , FL , partial landing of hind limbs (HL)
or forelimbs (FL) during suspension. HL
touch ; light touch of hind-limbs with a board.

HDP 45° , head-down position at 45°, A:
immediate increase in activity on horizontally
raising of the rat (Type I), and immediate
decrease by partial landing. B: immediate
decrease in activity (Type II), and immediate
increase by partial landing. Light touching of
hind-limbs with a board caused no change in single
neuron activity. C: gradual decrease in activity
to  horizontal suspension (Type III) and
suppression of the decrease at a 45° head-down
tilt position.

Fig. 1 shows Type I (A), Type II (B) and Type
IIT (C) neurons respectively. These neuronal
activities returned to the base line level as soon
as the fore-limbs or hind-limbs of the rats were



supported by a board landing. Only touching of
the limbs on the board without flexions of joints
during suspension resulted in no change in
neuronal activity (Fig. 1B, left). Therefore,
changes in the LHA neurcnal activity caused by
suspension are probably attributed to changes in
signals coming from proprioreceptors, e.g., muscle
receptors 1in extensor muscles or antigravity
muscles, tendon organs, and joint receptors. The
neuronal activity of Type III neurons showed a
slower response than that of Type I or Type II
neurons by the horizontal suspension (Fig. 1C).
The decrease sometimes began to recover gradually
before landing. On the basis of these results, it
could be assumed that Type I and Type II neurons
were more directly influenced by proprioreceptive
signals than Type III neurons. The slow response
of Type III neurons may result from the modulation
or integration of proprioreceptive stimuli on
their way to the LHA or in the LHA itself.

We examined the effects of head-down tilt
suspension on the LHA neuronal activity which
showed the changes in response to horizontal
suspension. Of the 10 neurons tested, 3 were
determined to be Type I neurons and 7 were Type
IITI neurons. Seven of 10 neurons exhibited
suppression of the response to Thorizontal
suspension on raising with head-down position from
the ground level. Fig. 1C showed an example of
such neurons (Type III). The responses of the
other 3 neurons were not different from those to
horizontal suspension. These changes in the
response would be induced by tilting the animal's
body itself, because other experimental procedures
were the same as those of the horizontal
suspension method. This would indicate that
signals coming from sources other than
proprioreceptors, for example from the vestibular
organ, baroreceptors or volume receptors in the
thoracic cavity might contribute to this
attenuation of the responses.

2) Responses of PVN neurons

Eight of 34 PVN neurons (24%) changed their
activity by the horizontal suspension; 6 (75%)
exhibited a gradual decrease (Fig. 2A) and 2
(25%), a gradual increase in activity (Fig. 2C).
There were no neurons that showed immediate
changes in activity as did LHA neurons (Type I and
Type II). Only touching of the limbs on the board
caused no change in neuronal activity (Fig. 2C).
These neurons exhibited a greater response to
head-down tilt than to horizontal suspension
(Fig. 2A,C). Among the remaining neurons, 5
showed a gradual decrease by head-down tilt
without any change in activity during horizontal
suspension (Fig. 2B).

A '2xnunosntn

HDP 45°
—

Lol | 10
Iimn Isec

——
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B 2% NaCl ic.v.
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Figure 2. Effects of body suspension and osmotic

stimuli on PVN neuronal activity. A, B and C

different neurons. ,» horizontal suspension;
HDP 45° , head-down position at 45°, A:

gradual decrease in activity on horizontally

raising of the rat, and greater response by
head-down tilt. Intraperitoneal injection of
hypertonic saline caused an increase in activity.
B: no change in activity during horizontal
suspension and decrease by head-down tilting.
Intracerebroventricular injection of hypertonic
saline during the suppressed period had no effect.
C: gradual increase in activity by horizontal
suspension with a greater response by head-down
tilt. Tail pinching caused an immediate increase
in activity. Light touching of 1limbs with a
board, no change.

Eleven neurons showed gradual decrease in
activity during head-down tilting, of which 6
showed smaller response by horizontal suspension.
Since activation of baroreceptors has been shown
to inhibit PVN neurosecretory cells (4,9) and
conversely, antiduretic hormone is released in
response to head-up tilt in quadriplegic subjects
(19), the decrease in activity during head-down
tilt might be caused by information from
baroreceptors in the thoracic cavity. Most of
these neurons (4 of 5 neurons tested) increased
their activity by intracerebroventricularlly or
intraperitoneally administered hypertonic saline
(Fig. 2A). Thus, this suggested that
baroreceptors and osmotic stimuli converge onto
the same neuron in the PVN. However, information
from baroreceptors was more effective than that of
osmotic stimuli because hyperosmotic stimuli had
no effect on PVN activity during the suppressed
period induced by head-down tilt (Fig. 2B).
Administration of hypertonic saline had no effect
in a neuron showing a gradual increase during
horizontal suspension (not shown). Neuronal
activity of this neuron was increased by noxious
stimulii such as tail pinching (Fig. 2C).

DISCUSSION

It has been shown that hypothalamic neurons
were affected by stimulation of muscle afferent
nerve, as well as visceral stimulation
(1,3,13,18). Among the possible pathways by which
these different modalities affect the hypothalamic
neurons, it has been suggested that somatosensory
inputs reach the hypothalamus multisynaptically
via the mesencephalic reticular formation (RF)
(2). Namely, degeneration studies have showed the
existence of the reticulo- hypothalamic pathway
that is related to the so-called extralemmiscal
sensory system (20). Proprioreceptive information
which was suggested to alter the hypothalamic
neuronal activity in the present experiments,
might pass through this pathway. Since the
signals coming from muscle spindles have a strong
association with the vestibulo-cerebellar system,
there is another possibility, i.e., these signals
and vestibular information itself are conveyed via
the cerebellar nuclei, including the vestibular
and fastigial nuclei. Electrophysiological
studies have shown that the lateral vestibular
nucleus (Deiters') has polysynaptic connections
with the LHA (7). In addition, a recent
anatomical study showed a direct projection from
the cerebellar nuclei to the hypothalamus (3).
Information from thoracic baroreceptors which
perceived changes in blood redistribution was
thought to be carried by the pathway from the
nucleus of the solitary tract to the LHA directly
or via the parabrachial nucleus (8,14).
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Figure 3. Input-output organization of the LHA
and PVN during body suspension. LHA, lateral
hypothalamic area; PVUN, paraventricular nucleus;
NTS, nucleus tractus solitarius; DMV, dorsomotor
nucleus of the vagus; IML, intermediolateral cell
column of the spinal cord; Vest. N, vestibular
nuclei; FN, fastigial nucleus; RF, mesencephalic
reticular formation; Vag. N, vagus nerve; Symp. N,
sympathetic nerve.

Our results show the possibility that
proprioreceptive, vestibular, and/or baroreceptor
information induce changes in  hypothalamic
neuronal acitivty. Monosynaptic projections
originating from LHA and PVN reach preganglionic
neurons of the sympathetic and parasympathetic
systems, intermediolateral cell column of the
spinal cord and dorsomotor nucleus of the vagus
(17). It was also demonstrated that the LHA and
PVN were involved in the modulation of efferent
autonomic nerve activity (13). Therefore, it is
possible that the LHA and PVN, receiving the
signals discussed above, influence these autonomic
nuclei and neurosecretory cells in the PVN and
modulate the autonomic responses and release of
vasopressin. Fig. 3 shows possible input-output
organization during body suspension. This
hypothesis may account for the autonomic and
endocrine disorders in weightlessness.
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Abstract

Effects of passive postural changes on the
cardiac-related sympathetic nerve activity and high
frequency oscillation in the phrenic nerve discharge
were quantitatively analyzed by spectral analyses. Ex-
periments were performed on vagotomized rabbits
with intact sinus nerves, anesthetized with ether,
paralyzed and artificially ventilated. In the power
spectrum of renal sympathetic nerve discharge,
cardiac-related component was decreased by head-up
tilting (30°) and was increased by head-down tilting
(30° ). Coherence between sympathetic nerve discharge
and arterial pulse at the frequency of cardiac rhythm
was decreased by head-up tilting and was increased
by head-down tilting. In the power spectrum for
phrenic nerve discharge, the peak-area corresponding
to the high frequency oscillation, which was estimated
by non-linear least-squares method, was increased by
both the head-up and head-down tiltings.

Introduction

Changes in the sympathetic nerve discharge
(SND) produced by postural changes have been
analyzed by means of integration or pulse count in
respect of the overall activity of the nerve discharge
(12). Therefore, the changes in the rhythmic com-
ponents of SND produced by postural changes are
presently unknown except a part of them. Previous
works (8, 9) from our department have demonstrated
that the overall activity of the renal SND is
markedly increased by head-up tilting, and that both
the head-up and head-down tilting procedures cause
an increase in the total activity of phrenic nerve
discharge (PND) and a prolongation of the respiratory
cycle of PND, in vagotomized rabbits with intact
carotid sinus nerves. In addition, the cross-correlation
analysis has revealed that the head-up tilting is ac-
companied by a shift in the phase relation between
respiratory volleys in the SND and PND and an in-
crease in the cross-correlation coefficient of the two
nerve discharges (9). It still remains, however, to be
established whether the other rhythmic components in
SND and PND are influenced by tilting procedures.
Spontaneous efferent discharges recorded from sym-
pathetic nerve bundles usually are synchronized into
bursts that are locked in a 1:1 relation to the car-
diac cycle by the baroreceptor reflexes (2). However,
it was demonstrated that the I:1 relationship between
bursts of SND and the cardiac cycle was disrupted
when heart rate was markedly decreased (5) or ar-
terial blood pressure was lowered (6). In the first
part of the present study, we have investigated the
changes in the relationship between cardiac-related
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activity in SND and arterial pulse caused by tilting
procedures. For this purpose, we employed the
analytical method of coherence spectra and evaluated
the changes in the height of the spectral peak at the
frequency of cardiac rhythm in the coherence spectra
between SND and arterial pulse wave (11). A
coherence function indicates the linear relationship
between two signals at a given frequency (1). In the
second part of the study, we have undertaken
detailed quantitative analyses of the effects of pos-
tural changes on the high frequency oscillation (HFO)
which is the 60- to 100-Hz component observed in
the inspiratory phase of PND (4, 13). According to
the previous studies (3, 4, 13) and recent our studies
(10), it is probably considered that HFO originates in
the brain stem and is a characteristic component in
the efferent nerve activities which innervate skeletal
muscles associated with respiratory movement.

Methods

Experiments were performed on 6 rabbits of
either sex, weighing between 2.2 and 3.6kg. The
animals were anesthetized with diethyl ether, immobi-
lized with gallamine triethiodide (5mg/kg, iv) and ar-
tificially ventilated. The tidal volume of artificial
ventilation was adjusted to maintain the end-tidal
CO, level at 4.1+0.7% (NEC San-ei 1H2Z1 expired gas
analyzer). Rectal temperature was maintained between
37 and 38° C with a heat pad. Bilateral cervical
vagus nerves were cut in all experiments. The carotid
sinus nerves were remained intact and aortic depres-
sor nerves were also remained intact in a part of
experiments. Spontaneous efferent discharges were re-
corded from the right phrenic and renal sympathetic
nerve bundles. Electrical recording-artefacts accom-
panied with the experimental postural changes were
possibly minimized by using implanted bipolar platinum
electrodes insulated with silicon rubber. Capacity-
coupled preamplification with a band pass of 0.5-
1,000Hz for renal SND and 16-1,000Hz for PND was
used (NEC San-ei Type 1205D preamplifier). Femoral
arterial blood pressure and the electrocardiogram were
recorded using standard techniques. The animal was
placed in the supine position on a tilting table and
was tilted for 2 to 10 min to the head-up position
(at 30°) or the head-down position (at 30° ). Data
before and after tiltings were stored on magnetic
tape and were analyzed using a NEC San-ei 7T17

computer after passing these signals through the
adequate low-pass filters for preventing aliasing (1).
First, the power spectra of SND and arterial pulse

and coherence spectra between the arterial pulse and
SND were computed (120s data, 0 to 50 Hz; en-
semble average of 30 segments). To estimate the
degree of the linear relation between arterial pulse
and cardiac-related activity in SND, the height of the
spectral peak at the frequency of cardiac rhythm was
calculated in the coherence spectra (1, 11). If the
coherence is large close to 1.0 at a given frequency,
it can be interpreted that components of two signals
at the given frequency are synchronized and coherent.
Second, according to the standard procedure (1), we
calculated the power spectral density function of PND
(0 to 200Hz, 0.25Hz/bin; ensemble average of 30
segments) from consecutive 120s data. Our preliminary
survey (10) based on the non-linear least-squares
method has revealed that the Cauchy distribution
could be regarded as one of the fittest approximation
of the peak corresponding to HFO in the power
spectrum. By using this "curve fitting" estimation
method, the peak-area and peak-frequency of the
spectral peak corresponding to HFO in PND were
estimated. Statistical analysis was performed with
Student's t-test for paired data. Probability levels less
than 0.05 were considered significant. Values are
expressed as means + standard deviations (SD).
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Figure 1. Effects of postural changes on cardiac-
related activity in the renal sympathetic nerve
discharge. Top: control (horizontal supine) and head-up
position 2 min after the tilting. Bottom: control
(horizontal supine) and head-down position 2min after
the tilting. RSND, renal sympathetic nerve discharge;

BP, arterial blood pressure. Horizontal calibration is
0.2s. Vertical calibration for nerve discharge is 100
HV.

Results

Effect of postural changes on renal sympathetic
nerve discharge.

Spontaneous efferent discharges recorded from
the renal sympathetic nerve were synchronized into
burst discharges that were locked in a 1:1 relation to
the arterial pulse cycle at the horizontal supine
(control in Figure 1) before tiltings. After tilting to
the head-up position, the cardiac-related activity in
SND was dissociated from pulse cycle and was no
longer locked in a I:1 relation to the cardiac cycle
(Figure 1). The mean arterial pressure (control;
96+22mmHg) was lowered to 83+29mmHg by head-up
tilting. When the animal was tilted to the head-down
position, cardiac-related sympathetic nerve activity
was more closely locked to the cardiac cycle (Figure
1). The mean arterial pressure (control; 98+16mmHg)
was increased to 105+16mmHg by head-down tilting.

Power spectral analysis of renal sympathetic nerve
discharge
Figure 2 shows the power spectra ranging from
10Hz of the renal SND before and after
Power spectrum of the renal SND had a
major peak corresponding to the cardiac-related ac-
tivity in SND at about 4Hz (indicated with arrow,
Figure 2, 1). The height of the peak corresponding to
the cardiac-related activity in SND decreased after

2 to
tiltings.

tilting to the head-up position (Figure 2,IB). In
contrast, the head-down tilting procedure markedly
A B
Gxx CONTROL HEAD-UP (30°)

Figure 2. Power spectra for renal sympathetic nerve
discharge. IA: horizontal supine (control). IB: 2min
after head-up tilting. II: horizontal supine (IIA,
control) and 2min after head-down tilting (IIB). I and
Il are from same rabbit. Ordinate is power spectral
density. Abscissa is frequency. Resolution was
0.125Hz. Arrow under each spectrum indicates the
frequency of the cardiac rhythm.
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Figure 3. Effect of head-up tilting on coherence

spectra between renal sympathetic nerve activity and
arterial pulse wave. Squared coherence spectra be-
tween renal sympathetic nerve activity and arterial
pulse wave at horizontal position (top) and head-up
position (bottom). Arrow under each spectrum points
the frequency of cardiac rhythm. Vagotomized rabbit
with intact bilateral carftid sinus nerves, Ordinate is
squared coherence (Coh®) and abscissa is frequency.
Each coherence spectrum was averaged 30 times.
Resolution was 0.125Hz. The data analyses were per-
formed 2min after the tiltings.

raised the spectral peak corresponding to the cardiac-
related activity in the power spectra of SND (Figure
2, 1IB).

Coherence spectra between arterial pulse and sym-
pathetic nerve discharge

Coherence spectra between SND and arterial
pulse wave had spectral peaks corresponding to the
cardiac rhythm and its harmonics (Figure 3 and 4).

Coh?
10
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0 AMA\.W/\/\
A
10
HEAD-DOWN
(30°)
0 i 10Hz
Figure 4. Effect of head-down tilting on coherence
spectra between renal sympathetic nerve activity and
arterial pulse wave. Squared coherence spectra be-
tween renal sympathetic nerve activity and arterial

pulse wave at horizontal position (top) and head-down
position (bottom). Arrow under each spectrum indi-
cates the frequency of cardiac rhythm. Vagotomized
rabbit with intact bilateral carotid sinus nerves. Or-
dinate is squared coherence (Coh®) and abscissa is
frequency. Each coherence spectrum was averaged 30
times. Resolution was 0.125Hz. The data analyses
were performed 2min after the tiltings.



Table I. Effects of postural changes on coherence be-

tween SND and arterial pulse.

n_Control Tilting
Head-up 30° 7 0.59+40.17 0.41+0.20%
Head-down 30° 8 0.57+0.14 0.77+0.18%

Each value is the coherence between renal SND and
arterial pulse at the frequency of cardiac rhythm
(mean+SD). n: number of trials. *Significantly dif-
ferent from the control value (P<0.05).

The height of the peak at the frequency of the car-
diac rhythm (about 4Hz) was decreased by head-up
tilting (Figure 3). While, the tilting to the head-down
position caused a rise of the peak corresponding to
the cardiac rhythm (Figure 4). The mean values of
coherence of the peak corresponding to the cardiac
rhythm before and after tilting procedures are shown
in Figure 5 and Table L. Before tilting to the head-
up position, the mean coherence of the peak cor-
responding to the cardiac rhythm was 0.59+0.17 (n=T7).
The coherence significantly decreased to 0.41+0.20
(n=7) after tilting to the head-down position. The
mean value of the coherence was 0.57+0.14 before
the head-down tilting, and significantly increased to
0.77+0.18 after head-down tilting (n=8).

Effect of postural changes on phrenic nerve dis-
charge

Typical recordings of the spontaneous efferent
discharge of the phrenic nerve were shown in Figure
6. High frequency oscillation (HFO) with about 100Hz
rhythm was observed in the inspiratory phase of PND.
Under the condition that the end-tidal CO, was con-
trolled not so as to change, the amplitude of the
wave of HFO increased after tilting to the head-up
position. In the head-down tilting procedure, an in-
crease in the end-tidal CO, was unavoidable. The
amplitude of PND increase accompanied with an
elevation of the end-tidal CO,.

