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Muscle atrophy in microgravity

Muscle physiology
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Figure 1. Major Skeletal Muscles in the Body. The Postural Muscles (in Black) Are Used to
Counteract the Acceleration of Gravity During Standing on Earth.

Adapted from Lujan BF, White RJ (1994) Human Physiology in Space. Teacher's Manual.
A Curriculum Supplement for Secondary Schools. Houston, TX: Universities Space Research Association[2].
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The structure of a muscle fiber, from myofibril to myofilaments to sarcomeres
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when the fiber begins to develop contractile force, during which the muscle fiber cannot be stimulated again. The
duration of the twitch for any one muscle fiber is constant but it can be shorter (e.g., 10 ms in large, fast fibers) or
longer (e.g., 50 ms in small, slow fibers). The latent period is about the same for both slow and fast types of muscle
fibers.

Slow (oxidative) fibers, also called Type I, are characterized by a relatively slow development of force but are able to
maintain this force relatively long. Marathon runners typically develop those in the Soleus muscle in the calf for pro-
longed lower leg muscle activity. Fast (glycolytic) fibers, also called Type II, are able to develop force faster. Sprinters
and weight lifters typically develop those in the Gastocnemius muscle in the calf and in the biceps muscle for quick,
powerful "bursts" of movement.The downside of fast fibers is that they fatigue rapidly.

Contraction refers to the active process of generating a force in a muscle. The force exerted by a contracting muscle
on an object is the muscle tension. The force exerted on a muscle by the weight of an object is the load. When a
muscle shortens and lifts a load, the muscle contraction is isotonic (constant tension). When shortening is prevented
by a load that is greater than muscle tension, the muscle contraction is isometric (constant length).

Another classification of muscle contraction is into concentric or eccentric contractions. Concentric contraction means
that the muscle fibers decrease in length. Under the influence of external forces, muscle fibers can increase in length
while contracting. This is called an eccentric contraction. An example of an eccentric contraction is walking down-
stairs, when the force of gravity causes the muscle to lengthen while contracting. During eccentric contraction, the
force that is produced by the muscle is even greater than during isometric contraction. This greater production of
force is still unexplained, but is surprisingly at the cost of hardly any ATP. When gravity is absent, eccentric contrac-
tions rarely occur, which has been suggested to be an important reason why muscles atrophy in microgravity[4].

During muscle contraction, there is a strict relationship between force and length.Because of this relationship it
is important to standardize the angles of the relevant joints (i.e., standardization of the length of the muscle) when
comparing muscle strength production before and after a certain period of time. In addition, the highest forces are
developed at slower velocities of contraction. Consequently, it is also important to compare muscle strength produc-
tion at identical angular velocities (i.e., standardization of the velocity of contraction).

The power a muscle can generate is largely dependent on the amount of actinmyosin filaments that can be used.
More filaments mean more potential to generate muscular pull. The length and size of a muscle fiber can vary con-
siderably between various muscles in the body and between individuals of different gender, fitness, and age. The
length of a muscle fiber can vary between several millimeters and approximately 15 cm, and is mainly responsible
for the maximum velocity of contraction. The strength of a muscle is mainly determined by the size of myofilaments,
which is often indicated by the surface area of a perpendicular slice of the muscle, the crosssectional area. There is
generally a high correlation between maximal strength and the cross-sectional area of a specific muscle.

A clinostat is considered a useful model system for simulating microgravity in biological experiments. A clinostat is
equipped with two independent rotating axes to disperse the gravity vector uniformly to a whole steric angle. Thus
far, simulated microgravity using the clinostat has provided insight into biological processes and has been used to
examine the biological changes.

3D-Clinostat and Microgravity
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Adapted from Junsoo Park, Ph.D ,Yonsei University, Simulated Microgravity activates AMP Kinase.
Available at JAXA Website (http://iss. jaxa. jp/en/kuoalpdfijk-joint_11/13_junsoo_park.pdf)
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Autophagy is an intracellular degradation and recycling pathway, conserved from yeast to human life forms. While
the ubiquitin-proteasomal degradation system targets most soluble short-lived proteins, autophagy targets long-lived
proteins and organelles such as mitochondria.

