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“Utilization of the micro gravity condition to examine the cellular process of formation of the
gravity sensor and the molecular mechanism of gravity sensing (Plant Gravity Sensing)
Principal Investigator; Hitoshi Tatsumi (Kanazawa Institute of Technology)
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ZEX]

Gravity is a critical environmental factor affecting the morphology and functions of organisms
on Earth. Plants sense changes in the gravity vector (gravistimulation) and regulate their growth
direction accordingly.

Plants exhibit cytoplasmic calcium concentration ([Ca**].) increases in response to a variety of
endo- and exogenous signals such as phytohormones, temperature and touch, and the mechanisms
of which have been extensively investigated. However, few studies have assessed the relationship
between [Ca®']. increase and gravistimulation, because gravity is a ubiquitous force and difficult to
control on Earth.

In Arabidopsis thaliana seedlings, gravistimulation, achieved by rotating the specimens, is
known to induce a biphasic increase in cytoplasmic calcium concentration ([Ca®].). Based on
kinetic and pharmacological analyses, the first and second [Ca**]. increases appear to be related to
rotation and gravistimulation, respectively, and are mediated by distinct molecular mechanisms.
However, the molecular mechanism of the [Ca’']. increase by gravistimulation has not been
identified and its differentiation in seedling is totally unknown. Recent our preliminary experiments
suggest that a certain putative mechanosensitive channel is involved partially in the [Ca®']. increase
by gravistimulation. It is most likely from our results that the channels are linked to the actin
filament tethered with high and dense objects e.g., amyloplasts, the gravistimulation induces
sedimentation of the amyloplasts mechanically, and activates the channels.

In the proposed research plan, Arabidopsis thaliana seeds are plated and sprouted in the Japanese
Experiment Module (JEM, dubbed as K/BO) under the micro-gravity conditions. These seedlings
are gravistimulated by centrifugation to test whether the gravisensing complex mechanism (i.e.,
amyloplasts-actin-filaments-the channels) is formed under micro-gravity conditions. The same
gravistimulation will be applied to the channel knockout seedlings and the channel over-expressing
seedlings to examine the role of the channel in the gravisensing process. If the channel is involved
in the gravisensing processes, the [Ca”"]. increase will be diminished in the knock out seedlings,
and by contrast the [Ca®']. increase will be augmented in the over-expressing seedlings. The data
obtained in ISS KIBO module showed very small [Ca®']. increase. However, the number of
specimen and data were too small to proceed the further analysis.

The specimen was treated with RN Alater Stabilization Solution and returned to the earth. RNA
array analysis has been done. The RNA was extracted from whole seedlings and used for the
transcriptome analyses. A comparison of micro-g and 1g spaceflight samples with 1g ground
controls identified 200-300 genes that were differentially regulated. However, these numbers are
too large to identify the molecule that is responsible for the gravity sensing in the plant.

[Ca®"]-increases triggered by rotating Arabidopsis seedlings under 1-5 g conditions were also
investigated with swing arm centrifugation machine in Jaxa (Tsukuba). With a backward rotation
from upside-down to right-side-up position, a novel, “very slow” [Ca®"]c-increase in addition to the
biphasic [Ca*"]c-increase was found and the kinetics of the increase was analyzed in this study.
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U —i#fnt. 3725 ZmPINla, b, ¢, BLOdAFRESN TS [12~14], APINI (2% L TIERLES
THUARZ W IR S, ZmPINL 1E, —E O Rk DM ORM RIS J ORI Rk L T
HZ L, LMD ZERE T 5 2 LavRE 7z [13~15], Gallavotti B, A 7 ¢ 71THE
BLU7-NRME ZmPINLa & /80 B AFBIT 5 T o AY == v ZHi A A= FE50 S | s E T
FOEFRAEFTOFTRTO h7ET L OIkA X R3S, ZmPINla & V37 B OIEMALZ @ LT, 4
— X AT DINE RN E R KICT D 2 bl ko TRlilisan s Z L &2 Lz [16], it E/-,
ZmPINla Z > /37 B ORREIL. A XF AT D pinl-3 SR FAR % rescue T 72D T APINL DZFH
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CEBETHD Z LR L TVWE,