Effect of postural changes on the spectral peak of
high frequency oscillation

A sharp peak corresponding to the high
frequency oscillation (HFO) was found near 100Hz in
the power spectrum of the PND. This spectral peak
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means & SD, k: P<0.05
Figure 5. Coherence at the frequency of cardiac

rhythm. Height of each column shows the mean value
of the squared coherence between renal SND and
pulse wave at the frequency of cardiac rhythm. Ver-

tical bar shows SD. Shaded column is head-up or
head-down position. Open column is the control
(horizontal supine) of each. N: Number of

experiments. *Significantly different from the control
value (P<0.05).
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Figure 6. Effect of postural changes on the phrenic
nerve discharge. Top: horizontal supine (control) and
2min after head-up tilting. Bottom: horizontal supine
(control) and 2min after head-down tilting. Top and
bottom tracings are from different rabbits. PND,
phrenic nerve discharge. BP, arterial blood pressure.
Horizontal calibration is 0.5s. Vertical calibrations for
nerve activities are 50 upV.
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was fitted to the Cauchy distribution by non-linear
least-squares method. The head-up tilting procedure
caused a rise of the peak corresponding to the HFO
in the power spectrum (Figure 7).

The mean values of the peak-area and peak-
frequency estimated by the curve fitting method
based on the non-linear least-squares method are
shown in Table II. Under the condition that the tidal
volume of artificial ventilation was adjusted to main-
tain the mean value of end-tidal CO, level at 4.1%
(Table 1I), the peak-area corresponding to the HFO
significantly increased after tilting to the head-up
position. The peak-frequency was not significantly
changed by the head-up tilting. In the head-down tilt-
ing position, the peak-area corresponding to the HFO
increased depending on the elevation of end-tidal CO,
and the peak-frequency was elevated.

B I o
- |
|
|
CONTROL
o o 139.0 |
9.1
-
HEAD-UP
(30°)
75 115Hz
Figure 7. Effect of head-up tilting on the spectral

peak of the high frequency oscillation. Power spectra
for high frequency oscillation in PND. Horizontal
position (top) and 2min after head-up at 30°
(bottom). Ordinate represents power spectral density.
Arrows indicate the peak-height of the control.
Abscissa is frequency. Bin width was 0.25Hz. The
curve drawn with a solid line indicates Cauchy dis-
tribution fitted by non-linear least-squares method.
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by both the tilting procedures.

Acknowledgements

Table II. Effect of head-up tilting on the spectral
peak of high frequency oscillation in PND.
n_Control Head-up
Peak-area (%) 8 100 133+19%
Peak-frequency (Hz) 8 105+16 104+16
"End-tidal CO, (3) 8 4.140.7 4.1:0.8

Peak-area and peak-frequency were estimated by
curve fitting method. Values are expressed as
means+SD. n: number of trials. *Significantly different
from the control value (P<0.05).

Discussion

One of the major findings of the present study
is that the head-up tilting procedure causes a disrup-
tion of the 1:1 relationship between cardiac-related

sympathetic nerve activity and arterial pulse. In
addition, the head-down tilting procedure intensified
the relationship between arterial pulse and cardiac-

related sympathetic nerve activity. These results are
consistent with a recent description by Gebber and
Barman (6). They presented that the 1:1 relationship
between bursts of SND and the cardiac cycle was
disrupted under the condition of reduced blood

pressure.  When the inputs from the arterial
baroreceptors are decreased by lowering blood
pressure, baroreflex mechanisms may be no longer

able to maintain the 1:1 locking of bursts of SND to
the cardiac cycle. In some cases of the present
experiments, the spectral peak corresponding to the
cardiac rhythm was eliminated from the coherence
spectrum between arterial pulse and SND when the
blood pressure was markedly lowered by prolonged
head-up tilting. As well as this, the spectral peak
corresponding to the cardiac rhythm was eliminated
from the coherence spectrum between SND and ar-
terial pulse after complete section of the carotid
sinus and aortic depressor nerves (11). It is considered
that the baroreflex mechanism of rabbit is not
enough to compensate the fall in arterial pressure
caused by head-up tilting under the tested experimen-
tal condition, because the arterial blood pressure was
actually decreased by head-up tilting. In a previous
report (7), it is described that in the vertical head-up
position the rabbits died in the course of 15 minutes
to 2 hours.

Another finding of the present
head-up tilting procedure causes an increase in
peak-area of high frequency oscillation (HFQ) es-
timated by the curve fitting method based on the
non-linear least-squares method. Since the end-tidal
COy was unchanged before and after the head-up tilt-
ing procedure, this increase in the peak-area was
probably mediated by baroreceptor reflex mechanisms
rather than peripheral chemoreceptor reflex or central
chemosensitivity. In addition, the peak-frequency was
not significantly changed by passive head-up tilting.
As presented in a recent report (10) from our
department, The increase in the peak-area correspond-
ing to HFO produced by hypoventilation is accom-
panied by an elevation in the peak-frequency. In the
head-down position, an increase in the end-tidal C02
was unavoidable. The peak-area corresponding to the
HFO increased depending on the elevation of end-tidal
COy. This increase in the peak-area of HFO was ac-
companied by a shift of the peak to the higher side
as well as the response to hypercapnea.

In conclusion, the 1:1 relationship between the
bursts in SND and arterial pulse was disrupted by
head-up tilting, and was intensified by head-down
tilting. The component of high frequency oscillation in
neural outflow from respiratory center was increased
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This paper reviews some human and animal
responses to space flight as well as in control
models in simulations of weightlessness.
Astronauts after space flight have been found to
have a decreased red blood cell mass and plasma
volume. The reason for these changes is unknown
but appears to be caused primarily by a decrease
in the need of red blood cells in the weightless
condition. Similar though more moderate changes
have been found in human subjects subjected to
prolonged bed rest or water immersion. What
happens to the red cell mass of laboratory rats
flown in microgravity is not known but rats have
shown an increase in the rate of random red cell
loss in flight suggesting a probable decrease.
Rat models subjected to either head-down
suspension or restraint alone have shown a
decrease in red blood cell masses and a decrease
in their plasma volume.

I. Introduction

Numerous studies have shown that astronauts
after flights have a reduction in their **Cr red
cell mass and *2°I HSA plasma volume and
consequently a decreased blood volume (6,26).
Similar changes have occurred in human subjects
in simulations of weightlessness produced by bed
rest with or without head-down tilt (1,8,10,13,
14,17,19,24). Far fewer studies have been
carried out on animals flown in microgravity and
it is not known whether the laboratory rat is a
valid model for the changes which occur in humans
during space flight (4,5,9,11,12,15,16,21-23).
However, rats subjected to either antiorthostatic
or orthostatic hypokinesia/hypodynamia exhibit
some of the same changes in red cell mass and
plasma volume found in astronauts after space
flight (2,3).

We have compared the hematological changes
found after space flight with changes found in
simulated weightlessness. Because of limitations
in space, we concentrate on the studies of human
astronauts and their simulated controls on
Spacelab 1 (SL-1). The focus on animal studies
was on the results from animals flown on Spacelab 3
(SL-3) together with ground-based simulation
experiments. The results of these studies have
been previously published separately (2,3,11,12,
14). Results of other investigators will be
discussed as space permits,

The Physiologist, Vol. 30, No. 1, Suppl., 1987

II. Human Studies

Although some of the red blood cell changes
found in early flights of NASA spacecraft were
undoubtedly due to hyperoxic damage to red blood
cells caused by the utilization of an increased
partial pressure of oxygen, the Russian experience
plus the results of Skylab and shuttle studies
effectively rule out hyperoxia as a cause of the
decrease in red cell mass (6,26).

The results of Skylab reticulocyte studies
pointed towards a decreased production of red
blood cells. This was investigated in personnel
who flew on SL-1 and in simulation subjects who
were selected on the basis of similarity of age,
weight, sex (male), physical condition and overall
health status (14). During the simulation of the
inflight period, the control subjects were placed
at -6° head-down bed rest for a period equal to
the flight period. The following table shows the
changes in red cell mass and plasma volume in SL-1
flight personnel, and control subjects.

Table 1. Percent decrease in red cell mass (RCM)
and plasma volume (PV)

RCM PV

Mean S.E. Mean S.E. N

SL-1, 10 days 9.3* 1.6 6.0 4.3 4
Bedrest, 10 days 4.6 1.2 5.4 4.4 5

*Significantly (p<.05) different from preflight
measurement.

The changes in reticulocyte numbers are shown
in Table 2.

Table 2. Reticulocyte numbers x 10%/L

Preflight MD-1 L+0 L+8
Flight 64+5 49+15 24:+8* 48+5
Bedrest 35+6 36+4 386 32+9

*Significantly different (p<.05) from preflight
measurement. MD = mission day; L = landing day.

As shown in Table 2 the reticulocyte number
decreased in the astronauts, indicating a probable
decrease in production of red blood cells.
However, this was certainly not complete and as
shown in Table 3 incorporation of radioactive iron
injected preflight was quite similar in control
and flight subjects. The post-flight decrease in
the calculated red blood cell iron incorporation
suggests an increased red blood cell production in
crew members.

Table 3. RBC iron incorporation SL-1 and bedrest
simulation (% in RBC)

MD-1  MD-7 L0 L+1 L+8 L+12

Flight 19 85 88 93 85 86
Bedrest 21 86 91 92 91 92

MD = mission day; L = landing day.

Also mitigating a complete shutdown of bone
marrow production is the fact that the levels of
serum iron and iron-binding capacity were
unchanged. This also shows that iron stores are
replete. Serum ferritin is a measure of iron
stores and on SL-1, as shown in Table 4, there
were significant increases seen on MD-7, L+0, and
L+1. This could indicate that the iron from red
blood cells lost early in flight was being
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reutilized and also that the inflight loss of red
blood cells was not the result of external
hemorrhage.

Table 4. Ferritin changes SL-1 and bedrest
simulation (percent change).

MD-1 MD-7 L+0 L+l L+8  L+12

53% 62* 63* 1.9 -15

SL-1 1.5
1.3 -13.9 -11.6 -11.9 -34.2* -33,0*

Bedrest

*Significantly different (p<.05) from preflight
measurements. MD = mission day; L = landing day.

The other major cause for a loss of red
blood cell mass would be increased red blood cell
destruction. However, radioactive tracer studies
on SL-1 crew members showed that the percentage
of red blood cells remaining at 8 days was the
same as it was for simulation subjects and was
normal. Intravascular hemolysis should lead to
decreased serum haptoglobin, but haptoglobin
increased slightly but not significantly.

III. Animal Studies

Simulation studies for SL-3 flight animal
studies were carried out using rats suspended in a
Jacket and harness arrangement. In the first
study the head-down angle was approximately 20°
and by use of fore limbs the rats were able to
move through 360° (2).

The results in the suspended rats showed:

A. Reduction in red blood cell mass,

B. Suppression of erythropoiesis,

C. A transient increase in hematocrit due
to a reduction in plasma volume,

D. A post-exposure hematocrit decrease,

E. A weight loss (or failure to thrive),

F. A reduction in food and water
consumption.

Similar results are observed in man so at
least in a gross sense, the rat "model" seemed to
reproduce many of the known hematological effects
found during and after space flight.

The studies were expanded to evaluate the
effect of restraint alone as opposed to head-down
tilt and many of the same changes were found (3).
Changes in red blood cell clearance were thought
to be unique to the head-down posture. This is
currently being reevaluated and preliminary
results have shown no change in red blood cells
remaining in the circulating red blood cell mass.
Thus, survival was normal (R. Nachman, unpublished
observations).

While the changes in red cell parameters have
been conclusively shown in astronauts, to our
knowledge no isotope studies of red cell mass have
been performed on rats flown in space so it is not
known if the rat is indeed a potential model for
"space anemia,"

On SL-3, 24 rats were flown on the 8-day
flight. The hematology studies performed after
the flight showed (11,12):

A. Hematocrits, red blood cell counts, and
hemoglobin determinations were increased
in flight animals. The number of reticu-
locytes were slightly decreased in the
large rats and slightly increased in small
rats but the differences were not
significant.
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B. There were no significant differences
from control animals in spleen cell
differentials or erythropoietin determina-
tions for control and flight animals.

C. The bone marrow cells of flight animals
demonstrated an increased sensitivity to
erythropoietin when grown in methyl-
cellulose cultures.

IV. Discussion

A comparison of the results of changes in red
blood cell parameters in the human and rat studies
are shown in Tables 5 and 6.
Table 5. Human studies

Bedrest Simulation
SL-1 6° Head Down
L+0 L+8 L+13 L+0 L+8 L+13

RCM L -- +* ¥* --
Plasma Vol + + -- ¥ NC --
Blood Vol +* NC -- v ¥ --
HCT + $* 4* + + --
RBCC ¥ N R 4 ¥ v
Hgb I A 4 ¥ v
MCV 4 + + NC NC NC
MCH +* NC NC NC NC NC
MCHC o + + + i
RBC Shape
Discocyte % + ¥ NC -- -- --
Echinocyte % * tx 4 -- -- --
BM Ery. - == == -- -- --
Retics ¥ -- NC # ¥ 4
Fe Inc. 88% -- -- 91z -- --
Serum Fe NC 4 + ¥ ¥ +
Ferritin 4* NC + ¥ i *
Haptoglobin + 4 4 § NC NC
Epo ¥ + ¥ + NC NC
RBC Surv. NC == -- NC -- --
NC = Unchanged
* = Sig. <0.05.
Table 6. Rat studies
SL-3 Head Down
L+0 Suspended Rats
Sm. Rats Lg. Rats L+0 L+8 L+28
RCM - -- * + NC
Plasma Vol -- -- +* . NC
Blood Vol -- -- ¥ v* NC
Hct +* 4 v* +* 4
RBCC t* + NC ¥ -
Hgb A% + oy -
MCV + ¥ +v* ¥
MCH v NC - -- -
MCHC e 4 - -- --
RBC Shape
Discocytes - - NC NC NC
Echinocytes -- -- NC NC NC
Retics + v +* + ¥
BM Ery. ¥ ¥ NC NC NC
Fe Inc. -- -- +x NC NC
RBC Surv. -- - v - --
Epo ¥ - 4 - --
NC = not changed from control,

*

not performed.
Sig. <0.05

U.S.S.R. studies have also shown a decrease
in hemoglobin mass of cosmanauts as shown in
Figure 1,
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Redrawn from Balakovskii et al. (1).
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Y axis, hemoglobin mass (% of base value).

_ The loss appears to level off so that after
flights of 140 and 175 days mean decreases in
hemoglobin mass (CO method) of -16 and -18 percent
were found. Simulations by means of bedrest or
immersion hypokinesia have shown a loss of red
cell mass and plasma volume (10,13,14,17,20,24).
The results of one study are shown in Table 7.

Table 7. Studies involving 30-day hypokinesia.

HH? AH? Control
HgbM* Retic® HgbM Retic HgbM Retic
a/m* % a/m* % a/m’> %

Before 432 5.7 420 6.9 418 7.8
After 30

days 3438 3508 -—
14-17 d
read pt. --- 13.07 404 12.67 420 9.4

From Balakovskii et al. (1).
horizontal hypokinesia
antiorthostatic hypokinesia
hemoglobin mass
reticulocyte count

p = <0.02

p = <0.001

gD Fow e
wononouwonom

It is of interest that Kakurin et al. (7)
found that antiorthostatic hypokinesia at -12°
reproduced more closely the physiological
responses shown in space crew members than did
horizontal bed rest alone or head-down tilt at
other angles.

In flight animals flown in space on Cosmos
flights, Gazenko and Ilyin et al. found no
differences in the values of hemoglobin,
hematocrit and red blood cell counts (4,5).
Gazenko et al. (4) and Leon et al. (16) found
evidence for a hemolytic component in flight
animals. However, in later studies, Leon et al.
(15) found that when the animals were centrifuged
in flight to produce the effect of gravity, the
hemolysis was prevented indicating that the
hemolysis results from the lack of gravity rather
than other factors in the flight enfironment.
Similar to the results of SL-3 rats, LeBlanc
(unpublished observations) found that in flight
animals there was an early post-flight
significant increase in red blood cell counts,
hemoglobin, hematocrit and mean corpuscular
volume. Some observers have found a decrease in
bone marrow red blood cell precursors in flight
animals (4,5,21,23) though no changes were found
in the SL-3 rats. It is apparent that findings
for animal studies have varied from one study to
the other and point up the need for isotopic
studies of plasma volume and red cell mass to
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determine if the changes mimic those observed in
humans participating in microgravity flights.

We still do not know the cause of the
reduction in red blood cell mass in astronauts 19
years after the first description of this
phenomena by Fischer, Johnson and Berry (6) and
whether the rat is a proper model for "space
anemia." Lists of possible causes for the anemia
have been published (6,26). The anemia may be
caused and maintained by decreased production of
red blood cells which could be multifactorial.
Some of the accumulated data suggests that after
an initial decrease in the eirculating red cells,
the "erythrostat" appears to be reset at a lower
level due to a decreased demand brought on by
weightlessness. This is analogous to the atrophy
of disuse seen in muscles and other tissues and
the body's setting of ideal points for organ
weights. The need to perform isotope studies of
red cell mass and plasma volume to determine if
these values decrease as do those of human
astronauts is inferred from the animal
studies. The needs for future studies were
pointed out by a working group of the life
sciences research office of the Federation of
American Societies of Experimental Biology and
are given in Table 8 (25).

Table 8. Baseline data for analysis of erythro-
kinetics of space flights*

Settings and Subjects

Ground-Based**  Inflight***

Parameter Animal Human Animal Human
Red cell count + + +* +
Hemoglobin + +: + +
Hematocrit + + + +
Red cell mass + + + +
Blood volume + + ¥ +
Plasma volume + + + +
Reticulocyte count + + + +
Erythropoietin + + + +
Plasma or serum

haptoglobin ¥ e + &
Platelets + + + +
Red cell shape + + + +
Red cell size + + + +
Blood Psg + + + +
Blood PCO; + + + +
Red cell ATP + + + +
Red cell 2,3-DPG + + * +
Red cell sodium + + B +
Skin petechiae - - * h
Subcutaneous,

subserosal

oozing of RBC - - * -
Bone marrow smear + - + -

*When feasible, measure sequentially for
temporal aspects.

**Eyamples: Biological laboratories, hospitals,
space simulation facilities (bed rest, water
immersion, etc.), spacecraft simulators.

***Include pre-, in-, and postflight phases.
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INTRODUCTION

In the years that have elapsed since the first human
was sent into space, enormous advances have been
made in our understanding of the anatomical, biochem-
ical, physiological, and psychological adjustments
that transpire before, during, and after flight. Despite
these advances, much remains unknown about a variety
of processes, including fluid shifts and their conse-
guences. Most authorities would agree that the transi-
tion from earth's gravity to a microgravity environment
is the primary stimulus for the fluid shifts and their
cascading effects on bodily appearances and functions.