Autophagic degradation is mediated by the formation of autophagosomes, which are double-membrane vesicles that
engulf the cytoplasmic organelles and macromolecules. The autophagosome is then fused with a lysosome to form
an autolysosome, in which the targeted protein is degraded via lysosomal hydrolases at a low pH. The degradation
products such as amino acids can then be recycled.
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Adapted from Junsoo Park, Ph.D ,Yonsei University,Simulated Microgravity activates AMP Kinase
Available at JAXA website (http:/iiss.jaxa.jp/en/kuoalpdfijk-joint_11/13_junsoo_park.pdf)

Autophagy is induced by various stimuli, including nutrient depletion, accumulation of damaged organelles, and
infection of cytoplasmic pathogens. A recent study identified the cellular signaling pathways of autophagy and
autophagy regulation by nutrient depletion stimulus. Nutrient depletion promotes autophagy by activating AMP-
dependent protein kinase (AMPK), a key energy sensor that responds to an increased AMP/ATP ratio. AMPK is also
activated by various cellular stresses, such as hypoxia and heat shock. AMPK activation results to the activation of
FoxO3, which leads to an increase in the expression of Beclin, LC3-II, and Gabarapll. In addition, autophagy is
negatively regulated by mammalian target of rapamycin (mTOR), which responds to the nutrient signal. Both AMPK
activation and mTOR suppression activates the autophagy-initiating kinase Ulkl (ATG1 in yeast).

Muscle atrophy is a decrease in muscle mass that is typically caused by a variety of diseases or disuse. A decrease
in muscle mass is caused by loss of muscle protein. The proteasomes degrade myofibrillar proteins via the ubiquitin-
proteasome pathway, and autophagy is responsible for long-lived protein and organelle degradation.

To sensitively examine autophagy induction due to microgravity, HEK293 cells with stable expression of GFP-LC3
(GFPLC3 cells), an autophagosomal marker, and used the clinostat to evaluate the effect of microgravity on au-
tophagy induction. Incubation of GFP-LC3 cells in the clinostat resulted in the alteration of autophagosomal marker
expression, which was accompanied by AMPK activation and mTOR suppression.

For sensitive autophagy monitoring, authors used the HEK293 cell lines that stably express GFP-LC3, an autophago-
somal marker. Various autophagy signals stimulate the formation of cytoplasmic GFP-LC3 punctuates, which reflect
autophagy induction. GFP-LC3 cells were set on the clinostat to simulate microgravity and then rotated for 24 or 72
h. GFP-LC3 cells exposed to microgravity for 72 h showed cytoplasmic GFPLC3 punctuates, which are reflective of
the autophagosomes, while cells exposed to other conditions did not (Fig. 2A, B). For motion control, authors rotated
GFP-LC3 cells using the laboratory platform rocker at 5 rpm for 72 h; however, we did not observe the cytoplasmic
GFP-LC3 punctuates (Fig. 2C, D). These results indicate that simulated microgravity positively regulates autophago-
some formation.

(©International Space Agency(ISA) Page 6


http://webserver.mbi.ufl.edu/~shaw/293.html

Human Space Flight Edition

cantrol (24 h) elinestat 24 h)

control (2 h) clinostat (T2 h)

Auitephagic cell | Tatal cell

contiol

M 72h

control 72 h) motion (72 h)

s
z
£
s
g
2
2
g
H
-4

(A) Clinorotation for 72 h resulted in GFP-LC3 punctuates in the cytoplasm.

t'm:l 10 mmulme mic. rouTuvmf and rotated for 24 or 72 h, & 115 were kept under
¢ (White arrows

counted using a

ey, 0, * (
rotated m 5 rpm for 72 h, and control cells were keptunder the same en\flron memwnhom mdunu. [ | The number of GFP-LC3-dot—
positive cells was counted using a fluorescent microscope (1= 3()

Adapted from Ryu Hyun-Wook, Choi Sang-Hun, Namkoong Sim, Jang lk-Soon, Seo Dong Hyun, Choi
Inho, Kim Han-Sung, and Park Junsoo. DNA and Cell Biology. March 2014, 33(3): 128-135.
doi:10.1089/dna.2013.2089.