FERBEDMED DR EFGEIZE D K OS2 0B BN T H72DIid BE DR & & big,
FHNES (55 ug) BB EOENFEO WO R b BB CH AR TFE TH D5, B
FEET, A=A % hL (STS) RCEEEFHAT— 3> (ISS) 1ZBIT 55 ng BEL FOlE Lz
D & F X F 7 EFPRSE NG &R VT VBIRED A LR0Z DR T DI S B3 B A
DR SIVTE T2 [17~29), Z DRRAHIBO 2 WEREE T Tl WL TEBAIEREIERL LFHTIND
AT ([30] OvbE2—2M), Fal Tk, BRIEREIEA S W) HREIL, HEEJEREE T CoMii
PARIMEORENT. & R T RORE Z T b7l &5 & & i [31,32], 3%t BD) 7V /&
% N CORHUMYINE B T ChlcR LTI Vb Tng [33~37], 3D 7V 7 %
2y b BT % U RIS EIBLERIO—> T 5 2,3 5-triiodobenzoic acid (TIBA) %5z % & HiEk k-
19 BREE FOWA LB L C, A% UBIEBEIME T L, #b—= > RO 3EE X BRI RUE H AV
b5 L [38, 39]. %72, TIBAIZPIN &% L/ EOHBEA~DHTEIIELS BS LT D Z LR E
TS [40~43]), ZNHOFEFEEEZDH L, TIBA B ng BREE F T ORKRE &34 HliEHd 2%
B, BHOA—F TR U T — X S BB DA TR T OREMO R LA ST A —F
VAT I T AT D TIBA ORZEAMIGET 5 Z LITHETH D EEZ DD,

WIZEREA DX, EAPNMORNE & BT LT EDRREL ML TV D 0EA LT 57
DI, FEARE CBIREDMRIFE A D, 1998 R AR— AL ML [F 4 23— & W AE T
JR (STS-95) % FEf L7-, STS-95 FH IR TIL, TR, FH pg BrEElZIVToafk Alaska = R 3
A Z Sl OV L Golden Cross Bantam |k ™7-E & =1 S gh#EFs L OSSiG] 123817 2 A —F% o L4
MBS NI C, A —% ¥ RN IE /O N ICh 28R Th H = L &7~ L= [44, 45],
FH ug BRBE F Ok L7238k Alaska =2 R 3F4Ex ENZ 351 2 A4 —F% v UARMERBENL, Hilk 1 g
BREE T Ol LA ZOZEN L VRN EaVRENTz [44, 45), LvL7e3 5, #{k Golden Cross
Bantam bk 11 2 LA 2 OSEERNC I A A L oMM EN T, ik 1 g BREE X 0 5T pg BREE
TREMEER LT [44,45), [FREOFERN, 3D 7 U /) A X v b EOBHUMNENEREE T COFERICE
WT b7 [37, 4], STS95 FH EH & TIBA. N-(1-naphtyl)phthalamic acid (NPA) |
9-hydroxyfluorene-9-carboxylic acid (HFCA) 7¢ & DA AR EIRHEA 2 e L ESEBRN S | F
HIZBWTGRO Hivd s b Alaska = > R 7 34 2 O BFSHITZRETERIRFI C 31T B A —F o R O
TiE, BREAFEREIEROMER IR R TH D Z LA LN oT- [44, 46), Lo L7ehs B
b= RUEAEZ L b U r 2 342 Cld 51 pg B NSkl 24 —% & AR B CAEDS
HDOMTHONTIL, HEFE, FFE-CHFROE, B O —F 2 VBB EI S AT AZ D HODEN
THDHAREMNE Z SNDHH, F ORI OV TR TIZ ARV,