The repeated demonstrations of head and facial puffiness
with nasal congestion, engorged neck veins, and the
sensation of blood rushing to the head with space flight
has given credence to the existing models that have
evolved over the years that are available for testing
and evaluation purposes (25). Expected with the models
would be an increase in central venous pressure (CVP).
However, published (17) and recent (16) reports from
space experiments do not support such a concept nor
do recent human data concerned with head-down tilt
or water immersion in a seven-day period (14). The
issue becomes even more complicated and confusing
because there are published space flight results from
Russian cosmonauts which show elevated venous pres-
sures, when compared to preflight, after ten days
or longer (32).

For transcapillary fluid shifts to occur, changes are
needed between the hydrostatic and colloid osmotic
forces at the capillary level (8,9). Unfortunately,
there are no flight data available on these important
matters. It is repeatedly documented that most astro-
nauts and cosmonauts lose body mass during space
flight with the majority of this loss being body water
(20). Because these changes can be coupled with girth
decreases of the thigh and calf regions (25), further
credence is given to the concept that the local tissue
fluid shifts are occurring with fluid movement from
the legs to the thorax and cephalic regions. According
to Leach and Johnson (19), approximately a liter of
fluid is lost from each leg during space flight. In the
recent D1 flight, impedance results from four subjects
indicated a fluid loss of approximately three liters
in a seven-day period (1). Even with incomplete informa-
tion, it appears that the loss in body water is predomi-
nantly extracellular in nature. This impression is sup-
ported by pre- and post-flight data that show decreases
in plasma volume (1,13,19,25). Part of the decrease
in total body water is related to a decrease in water
intake, a reduction in the amount of metabolic water
being formed, and to sweating (7). Contrary to the
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prediction models for microgravity, there is a paucity
of inflight data that demonstrates a diuresis had
occurred. Of course, this could be explained by anorexia
and hypohydration (7).

As noted by Leach and Johnson (19) and listed by Hal-
stead and Dufour (2), the urinary electrolyte profiles
of astronauts beginning with Gemini and continuing
through the space shuttle program have not been uni-
formly consistent. The most recent shuttle flights
show that the excretion rates of sodium, chloride and
potassium reached their minimum on the second day
after which they returned to the preflight value by
the seventh day (19). Urinary aldosterone levels, which
were increased in the Gemini experiments, were not
:_significantly altered in the Apollo studies, were
gncreased in the Skylab, and showed a delayed elevation
in the shuttle experiments (19). Plasma aldosterone
concentrations decreased in the Skylab studies and,
unfortunately, the space shuttle results are incomplete
at this time (19). A hormone of interest to this topic,
antidiuretic hormone (ADH), showed a decrease with
urinary measurement during the Skylab experiments,
and an increase during the shuttle. Since plasma and
urinary cortisol concentrations are increased with
space flight, the element of anxiety compounds interpre-
tation and prevents the invoking of cause and effect
relationships. It is speculated that the atrial natriuretic
factor in plasma is increased during the early stages
of flight (discussions at 8th IUPS meeting). If confirmed
in flights, this finding would help to explain urinary
sodium and potassium changes (7,19).

The lack of completeness in fluid shift data is due
to many factors, e.g., the differences in conditions,
responsibilities, exercise and eating habits, methodolo-
gies, anxieties, subject adaptability, duration of flight,
nature of the mission, and combinations thereof. Conse-
quently, it has become the responsibility of the scientific
community to develop animal and human models for
simulated weightlessness in order to better control
and to better standardize the experimental conditions,
subjects, and variables so that continuous and accurate
measurements can be made on the responsible mecha-
nisms.

HUMAN SIMULATION MODELS

Of the human models being used, we recommend the
head-down bed rest over the horizontal bed rest
approach. As discussed at the 1986 IUPS meeting,
the consensus was that a -5° angle should be used
by researchers. Not only does head-down tilting produce
the facial puffiness, vein enlargement, nasal congestion,
and headaches (11,26) observed during flight (25), it
retains the hypokinesia component of the horizontal
bed rest method. Even though water immersion will
usually initiate a transcent increase in central venous
pressure, a diuresis, decreased plasma volume, decreased
interstitial pressure (15), and possibly decreased anti-
diuretic hormone levels (14,33), we favor the head-down
tilt approach over water immersion because it facilitates
direct measurement of local fluid shifts without exag-
gerated physiological responses, the risks of high blood
pressure, or the issue of water compression on the
chest (7,14).

Hargens and co-workers inserted wick catheters (11)
into subcutaneous and intramuscular tissues of the
leg and measured interstitial and colloid osmotic pres-
sures of subjects participating in a -5° eight-hour
head-down tilt study (Table 1). The interstitial fluid
pressures declined significantly with a non-significant
decline in its colloid osmotic pressure. Because of
difficulties, capillary hydrostatic pressures were not
measured. However, extrapolating from the results
of others (21), we can assume that capillary hydrostatic
pressure in the toes would decrease from 90 mmHg
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to approximately 30 mmHg. This change could be
the initial mechanism for the tissue fluid shift when
the head-down position is taken. Of interest is a new
technique that measures lip mucosal capillary blood
flow (28). When used with head-down tilt, flow was
decreased while systolic blood pressure was elevated.
It was hypothesized that the facial edema observed
in actual and simulated weightlessness was related
to the less regulated pre-capillary sphincters in the
face than in the legs (28).

Associated with the central shifts of interstitial fluid,
which represent 15% of the fluid reservoir volume
of muscle and 50% of the subcutaneous volume (8,11),
are girth decreases in the calf and thigh, lower leg
displacement volumes, decreases in plasma volume,
and transient increases in central venous pressure
(5,11,26). Select measurements of cardiac dimensions
also show transient increases (5,26) which would be
associated with an increased filling pressure. Most
of the changes noted become stabilized and revert
to either pre-tilt or lower values after 24 hours or
less, indicating that other regulatorv mechanisms
have been invoked.

Head-down tilt elicits a diuresis that is generally associ-
ated with decreases in ADH, renin and aldosterone
with elevations in the excretion of sodium and potassium
(Table 1). However these changes are not consistent
with the resultss noted in the early stages of space
flight (19). These composite changes would likely be
associated, in part, with increases in the plasma level
of the atrial natriuretic factor (ANF) (6,7,19,25).
Recent reports at the 1986 IUPS meeting (6) confirm
that ANF values are increased during the early stages
of simulated weightlessness. Surprisingly, there are
limited data available on renal function during these
experiments. Using creatinine measurements as a
rough index of the glomerular filtration rate, we noted
a brief decrease during their eight-hour period (11).

One structure that has received little attention in
the area of fluid balance are the lungs. When estimates
of lung tissue volumes were made (3), head-down tilt
was associated with a transient increase that returned
to base line values within two hours. Recent reports
on segmental volume changes with impedance plethys-
mography indicate that the head-down tilt markedly
elevates the torso segment volume for several days
(22). Such a change would be expected to influence
lung tissue water content and possibly respiratory
water loss (20). To our knowledge, direct measurements
of this important parameter have not been reported
for either space flight or simulated weightless condi-
tions.

ANIMAL MODELS

We believe that many of the animal models used for
simulation purposes have been more concerned with
hypokinesia and cardiac deconditioning than with fluid
shifts and their physiological consequences. Even
though researchers have been using a variety of species
to study space-related problems, it is highly probable
that financial, political, and technical constraints
will result in only primates and rodents being flown
in future flights. Although promising primate models
for fluid shifts have been developed by Sandler at
NASA-Ames and Moore-Ede at Harvard University,
this manuscript will pertain only to rodents.

The development of a head-down suspension model
with "unloaded" hind legs, first by Morey-Holton (23)
and then by Musacchia and co-workers (24), has provided
scientists with a simulation animal model to study
many facets of weightlessness. However, we recommend
that a 30° angle be used in order for the front legs
to support 50% of their body mass (10). Reports from
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rats flown on Cosmos 1129 for 18.5 days showed signifi-
cant decreases in carcass (-6.6%) and skin (-17.2%)
water mass, and a -36% decrease in extracellular water
mass (31). Rats (astrorats) flown on Spacelab 3 exhibited
indirect evidence for a decrease in plasma volume
and the presence of dehydration (18).

Similar to humans, our suspended rats show signs of
head and neck puffiness. Hargens and associates (10)
inserted wick catheters into the subcutaneous tissues
of the necks of suspended rats and found that interstitial
pressures were increased by 6 cm HpO at 48 hours.
Unfortunately, similar experiments have' not been
performed with their hind limbs. Popovic (27)_ was
the first to demonstrate in unanesthetized ammgls
that head-down suspension would elevate right atr'ml
pressure to 4-5 mmHg before returning to baseline
values after two days. Similar trends have been con-
firmed by others (29, Figure 1). Shellock's studies
(29) are interesting because he demonstrated that
the angle of suspension (45° vs. 20°) significantly
increased the CVP value obtained (8 mmHg vs. 4 mmHg)
after one hour. At 24 hours, the values were similar
to pre-suspension ones. Although preliminary in natu.re,
our Doppler iliac artery blood flow data to the hind
limbs and to the mesentery vascular bed (Figure 1)
indicates a gradual decrease with suspension. Whether
this is a reflection of changes in the activity of the
sympathetic nervous system or the reflex adjustments
from unloaded muscles or both remains to be determined.
Popovic found an increase in cardiac output (27) but
later felt it was more of a stress response than a pre-
loading effect. Early studies (4) by the Louisville
group indicated that suspension had minimal effects
on urine volume during the first two days after which
it remained increased with suspension for as long as
two weeks without marked changes in water intake.
However, their recent studies reported at the 8th
IUPS meeting in Japan exhibited an initial diuresis
that we and others have observed in suspended rats.
Urinary sodium and potassium excretion values remained
lower than control rats (1-2 days) after which these
specific electrolytes were markedly higher than the
controls (4). In the Louisville simulation studies (4),
plasma osmolarity did not change while serum aldoster-
one concentrations increased approximately twofold
by the seventh day. The natriuresis and kaliuresis
observed in these and related simulation studies suggest
that other mechanisms must be involved, e.g., the
atrial natriuretic factor (ANF) (6,7,19). When attempts
were made to measure atrial and plasma ANF levels
in Spacelab 3 rats (13) as well as renin (PRA) (12),
negative results were obtained, presumably because
of the time factor between measurements (13). Interest-
ingly, there is also a paucity of animal stimulation
data on changes in arginine vasopressin concentrations.

Tucker and co-workers (30) subjected rats to seven
days of suspension and measured serum sodium and
plasma renin activity (PRA). In addition, nephron
filtration rate and proximal tubular fluid reabsorption
rate were recorded. They noted a significant decrease
in PRA which is in contrast to the negative results
on this topic from Spacelab 3 (12). Tucker et al. (30)
also reported a significant reduction in nephron filtration
rate which was due to an increase in efferent arteriolar
resistance. No changes were noted in hydrostatic
or colloid osmotic forces or in the glomerular permeabil-
ity coefficient. Urine flow was 75% of the value found
for the cage control animals. These interesting but
preliminary results dramatize the need for additional
and more controlled studies concerned with renal func-
tions and mechanisms.

CONCLUSION

From the information presented it is evident that
more information is needed and that additional investiga-



tions are required to understand the time courses of
fluid shifts and their responsible mechanisms. For
simulation models to be helpful, more standardization
of procedures and protocols is needed. For reasons
described earlier, we feel the -5° head-down tilt should
be adopted for human stimulation studies and a -30°
head-down tilt for rodents (10). Both populations need
a zero-degree unloaded horizontal control, and a caged
control group (4) is recommended for investigations
with rats. Finally, more direct measurements are
necessary for many of the parameters associated with
fluid shifts, and prudent approaches to secure this
information should be considered.
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Table 1. Select maximal changes associated with simulated weightlessness (-5°) for eight hours

Percent Time
Baseline Change Statistically  Period
Parameter Values (%) Significant (Hr)
Calf circumference (cm) 36.9 + 0.05 -3.2 yes 4
Lower leg water displacement (ml) 3,359 + 1.04 -6.6 yes 4
Muscle interstitial pressure (mmHg) 4.6 + 0.6 -160.8 yes 8
Subcutaneous interstitial pressure (mmHg) 0.6 + 0.5 -450.0 ves 8
Interstitial fluid colloid osmotic pressure (mmHg) 8.5 £ Tl -21.2 no 8
Capillary blood colloid osmotic pressure (mmHg) 26.0 £ 0.6 +3.8 no 8
Soleus muscle water percentage (%) 76.2 + 1.1 -3.4 no 8
Fluid intake (m1/min) 4.1 + 0.9 -29.3 no 8
Urine output (m1/min) 1.9 + 0.3 +110.3 yes 4
Plasma aldosterone (ng/dl) 9.6 + 2.7 -57.3 no 4
Plasma renin (ng/ml/hr) 4.6 £ 1.1 -43.5 no 4
Plasma AVP (uU/ml) 1.0 + 0.2 -40.0 no 4
Na* excretion (uegq/min) 170 + 28 +41.2 no 4
K* excretion (peg/min) 81 + 6 +34.6 yes 4
Data from reference 11; means and SE are listed; 6-8 male were subjects measured.
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Figure 1: The influence of -30° head-down suspension (HDT) on select cardiovascular parameters. Results from six
mature male HDT rats showed significant increases in CVP for 90 minutes after which it returned to baseline
or lower values by 24 hours. Heart rate was significantly decreased at 24, 72, and 120 hours. Iliac and
mesenteric blood flows were also significantly decreased after 90 minutes (iliac) or 180 minutes (mesenteric).
Both flows remained reduced thereafter. Mean arterial pressure was not significantly changed by the process.
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INTRODUCTION

To conduct an analytical study of
biological functions under hypogravics
from the viewpoint of metabolic
adaptation, we performed prolonged
experiments of several days on human
subjects under modeled hypogravics.

In this paper, changes of circadian
rhythms of urinary excretion of minerals
and hormones during the initial process of
adaptation and readaptation from a normal
environmental condition were studied by
mathematical analysis of the data, with
special consideration of diurnal and
nocturnal differences of such biological
functions. To estimate the adaptation
process of nocturnal characteristics, the
chronological distribution patterns of
each sleep stage were also studied.

EXPERIMENTAL METHODS

Using three healthy male adults, as
human subjects, a 6 days' thermal neutral
water immersion (W.I.) experiment was
performed with the subjects in a head-out,
supine position. During the pre-and post-
exposure periods, the subjects were led a
normal constant scheduled ambulatory life.
Concerning the sleep period, the time
of turning out 1lights for sleep was fixed
and the sleep pat$?rns were measured and
analysed by APSS method. Biochemical
functions (each 2 hours urinary excretion
of K+, Na+,17-0HCS and catechclamieﬁ) and
other functions were determined. The
data were analysed mathem;}ically by one-
way periodic regressions. )

As a sleep characteristic, the
fluctuation in the distribution of each of
the sleep stages, before, during and after
water immersion period, was calculated.

The relationship between chrono-
physiological rhythm and adaptation to a
hypogravic environment was discussed from
next 3 points:

1) The course of the fluctuation of
diurnal and nocturnal urine excretion
values of several substances.

2) Each day circadian rhythm of the
same parameter.

3) The pattern of each sleep stage.
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RESULTS

On the fluctuation of daily, diurnal
and nocturnal urine excretion volume
before, during and after W.I. modeling
exposure, the incline of the graph of
diurnal fluctuation line (d.f.l.) during
the water immersion period (W.I.P.) became
steeper than that of nocturnal fluctuation
line (n.f.1.) from the first day, and they
approached each other. The point of time
when the balance of diurnal and nocturnal
excretion levels was attained, is regarded
as an approach point (a.p.). In this
case, the a.p.is located at W.I.P.-5. The
circadian rhythm of the day was too
irregular to express as an equation.
After the a.p. was attained, both lines
(d.f.1. and n.f.l.) kept the same steady
level until the end of the W.I.P. During
the post W.I.P., the daily value promptly
returned to the control level but the
balance of diurnal and nocturnal values
did not return to the control condition
et.
¥ Fig. 1 and 2 show the case of Na+.
The lower part of Fig. 1 describes
chronological series of daily circadian
rhythm of this parameter. Fig. 2 shows
the circadian rhythm equations of every
day and piled circadian rhythm courve of
them. The lower graph of polygonal line
shows the fluctuation of term -A-that
expresses the amplitude of each daily
circadian curve, before, during and after
W.I. period. The broken line shows the
irreqgqular parts.In this case, W.I.P. -3
was the a.p. as shown in lower polygonal
graph. At the post W.I.P. -3 after a
transient and strong decrease
corresponding to the comparative
irregularity of the rhythm, the same
deviation of the balance of diurnal and
nocturnal values was also observed.

Fig, 3 and 4 show the case of 17-
OHCS of which the a.p. is W.I.P. -4,
There were no irregularities in the
circadian rhythms without the comparataive
increase of nocturnal excretion. At W.I.P.
-6, the adaptation was perfect in respect
to circadian rhythm, diurnal-nocturnal
balance and daily excretion.

Fig. 5 and 6 show the case of
adrenalin, of which the a.p. is at W.I.P.
-2. The same tendency was observed as
that of 17-OHCS. This circadian rhythm
curve (Fig.6), also reveals the same
tendency. In the case of noradrenalin as
shown in Fig. 7, the fluctuation of the
balance in diurnal and nocturnal values
had the entirely same courses, but as
shown in Fig. 8, the a.p. was at W.I.P. -
3, and no regularity in rhythm was
observed. The rhythm of W.I.P. -4,5
showed a comparatively irregular form.
There is some possibility that this
phenomenon is an expression of the special
rolf)?f noradrenalin to sleep. Jouvet at
al. reported the special relation
between REM sleep and noradrenalin.

As shown in Fig.9, the REM
distribution of one night had the lowest
level during W.I.P., 1-2-3 days,and in the
REM distribution curve during early,
middle and late parts of night sleep,as
shown in Fig.10, we could see an entirely
different distribution at W.I.P. -3 and a
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comparatively different distribution at
W.I.P.-4,-5, corresponding to the above
mentioned irregularity of the circadian
rhythms of noradrenalin excretion level.

Fig. 11 and 12 indicate the case of
K+, of which the a.p. is located at W.I.
P. -4. A comparative irregularity was
found as shown in curve 4 (Fig. 12).
¥=1.55-0.011u7+0.22v,+0.16u+0.09v,+0.04uy

-0.14V3+0.0Au4+0.0%v4

At W.I.P. -6, the level of diurnal
and nocturnal excretion separated again as
shown in Fig.11, and both lines increased
in parallel, also during the post W.I. P.,
up to post-3.