ISOPTWPO Today



Human Space Flight Edition

iZh 72 h (+ Baf. A1)
[ B —

ERERERES + GFPLC3 5 ; T
- GFP.LC3-N 4+ Phospho o
_— - -LcH - )

- - - - P62 e

>
4
=

control
clinostat
clinostat

—— — — ¥+ ACT]

- - actin

“” #% + Phospho.mTOR
(S2448)

m - mToR
————

<+ Phospho-AMPKa (T172)

FIG. 3. Regulation of AMPK and mammalian target of mpnm\ (mTOR) under simulated microgravity. (A) Expres-
sion of an nmuphavomme marker under simulated microgravity. The level of GFP-LC3-1I was increased and the level of
p62 was decreased in cells suhje ed to simulated mi g . 2 ati d d ed for ]\'GIE and equu]
amounts ot cell lysates wer:
ﬂux was mhlblted b\' baﬁ]onn in AI treatment
) 3 2115 were set in the
ted for 24 or 72h, and mm.rol t€"§ were l\ept um:ler the same conditions without rotation. After clinor-
cells were collected for lysis and equal amounts of cell lysates were subjected to western blot analysis
corresponding antibodies. (D)) For motion control, GFP-LC3 cells were set in the laboratory platform rocker and
for 72h, cells were collected for lysis, and equal amounts of cell lysates were subjected to western blot analysi

Adapted from Ryu Hyun-Wook, Choi Sang-Hun, Namkoong Sim, Jang lk-Soon, Seo Dong Hyun, Choi
Inho, Kim Han-Sung, and Park Junsoo. DNA and Cell Biology. March 2014, 33(3): 128-135.
doi:10.1089/dna.2013.2089.

BN HRNA G. 4. Knockdown of
 AMPK / |mertere€ ‘with I.he
siRNA #1

AMPK

siRNA #2 were frans-
fected with siIRNA against
AMPK and autophagy mar-
ker (GFP-LC3-1I and p6!
expression was examined by
western blot. The expression
of AMPK was suppressed by
two different siRNAs,

control clinestat AMPK siRNA No. 1 and
AMPK siRNA No. 2. (B)

NS siRNA AMPK siRNA #1 AWPK siRNA #2 Autophagosome

GFP-LC3 cells transfected

\Hﬂl Al‘vﬂ'-‘k siRNA. GFP-

3
g
T
2
=
3
S
g
2
B
£
£

contiol

(C) The num-
ber of GFP-LC »—dm—pamlve
cells (25 dots per cell)
counted using a fluorescent

i 300,

Adapted from Ryu Hyun-Wook, Choi 8ang-Hun, Namkoong Sim, Jang Ik-Soon, Seo Dong Hyun, Choi Inho,
Kim Han-Sung, and Park Junsoo. DNA and Cell Biology. March 2014, 33( 28-135. doi:10.1089/dna.2013.2089.

ISOPTWPO Today



Simulated microgravity-induced autophagy in C2C12 myotube cells

Authors examined whether simulated microgravity induced autophagy in C2C12 myotube cells. C2C12 myoblast
cells were incubated in the differentiation medium to form the multinucleated myotube cells, and the cells were
clinorotated for 72 h to simulate microgravity. Multinucleated myotube cells exposed to microgravity showed the
enlarged and distinctive LC3 spots in the cytoplasm, suggesting that the simulated microgravity induced autophagy
in C2C12 myotube cells (Fig. 5A). To confirm the results, the C2C12 myotube cells exposed to microgravity were
collected and analyzed by western blots. The level of LC3-II was elevated, suggesting that simulated microgravity
induced autophagy in C2C12 myotube cells (Fig. 5B). In addition, clinorotation for 72 h increased the level of phos-
phorylation of AMPK at T172 when compared with the control (Fig. 5B).
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Junsoo. DNA and Cell Biology. March 2014, 33(3): 128-135. doi:10.1089/dna.2013.2089.

Muscles are made up primarily of proteins. Muscle proteins are continuously in a process of degradation and synthe-
sis. A balanced muscle protein mass sustains a certain muscle mass, but when you are in space or laid up in bed for
a long period of time, that balance is lost. This happens because of decreased synthesis and increased degradation of
muscle proteins, which causes muscle loss.

In 1998, about 100 rats were sent to space on the Space Shuttle, and experiments revealed that their muscles be-
came drastically atrophied. Even though these rats were floating in a microgravity environment, they had continued
to move around. Yet, in spite of that, some of their muscles atrophied by almost half in their roughly two-week stay
in space. After the rats were returned to Earth, we tested the proteins in their muscles (gastrocnemius muscle), and
found that ubiquitinated proteins were drastically increased. Let me explain what ubiquitins are. When you check in
your luggage at the airport, they put a label on it that indicates the destination. Similarly, a ubiquitin is like a label
put on a protein that’s to be broken down. When ubiquitins are added, we call it ubiquitination.