2. WFSEGTE
21 WHEEERE
A, BFEAERE BIX, B K > THEIN M ORR., FiER b N EIUTEBAZRER L T
HA—F TV ANAREBENOESJHIE A 71 = X L% 50T LoV T BN T 572012, Z0HF v U 7 —
Th2 PSPINL X° ZmPINla % = — R 5[5 DFEBLE Z DEM ORBENRTEIZE R A Y TT, 1SS
(NASA OIERMAIEIC X DIEM4 - Auxin Transport) (Z81F 252 ug BRBE 2RI L 7= FH =R A1T 9
ZEEFmE L [47), ZOEMPOT=9HIZ, PsPINL <° ZmPIN1a | 2% 2 Fill /2R 20078 Y 7 o —JF
RAEAERLL7- [48,49), Z ZTi% [Auxin Transport] FHFSEBRICIIT 5. FH ug Bebe N CAH L7k
TV FUBIOHIL N UEr 2O X ORE &8ER O FUCERICBhET 54— % o U itER
BOFEHAOLNCT H & L bic, b= FU3EAx Fiiiass T 5 PsPINL mRNA 3 LUk b
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7 1 o VA 2 ShEERS N RS X OV 51T D ZmPINLIa mRNA OFEBIZKTd %, F7-, PsPINL
R ZmPINla & >3 B ORININIRAE X 2 g BREEOIBE I BT 5 = L &BEnE- 5 H
e Lz, SHI2, BEACK > THIE S b A —% v U ERBENC ST 2 PsPINL 38 OV ZmPINla % >
PRI BOENED & DREREEI A S TV D DOMCONWT BT T 5 2 & & L, 72, Tl g BT T
F—F L UGB EI A SN Z LI L o T, 2L I EEEAE TR D N R LR L ETRESS &
DERIZEAET D OOV T ORISR D Z L & L, IO ORRAERE 2T, EACL 20
DEEHIHD A T) = A LB ENNIT B I & A REOMEEE L LTz,

22 A
WHFHIEBROEMATNIE 1O LB ThD,

7 1. Auxin Transport FH SEBROFERGAH]  (IEFFAR)

ESyiENE
W

EH i KBRS REFREE B R R (A4 S 2d%)
H[RmfsE - B

B ) KRB ST R S 2 E R

o I NS RINE N =T =Y

] HPRT S LIONES

W % FHMZETICRR RS

ST NI EE FHMZETICRR TS

(LIl TFK FHMZET OB TS

WEEE (M) AARFHZ+—T A

78 OA%E BHNFH Y AT MRSt

Lo SR BHNFH Y AT MRSt

Sem ] ) = A — TR, Ta—F¥r—TXmyFA N4 a

23 AR Ta—)
YELTFHIFBRER, BRI, S BICERI NS E TOREAEEIC OV TR 1 IR T &80 T

»H5,
2011~2013 2014~2015 2016 2017 2018
Inc 47
A A SDR (2014/4)
754 FRE (2010) EEPETN 2 N .,
SpX-8
CE~cH | A —> Tl B
ERRHRN =il
—
B - BB T iARITRER
A CDR(2015/1)
0/l j%!t
BE -
A PQR/PSR
Ol REHE
t@_t;w:T - kR

1. Auxin Transport FHISEERDMER, PRSI, & DIZHEM S5 £ CORFHRGE
3. EBRME - EH]



3.1 ekl

Auxin Transport FH# 325 CH == K7 (Pisum sativum L. cv. Alaska) & k71 =13 (Zeamays L. cv.
Golden Cross Bantam) Offif-i, EiZil (K PEOEFEY, (ElR) BIOMERE (WfmE) 7oA
FLT

Ak RO ZISH LT, 727 U UEIERLOD [pea box | (i 95 mmxD BT & 50 mmx i & 63 mm,
Pea Chamber) & 2V \NIBIEHZ%A ©-> pea box) (i 80 mmxD BT X 65 mmx & 55 mm, Observation
chamber) ZfEML7- (X2), W s KHTHSHDO 4 5058 (B L om) 25T, 2z suki:~>
A aR7TE (MilliSeal; Merck Millipore, Tokyo, Japan) T#E-~7z, [peabox| (ZIEFEIZT 4~ b5 L9
2, vy 70— (B 16mm, IAFr—~v b, ) BAry 77— A1) 25, H# ki
BT, % lpeabox) |2 12 DT RUHEFE 2R 1030 v 7 U —/MIERITHE S L o1T, £,
7Ol (F70bh, Il e PR ZFESH) 230 v 7 U — L ORI/ D &5 ITHDIAAT,
ZHH? Tpea box) 13 SpaceX-8 #5 LU SpaceX-10 (Z#4# &, 24 2016 4F 4 H 9 HI LN 2017
2 A 19 BICKEY T 4 Tl v 2 =00 ISS IZFT TS RiF bz,

—J7. Eib bR a Y HEAZIH LT, 77 VU UEHER Tmaize box) (fiF 100 mmxBAT & 62 mmx
& & 150 mm, Maize Chamber) ZAE/H L7z (X 2), 4 maize box) (ZIZ@KMIZIERIZ 4 >, {lifElZ 2
SORERT, RUCBKEO 7 VA a R T B CE-T-, FTOZEHRE LT, = Ry LFEkEOr v
77—V EH, % Imaize box) (2 20 fEOfET-Z, FET- O 7 7 —/LREIIS L THRE L 72
% KO CIEMTIRDIA AT, 2B D Tmaize box) 13 SpaceX-10 [Z#4if &4, 2017 452 A 19 HIZKE
AT A TR =D ISS AT TS B bz,