DISCUSSION

From the above mentioned viewpoints,
2 types of adaptation courses were noticed
in these 5 metabolic parameters, during 7
days W.I. modeling hypokinetics
conditioning. In the first type, a new
steady level was attained after a increase
or decrease in the level of the
parameters. In this experiment, urine
volume and sodium excretion rate belong to
this type, as it has been explained
respectively above in the experimental
results. Namely, the diurnal fluctuation
line o0f urinary excretion of the
substances that were used as parameters
increased and attained the maximum plateau
and leveled off. On the other hand, the
nocturnal fluctuation line increased more
slowly compared with the daily diurnal
excretion line. The circadian rhythm at
this a.p. showed no regularity. At the
end of W.I.P. the regularity of the rhythm
was regained, although the relation
betweeen the values of the two lines did
not recover to that of the control,
showing the adaptation phase at the new
level.

In the second type, the initial
steady level at pre W.I. conditioning was
attained again at the end of the W.I.
period after the deviated course during
the conditioning. In this experiment, 17-
OHCS, cathocholamines belong to this type,
as it has been explained respectively
above in experimental results. Namely, in
terms of the relation between the courses

Fig.1. Daily urinary excretion of sodium.
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of dirunal and nocturnal fluctuations, an
a.p. was also observed during the W.I.
period. But at the day of a.p., such
variety of the rhythm, as observed at the
case of the upper first group, was not
appeared except the case of noradrenaline,
and even in this case, the regularity of
the circadian rhythm was regained after 2
days' irregular period. The distribution
curve of the sleep stage-REM during early,
middle and late parts of night sleep
showed an entirely different distribution
from the control curve at W.I.P.-3 and a
comparatively different curve at W.I.P.-
4,5, too. Such phenomena correspond to
the variety of the regularity of the
circadian rhythm of noradrenalin, too.

There is also another type of the
course, during the W.I. hypokinetics
conditioning. In this case, no steady
state, that is understood as a kind of
adaptation to such a new environmental
factor, was found during the experimental
course. K+ is a parameter that belong to
this case. Namely, the diurnal fluctuation
line during initial 4 days did not change
the level. After that, they continued a
steady increase and especially, the
nocturnal line increased from the
beginning, and after a.p., the line
continued to increase with the diurnal
line untill the end of the experiment.
They have no sighs to have a new steady
level,

SUMMARY

1. On renal-metabolic functions of
human subjects, who were exposed to water
immersion, the process of adaptation is
characterized by the diurnal-nocturnal
balance and circadian rhythm. The
characteristics differ in each parameter.
On the 6 parameters in this experiment, it
was noticed that two groups attained the
steady state during the conditioning
period,and that another group was
difficult to attain the steady state
during conditioning.

2l Urine volume and urinary
excretion rate of Na+ are the first
group. They attained the new steady level
of the parameter during the conditioning.

Fig.2. Circadian rhythms of daily urinary
excretion of sodium, pre,during and post
water immersion exposure.



The various equilibrium reactions of cray-
fish, including leg movement and uropod steering
(9) are primarily controlled by these four pairs
of descending interneurons. Each of these inter-
neurons connects with a particular set of uropod
motoneurons. Interneuron Cl' which responds maxi-
mally to body tilting in the same-side-down and
head-up directions, makes excitatory connections
with closer motoneurons on the same side and
opener motoneurons on the opposite side.

Connections between these interneurons and
motoneurons are organized as on the input side, in
parallel mono- and polysynaptic pathways. Our re-
cent study indicates that a newly found class of
interneurons, local nonspiking interneurons, might
be involved in this polysynaptic pathway.

Gating of an equilibrium reaction

Careful observation of the equilibrium reac-
tions reveals a great deal of variation in their
probability of occurrence, especially for the
abdominal appendages. The uropod steering reac-
tions in response to the body roll are primarily
controlled by the statocyst sensory system. When
the crayfish is tilted in the roll plane without
touching to a substratum, the uropod on the upper
side will open and the uropod on the lower side
will close to produce a righting torque in swim-
ming. The extent of this reaction, i.e., the open-
ing and closing angle of uropod is strictly pro-
portional to the tilt angle (9). However, this
reaction is facilitated by the abdominal posture
movement either in the extending or bending direc-
tion (7). When there is no abdominal movement, no
steering of the uropod will occur. The equilibrium
reactions are thus affected by the animal's behav-
ioral context at the moment. Simultaneous record-
ing from the interneuron C; and the uropod moto-
neurons showed that the tillt-increased activity of
C; caused the steering reaction of uropod motoneu-
rons only when the abdominal posture system was
activated. A blockage or "gating" of the statocyst
information takes place between the interneurons
and the uropod motoneurons inside the terminal
abdominal ganglion (7).

We have analysed the neural mechanism under-
lying this postural facilitation of the steering
act using intracellular recording and staining
techniques. The synaptic transmission between the
statocyst interneurons and the motoneurons was
found to be subthreshold to the generation of
spikes in the uropod motoneurons. Intracellular
observation of the activity of uropod motoneurons
during the fictive abdominal posture movement
revealed that they received sustained, continuous
excitation from the abdominal system. During the
abdominal movement, input from the statocyst in-
terneurons to the uropod motoneurons would be thus
positively biased and made suprathreshold with the
long lasting depolarization (6).

Local nonspiking interneurons

The sustained depolarization of uropod moto-
neurons during the abdominal movement was found to
be mediated by local nonspiking interneurons.
These interneurons do not generate spikes, but
effectively control the spike activity of uropod
motoneurons by changes in their membrane poten-
tial (1,2).

The majority of local nonspiking interneurons
that were presynaptic to uropod motoneurons were
found to be polarized during the abdominal move-
ment in appropriate directions depending on their
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functional connectivity to the motoneurons. The
local nonspiking interneurons that had noninvert-
ing (excitatory) connections to the motoneurons
were depolarized whereas those with inverting
(inhibitory) connections were hyperpolarized. Cur-
rent injection into the interneuron could mimic
the excitatory effect on uropod motoneurons during
the abdominal movement. Cancellation of the mem-
brane potential change in the interneuron during
the abdominal movement could also cancel the exci-
tation of uropod motoneurons. We conclude that the
local nonspiking interneurons are functioning in
producing the positive biases in the motoneurons
to bring out their spiking to the otherwise sub-
threshold input from statocyst interneurons
(Fig.2;6).

2
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Fig.2. Modulatory role of local nonspiking inter-
neurons (LNSN) in the equilibrium control system
of crayfish (1).

Conclusion  Although the principal circuitry con-
trolling the equilibrium reactions is relatively
simple in comparison with that of other behavioral
acts, it is complex enough to allow the modulation
or modification of the reactions internally by the
behavioral context of the animal. The neuronal
substrate of this modulation, i.e., gating in this
study, includes a newly found local nonspiking
interneurons that are suitable to the long term
control of the motoneuron activity. This study may
serve to provide an insight into the mechanism of
the response variability in the equilibrium con-
trol system of animals under natural conditions as
well as the physiological basis of the so-called
motivational process.
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Abstract Neural mechanisms underlying the equi-
librium reflexes of crayfish are briefly reviewed
in this paper with special reference to the gating
of reflex circuit by local nonspiking interneu-
rons. Positional change of the animal body is
detected by a pair of statocysts that are special-
ized equilibrium sense organs in crayfish. Basi-
cally, each statocyst transmits information about
the magnitude and direction of body tilt within a
certain range, working in a complementary way to
each other. The statocyst information is transmit-
ted in the brain to four pairs of interneurons
that descend the ventral nerve cord down to the
terminal abdominal ganglion where they make synap-
tic connections with motoneurons to control the
steering response of uropods. The tilt direction
is represented by the combination of interneurons
activated while the magnitude is coded in their
spike discharge frequency. This descending stato-
cyst pathway is "gated" by the activity of abdomi-
nal system through a novel class of interneuron,
i.e., local nonspiking interneurons, so that the
response occurs only while the animal is perform-
ing the abdominal posture movement.

Introduction

As in many other animals, crustaceans require
equilibrium reactions to restore and maintain
their body posture against disturbances brought
about by external forces or by an animal's own
locomotor activity. Sensory organs involved in
detecting the change in body posture include the
statocysts, leg proprioceptors and eyes. Righting
torque is produced by body appendages --- anten-
nae, antennules, legs, swimmerets and uropods.
Their concerted action produces corrective right-
ing reactions, and this requires a highly coordi-
nated functions of both neuronal and muscular
systems of the animal. Intersegmental and bilater-
1l coordination is essential to perfect the equi-

brium responses. Yet modification of the move-
=nt of individual appendage is often necessary to
et the requirement of fine adjustment of the
‘ting torque during the equilibrium responses.

1 appearance or disappearance (gating) of the

ment of an appendage(s) can be observed.

A description of the function of the main

‘ational sense organ, statocyst, and the

il system subserving the coordination, in
ar of the gating mechanism of the append-
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age movement in common American red crayfish,
Procambarus clarkii, will be given in the follow-
ing sections.

Statocyst

A pair of statocysts are located at the basal
segments of antennules of crayfish. The crayfish
statocyst is a deep cuticular depression connected
to the outside through an opening covered with a
thicket of non-sensory hairs. About one hundred
hairs are aligned in a crescent on the floor of
the statocyst. A statolith, a congregation of fine
sand grains, lies on top of these hairs. A change
in shearing force exerted by the statolith onto
these hairs causes a change in their deflection
angle. The sensory neurons attached to the hairs
respond with increase or decrease of the frequency
of the spike discharge depending on the direction
of the hair deflection: for instance, inward de-
flection of the hair causes a frequency increase
in tonic-type sensory neurons (3,4). The arrange-
ment of hairs in a crescent form in each statocyst
thus results in an increase of the spikes in one
population of sensory neurons and in a decrease in
the other ones which are situated just opposite to
the former and functionally polarized in an oppo-
site direction. The anatomical finding that senso-
ry neurons from different regions of the statocyst
crescent directly project to different parts of
the brain (8) indicates that the direction of
position change is coded by the topographic pat-
tern of stimulation and the magnitude is coded by
the amount of excitation of sensory neurons. The
brain projection of the sensory neurons basically
represents this topographic pattern. Interneurons
having their dendritic arborization in this region
may receive the positional information by connect-
ing to a specific area of this primary projection.

Statocyst interneurons

Coordinated control of the movement of ap-
pendages can only be realized by transmission of
the statocyst information to the motor systems.
The central pathway has been studied in the cray-
fish (5). The transmission is undertaken by four
pairs of directionally sensitive statocyst inter-
neurons which descend the ventral nerve cord to
the last abdominal ganglion. Each of them responds
maximally to body tilting in particular direc-
tions. These four interneurons in each hemicord
are named Cl’ Cy, 1 and I, respectively depending
on their major source of gravitational informa-
tion, i.e., contralateral or ipsilateral statocyst
(Fig.1). The connection between the statocyst
interneuron and the statocyst afferent is both
mono- and polysynaptic (5). The polysynaptic path-
way seems to be responsible for transmitting posi-
tional information from the statocyst.

D )(:)@[>

%&/ﬁrin»w

?ﬁf ?r*ﬂ ?ﬁ W@Fm

Fig.1l. Functional connection of statocyst inter-
neurons C; (A), Cy (B), I} (C) and I, (D) with
statocyst afferents in the brain. Each lnterneuron
is connected to the statocyst hairs located in the
shaded portion of the crescent (5).
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chronic weightlessness, antigravity muscles as a
group might shorten when relieved of the burden of
postural support thus increasing the passive
stretch on their syngravity antagonists. This
could result in atrophy of the former and hyper-
trophy of the latter. Conversely, the centri-
fuged animal might be forced into a more 'squat"
posture resulting in stretch with hypertrophy of
extensors and shortening with atrophy of flexors.
In any case this model increases the possibilities
for explaining mass changes in muscles. Looking
at total musculature rather than individual
muscles, whether the net change is atrophy or
hypertrophy will depend upon the number and extent
of each kind of mass change present.

In order to clarify the responses of muscles
to weightlessness and centrifugation, simultaneous
measurements are needed on exposed animals of both
antigravity and syngravity muscles (the latter
having been virtually ignored). Furthermore, be-
cause it is reported that hypertrophy is often
transient (8,11,20,22), a chronological series of
measurements (probably necessitating a transverse
experimental plan) is needed to characterize both
transient changes and the eventual steady state
condition. Such studies are likely to yield a
more complex web of interactions but one which may
nevertheless be easier to understand in terms of
physiological principles.
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ABSTRACT

The older literature supported the prediction
that chronic centrifugation would cause hypertrophy
of antigravity skeletal muscle but instead it is
found to cause atrophy of both antigravity muscles
and total musculature. It also supported the
prediction that chronic weightlessness would cause
atrophy but instead both hypertrophy and atrophy
are found. Trying to explain these apparently
contradictory results we have evaluated data in the
literature on the influence of a variety of factors
upon muscle mass. Two factors which might help
provide an explanation are passive stretch or
shortening which cause hypertrophy or atrophy
respectively, and the distinction between
antigravity and syngravity muscles in their
responses. At each skeletal joint circumstances
(including centrifugation or weightlessness) which
cause antigravity hypertrophy are likely to cause
syngravity atrophy and vice versa. The change
in net mass of total musculature will depend upon
the cumulative amount of hypertrophy and atrophy
present.

A considerable body of literature, as well as

a feeling of what is physiologically sensible,
prompts the prediction that skeletal muscle will
hypertrophy when overloaded by chronic
centrifugation and will atrophy when the load is
virtually eliminated by weightlessness.
Consequently, the findings that centrifugation
causes atrophy in total musculature (13,14,15) and
that weightlessness may produce net hypertrophy of
total musculature (17) and of an antigravity muscle
(18) as well as the expected atrophy (7,18)
constitutes a dilemma. Unfortunately, a recent
report of a working group study of muscle responses
as they pertain to NASA's mission (5) does not
address these anomalous findings. Our evaluation
of the role of stretch and the different responses
obtained from synergists and antagonists, as
‘eported in the literature, suggest a rationale

'r explaining the anomalous findings.

10DS

Several definitions are required. '"Muscle"
without further qualification will refer to
eletal variety. Muscles which function with
'p of gravity, as opposed to antigravity
ill be identified as "syngravity".
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Hypertrophy and atrophy will refer to increases
and decreases respectively in muscle mass with no
implications on the biochemical or micro-morpho-
logical levels. Growth of muscle has been
largely controlled by experimental design in the
papers referred to here and its role as a primary
factor will not be considered.

RESULTS AND DISCUSSION

First we shall examine findings on the
effects upon muscle mass of stretch and of absence
of stretch, and next findings on the differential
effects upon antigravity and syngravity muscles.
Then we shall consider the bearing of these find-
ings upon the dilemmas of weightlessness and of
centrifugation and upon the planning of future
experimentation.

A number of species (rat, rabbit, guinea
pig, chicken) have been studied using several
techniques for in vivo muscle stretch: a cast
holding muscle in the extended position (3,8,19),
surgical shortening of the tendon (20), weighted
chicken wing causing it to droop and stretch the
flexor (9,10) and denervation of the chicken wing
muscle causing it to droop by its own weight (2).
In each case stretch resulted in hypertrophy.

While physical exercise plays an important
role in determining muscle size, there is reason
to believe that part of this effect may be achieved
through stretch. Thus, tenotomy of the extensor
synergists at the rat heel-joint increases both
the work done by, and the stretch of, the remain-
ing intact soleus or plantaris resulting in hyper-
trophy (4,6,11). Denervation of a hemidiaphragm
in the rat results in its hypertrophy which has
been attributed to it being stretched by the con-
tractile activity on the intact side (22).

The expectation that in the absence of
stretch atrophy will occur, is borne out. Thus,
muscles held in a neutral or a shortened position
by a cast will atrophy (3,8,19). Hindlimbs
suspended above the floor to relieve them of
weightbearing and thereby simulate weightlessness
show antigravity atrophy (1,12,21). This can be
attributed, in part, to their shortening due to
inherent tonus.

It is likely that losses in mass such as
those described will be due in part to the stress
generated by the experimental procedures. There
are several bits of evidence suggesting that stress
is not the sole (and perhaps only a minor) factor.
For example: adrenalectomy had little influence
on the muscle atrophy observed in rats with rear
limbs suspended (23), chronically centrifuged rats
showed normal growth curves (15), after termina-
tion of weightlessness (18) and centrifugation
(15) rats showed normal recovery in muscle mass,
and the loss in body mass at the beginning of
centrifugation appears to be regulated (16).

Both hypertrophy and atrophy can occur simul-
taneously at the same joint, for example, by a
cast (3,8,19) or by denervation of the chicken
wing (2), each causing stretching with hypertrophy
of one muscle and shortening with atrophy of an
antagonist. The normal posture and activity at
such a joint are probably responsible for the
position of each muscle on the hypertrophy-atrophy
continuum. Changes at this joint, such as altered
chronic acceleration, will probably cause a change
of each muscle mass to a new steady state. Thus
we might speculate that in animals exposed to
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Though in varying degrees, blood pressure
underwent a sharp drop immediately after the
centrifuge stopped. Then, it moved for
recovery, but not completely. It settled itself
on a value lower than control level. It seems
that the drop in blood pressure is directly in
proportion to the intensity of gravity applied.
After load application, blood pressure quickly
returned to the <control level.
Respiration rate was subjected to a fairly large
variance between 3, 4 and 5G, but differed little
from the control values. After a 6G load
application, respiration rate gradually continued
to quicken for the next 10 minutes, but was kept
stabilized thereafter throughout 1load
application. After halting the load application,
respiration rate returned to the control level.

Upon application of gravity in the -Gz
direction, it appears that the -Gz load
application had greater impact than the -Gx and
the +Gz load application. Specifically, heart
rate dropped by 10%Z under 3, 4, 5 and 6G.
Likewise, blood pressure dropped by about 20% in
all gravitational intensities. On the other
hand, respiration rate differed little between 3,
4, and 5G. But immediately after a 6G load
application, the respiration rate started to
decline gradually. It dropped by as much as 40%
up to 30 minutes after load application. Since
it suffered such a drastic drop during load
application, it could not immediately return to
the control level.

Fig. 3. shows values in terms of the ratio of
deviation from control values in a phase
preceding the application of gravity,

Heart rate varies little with the application
of gravity in the -Gx and +Gz directions except
that it shows a trend to increase slightly.
After the -Gz load application, heart rate shows

MAP

RR

3G 4G 5G 6G
IJ_-_l—Gx é#ﬂ: é—ﬁz

Fig. 3. Change rate of heart rate, mean
arterial pressure and respiration rate of
rats, exposed to 3, 4, 5 and 6G gravities
in -Gx, +Gz and -Gz directions for 30
minutes.
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a decline both in 3 and 6G intensities.