In summary, author discovered that in space skeletal muscle atrophy is induced by an increase in the number of
proteins that are tagged for degradation. Author analyzed genes that were expressed in the space environment, and
genes that were largely expressed on the ground. When the environment changes, the expression of some genes
increases while that of other genes decreases.When skeletal muscle cells are exposed to the space environment, there
is a dramatic increase of expression of the gene for the enzyme that induces ubiquitination (ubiquitin ligase). On the
other hand, expression of the gene that regulates mitochondria organelles is abnormally decreased. Mitochondria
are sustained by proteins, so when proteins are decreased, mitochondria alignment is disordered. When we stained
mitochondria, it became apparent that the local existence of mitochondria in the space rats’ skeletal muscles was in
disorder. It’s possible that in space, mitochondria are floating within their cells - just like people float in a spacecraft.
Furthermore, mitochondria generate energy (ATP) from oxygen, but when they are improperly aligned, they cannot
function properly. This results in a malfunction in the production of ATP. And not only that, it creates active oxygen
(oxidative stress), because oxygen cannot be metabolized as normal. Author presume that oxidative stress increases
expression of ubiquitin ligase, which then induces muscle atrophy.

(©International Space Agency(ISA) Page 9
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In space, are mitochondria floating in cells too?
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Table 1. Human Spaceflight and Skeletal Muscle Adaptations

Flight
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Mir 14{M} 90180 d Cyrcle E: Treadmill Strength (Isom
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STS 4HM) 17d NR
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Highlighted Adaptations

voked Forces) 424% Peak Twitch;
¢ Forces at 50 Hz of TS

Strength (Isok): $9% KE (CON), 11% KE (ECC)
CEVIS, TVIS, VELO, M Volume (MRT): L13% Calf, L15% Sol, L10% Gast. Calf Peak Power 132%,
iRED y s 30-300°,

Trappe bd 2009 1SS 9(2) 6 mo

CEVIS, TVIS, VE
iRED

Fitts [21] 2010 1SS 92) 6 mo F.CSA: 133% type 1 Sol > type II Sol > type I Gast. > type II Gas

CEVIS, TVIS, VELO,
iRED

Gopalakrishnan [22] 2010 M.Volume (MRI): |10 calf, }4 thigh

Smith [23]
Smith [23]
STS = Shuttle transport system. ISS = Intemnational spac

201
01

CEVIS, TVIS, iRED
CVIS, TVIS, ARED

Lean mass (DEXA): |2% total body

Lean mass (DEXA): 13% total body

station, CEVIS = Cycle ergometer with isolation system, TVIS = Treadmill with isolation system,
iRED = Interim resistive device, VELO = Russian velociped bicycle exercise device, MRI = Magnetic resonance imaging, CSA = Cross-sectional area,
Pec/Lats = Pectoralis major/lattisimus dorsi, Gastr = Gastrocnemius, Ant = Anterior, Ham = Hamstring, Quad = Quadriceps, VL = Vastus lateralis, Sol. = Soleus,
KF = Knee flexors, KE = Knee extensors, PF = Plantar flexors, IB = Intrinsic ba S = Tricpes surea, Circ. = Circumference, Isok = Isokinetic, Isor
Fiber, M. = Muscle, Diam. = Diameter, CON = Concentric, ECC =
Year, mo = months, M = Men, W = Women. NR = Not reported.

= [sometric,
Erg = Egometer, LENP = Lower body negative pressure, F. centric, MVC = Maximal voluntary

contraction, d = Days, ¥

Table 2. Preflight conditioning biographies

Subject
A

~r o " & oA ®

NA, not available.

Aerobic Exercise
3-6 days/wk: cycle (30 min), step (30 min) and arm ergometry (~3 min)
1-2 days/wk: cycle (15 min), walking and/or swimming (30-40 min)
5-6 days/wk: running (30 min)
2-3 days/wk: swimming (30—45 min) and fast walking (30-60 min)
5 days/wk: cycling (15 min) with progressive workloads
No records
1-2 days/wk: variety of activities (swimming, biking, running) of low duration

NA
NA

Resistance Exercise
2-3 days/wk: total body
No records
1 day/wk: total body
2-3 days/wk: total body
5 days/wk: upper body only
3 days/wk: total body
Infrequent upper body routine

NA
NA

Adapted from Exercise in space: human skeletal muscle after 6 months aboard the International Space Station. J Appl Physiol 106: 1159 —1168, 2009.
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Table 3. Calf muscle volume before and after spaceflight

Post Post %A % A
Subject Pre iR+4) {R+19) (Pre to R+4)  (Pre o R+19)

Gastocnemius (medial + lateral head)

299 370 =21
204 209 =11
208 231 =12
72 295 =6
255 254 3
264 272 =18
430 381 388 =11
2 269 286 =7
359 318 ; =11

SEOTmEmD o R

Mean = SE  309+23 274+]8* 29]+20) =102
Soleus

604 456 517
309 294
<1l 360

434 362

418 406

440 338

517 442

443 400

480 400

A
B
C
o
E
F
G
H
1

Mean = SE  455+27 383+19* 408+ 20*¢ =15=2
Gastrocneming + soleus

983 755 BET =21
538 476 503 =12
681 568 632 =17
723 634 698 =12
665 hi6l 638 =1
762 602 641 =21
947 823 B45 =13
731 G6S 693 -8
48 17 742 -14

SEOTmmE Ok

Mean = SE 764247 657x35% 99139 =133

All musele volume data presented as em?®. Pre, preflight; Post, postflight;
R + 4 and R + 19, 4 and 19 days afier return from space. *P < 0.05
compared with Pre. $P < 0.05 compared with R + 4.

Adapted from Exercise in space: human skeletal muscle
after 6 months aboard the International Space Station. J
Appl Physiol 106: 1159 —1168, 2009.
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Fig. 1. Percent change in gastrocnemius and soleus muscle volume from
preflight to postflight recovery days 4 (R+4) and 19 (R+19). *P < 0.05 vs.
preflight. TP << 0.05 vs. gastrocnemius.

Percent Change from Pre Flight

Adapted from Exercise in space: human skeletal muscle after 6 months aboard the
International Space Station. J Appl Physiol 1086: 1159 —1168, 2009.
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Fig. 2. Calf muscle force-velocity profile before and after spaceflight. *P <
0.05 vs. preflight.

Adapted from Exercise in space: human skeletal muscle after 6 months aboard the
International Space Station. J Appl Physiol 106: 1159 —1168, 2009.
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Pre Post (R+7) Post (R+13)

108 128
114 102
128 100
157 121 126
135 114
117 100 89
218 LB7 185
138 115 137
171 133 134

Mean = SE 144x11 120=9% 121==11%

Isokinetic (a1 60°/s)
Post (R+7) Post (R+13)

83
a7
60

Isokinetic (at 1807/s)
Pre Post (R+7) Post (R+13)

54 46
24 35
41 21
48 28
51 26
29 15
47 36
40 31 50
50 23 26

Mean = SE 433 29+3* 4%

All data are presented in Nm. Pre, preflight. #P < 0,05 compared with Pre.

Adapted from Exercise in space: human skeletal muscle
after 6 months aboard the International Space Station.
J Appl Physiol 106: 1159 -1168, 2009.
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Table 5. Gastrocnemius fiber type distribution before
and after spaceflight
Preflight MHC Profile
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All data are expressed as percent distribution. Subject B (B—) had a small
muscle biopsy sample, not included in analysis. MHC, myosin heavy chain.
*P < 0.05 compared with preflight.

Adapted from Exercise in space: human skeletal muscle
after 6 months aboard the International Space Station.
J Appl Physiol 106: 1159 -1168, 2009.

Table6 . Soleus fiber type distribution before
and after spaceflight

Preflight MHC Profile
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All data are expressed as percent distribution; *P < 0.05 compared with
preflight.

Adapted from Exercise in space: human skeletal muscle
after 6 months aboard the International Space Station.
J Appl Physiol 106: 1159 —1168, 2009.
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MHC Isoform
in heavy chain (MHC) composition of the gastrocnemius and
before and after spaceflight. Hybrid, all fibers with more than
one MHC isoform. *F < 0,05 vs. preflight.