Transthoracic impedance Zo, measured
concurrently with impedance pneumogram,
increased. In view of this fact, a decrease in
interthoracic blood volume can be inferred, and
reaction in good accord with human head-up tilt
was observed together with an increase in heart
rate.

A drop in blood pressure was observed in
subjects of every group. It appears that blood
pressure tends to drop with an increase in the
intensity of gravity applied. After the -Gz
load application, a rise in blood pressure of the
part of the body above the neck, a drop in heart
rate and blood pressure and a drop in aortic arch
were observed.

On the other hand, respiration rate tended to
increase unless 6G gravity was applied in the -Gz
direction. Specifically, after the -Gz load
application respiration rate increased with an
increase in the gravitational intensity applied.
After the +Gz and -Gz load application,
respiration rate remained relatively stable
within a range of 3 to 5G intensities. However,
when 6G gravity was applied, heart rate increased
by 25% in the case of the +Gz, but decreased by
25% in the case of the -Gz.

A decrease in respiration rate under the -6Gz
is attributable to the fact that, due to the
application of excessive gravity, lungs are
oppressed to cause blood congestion, thereby
making breathing difficult, as evidenced by
bleeding through the trachea.

Summary

We have reported some findings on
cardiopulmonary responses of rats to centrifugal
accelerations. And the results obtained were
summarized as follows :

1) While heart rate did not change during the
-Gx and +Gz load application, it decreased during
the -Gz load application.

2) Mean arterial pressure decreased during
every group of the load application.

3) Although transthoracic impedance Zo
decreased during the -Gx and -Gz load
application, it increased during the +Gz load
application. This suggests that interthoracic
blood volume in the lower body is increased by
+Gz load application.

4) Respiration rate increased during the -Gx
load application, and it showed a increasing
tendency corresponding to the intensity of the
accelerations.

In view of these findings, we may reasonably
conclude that application of 5G or less gravity
has no lethal effect on rats and that prolonged
experiments for several weeks on end can be
conducted safely if they are implemented with a
gravity of 5G or less.

References

1) Arita,H., Kohgo,N., Saiki,H., Sudoh,M.,
Kohno,M. and Ikawa,S. Hemodynamic responses
to head-up tilt during 7-day satulation dive
at 31 ATA. J. Physiol. Soc. Japan, 47, 608,
1985.

2) Bengele,H.H. : Water intake and urine output
of rats during chronic centrifugation., Am. J
Physiol. 216, 659-665, 1969,

3) Kelly,C.F., Smith,A.H. and Winget,C.M.
animal centrifuge for prolonged operation.
Appl. Physiol. 15, 753-757, 1960,

4) Pitts,G.C. and Oyama,J. Rat growth dur
chronic centrifugation. Life Science and |
Research. 17, 225-229, 1979,

.



CARDIOPULMONARY RESPONSE OF RATS TO
CENTRIFUGAL ACCELERATIONS.

Masamichi Sudoh*, Kumiko Shioda¥*, Miharu Kohno¥*,
Satio Ikawa*, Kenji Kawakami®** and
Hisashi Saiki##¥*

*Space Medicine Laboratory, The Jikei University
School of Medicine

##Department of Radiology, The Jikei University
School of Medicine

###St, Marianna University School of Medicine

Introduction

Lately, flight in outer space over an extended
period of time has become possible.
Consequently, exposure of human bodies to gravity
of different intensities is becoming a reality.
In this regard, extensive research has been
conducted on the effects of high gravity on human
bodies for a short duration and on human
tolerance of such an environment.

Commonly, a centrifuge is used to simulate a
high gravity environment. We designed and
manufactured a centrifuge capable of operating
continuously at 8G for an extended period of
time. This study reports on the performance of
our centrifuge and the resulting effects on
cardiopulmonary response in terms of heart rate,
blood pressure and respiration rate.
Cardiopulmonary response varies with the
intensity of gravity. The intensity of gravity
range from 3G through 6G.

Performance of Centrifuge

The centrifuge is fitted with an arm with a
radius of 1.3m and cages mounted respectively
45cm and 1m from its center (Fig.l.). It can
accelerate within a range of O to 8G and operate
continuously for several months on end.

It is also equipped with a 0.4kW gearmotor and
a general purpose inverter for controlling
rotation.

. 1. 1.3m radius centrifuge for animal.
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In order to improve dynamic balance, a pair of
arms, 2.6bm in diameter, were crossed. Static
balance can be maintained by setting a weight on
each end of the arm.

Experimental Methods

In this experiment, we used female rats of
Wister strain, each weighing about 200g, and
anesthetized with 3mg of pentobarbital sodium per
100g of the body weight. We applied gravity in
intensities of 3, 4, 5 and 6G in three
directions of back to adbomen (-Gx), head to tail
(+#Gz) and tail to head (-Gz).

Fig. 2. shows an example of the experimental
recordings. Of these, respiration rate was
determined based on the frequency of the peak per
minute of the pneumogram. Blood pressure was
measured by a catheter inserted through the left
carotid into the aortic arch.

beats/min
sa0

500
F w0
300
200

-
00
FRL
L
Fig. 2. An example of a record when 3G

gravity is applied in the -Gx direction.
From top to bottom, the picture shows mean
heart rate, impedance pneumogram, mean
arterial pressure and ECG.

Results and Discussion

The control showed stable conditions in
respect to heart rate, blood pressure and
respiration rate, with small standard deviation.
Upon application of gravity in the -Gx direction,
there occurred a slight increase in heart rate.
It remained virtually unchanged with only
negligible deviations. We noted a drop in blood
pressure in the latter half of 4G load
application and only slight variance on the blood
pressure. But, there was no major fluctuation
in blood pressure. It returned to the control
level immediately after the centrifuge stopped.

Respiration rate increased upon application of
load and continued to increase during load
application. The respiration rate quickly
returned to the control level after load
application was halted except after 6G load
application. It appears that the magnitude of
increase is in proportion to the gravitational
intensity.

Upon application of gravity in the +Gz
direction, heart rate remained virtually
unchanged as in the case of the -Gx. Variance
in heart rate by individual increased with an
increase of the intensity of gravity.

Blood pressure underwent minor fluctuations
under 3 and 4G, but dropped upon 5 and 6G.
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Fig. 3. Normalized stroke volume in hyper
G exposure. Upper trace shows that of the
control group. Lower traces the
decerebellated.

standard deviation in 4G was larger than
that in 2G. According to Kubicek's method,
SV is calculated as the product of maximum
amplitude of the first derivative of
impedance plethysmogram and the ejection
time. In 4G and 6G exposure, this
derivatives were severely distorted in
many cases. Therefore, it was difficult to
estimate correctly the standard deviation
for SV. In the decerebellated group, SV
showed a decreasing tendency. Difference
in &V between control and decerehellated
groups was not significant. However, at 6
minutes after cessation in 4G exposure, SV
of the decerehellated group was below the
initial level in almost all cases. CO was
calculated by the product of HR and SV.
The pattern of change in CC in any G
exposure was similar to that of SV.
Therefore, compensation between HR and SV
was not observed.

P-R and R-R intervals 1in the
decerebel lated group are illustrated in
Fig. 4. The control group showed similar
change, so we referred to only the result
from the deceresbellated group. In the 4G
condition, R-R interval was constant
except at 6 minutes after cessation of
exposure. While P-R interval became large

i

—
°n'_‘_q—,_r -
| o0 © ° ° .

Figure 4. Examples of P-R and R-R
intervals. Solid lines show P-R interval.
Dacshed lines, R-E intervals.

at 7 minutes in steady phase of 4G
exposure. In the 6G condition, P-R
interval elongated at 1 minute in steady
phase. P-R interval elongated also. After
cessation, R-R interval returned to almost
initial level, while P-R interval did not.
Such changes in P-R interval were observed
almost all casess at 4G or 6G exposure. Rut
at 2G exposure, such changes were not
observed. We also measured the duration of
the QRS complex. The duration of QRS was
constant in bhoth control and
decerehellated groups in all G exposure,
It can be concluded from the preceding
results that hyper C exposure induced the
first degres AV block. In some cases, HP
abruptly fell., However, still 1:1
atrioventricular ccnduction was preserved
until to the level of 120 bpm,

In summary, the control and the
decerebellated hamsters were exposed to
hypergravity condition in -Cz direction,
and following results were obtained.

(1) HR in the control group decreased in
4G or 6G exposure, and those in the
decerebellated group increased slightly in
2G, but showed decreasing tendency in 4G
or 6G.

(2) In the rising phase of G exposure, HR
showed a transient increase in the control
group but not in the decerebellated group.
(3) In both groups, the first degree AV
block was observed in 4G or 6G exposure,



CHANGES OF CARDIAC SYSTEME OF
DECERZBELLATED HAMSTERS IM HYPERGRAVITY
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Cardiovascular regulation in response to
hypercravity conditions has been studied
on the fluid shift theory; that is,
carciovascular change in hypergravity is
explaine? mainly due to the cdecrease of
venus return. Vasomotor centers in the
brain stem was also taken account. It was
also considered that cardiovascular system
received informations from baroreceptor or
chemical receptor that responded to gas
concentraticn in blood. Then, how about
the neural mechanism receiving
informations of gravity 2 1In this paper,
we considered the cerebellar function in
the control of the cardiovascular system
under hypergravity conditions.

We used Sylian golden hamsters, 15
control 13 decerehellated. The cerebellum
was aspired off 1 or 2 days before the
experiments. The hamsters were
anesthetized with sodiun Amobarbital
injected intraperitonealy. Initial dose
was 125 mg/%g. Its effect ccntinued over 1
hour. They were exposed to hypergravity by
a centrifugal accelerator over 10 minutes.
The applied C was in -Gz direction (from
tail tec head), with the magnitude of 2G,
£C or 6G. Vle recorded ECG and impedance
plethysmogram. The parameters measured for
cardiac functicn were heart rate (HR),
stroke volume (SV), cardiac output (CO),
P-R interval and RP-R interval. SV was
estimated by Kubicek's method. We measured
HR, SV 2a2nd CO at 1 minute hefore G
exposure, every minute durinc € exposure,
at the cessation cf G exposure, and 1
minute and 6 minutes after the cessation.
Ve also measvred HP at every G curing
rising and falling phase of G exposure to
ohserve transient response cduring these
pericds.

In the control group, HR showed no change
in 2G. Put two points could be referred to
for 4G experiments, The first point was
the presence of a transient change curing
cising phase of G exposure. However, it

as not clear during falling phase. The

cond point was a slight decrease in IR
ring the steady phase. HR ¢id not return
the initial level after cessation. It
alsc pointed out that the estimated
1es had large standard deviation. This
ecause two groups with different
cteristics in the change of HR were
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Figure 1. MNormalized heart rate in G
exposure in the control group.

counted together; one group showed only a
slight change, while the other showed
reduction of more than 30% of the initial
level, probahly due to atricoventricular
(AV) block. In € G exposure, HP showed
similar changes to those in 4G exposure,

Figure 2. Normalized heart rate in C
exposure in the decerehel lated group.

In the decerebellated group, ER increased
slowly during the first 2 minutes. After
that, it kept a constant value of 105% of
the initial level. And even after the
cessation of G exposure, it did not return
to the initial 1level. In 4C and 6G
exposure, we could not observe the
transient change during rising phase.
During steady phase, the animal responded
in two different ways as observed in the
control animals cduring 4G application.
Standard deviation was smaller in 6G
exposure. However, the estimated wvalues
were only for the animals which showed
little change of HR. For other animals, ER
decreased so severely in the early phase
of G exposure ( below 100 bpm ) that we
could not continue the experiment fer fear
of fatal damage.

Figure 3 represents SV. In the control
group, SV showed a slight decrease during
2G and 4G exposure. It returneé almost the
initial 1level after cessation. The
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proportional to metabolic rate [4].
Increased metabolic rate is increased with
an increasing acceleration field [9,15]
also may be a factor in liver and kidney
hypertrophy. However, heart and brain
also fall in this category, but do not
exhibit an acceleration hypertrophy. The
reduction in size of the g-i tract is
difficult to rationalize. Size of the g-i
tract is generally related to feed intake,
which increases proportionately with an
increasing acceleration field [17].

In two of the experimental groups (Zulu
and Alpha) the left leg was dissected and
bone and muscle masses determined and
evaluated as gms per kg FFCM. Leg bone
and leg muscle sizes, and the bone/muscle
mass ratios were standardized as functions
of to the equivalent control observations.
Bone mass and bone/muscle ratio increased
and muscle mass decreased proportionally
to the increasing acceleration field:

Std. Leg Bone Mass 0.93 + 0.1 G

(r = 0.977; p<0.001)
Std. Leg Muscle Mass = 1.10 -0.1 G
(r = =0.977; p<0.001)

Std. Bone/Muscle Mass = 0.76 + 0.26 G
(r = 0.961; p<0.001)

The decrease in leg muscle mass may
appear paradoxical in view of the in-
creased postural requirements during cen-
trifugation. However, when changes in
extensor and flexor muscles are compared
[2], a marked increase in the antigravity
extensors and decrease in the flexors is
apparent. Conseguently the functional
capacity of the leg muscle will be en-
hanced in spite of its decrease in mass.
The increase in leg bone mass in chronic-
ally accelerated fowl is consistent with
the increased bone mineral mass (whole
body) in chronically accelerated small
mammals [10]). However, other reports on
skeletal mass in chronically accelerated
rats indicate a small (-3%/G) but statis-
tically significant decrease [13].

DISCUSSION:

It is evident that the influence of the
gravitational loading of animals, induced
by chronic acceleration, is not anatomic-
ally symmetrical. Some organs are selec-
tively increased in size whereas others
are decreased, and presumably these
changes are functionally related. It is
perhaps important that the changes induced
in some organs by gravitational loading
are dissimilar from those associated with
loading resultlng from increased body size
[4). With increasing body size the rela-
tive sizes of visceral organs are de-
creased and the relative bone and muscle
masses are increased. Mass loading (by
"weighting" animals at earth grav1ty) also
selectively increases bone size [19].
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CHRONIC ACCELERATION AND ORGAN
SIZE IN DOMESTIC FOWL

A. H. Smith
Department of Animal Physiology
University of california
Davis, California 95616 USA

In sevaral experiments with chronically
accelerated mature fowl, masses of
selected visceral organs, bones and
muscles were determined. Evaluation and
comparisons of such observations are
complicated by other acceleration induced
changes in body composition.

A common finding after protracted
exposure of animals to increased gravita-
tional fields (chronic acceleration) is a
decreased body mass, largely the result
of a decrease in body fat. The degree of
loss of body fat is proportional to field
strength and to body size [16). The only
exception so far reported is with monkeys,
10 kg Macaques exhibiting neither a loss
of body fat nor body mass after several
months at 2.5 G [8]. Asymmetric change in
body composition pose difficulties in
providing a somatic reference for the
evaluation of changes in organ sizes.
Nutritionists at Cambridge [11] have used
the brain as a suitable reference organ,
since it develops early and is not
affected by subsequent somatic change. 1In
other studies, the fat free body mass
(FFBM) has been found to provide a useful
reference for changes in body composition
[12,14].

PROCEDURES:

Experimental animals consisted of three
groups of male fowl from an acceleration-
selected line [16], designated: Tango
(Sg), Zulu (S;,) and Alpha (S;g5). All
were centrifuged for at least 250 days,
when the analyses were performed. The
heads, shanks and skin were removed to
prepare a carcass, approximating the
edible portion, comprising 74+ 1.1% of the
empty body mass. Individual organs were
removed, weighed and then the musculo-
skeletal component and the total viscera
were comminuted and samples taken for
determination of fat, fat-free dry matter
and water contents. Relative organ sizes
were calculated as gms per kg fat-free
carcass mass (FFCM). Although scaling
factors apply generally to the relation-
ships between organ size and body size,
the small range in body size of these
experimental animals (Table 1) was such
that a scale correction was not warranted.

TABLE l.Comparison of Fat-Free
Carcass Masses Among Groups

Mean (kg) FFCM + SD
(n) subjects per group

Group Control 1.5 G 2.6 2.25 G 2.5 G
T (Sg) (6)1.36 (6)1.35 (5)1.31
+0.36 +0.04 +0.04
2 (S74) (13)1.38 (5)1.21 (7)1.15 (9)1.33
+0.07 +0.17 40.46 +0.11
A (S5;5) (4)1.42 (5)1.27 (5)1.34
+0.22 +0.17 +0.12
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RESULTS:

No consistent or statistically signifi-
cant covariance of relative organ size
with the gravitational field was observed
for heart, lung or spleen. Relative kid-
ney and liver sizes increased, and rela-
tive g-i tract size decreased with
increasing gravitational field strength.
However, differences also were apparent in
relative organ sizes among control groups,
e.g., liver, Fig. 1. Some of this varia-
tion may be technical, since the experi-
ments were conducted at different times
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Figure 1. Relative Liver Size.

Liver sizes (gm liver per kg FFCM) are
indicated as group means + SE.

and with different people, allowing for a
possible variation in dissection between,
but not within groups. Some of this
variation also may be biological, since
the animals were from successive genera-
tions of a line selected for acceleration
tolerance which may have produced anatomic
change. For example, liver responds to
increasing metabolic requirements --
selecting fowl for increased egg produc-
tion produces an increase in relative
liver size proportional to the increase in
egg production [5]. Consequently, obser-
vations from these chronically accelerated
animals were standardized by presenting
them as ratios to the equivalent control
observations:

Std. kidney mass
(xr
Std. liver mass

0.83 + 0.23 G
0.817; p<0.01)
0.92 + 0.13 G
0.650; p<0.05)
1.18 -0.16 G
=0.732; p<0.05)

H
o,

Increases in liver and kidney sizes
also have been found in centrifuging mice
and hamsters [1], rats [6] and mouse and
rat fetuses and mothers [7]. Gravitational
hypertrophy of liver and kidney (and lack
of change for heart, lung and spleen)
appear to be general phenomena. The liver
hypertrophy is associated with gravita-
tional changes in fat metabolism -- a
continuing formation of free fatty acids,
but with a marked reduction in the deposi-
tion of depot fat [3]. This increases
hepatic fat metabolism promoting liver
hypertrophy. Also, kidney and liver are
among the principal organs determining
metabolic rate and their sizes tend to be

S-131



However, after -Gz acceleration ceased, the
decreased SV returned quickly to the
control level, and sometimes rebounded over
100%.