Adapted from Exercise in space: human skeletal muscle
after 6 months aboard the International Space Station.
J Appl Physiol 106: 1159 —1168, 2009.
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m11 d Spaceflight (VL) @17 d Spaceflight (Sol) D35 d Bed Rest (VL) m60 d Bed Rest (VL)
(Zhou et al., 1995) (Widrick et al., 1999) (Borina et al., 2010) (Trappe etal., 2007)

m84 d Bed Rest (VL) m34 d Bed Rest (Sol) m177 d Spaceflight (Gas) m177 d Spaceflight (Sol)
(Gallagher et al., 2005) (Gallagher et al., 2005) (Trappe et al., 2009) (Trappe et al., 2009)

MHC Wlla MHC lla MHC llaflix MHC lix Total Hybrids

Figure 4. Changes in myosin heavy chain (MHC) fiber type during unloading (spaceflight or bed rest). The
linear trend-line is based on mean fiber type % change from all studies and illustrates a slow to fast fiber type
shift (Plotted using Microsoft Excel 2010, trend-line equation: y = 3.51x - 10.408). All studies fiber typed using
SDS-PAGE. Bed rest data is from control subjects. Total Hybrids represent fibers with multiple MHC
isoforms. VL, vastus lateralis. Sol, soleus. Gas, gastrocnemius.

Adapted from James R. Bagley, Kevin A. Murach, and Scott W. Trappe,Microgravity-Induced Fiber Type Shift in Human Skeletal Muscle,
Gravitational and Space Biology Volume 26 (1) Apr 2012.
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m42 d Sprint Interval Cycling m56 d High Intensity Cycling* 056 d High Intensity Cycling*
(Harridge et al., 1998) (Baumann et al., 1987) (Andersen & Henricksson, 1977)

m56 d Sprint Interval Cycling 0105 d Sprint Interval Cycling*
(Parcel et al., 2005) (Simoneau et al., 1985)
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MHC | MHC lla MHC lix (llb)*

Figure 5. Changes in myosin heavy chain (MHC) fiber type during high intensity exercise training. The linear
trend-line is based on mean fiber type % change from all studies and illustrates a fast to slow fiber type shift
(Plotted using Microsoft Excel 2010, trend-line equation: y = -2.86x + 6.32). *Fiber typing via ATPase
histochemistry (Ilb equivalent to IIx). VL, vastus lateralis.

Adapted from James R. Bagley, Kevin A. Murach, and Scott W. Trappe Microgravity-Induced Fiber Type Shift in Human Skeletal
Muscle,Gravitational and Space Biology Velume 26 (1) Apr 2012.
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Figure 6 —Electrogustometric measurements in Soyuz 30, adapted from
Baranski and others (1983)

Effect of Microgravity and Space Flight on the Chemical Senses, JOURNAL OF FOOD SCIENCE
—Vol. 67, Nr. 2, 2002.
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Table 7 —Space Chemosensory Experiments

Sense(s)
Assessed

Space

Mission Results

Significant Effect

Method

Electrogustometry Taste
(anodic)

Impregnated

Soyuz 30-31

Skylab-4 Taste/Smell  Effect /No Effect

Reference

Baranski and
others 1983

Heidelbaugh and

others 1975

No Effect/No Effect Watt and
others 1985

paper

Taste solutions
(detection +
recognition
thresholds)

Electrogustometry Taste
(anodic)

G-41 Shuttle Taste/Smell

Baranski and
others 1979

Soyuz Conflicting results

Adapted from A.A. OLABI, H.T. LAWLESS, J.B. HUNTER, D.A. LEVITSKY, AND B.P. HALPERN, The Effect
of Microgravity and Space Flight on the Chemical Senses, JOURNAL OF FOOD SCIENCE --Vol. 67, Nr. 2,
2002.

Table 8 —Microgravity Simulation Chemosensory Experiments

Experimental
Conditions:
Bed Rest

Sense(s)

Method Assessed Reference

Taste + odor
sensitivity
(threshold)

Rice and
others 1996

Taste/Smell  No effect on
Taste/Smell or

Trigeminal system

6 subjects
laying on a
—6° inclined
bed

Head tilt down Taste sensitivity  Taste
condition vs.  test
bed rest at (threshold)
normal angle

53 subjects  Electrogustometry Taste
with bed rest (anodic)
(—8") vs normal
bed rest

Head inclined Functional mobility Taste
bed rest to method
produce
hypokinesia

Head inclined Taste sensitivity = Taste
bed rest (+6°, + functional
—2° and —6°) mobility

Kanda and
others 1993

No significant
change of taste
sensitivity between
the 2 conditions

Significant increase Yakovleva 1882
in gustatory
thresholds

Decrease in Kurlyandski
functional activity — and others
of taste receptors 1974
of the tongue

Decreased taste
sensitivity &
increased
mobilization
of taste receptors

Budylina and
others 1976

Several levels Odor
of body tilt identification
(0%, 90°, 135°, tests + nasal
180%) resistance

Taste stimu-
lation threshold
+ functional
mobility

A hypo-
dynamia
condition

Mester and
others 1988

Decreased odor
identification
No effect on
nasal
resistance

Volozhin and
others 1974

Decrease in
taste sensitivity
+ decrease in
mobilization of
taste receptors

Adapted from A.A. OLABI, H.T. LAWLESS, J.B. HUNTER, D.A. LEVITSKY,
AND B.P. HALPERN, The Effect of Microgravity and Space Flight on the
Chemical Senses,JOURNAL OF FOOD SCIENCE—Vol. 67, Nr. 2, 2002.
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1anie 8 —Microgravity Simulation Chemosensory Experiments

Experimental
Conditions:
Bed Rest

G subjects
laying on a
—6° inclined
bed

Taste + odor

Sense(s)
Assessed

Taste/Smell

Method

sensitivity
(threshold)

Head filt down Taste sensitivity

condition vs.
bed rest at
normal angle
53 subjects
with bed rest

Electrogustometry

test
(threshold)

Taste
(anodic)

{(—8%) vs normal

bed rest

Head inclined Functional mobility

bed rest to
produce
hypokinesia

Taste
method

Head inclined Taste sensitivity

bed rest (+6°,

—2° and -67)

+ functional
mobility

Several levels Odor

of body tilt

(0%, 90°, 1357,

180°)

A hypo-
dynamia
condition

identification
tests + nasal
resistance

Taste stimu-

lation threshold
+ functional
mobility

Results Reference

No effect on
Taste/Smell or
Trigeminal system

Rice and
others 1396

Kanda and
others 1993

Mo significant
change of taste
sensitivity between
the 2 conditions

Significant increase Yakovleva 1932

in gustatory
thresholds

Decrease in
functional activity
of taste receptors
of the tongue

Decreased taste
&

Kurlyandski
and others
1974

Budylina and
others 1978

mabilization
of taste receptors
creased odor

identification
No effect on
nasal
resistance
Decrease in
taste sensitivity
+ decrease i
maohilization of

Mester and
others 1988

Wolozhin and
others 1974

taste receptors

Adapted from A.A. OLABI, H.T. LAWLESS, J.B. HUNTER, D.A.
LEVITSKY, AND B.P. HALPERN, The Effect of Microgravity and
Space Flight on the Chemical Senses,JOURNAL OF FOOD
SCIENCE-Vol. 67, Nr. 2, 2002.

Table 9 —High Altitude Chemosensory Experiments

Experimental
Conditions

3500 m
altitude

Sense(s)

Method Assessed

Taste threshold Taste
(4 basic tastes)

Results Reference

Thresholds shifted:
increased glucose
& NaCl; decreased
quinine & citric acid

Significant increase
in threshold (all
solutions as one)
between control &
5000 ft level

No difference
between control
and treatment

Singh and
others 1997a

Taste threshold Taste
(4 basic tastes)

Simulated
5000 and
10000 ft

Maga & Lorenz
1972

Functional
mobility with
sucrose, NaCl
and citric acid

Rat experiment
with H,O + 4
basic fastes
solutions

Rat experiment, Taste
feeding
behavior

Simulated
5500 m +
high O,

Zaiko and
others 1963

Simulated Taste
hypobaric
hypoxia
(7620 m)

Hypobaric,
normobaric
hypoxia,
hypobaric
pressure +
high O,

Adapted from A.A. OLABI, H.T. LAWLESS, J.B. HUNTER, D.A. LEVITSKY, AND B.P. HALPERN, The
Effect of Microgravity and Space Flight on the Chemical Senses,JOURNAL OF FOOD SCIENCE
Vol. 67, Nr. 2, 2002.