In every -Gz load, CO of hamsters
decreased significantly during exposure
(p<0.01). It fell down to 85% in 4G, 80%
in 6G, 70% in 8G, and 63% in 10G. As the
magnitude of applied acceleration became
larger, CO reduced more remarkably. After
cessation of -Gz exposure, however, it
returned soon to the control level even
when -10Gz was applied. It can be
concluded that changes of CO is similar to
those of SV when hamster was applied to -Gz
acceleration.

3) +Gz group

Hamsters were applied to only smaller
+Gz exposure (2G and 4G). HR reduced
slightly in +2Gz, but it was not
significant. SV decreased transiently only
for the early phase of G load, followed by
an 1increase to reach a steady level, but
it was still less than the control level.
CO changed in a similar manner to SV. The
reduction of CO was significant (p<0.01).
After +2Gz exposure ceased, both SV and CO
returned to over 100% level.

On the other hand, hamsters under +4Gz
application could be divided into two
groups by the condition of cardiac
responses. One group suffered the vital
damage and did not recover even after
cessation. We named these the unrecovered
group. The other group was the recovered
group, whose biological parameters returned
to the control level after cessation. The
latter group showed a significant decrease
in HR and this reduced level was sustained
after cessation (p<0.01). Obviously, SV
and CO showed biphasic responses, namely,
transient and sustained reductions (p<0.01)
during exposure. After exposure, an
overshooting reaction was observed. It is
suggested that the adaptive state after a
transient decrease means the adaptation of
cardiac system. It is supposed that these
changes (transient decrease and the return
to the steady state) expressed a
homeostatic response, The unrecovered
group showed only a gradual decrease,
without producing such homeostatic
response. HR and SV decreased in a
sawtooth wave pattern. These changes would
imply that a hamster made an effort to
compensate for decreasing state under
+4Gz. Body weight, sex, amount of
anaesthetics or any other physical signs
could not offer any remarks to separate the
unrecovered and the recovered group.
Almost all animals in the unrecovered group
exhibited negative P wave on ECG followed
by sino-atrial block and atrio-ventricular
dissociation during +4Gz exposure.

4) Comparison among -Gx, -Gz and +Gz group

Fig.2 shows the comparison in changes
among -Gx, -Gz and +Gz groups. Applied
acceleration was 4G in every case. Open
bar indicates -Gx group, shadowed one, -Gz,
and closed bar represents +Gz group. From
top to bottom, each graphs shows heart
rate, stroke volume and cardiac output
respectively. +Gz group represents the
value obtained from only the recovered
group. Asterisks indicate the statistical
significance between each group.

HR did not show the remarkable
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significant difference among the three
groups. In +Gz group, however, the
decrease of HR was more remarkable than in
other two groups. Moreover, the reduction
in HR was smaller than that in SV or CO.

On the other hand, the comparison in
SV showed a statistical significance.
Especially, during exposure, +Gz group 1is
different from both -Gx and -Gz group
(p<0.01). The least reduction is observed
in -Gx group.

CO, shown in the lower part, had a
similar pattern to SV. CO decreased in all
three groups. But the reduction in -Gx
group is the least and that in +Gz is the
most. Furthermore, the result of +Gz
group revealed a significant difference
from that of both -Gx and -Gz group
(p<0.01). The difference was not observed
after cessation of hyper-G, but only
during exposure.

i

1 .

> > s 51001
atter Evposwrs "t °
* 1008

\._....“_,.
]
| — ]

8
o
2
n
g
3
g
5
2

T
]

8
—

3
Dwing Expowre

Fig. 2 Comparison in HR, SV and CO
among -Gx, -Gz and +Gz groups

CONCLUSION

Cardiac responses of the
anaesthetized hamster exposed hyper-G
along three directions (-Gx, -Gz and +Gz
directions) was investigated. HR, SV and
CO were all decreased during the exposure
in every direction. The amounts of
reduction in these parameters were
different among three directions. When
hamsters were exposed to +4Gz
acceleration, ten hamsters survived and
six died. It is supposed that the gravity
along 2 axis, that is -Gz or +Gz
direction, is less adapted environment to
a hamster. So, -Gz and +Gz acceleration
may cause more shift of body fluid than -
Gx which is normal and adapted gravity
direction. It is supposed that the
reduction of stroke volume is produced by
the body fluid shift. Moreover, the
hydrodynamical footward fluid shift
resulting from +Gz, particularly in 4G,
may cause heavy damage to an animal, such
as myocardial and cerebral ischemia. From
the above results, it is considered that
the tolerance of hamsters for hyper-G is
smaller in the order of -Gx, -Gz and +Gz.
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When human and animals are in the
hyper-gravity environment, it's expected
that changes of gravity affect the cardiac
reactions. It's also assumed that effects
of hyper-gravity depend on the directions
of the body axes. In this study, the
cardiac responses of anaesthetized hamsters
under hyper-gravity for over 10 minutes
were investigated. When animals were
exposed to -Gz acceleration, the reduction
of heart rate (HR), stroke volume (SV) and
cardiac output (CO) were observed. 1In -Gz
exposure, these parameter decreased.
Meanwhile, animals exposed to the
acceleration in the opposite direction
(+Gz) showed a significant reduction with
smaller weaken acceleration. Moreover, 6
out of 16 hamsters exposed to +4Gz was
suffered. From the above results, it was
concluded that a quadruped animal, such as
a hamster, has the highest tolerance to the
-Gx. It was also considered that the
footward fluid shift resulting from +Gz
exposure caused fatal risk to hamsters.
Accordingly, it was supposed that animals
are more vulnerable to +Gz than to other
two directions (-Gx and -Gz).

METHODS

We used 56 Syrian golden hamsters
(Mesocricetus auratus) weighing 100 to 190
grams. They were divided into 3 groups
according to the direction of hyper-
gravity. One is -Gx group, which is
exposed to hyper-gravity from back to
abdomen. Another is -Gz group; the
direction of hyper-gravity is from foot to
head of the animal. And the other is +Gz
group, with the gravity of head to foot
direction. These animals were slightly
anaesthetized with pentobarbital
(Nembutal), injected intraperitonealy (50
mg/kg body weight). Nembutal was added 20
mg/kg every hour to keep the animal in the
stable anaesthetized condition. The
centrifugal acceleration was generated by a
spatial disorientator for animal. This
apparatus has 1.5 m radius. The gondola,
which hangs on the one end of horizontal
arm, 1is allowed to swing out passively
during the rotation of arm. This rotator
was controlled by a micro-computer.
Biological signals were fed into an 8
channel telemeter monitoring with polygraph
and then stored on a data recorder. To
observe the cardiac reactions to the
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centrifugal acceleration, it is important
to examine a precise time course of the
responses. Fig.1 shows the profiles and
directions of centrifugal acceleration
applied to an animal in this experiment.
The magnitude of acceleration was 2, 4, 6,
8 or 10G. These acceleration were applied
to an animal (over 10 min) in random
series. In both ascending and descending
phase, the changing rate of acceleration
was 0,025 G/sec from 1 to 2G, and
thereafter 0.05 G/sec. Electrocardiogram
(I and II leads), and impedance
plethysmogram on the chest were recorded
through the telemeter. The stroke volume
was estimated from impedance plethysmogram
by Kubicek's method (1970). Statistical
analysis was performed using the t-test.
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]

Fig. 1 Profiles and direction of exposure

RESULTS
1) -Gz group
When the hamster was exposed to -Gx

acceleration, HR decreased slightly in
both 4 and 6G. However, it decreased
remarkably in 8 and 10G, with statistical
significance (p<0.05 in 8G, p<0.01 in
10G). SV hardly changed in -4Gx. However,
it decreased significantly in 6G exposure
(p<0.05 in both 6 and 8G, p<0.01 in 10G).
In -6Gx, stroke volume decreased to 87 %,
in -8Gx to 81 %, and in -10Gx to 76%.

Although CO maintained the control
level in -4Gx, it decreased remarkably
during 6G (p<0.05), 8G (p<0.05) and 10G
exposure (p<0.01). Particularly in -10Gx,
CO did not readily return to the control
level within 6 min after the cessation of
acceleration.

The decreases of HR, SV and CO were
more with increase in -Gx acceleration.
2) -Gz group

Hamsters in -Gz group showed a
smaller decrease in HR during the exposure
and this decrease sustained after the
cessation of exposure (p<0.0171). HR
maintained 85% even at 10G exposure, in
which the maximum decrease occurred.

SV decreased during -Gz exposure, to
90% in 4G, 85% in 6G, 75% in 8G, and 72%
in 10G. Although the decrease was not
significant in -4Gz, the decrease of SV
was significant in over 6G (p<0.01).
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Figure 3. General view at the CWIM as-
gembly without water. (The subject is
in vertical posture condition).

adaptation process, which manifested
more distinctly in the CV system reac-
tions. Values of stroke volume (SV),
(Fig. 5) indicate, that exposures to 2
experimental conditions (control WI and
LBPP) resulted in their elevation, and
exposures to 2 other conditions (LBNP
and vertical control) - resulted in their
decrease. Comparison of the data obtain-
ed after 1.5 and 4.5 hours of exposures
demonstrates, that adaptive reactions
aimed at restoration of homeostasis de-
velop more rapidly in response to a more
marked initial changes (as it was seen
with LBPP).

This relationship was correct for
the subjective reactions. Data analysis
indicate, that during LBPP subjective
sensatione of cranial blood pool were
mostly noticeable during 1-2 hours of
exposure, and by the end of 4.5 hour pe-
riod they were less noticeable. During
control WI sensations of cranial blood
pool were of lesser magnitude, but long-
er in duration.

The dynamics of the described reac-
tions resembles the behaviour of the
automatically controlled systems, which
tend to not only more rapidly react upon
stronger impulses, but often to "over-

The Physiologist, Vol. 30, No. I, Suppl., 1987

Figure 4. General view of the CWIM as-
sembly. (The subject is in control im-
mersion condition).

control".

Therefore, the range of effects,
simulated with CWIM, permits to simulate
a wide range of reactions dependent of
blood distribution. This is true for the
reactions formed not only in the course
of experiment, but after its termination.
(Fig. 6) shows values of orthostatic to-
lerance recorded after 4.5 hour exposu-
res to various modifications of the CWIM
and vertical control data. In vertical
control group postexperimental values of
orthostatic tolerance practically do not
differ from pre-experimental level, but
exposures to WI resulted either in signi-
ficant decrease of orthostatic tolerance
(WI coupled with LBPP resulted in 2 or-
thostatic collapses out of 6 cases) or
in a moderate manifestation of tolerance
decrease (control WI), or in tolerance
increase comparing to the pre-experiment-
al values (case with LENP),

Hence, CWIM permits for a short-time
simulation of qualitatively different
states of gravity tolerance. It extends
the possibilities to study cause/effect
relationship between controlled changes
in a blood distribution pattern and re-
sulting reactions, and also contributes
to successful resolving both theoretical
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Figure 1. General view of the immersion bath with reducing of
weter pressure upon lover body.
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Figure 2. Controlled water immersion

wide range of dependent from blood dis-

tribution pattern physiologic reactions

of water-electrolyte and cardiovascular

(CV) systems. Total fluid losses during

4.5 hour WI coupled with - 30 mm Hg LENP
were low and quite comparable with ver-

tical posture conditions (Fig. 5). LBPP

(+30 mm Hg) and control immersion evoked
increase in water loss by a factor of
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model of weightlessness. Variants of use.

2.5. Although, due to a technical rea-
song we could not assess the rate of
water losses, indirect data indicate,
that during 1 to 1.5 hour of LBPP this
rate was highter than control WI and
afterwards - lower. As a result, total
values of water losses for 4.5 hours
levelled. Such a dynamice might be con-
nected to some of peculiarities of the



CONTROLLED WATER IMMERSION AS A MOLEL OF
WEIGHTLESSNESS

I.D. Pestov, A.V.Pokroveky

Institute of Biomedical Problems, Moscow,
USSR

Water immersion (WI) technique as a
model of weightlessness was originally
theoretically substantiated by K.E.Tsyol=-
kovsky, and over a quarter of a century
has been actively employed in space me-
dicine to study sensory, motor and ve-
getative reactions typical for zero gra-
vity. As any other model, WI technique is
not a complete analog of a prototype, but
simulates some of its biologicelly signi-
ficant characteristics, thus permitting
to obtain under laboratory conditionms
important information relevant to gravi-
tational biology. WI to a certain extent
cen adeguately 8imulate such initial ef-
fects of weightlessness as elimination
of weight load upon skeleto-muscular ap-
paratus and removal of gravity effect
upon blood distribution. The technique
can partially reproduce a subjective
sensation of being weightless resulting
from suspended, unsupported state of hu-
man subject, but nevertheless specific
gravioreceptors of otolyth keep on func-
tioning. Therefore, when evaluating the
edequacy of WI model one should take
into eccount, that it cannot simulste the
whole spectrum of bodily responses to
zero gravity, that a rate of formetion of
these responses might differ from that in
a real spaceflight, and that it can re-
gult in development of side effects which
are atypical to spaceflight, e.d. ekin
marceration, changes in thermotopography
etc. (Pestov, Genin, 1983). Clear under-
gtanding of potentials and limitations
of the model can widen the scopes of its
substantiated and proved utilization. By
modifying some of the model's parameters
one can increase the range of simulated
conditions, better understand cause/ef-
fect relationships and substantiate prac-
tical recommendations. Thus, modification
of WI technique (Genin, Pestov, 1974) as
a model of weightlessness by introducing
means of arbitrarily reducing a compen-
satory counter-pressure of immersion me-
dium upon lower body (Fig. 1), permitted
to obtain both pronounced changes in wa-
ter-electrolyte metabolism and complete
absence of such changes. The same was
observed for orthostatic tolerance in
man. Hence, the dependence of these
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changes from factors, affecting transmu-
rel pressure and blood redistribution,
wase clearly demonstrated.

To further developing this idea the
potentialities of a controlled WI model
(CWIM) have been explored. We hoped to
widen ascope of objectives, which might
achieved by simulation of physiological
effects of weightlessness under leaborato-
ry conditione.

A controlled parameter in this model
(Fig. 2) is =zlso a variable level of
hydrostatic pressure exerted by immersion
medium upon lower body. This effect is
achieved:

- by a head-out vertical immersion
of human subject or (when a light diving
equipment is used) by complete immersion
in & liquid medium (water or salt solu-
tion with density equal to body density);

- by separation of an immersion
chamber into two sealed chambers: upper
and lower - to house upper and lower
parts of body. Sealing in this case is
supplied at the level of illiac crest;

- by creating in the lower section
of immersion chamber a positive pressure
(through connectors with pressure tank)
or negative pressure (through decrease
of water level in a water-meter tube
connected with lower section of the
chamber). The range of controlled pres-
sure changes in the lower section in +50
mm Hg;

- by utilizing a restraint system,
which eliminetes body vertical shifts
relative to a sealing line occurring
during pressure overfalls in the lower
section; the system also transfers to
the body an accompanying axial load.
Figs. 3 and 4 show general view of the
CWIM assembly.

CWIM is capable of evoking various
degrees of psychophysiological manifesta-
tione resulting from initial effects of
weightlessness, subgravity and gravity,
e.g. blood redistribution relative to
the longitudinal body axis, some vari-
ants of axial static load anc subjective
perception of the gravity vertical. CWIM
permits to study:

- the role of inter- and proprio-
receptors in the mechanism of epatial
analysis during changes in a gravitastion-
al environment;

- interaction between rate of phy-
siological reactions and quantitative
characteristics of simulated effects;

- various variants of effects regu-
lation observed during physiological re-
constructions of a manifestation degree,
determined by the conditions of simula-
tion.

Experimental results demonstrate,
that CWIM provides for a simulation of a
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3. On the case of the second
group,urinary excretion such hormones as
17-0HCS, adrenalin and noradrenalin attain
adaptation at the control level, within 6
days' W. I.P. exposure. In the case of
17-0HCS and adrenalin, the extreme
irreqularity of circaidan rhythms was not
observed at the approach point of diurnal-
nocturnal level balance during the process
to adaptation, and the stabilized new
level was attained at the level of
control. 1In the case of noradrenalin,
some changes, which seem to correspond
with the changes in quality of the sleep
patterns, were observed during the
adaptation process. and these changes
were recoginized also by analysis of the
circadian rhythms

Dr. Hildebrandt set synchronization
as an important factor in the nonspecific
trophotropic adaptive responses in his
schematic representation of adaptive
sequences. We may also emphasize the
significance of diurnal rhythms in
monitoring the development of adaptation
for hypodynamics conditioning and in the

Fig.9. Fluctuation
of the distribution
of the REM-stages,

pre, during and post
water immersion
exposure.
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study of the adaptation mechanisms.

4. On the case of the last group, as
the case of K+, the attainment of adaptive
steady state wa difficult during
conditioning. Even on this case, some
signs for stabilization were observed
during the pre-stabilized phase on the
feature of dirunal-nocturnal line and the
circadian rhythmicity.

5. It seems that one of
prospectable techniques for studying the
machanism, of adaptation during prolonged
hypogravics is to study the diurnal-
nocturnal balance and circadian rhythm of
some parameters during the pre-stabilized
phase.
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Fig.4. Circadian rhythms of daily urinary
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PHYSIOLOGICAL ROLES OF CALCIUM
IN LIGHT-INDUCED GRAVITROPISM
IN ZEA PRIMARY ROOTS

Atsushi Miyazaki
Tadashi Fujii

Institute of Biological Sciences
University of Tsukuba
Sakura-mura, Ibaraki 305

Japan

No asymmetric redistribution of plant
hormones, indoleacetic acid (IAA) and ab-
scisic acid (ABA), which have been thought
to be prime candidates for inducing gravi-
curvature in roots, was observed between
upper and lower halves of elongation zones
during the latent period (0-60 min after
stimulation) of the gravitropic reponse in
Zea primary roots. The content of calcium
(Ca) increased in the lower half of hori-
zontally oriented roots which had been
briefly exposed to light, while there was
no marked difference in distribution bet-
ween upper and lower halves of non-irradi-
ated roots. The Ca increase in lower half
was observed 15-30 min after irradiation
in root caps and 30-60 min after irradia-
tion in elongation zones. We concluded
that the Ca accumulation in the lower half
of elongation zones in gravi- and light-
stimulated roots induced a apart (50%) of
the downward curvature in the presence of
ABA.

Since gravitropic curvature is thought
to result from the asymmetric elongation
between upper and lower sides of elon-
gation zones, the information inveolving in
the curvature must be transmitted during
the latent period after gravistimulation
from graviperception site to gravireaction
site. Asymmetric redistribution of a
growth inhibitor, either IAA or ABA has
been believed to cause the gravicurvature
in roots. However, it was reported that no
asymmetry of IAA and ABA content in root
tips containing elongation zones was

observed in gravireacting Zea and Vicia

roots. These results indicate that the
roles of IAA and ABA in the gravicurvature
of roots are ambiguous. Recently, Ca
gradients has been suggested to play a key
role in linking graviperception and gravi-
curvature in plant roots, although none
provide evidence that the Ca gradients
occur naturally in gravistimulated roots.