Changes in taste
preferences

Singh and
others 1997b

decrease in rate of
feeding with 2
hypoxia conditions

Ettinger &
Staddon 1982
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Parameters Computer workload Physical workload
First day End of mission®
Before After** Before After**
623 (1.22) 2468 14.07)  FE9(233) 06T (3.78)
2068 (4.67) 1267 (534) 21.02(3.56) 13.02 (4.56)
1145 (267) 4654 (346) 13.78(3.45) 5267 (3.67)
02)  23.56(5.78)  14.56 (4.67)
So0res are & percentage cut of a possible 100 potnts possible for each fac

Scores of mood state before and after mental and physical workload

Rai, Balwant, and Jasdeep Kaur. “Mental and Physical Workload, Salivary
Stress Biomarkers and Taste Perception: Mars Desert Research Station
Expedition.” North American Journal of Medical Sciences 4.11 (2012): 5§77-581.
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Parameters Sweetness Bitterness
First day End of mission * i 3 First day End of mission*
Before After** Befor After** Before After** Before After™*
Total amount” (avea) 367 (45) 468 (44) 534 (67) 460 (65) : 420(73) 554 (34) 420(36) 5M(64) 402(65)
Maximum intensi 7o) T4 TR(e) T2 (3 (3 FI(5) TO(B) TO(R) 6F(5)
Druration time 74(12) (11 FOIZ) TOiel do(e) 67 (3) 43 {6}
Total amount was cakulated by summation every 5 5. P < 005 vs. ]

Taste perception following a period of physical stress

Rai, Balwant, and Jasdeep Kaur. “Mental and Physical Workload, Salivary Stress
Biomarkers and Taste Perception: Mars Desert Research Station Expedition.”
North American Journal of Medical Sciences 4.11 (2012): 577-581.

Parameters Sweetness Bilterness Sourness
First day End of mission* day End of First day End of mission*
Before After** Before After® Before After** Before After** Before After®® Before After**
Total amount® (area) 523 (47) 409 (43) 511 (56) 398 (54) 702 s M0 (sd) 489 (52) 399(52) 478 (51) 402 (65)
Maxi i 68(5) 62(7) 65(8) 57 0 L S6 (e  od(6)  52(T) 63 (8) 58 (&)
67(10) 48(12) 64 (1d) (10) 409 63(7) 40(E) 6l(6) 38(7)
“tatal amount was calowlated by summation overy 55 P

Taste perception following a period of mental stress

Rai, Balwant, and Jasdeep Kaur. "Mental and Physical Workload, Salivary Stress
Biomarkers and Taste Perception: Mars Desert Research Station Expedition.”
North American Journal of Medical Sciences 4.11 (2012): 577-581.

Parameters Mental workload Physical worklead
First day End of mission * First day End of mission *
Before After** Before After** fi After**
256(0.2%) 302(056) 289(045)  345(067) EET (065) 335 (0.89)
596(24.2) 675(232) 605(232) 789(23.8) 7 ) :

ary Cortisol | 0267 (0.112) 0.289 (0.115) 0.28000.117) 0304 (0.113) 0274 (0.114) 0.2% (0.115) 0.278 (0.115) 0512 (0.116)
dL)
etk day s P < 0.01 v bebore: C5T: Curvent stess test

Scores of CST and salivary biomarkers levels before and after mental and

physical workload

Rai, Balwant, and Jasdeep Kaur. "Mental and Physical Workload, Salivary Stress
Biomarkers and Taste Perception: Mars Desert Research Station Expedition."
North American Journal of Medical Sciences 4.11 (2012): 577-581.

ISOPTWPO Today



Taste change is not due to sleep disturbance and leisure time as these are not contributing this study. Also, it has been
reported that low levels of calcium and acidic condition leads to suppression of the taste responses. Normal calcium
levels were reported in all crew members indicating this is not contributing factor. Decreased energy consumption is
not linked to taste and smell loss and related complaints.

Microgravity induces physiological changes including an upward shift of body fluids toward the head, which may
lead to an attenuation of the olfactory component in the flavor of foods. Chemosensory changes may also relate to
space sickness, shuttle atmosphere, stress, radiation, and psychological factors.

High workload during performance of experiments and extravehicular activities, multicultural and international
environments and working in spacesuits leads to stress. in simulated and real microgravity conditions.So, stress
produced due to microgravity, physical, and mental tasks and extreme environment condition could affect the taste
sensations as well.

(©International Space Agency(ISA) Page 24
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