It can be, therefore, thought that the
determination of information involving in
the gravicurvature is the most important
problem to dissolve the complicated and
ambiguous processes of gravitropic re-
sponse.

The Physiologist, Vol. 30, No. 1, Suppl., 1987

Plant material

Caryopses of Zea mays L. cv. Golden
Cross Bantam 70 were soaked in running
tap water for 24 h in the dark. The
grains were grown vertically in a moist
chamber in the dark at 26 + 1°C. Primary
roots, 2.0-2.5 cm in length, were used for
the experiments. All manipulations were
carried out under a dim green safe light.

Development of gravitropic curvature
Kinetics of gravitropic curvature was
measured after light- and/or gravi-stimu-
lation (Fig. 1). When the roots were ex-
posed to white light for 30 s, curvature
started about 1 h after the light irradia-
tion, continued for the following 1.5 h,
and then ceased. In this condition,
maximum curvature reached at about 30
degrees. When no exposure was given to
the roots, the curvature was not obseved.
This result indicates that the information
involving in gravitropic curvature must be
transmitted within 1 h after light irra-
diation from the perception site of grav-
ity to the elongation zones of the roots.
In the following expepriments, therefore,
the changes within 1 h after light- and/or
gravi-stimulation was given attention.
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Fig.1. Gravitropic response of Zea primary
roots under gravistimulation with (0O) and
without (@) a light exposure. (From
Miyazaki et al. Plant Cell Physiol. 27:
693-700, 1986)

Distribution of TAA and ABA under gravi-
stimulation

IAA and ABA contents in upper and lower
halves in elongation zones were measured
60 min after gravistimulation in roots
which had been exposed to white light (30
s) or kept in darkness. No asymmetric
redistribution of both IAA and ABA was
observed between upper and lower halves in
elongation zones during the latent period
(0-60 min after the stimulation) of gravi-
tropic reponse. Light irradiation in-
creased by approx. 20% the content of ABA
in both upper and lower halves of elon-
gation zones, but did not increase that of
IAA. Calculated concentrations of IAA in
the tissues were approx. 0.3 pM, and those
of ABA approx. 0.05 pM in roots kept in
darkness and approx. 0.06 pM in light-
irradiated roots.

These results indicate that neither IAA
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nor ABA can be the informations related to
root gravitropism in general.

Redistribution of Ca under gravistimula-

tion

When vertically-grown roots were hori-
zontally oriented and kept either in con-
tinuous darkness or treated with a brief
(30 s) exposure to white light, the
content of Ca, which was quantified using
particle-induced X-ray emission, in the
lower halves of roots which had been
exposed to light became higher than in the
upper ones, while no such difference was
found in horizontally oriented roots kept
in darkness. The increase of Ca in the
lower halves was observed 15-30 min after
irradiation in cap zones, and 30-60 min
after irradiation in elongation zones.
When the roots were kept in the horizontal
position, gravitropic curvature started
about 1 h after the light exposure (see
Fig. 1). These results indicate that the
redistribution of Ca occurs before the
gravitropic curvature.
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Fig.2. Redistribution of Ca in cap (a) and
elongation (b) zones in upper and lower
halves of gravistimulated primary roots
with (@) and without (M) a light exposure.
(From Miyazaki et al. Plant Cell Physiol.
27: 693-700, 1986)

Effects of CaCl, on IAA and ABA action re-
lated to root efongation

The root sections containing elongation
zones continued to elongate at a constant
rate for at least 4 h in 5 mM 2-(N-morpho-
lino)ethanesulfonic acid buffer (pH 6.0).

Single application of CaClz had no
effect on the elongation of root sections
at concentrations lower than 0.3 mM.
Though the inhibition of root elongation
increased with increasing IAA concen-
tration higher than 0.01 pM, the extent of
inhibition at each IAA concentration was
not affected by the addition of CacCl,
below 0.3 mM.
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ABA promoted the elongation of root
sections when no calcium was added to the
incubation medium. However, ABA exerted
its inhibitory effect on the elongation in
the presence of CaClz. The extent of inhi-
bition by addition of ABA at a concen-
tration comparable to endogenous level
was approx. 20% in the presence of 0.1 mM
Cac12 at a concentration equivalent to the
difference between upper and lower halves
of elongation zones of gravitropically
stimulated roots (Table 1).

Table 1. Effects of CaCl, on the elon-
gation of root sections in %he presence of

ABA
0.1 mM CaC12
ABA conc. Inhibition
(pM) (%)
- +
0.01 0.722 0.56 22
0.1 0.71 0.57 20

3Elongation ; mm/4 h.

Kinetics of elongation in upper and lower
sides of gravireacting roots

The elongation in upper and lower sides
of gravireacting roots was continuously
recorded with a time-lapse video recorder.
The elongation in upper side linearly
continued for at least 3 h after the
gravitropic curvature had already ceased
(see Fig.1). On the other hand, the
elongation rate in lower side started to
diminish 1 h after gravistimulation and
lasted for 1.5 h during which the cur-
vature took place, and then regained the
initial growth rate. The calculated in-
hibition rate of elongation in the lower
side was 45% of that in the upper side of
gravistimulated roots.

These results strongly suggested that,
even if no asymmetric redistribution of
IAA and ABA occurs in elongation zones
during the latent period of gravicur-
vature, the Ca accumulation (approx. 0.1
mM) in the lower half of elongation zones
of gravistimulated roots can inhibit by
approx. 20% the elongation in the lower
side of roots by altering the sensitivity
of root tissues to ABA. As the elongation
rate in the lower side was reduced by 45%
of that in the upper side of gravi- and
light-stimulated roots, the gravicurvature
(approx. 50%) may result from the inhib-
ition of the elongation in the lower side
through ABA-Ca interactions.
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CARDIOVASCULAR RESPONSES TO CENTRAL HYPOVOLAEMIA
IN MAN: PHYSIOLOGY AND PATHOPHYSIOLOGY.

T. Bennett

Department of Physiology and Pharmacology
Medical School Queen's Medical Centre
Nottingham NG7 2UH

The reflex responses to changes in posture
or to haemorrhage have been the topic of many
studies since the earliest investigations of
cardiovascular physiology in man. However, it was
not until Greenfield and his colleagues (3,13,23)
devised the technique of applying subatmospheric
pressure to distal parts of the body (LBNP) of a
supine subject (to simulate the shift of blood
that occurs on standing) that the way was clear
for detailed analyses of the cardiovascular
responses to central hypovolaemia in man. The
technique of LBNP, together with that of
manipulating carotid sinus transmural pressure
using a similar principle, i.e. neck suction (17)
or neck pressure (28) have been the basis of many
of the studies that currently influence our
concepts about normal "orthostatic'" reflexes. In
summary, cardiopulmonary receptors appear to have
important influences on efferent vasomotor outflow
to skeletal muscle (25,30,41), with relatively
little effect on the splanchnic vascular bed and
no influence on the sinoatrial node (25,30,41).
The latter two effectors are influenced, mainly,
by changes in activity of the carotid sinus
baroreceptor afferents (1,25,28,41), but it should
always be remembered there is no technique
available for selective manipulation of aortic
arch baroreceptors in man, and the latter may
influence responses elicited from the carotid
sinus (28). Furthermore, it should not be
forgotten that there are many other types of
receptor (e.g. ventricular receptors (18),
visceral receptors and skeletal muscle receptors)
that may be involved in the cardiovascular
responses to standing, tilting or LBNP. It is
very likely that different patterns of afferent
involvement occur with exposure to these
manoeuvres, and it may be that such differences
account for the dissimilar patterns of hormonal
change as well as the variations in cardiovascular
responses to orthostatic manoeuvres and central
hypovolaemia (e.g. 11-13,16,20~-22,24,27,31-33).
However, comparison of the studies published
highlights marked variations in the responses to
what appears to be the same manoeuvre., There is
obviously a need here for a systematic comparison
of the hormonal and cardiovascular responses to
standing, tilting and LBNP in the same subjects.

Notwithstanding these various

qualifications, evidence supporting current
beliefs about afferent/efferent relations in human
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cardiovascular reflex responses to central
hypovolaemia comes from the following findings:-
1) Exposure to low levels of LBNP that cause
reductions in central venous pressure, but no
changes in systemic arterial systolic, diastolic
or mean blood pressure, or systemic arterial
dP/dt, causes significant forearm vasocomstriction
with little increase in splanchnic vascular
resistance and no tachycardia (25, 41).

2) Exposure to high levels of LBNP, sufficient to
reduce central venous and systemic arterial blood
pressures, causes forearm and splanchnic
vasoconstriction and tachycardia (17, 28).

3) Neck suction causes no change in central
venous pressure (and hence, presumably, no change
in venous return from the head) no change in
forearm vascular resistance, but a significant
systemic arterial hypotension and bradycardia
(1,28). (A puzzling feature of this experiment is
that there was no significant change in splanchnic
vascular resistance with neck suction (1),
although this finding is consistent with the
results of a previous study (10) in which carotid
sinus suction caused hypotension due to a fall in
cardiac output with no change in total peripheral
resistance. The anomalies in this area have been
referred to elsewhere (28)).

4) Exposure to neck suction (40 mmHg) and LBNP
(40 mmHg) concurrently (1) had no significant
effect on the forearm vasoconstriction seen with
LBNP alone, but prevented the tachycardia and most
of the splanchnic vasoconstriction. (There are two
aspects of these results that require further
explanation. One is how it came about that the
effects of the two manoeuvres on carotid sinus
transmural pressure were exactly matched (i.e. to
cancel effects on heart rate), and the other is
that the hypotensive effect of LBNP plus neck
suction was no greater than that of neck suction
alone (1), in spite of the evidence that
splanchnic vaso-constriction constitutes a major
defence against "postural” hypotension (34)).

Contrary to some of the findings above there
is evidence that the forearm vascular bed may be
influenced by changes in signalling of carotid
sinus afferent fibres (28). Most recently, Victor
and Mark (40) found a significant forearm
vasoconstriction in response to neck pressure, but
in that same study various arguments were put
forward in support of the proposition that
"nonhypotensive LBNP per se does not produce a
major perturbation in the carotid baroreflex."
Thus, although some contentious points remain to
be resolved, all investigators in the field seem
to be agreed that the forearm vasoconstriction
seen during exposure to low levels of LBNP is due,
solely, to unloading of cardiopulmonary
baroreceptors. However, for this to be a tenable
hypothesis something unexplained must be happening
since:-

1) if exposure to low levels of LBNP does not
decrease cardiac output, then systemic arterial
pressure should go up, due to the vasoconstriction
in skeletal muscle. The absence of a pressor
response to low levels of LBNP could be due to
concurrent vasodilatation in another vascular bed
(besides the splanchnic - see above), but this
effect would have to be precisely matched to
cancel the vasoconstriction in skeletal muscle,
and it is not at all clear how it could be brought
about without invoking the mediation of systemic
arterial baroreceptors (see below).

2) if exposure to low levels of LBNP does reduce
stroke volume, then this change must be offset
exactly by the increase in skeletal muscle
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vascular resistance in order to prevent the
occurrence of any change in those features of
systemic arterial pressure to which carotid sinus
baroreceptors are sensitive. This seems most
unlikely since the afferent system considered to
be responsible for the reflex adjustment of
forearm vascular resistance is not exposed to what
appears to be the controlled variable (i.e. some
feature (s) of carotid sinus transmural pressure).
On balance, it seems more likely that the
cardiovascular reflex responses to low levels of
LBNP may be due to subtle, interactive effects
between cardiopulmonary, aortic arch and carotid
baroreflexes. The anomalies mentioned above may
be due to our inability to monitor the relevant
variable (specifically, carotid sinus and/or
aortic arch afferent discharge rate). The fact
that simultaneous exposure to neck pressure and
LBNP augments forearm vasoconstrictor responses
but not tachycardic responses (40) does not argue
against this proposition, particularly since
exposure to low levels of LBNP not infrequently
causes a transient bradycardia (unpublished
observations). The latter finding is consistent
with studies in animals, but has not been reported
routinely in man (30).

In spite of our ignorance of normal
mechanisms, many (e.g. 4,7,8) have applied the
technique of LBNP to the assessment of
cardiovascular regulation in various patho-
physiological conditions. In retrospect, some
useful information came out of those studies, but
various findings require further investigation.
For example, exposure of patients with orthostatic
hypotension to low levels of LBNP may cause a
normal pattern of forearm vasoconstriction (7,8).
However, these same patients when exposed to
higher levels of LBNP may show forearm
vasodilatation (8). While this could be due to
relative preservation of neural vasodilator
pathways (2,4,6), it is not known to what extent
B,-adrenoceptor-mediated vasodilator effects of
aarenal medullary adrenaline (22) or the
vasodilator effects of circulating dopamine (26)
might be involved.

One approach in future studies would be to
make simultaneous measurements in several regional
vascular beds during exposure of patients to
different levels of LBNP, since the forearm may
not be representative of regional perfusion
elsewhere. This proposition is supported by the
recent finding that simultaneous monitoring of
foot, calf, hand and forearm blood flows during a
thermoregulatory challenge in patients with
diabetic autonomic neuropathy detects subtle
abnormalities in the control of foot and calf
perfusion in the absence of dysfunction in the
forearm (35).

Another problem in the investigation of
cardiovascular responses to central hypovolaemia
in patients with orthostatic hypotension is that
they frequently have systolic arterial
hypertension when supine, and the latter factor
could influence cardiovascular reflexes (8).
However, it has been observed that patients with
primary hypertension may show augmented forearm
vasoconstrictor responses to low levels of LBNP
(9,29), whereas this phenomenon is not found in
patients with orthostatic hypotension (7,8).

Perhaps an even more important consideration

in the assessment of abnormal responses to LBNP is
the "physiological" state of the subject. This
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may be particularly significant in regard to
patients with diabetes meliitus, since changes in
plasma glucose and insulin could impinge on
cardiovascular regulation (14,15), although it is
not clear to what extent changes in circulating,
endogenous insulin levels influence cardiovascular
variables in normal subjects (5). Complications
such as these can be avoided, or studied, by
deliberate manipulation of plasma variables during
exposure to central hypovolaemia. For example,
during a hyperinsulinaemic, euglycaemic clamp it
is possible to detect impaired vasoconstrictor
responses to LBNP in normal subjects in the
absence of systemic arterial hypotension (36).
However, a similar experiment in patients with
diabetic autonomic neuropathy causes marked
augmentation of the hypotension seen during LBNP,
but without a consistent effect on forearm
vascular resistance (37).

Finally, recent observations indicate that
modest levels of exercise can cause resetting and
increased sensitivity of the baroreflex responses
to LBNP (9), or to pharmacologically-induced
increases in systemic arterial pressure (26), thus
providing objective evidence for the intuitive
feeling that subjects should be "rested" before
being investigated. It is of particular interest
that exercise-induced changes in cardiovascular
control mechanisms may be due to a centrally-
mediated, opioidergic suppressionof sympathetic
efferent outflow, consequent upon activation of
skeletal muscle afferent fibres (19,39).

In summary, it is likely that our
understanding of the subtleties of the
cardiovascular responses to central hypovolaemia
in normal man is incomplete. However, it is quite
possible that we will gain useful information
about the normal condition by studying the
disordered processes invarious pathophysiological
states.
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THE EFFECTS OF EXERCISE TRAINING ON FACTORS
AFFECTING ORTHOSTATIC TOLERANCE

Peter B. Raven, Michael L. Smith
Donna L. Hudson, and Howard M. Graitzer
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Fort Worth, Texas 76107

Earlier investigations have suggested that the well-trained aerobically fit
individual 1is more susceptible to gravitational stress than his sedentary
counterpart. The primary reason presented to explain the loss of blood
pressure control in the dynamically exercise trained population during an
orthostatic challenge was based on the finding of a strong positive
correlation between maximal aerobic capacity (VO ) and lower limd
compliance. However, our earlier work failed to ideAZHy a fitness related
difference in lower limb compliance. Subsequently, we demonstrated that
tolerance to LBNP was significantly altered if the somato-presjor reflex was
activated. In all our grevious work comparing high fit (x VO max > 63 mil
0,/Kg/min) and low fit (X VO. < 42 ml 0,/Kg/min) we cunslue"i-} observed
|i attenuated baroreflex Snse to bOth hypotensive and hypertensive
challenges. Comparison of low fit (LF) and (HF) subjects at rest consistently
identified marked plasma volume expansion and significantly lower resting
neart rates of the HF subjects compared to the LF subjects. In addition, it
has been well recognized that weight trained (WT) subjects are more tolerant
to centrifugration than either HF or LF subjects. Subsequently, we
hypothesized that these fitness related differences in blood pressure control
were a manifestation of an exercise training induced alteration in the
autonomic nervous systems control of blood pressure. [n order to examine this
hypothesis, we evaluated the physiological responses during lower body
negative pressure to -40 torr on three distinct groups of subjects with full
cardiac efferent autonomic blockade using metoprolol tartrate and atropine
sulphate. The three grouns of subjects were designated as untrained (UT),
dynamically exercise trained (ET), ana weight trained (WT). Changes from O -40
torr in heart rate (HR), systolic blood pressure (S8P) and forearm vascular
resistance (R) were compared across groups during the control (CON) and
blocked (DBL) conditions. In addition, a calculated index of baroreflex
responsiveness (HR/SBP) was obtained from 0 to -40 torr of means of five
subjects in each group are swuar_irzed below:

U

WT ET
W/ SBP 2.5:0.6 1.5+0.3 0.64+0.2
Con R (units) +7.4%1.1 8.171.5 3.6 31.2*
SBP  (mmHg) - 21.0+3 -20.0%4 -27.0%2*
D8L R (units  «I2,131.4  +l4.0%L.1 +9.6%2.0%

It was concluded from these data that endurance trained significantly
attenuated baroreflex responsiveness to a hypotensive challenge however, heavy
resistance weignt trainfng has little effect on the baroreflex. (Supported in
part by U.S. Air Force Contract #F33615-85-C14511)

INTRODUCTION

For more than a decade the affect of endurance exercise training in producing
an altered blood pressure control system has been investigated (1-5). In all ocur
previous work (5,6) in which we evaluated differences between high fit (maximal
aercbic capacity = VO,,.. > 60 ml oszq/nin) and low fit (VO,.., < 45 ml

‘min) individuals, we consistently cbserved an attenuation of integrated
baroreflex responsiveness of HF subjects. Despite the recent findings of
longitudinal studies refuting the link between endurance exercise training and
orthostatic tolerance (7,8), the question as to whether this attenuated respon-
siveness is a component of the endurance trained subjects reported orthostatic
intolerance remains unanswered. Differences between highly endurance trained (ET)
and untrained (UT) subjects at rest indicate that the HT will have greater resting
blood volumes (9), and lower resting heart rates (10) consistent with a more
dominant parasympathetic nervous system. Furthermore comparisons of weight
trained (WT) subjects with HT and UT subjects during centrifugation indicated that
the WT subjects were more tolerant to centrifugation (8,11). This increase in
tolerance of the WT may be related to their training mode and a resultant alteca-
tion in the autonomic nervous system's control of blood pressure (12).
Subsequently, we hypothesized that "these fitness related differences in blood
pressure control were a manif of an ise training induced alteration
in the autonomic nervous system's control of blood pressure during orthostasis."
This hypothesis forms the basis of a series of investigations presented here.

MATERIALS AND METHODS

Before embarking on the major questions we had one major technical concern
related to the cardiovascular response to LBNP. This concern was related to the
or absence of a significant somato-pressor effect (13) which may or may
mot confound the cardiovascular response to lower body negative pressure. In this
preliminary investigation we evaluated eight male subjects (see Table 1 for
subject description) with progressive lower body negative pressure (LBNP) to -50
torr during three levels of EMG activity of the lower limbs, these being relaxed
(<10 uV); 5% MVC (80 uV) and 10% MVC (175 uV).
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Table 1

Description of Subjects

(H=8)
Age (years) 8.1 + L.4
wWeight (Kg) 71.8 ¥ 2.9
Height (am) 177.1 * 3.2
Woray (L in) 5l.1 = 2.7
Leg volume (liters)* 7.94 + 0.32

" Volume for one leg
Values represent mean + 5.E.M.

Six of the 8 subjects had pre-synocopal reactions during the relaxed state while

no pre-syncopal responses occurred during the elevated muscle tensions, See Table
2.

Table 2

LENP Tolerance at Three Levels of
Muscle Tension

Test BMG Cumulative Stress Pre-synopal
Level (4 ¥ Tolerated (torr.min) Incidents
<10 590 5
80 618* 0
175 618+ 0

Data basad on N = 8
* All 8 subjects completed the Protocol

In addition, the experiment was repeated with the same levels of EMG activity
being held in the arm musculature while the lower limbs were relaxed. Both levels
of EMG activity (regardless of which limbs, amms or legs) attenuated the stroke
volume and the cardiac output response to LBNP and subsequently augmented the
heart rate response, see figures 1 and 2.
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LOWER BODY NEGATIVE PRESSURE (TORR)

Pig. 1 Response of systolic blood pressure during LBNP at lower limb EMG
activities of <10 uV(®-#); 80 uV(0---0), 175 UV (X===x).
*Response significantly different (p<0.05) from the relaxed
condition (EMG<10 uW¥.

w

LOWER BODY NEGATIVE PRESSURE (TORR)

HEART RATE — PRE (bests/min)

Pig. 2 mwm::—um:mmulmlinmm“
ti
<10 W(0-0); 80 V(8—=e), 175 WW(x—x). *Response mﬂ'hc::ﬁ
different (p<0.05) from the relaxed condition (EMGC10 un

We concluded that 3 low level of muscle tension would induce a somato-pressor
reflex accompanied by slight mechanical compression of the vascular tree resulting
in a ma of blood p and an tolerance to LBNP. Therefore,
we recommend that evaluation of cardiovascular reflexes be investigated when the
somato-pressor reflex is quiescent (l4).

While, much of the difference in orthostatic tolerance to centrifugation by
weight trained subjects appears related to an i muscle mass and greater
intramuscular forces being generated during an M1 or Ll maneuver (8,11). The
increased capacity to develop muscular tension would result in a greater somato-—
pressor reflex and a greater mechanical constriction, thereby maintaining blood
pressure more effectively during the G stress. However, WT subjects may have
different blood pressure regulation by reason of their training regime. For
example, a recent investigation by MacDougall et al. (15) documented intra-
arterial pressures in excess of 420 mmHg during weight lifting. In high
performance weight lifters such peaks in blood pressure generated for the periods
of time they devote to weight training may cause the high pressure baroreceptor to
resat. Furthermore, we already know that the cardiovascular system of the WT
subjects is afterload conditioned (16,17) while ET subjects is pre-locad
conditioned (16,17), and that Keul et al (12) reports that WT subjects have an
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anal drive. these d provide a base
up:m which one can propose a difference in blood pressure requlation, we firse
asked the question what is the difference in response to an orthostatic strass,
such as LENP between tie ET subjects, the UT subjects and the WT subjects?
In this investigation, we utilized three groups of subjects; (N=8) classified
as Endurance Trained (ZT) Weight Trained (WT) and Untrained (UT), see table 3 for
subject description.

T WT ur

27.9 + 1.4 23.0 + 1.1 27.4 + 1.2

mqé’{"cw) 67.5% L.§ 82.9 ¥ 1.9 78.9 T 4.4
Height (am) 176.5 * 2.0 180.2 * 2.2 177.7 * 1.0
Lean Mass (kg) 61.1 % 2.0 72.0 ¥ 1.9 62.77% 2.9
7 389 9583 ¥ 10423 * 289

Leg Volume (ml)* 7603

values represent mean - S.EM. ET = Endurance trained; WI = Weight trained;
UT = Untrained. *VolSe for cne leg.

Further physiological Jescription of the subject groups is summarized in table 4
below.
TABLE 4

Baseline physiological data for the three subject groups

ET WT or
Vay (RLOy/KG/min) 62.0 +2.0 ** 435 2.6 8.8 + 2.1
Grip atrength (kg) 4.9 +1.9 ~ 74.8 + 3.4 v 41.83 + 2.9
Resting Hear: Rate (bpm) 521 ¥ 1.3 o+ 60.0 3.0 §8.4 T 3.6
Resting Cardiac Index (l/min) 3.3 0.13 + 2.88 + 0.20 2.62 * 0.10
(ms)
Resting Stroke Index (ml £} 54.7 + 0.2 45.7 # 0.2 ** 35.8 + 0.2
R

Values represent mean + S.E.M. ET = Endurance trained; WT = Weight trained;
UT= Untrained. *Significantly different from UT group (p < 0.05); **Signifi-
cantly different from both of the other two groups (p < 0.0%)

The expectad qualitative physiological responses to LBNP were observed in
all three groups. LgV increased significantly from rest with a concomitant
decrease in SI and QI which was significant. As a result of different resting
values for several variables between the three groups the data is presented as
percent changes from rest, see figures J A & B

'~ Cramaa)

Canoiac motn wraoaE motn
T eniman)

L)
™ CHaNon)
.

Pig. 3 The change in ic variables plotted as percent difference
from pre-LBNP values (mean + S.E.M.) for the ET (0-0), WT (8-)
and UT (4-4) subjects. *Represents significant diffarence
(p<0.05). Reprinted with permissicn of the authors and the
Mcﬁncan College of Sports Medicine. Ref. M.5.5.E. 18:545-550,

Five ET, one UT and one WT subject failed to complete the protocol at -50
torr due to pre-syncopal reactions (nausea, severe dizziness, rgpxd—on--:
bradycardia and sweating), consequently, data describing the cardiovascular
response during -50 torr LBNP was not obtained for these subjects. w.
calculated baroreflex index from 0 to -50 torr LBNP ( AHR/4 SBP) was significantly
lower for the ET subjects (0.99) in comparisen to both UT (1.38) and WT (L.51)
subjects., There was no significant difference between WT and UT groups.

In this comparison using LBNP to =50 torr the WT subjects ugpeaud to
maintain blood pressure better than the ET and UT by reason of their greater
stroke index and cardiac index while the peripnheral vascular resistance (PVR) was
not different, suggesting an enhanced cardiac contractile response even though the
amount of blood pooled in the legs was the same. Once again the ET subjects were
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less effective in maintaining BP than the UT and WT subjects and this phenomenon
was apparently due to an attenuated integrated baroreflex responsiveness.

In an effort to assess whether the differences cbserved during LBNP induced
hypotension were present during hypertension we evaluated the same group of
Subjects (i.e., ET, WT and UT) using progressively increasing doses of
phenylephrine hydrochloride. Infusion rates of 12, 24, 48, 60, 90 and 120
u g/min were introduced via a venous cannula into a hand vein of each subject.
Each infusion rate was maintained until stable hemodynamic variables were cbtained
and measurements made. There were no physiologically significant differences in
blood pressure response to the graded infusions of phenylepnrine, see figure 4.

MBP (lorr) DBP (lorr)

T R J
40 80 120

PE INFUSION RATE (ug/min)

o

Pig. 4 The blood pressure response of ET (0-0), WT (4-4) and OT (—a)
subjects to progressive incremental infusion rates of phenyle-
phrine. Differences in SBP response ET v WT (+) were not

reflected in MBP or DBP, nor were the differences ween
ET (*) or U'ram!w'l‘(ﬂ-' . = o

However, the ET subjects had a significantly lower resting heart rate (HR) than
the UT and WT subjects. This dif in HR di across infusion rates
and reflected a greater decrease in HR for the UT subjects, see figure 5.

8V (ml)

— )
0 40 80 120

PE INFUSION RATE (sg/min)

ig. § The heart rate (HR), cardiac output (@) and stroke volume (SV)
L response of the ET (6-0) , WT (4=-4) and UT (0-0) subjects during
incremental infusions of phenylephrine (PE).



Purther analysis of the findings indicated that there were no differences
ACTOSS groups in vasoconstrictive capacity when compared at equal doses per unit
of plasma volume. A finding suggestive that no group differences existed with
respect to alpha-receptor sensitivity. However, it was clear that the baroreflex
c:bf the E‘r was significantly attenuated during the hypertensive challenge, see

gure 6.

HEART RATE (bpm)
-]
T

SYSTOLIC BLOOD PRESSURE (lorr)

Fig. 6 Linear regression analysis of the HR and SBP data obtained from
ic ET (-—-), UT (-"-) and UT (-) subjects during incremental
infusions of phenylephrine. The slope of the line for ET subjects
was significantly less than either UT or WT subjects. While the
?;;:g-uls)of the lines for UT and WT subjects was not different

Subsequently, we focused our attention on the often reported decreased
resting HR of the ET subjects which appears related to a greater vagal tone (10).
Prelimanary investigations (reporzed in the abstract) indicated that comparisons
between WT to UT and to ET was not different to the comparison of ET and UT
subjects during LBNP. Therefors, we will present only the comparison between the
ET and UT subjects (N=4) in the e:pn:imetnn using the pharmacologic blockade of
me olol, af ine, and combinations of both.

mE‘:rn mc‘:mu:;nlqnnm. we singly blocked B; and vagal efferent actions with
metoprolol tartrate and atropine sulphate respectively, and carried out
progressive LBNP to -40 torr following achievement of full blockade.
ly, we p d a double b de of both By and vagal efferent activity
and once again used progressive LBNP to -40 torr. Full blockade was verified on
each individual using heart rate response t:aalulv:ﬂ;mnuv-r and stepwise
teronol chall o 50, ior to and following A
*”pml,n control cm:?:.im. U:qm]lt again demonstrated a loss of control of BP of
the ET at —40 torr and -50 torr of LBNP compared to UT subjects, see figure T

SYSTOLIC BLOOD PRESSURE DURING LBNP
WITH NO BLOCKADE

130+

1204

¢

SBP (tlorr)

g

$

)

| | | | | 1
0 -10 -20 -30 -40 -50

LBNP (torr)

SBP response of ET (@) and UT (0) subjects during the control (no
pharmacologic blockade) condition of progressive LBNP to -50 torr.
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m:igq Metoprolol block we noted a significant 4 ion of the HR
::il:l::d(m rnt.h q_orule‘ with the UT becoming more like the ET group. However,
only a minor effect on the v 3
sty ey ictive of both groups to

ET uT

PERCENT CHANGE
]
3

“80- ¢ 1 604 r 1

LBNP (torr) LBNP (torr)

Tig. 8 The response of forearm blood flow (FBF) of the ET and UT subjects
to LBNP to -40 torr during control (C), B8, blockade with
metoprolol (M), vagal blockade with atropine (A), and Double
blockade with Metoprolol and atropine combined (D)

Hence, the SBP response of the subjects during metoprolol was more like that of ET
and in fact at -40 torr some 3 subjects had pre-syncoal responses. During
actropine block to —40 torr LBNP, SBP of the ET subjects was maintained similar to
the UT subjects and appearad related to an imp in ic

with respect to HR and FVR, see figures 8 and 9.

+350 -50
<
HR HR
g
b
o o4 0
- 01
= 04
wd
o
@
& ¢
SBP SBP A
> 3
&
J c
-30 —— 30—
9 ~40 (-] 40
LENP (rorr) PPV LBNP ftorr)
C = Conmres
D =Doute
M *Metooroiol

The response of HR and SBP of the ET and UT subjects to LBNP to -40
torr during control (C), B; blockade with meloprolol (M), vagal
blockade with atropine (A}, and Double blockade with Metoprolol and
atropine combined D).

Calcilated reflex response :HR/ 1SBP from 0 to -40 torr LBNP shows that each
block condition appears to bring the total reflex to an equal sensitivity. See
Table 5.

Table 5

Summary of AR/ &SBP during LENP to —40 torr
and during pharmacologic blockade

Control Metoprolol Atropine
ET 0.86 0.95 0.84
or 2.21 1.20 1.10

ET = Endurance Trained
UT = Untrained

However, metoprolol appeared to affect similar changes in FVR in the two
groups, yet produced a greater change in the UT with respect to HR, which would
suggest that the UT group operates with a significantly greater cardiac
sympachetic response than ET subjects during control. Whereas, the atropine block
affects a greater vasoconstrictor response to LBNP in ET group than in the UT
group as well as equalizing the HR response, Hence, it appears that the vagal arm
of the cardiovascular control system serves to buffer the responsiveness of the
blood pressure control mechanisms.

Subsequently in our double blockade studies we clearly demonstrated
maintenance of SBP by vasoconstriction alone, see figure 10, and further
& raced a ictive capacity in ET subjects than in UT, see
figure ll.
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FOREARM VASCULAR RESISTANCE DURING
LBNP WITH AUTONOMIC BLOCKADE
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Fig. 11  The changes in FBF and FVR of the ET ((J) and uT (W) during -40
torr LBNP expressed as a percentage from pre LBNP values.

 Furthermore, it was noted that when atropine was used to block vagal function
either singly or during double blockade maintenance of blood pressure was improved
and no incidence of syncopy was observed.

We concluded that endurance training affects blood pressure regulation during
orthostasis via vagal modulation of the effector responses. Whether this
modulation is a result of afferent difference from cardiopulmonary receptors or
during central integration cannot be ascertained at this time! However, this
modulation of the integration of effector responses appears to be present during
both hypotensive and hypertensive stress and results in an altered baroreflex
function curve which is schemarically depicted in figure 12 below.

Fig. 12 A schematic depiction of our concept of the ET subjects altered
linear portion of the integrated baroreflex !uncnoq curve in
comparison to the normally observed curve of the UT subjects.
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NASA Space Biology Program

The advent of the space age provided the first access
to the “gravity-free” state and an opportunity to manip-
ulate gravity from its norm of one down to zero.
Therefore NASA has assumed the responsibility to
investigate the biological significance of gravity and
thereby expand biological knowledge.

Objectives

The objectives of NASA’s Space Biology research
program are /) to investigate the biological significance
of gravity: 2) to use gravity to solve relevant biological
questions: and 3) to enhance our capability to use and
explore space.

Goals

The goals of the program are /) to enhance our
knowledge of normal physiological adaptive mecha-
nisms in both plants and animals and thereby provide
new insight into both normal and pathological mecha-
nisms: 2) to provide for the multiple generation survival
of plants and animals in space through an understand-
ing—and ultimately control—of the affects of gravity
on development. adaptation, and evolution; and 3) to
enhance plant productivity through an understanding
and control of gravitational and related environmental
stimuli and the manipulation of response mechanisms.

The achievement of such goals depends on answers
to basic scientific questions that include the following.

1) Does gravity influence fertilization and early de-
velopment and can fertilization and early development
proceed normally in a near 0-G environment? If gravity
does affect fertilization and early development, what
are the sensitive physiological systems and how are they
affected? If early development is affected by gravity, is
it a result of an effect on the parent or the direct effect
on the embryo itself?

2) What is the role of gravity in the formation of
structural elements, such as lignin, cellulose. chitin. and
bone calcium. at the molecular as well as at the more
complex organizational levels?

J) What role does gravity play in calcium-mediated
physiological mechanisms and in calcium metabolism?

4) What is the gravity-sensing mechanism? How does
it perceive information? How is the information trans-
mitted to evoke a response?

5) How does gravity as an environmental factor in-

teract with other environmental factors to control the
physiology. morphology, and behavior of organisms?
Or how do gravitational and other environmental stim-
uli interact in their control and direction of living
forms? Can the action of gravity be replaced by different
stimuli?

Strategy

The strategy so far has been to manipulate gravity on
earth and develop weightless simulation models to de-
velop and test gravitational hypotheses; to identify grav-
ity-sensitive biological systems and interacting environ-
mental response mechanisms; to address valid gravita-
tional biological questions on earth when possible; and
to plan and design future space experiments. As space-
flight opportunities, either manned or unmanned. be-
come more prevalent, increasing emphasis will be
placed on flight experiments. Similarly, as longer flight
missions become available, emphasis will be directed
toward biological questions that require longer periods
of microgravity for adequate experimentation.

Program Content

The program has been divided into the following
three broad areas: /) the role of gravity in reproduction,
development. maturation, and evolution; 2) gravity
receptor mechanisms (these include the identification
of the organ or site of gravity reception and the biolog-
ical systems and mechanisms that transmit the infor-
mation to a responsive site): and 3) the physiological
effects of gravity (this includes the biological mecha-
nisms by which living systems respond and adapt to
altered gravity, particularly that of the space environ-
ment. as well as the interactive affects of gravity and
other stimuli and stresses on the physiology. morphol-
ogy. and behavior of organisms).

This NASA program in space biology is carried out
intramurally by the NASA Research Centers and by a
system of extramural grants. Qualified scientists infer-
ested in learning more about the program and the
development of research proposals should contact

Dr. Thora W. Halstead, Chief.
Space Biology Program, Code EBR
Life Sciences Division,

NASA Headquarters,

Washington, DC 20546

Phone: (202) 453-1525