32 WLE ORI RN E TR 5 7O OFIE: S ONTY o T /VRR O 72D OFIE

AR OFHTFEERIL 4 DD Run THERL S LT D, AR 2016 44 4 9 HIZ SpaceX-8 X vz v
ICBWTCRE S w0 FR (Run 2 BETOYRun 3-1 & Run 3-2) %, 2016 455 XK U6 HIZ ISS
Increment-47 “CEEffi 417z, 2017 -2 H 19 H SpaceX 10 X v+ = > COZEE: (Runl B XL TURun4) 1%
2017 43 HIZISS Increment-50 THEfE Sz, ENENDY T /UE, EiE4L SpaceX-9 & SpaceX-10
\Zf&# 7= [Cargo Dragon Capsule) (25~ T 2016 48 A 27 3L 002017 453 H 19 HI(ZHh EI/FhE
L7, 1SS #FEEDOIEEIFMOHHINC LY. Run2 B X TYRUn 3-1 & Run 3-2 ®FEERIE, Run1 D3R K
D bR FEhgs i,

Runl: #E ECFHAITES, 3 lpeabox) DT FUHMRETIZK (Milli-Q K, F— k2 L—
7) HDHNNE30uUM D TIBA (Sigma-Aldrich, MO, USA) 4% 45 mL Z#5/k 4. Hasz k@ (Cell Biology
Experiment Facility : CBEF) WOFH pg & AL 1gBREEZEHT 5 a2/ — M A MIEE L7z, 2Ok
7RBREE FCHIbT Y KU 2 % 3 AR (68 I 10 49) WERAT 235°C THRFB LU Sz, T
ETRHCEEZ IR Uik, |k RUOFEX & SRR ST OY > 7V FT 5728
(RN S b2EEE /X~ 2 (Chemical Fixation Bag : CFB) %] L CHEEHK CHEE L=, ZD
#%.CFB X7 T AF v 7 OFEIHE SN ISS F v B2 D 7T A 2°C 8855k L OFEER= 7 U —#— (Minus
Eighty-degree Celsius Laboratory Freezer : MELFI) D~ =& 95°C CLRIF-E 472,

Run2 : _EFLOFKE, 1SS D CBEF NOFH pg BE AT 1 g B2BE . AT, 235°C T3 A (74 I
fl. 2043 b= RUFFAER 2R S, £0%, REOFHMRITET ¢4« =27 Kid, LTI
PR 5 X 91z TAuxintube) ZfHH L CA—F L MBI ERZ FEii L= (X 2),

Run3-1 B X URUN3-2 : FHERYTHIZ. #ul F T R@iEEF v 23— (Observation Chamber) PN

4



gy RO 240 ml K (Milli-Q K, A— h 7 L—"7) &f/K L, CBEF NOFH ug B L AT
1gRE F e AESEHR—=>  (V-MEU) WEEH, 235°C THEXEZEF T, 3 H (Run 3-1,
7452 47) BELUY4 H (Run 3-2, 95 IFH] 23 43) #., FHAMTHIIET v o x—2 MWL, K
YTV TRy 7 R L TET TV EEE L, Z20%, 7% -95°C TRAFT 5721
MELFI 2B L7=, Run 3-2 Tid, A FaX— gt 2 HES 4 HA £ T, 6 B T CBEF
D V-MEU @ CCD I A T 1T L » THEWI DR & Fiz% HEIIZRLER L7,

Rund: #fiE ECHREMITELE Imaizebox) (Z120mL ok (Milli-Q &, A—h 27 L—7) ZHkL
7%, Tk Ziplock /N> Z1ZAAL T, CBEF NOFH pg Bebi P CHAEZX 2 F e, Mk hvEr =y
A 2L, 1SS OFH ug BREE T, BEAT, 25°C T4 AW (96 R 27 7)) iR ST, BHEZRESZ,
K OPOFE N TER I OIFA T —F 2 URRHRBENERRI AL U, 7% 0 135 i LT o
7k LC CFB CEET %7, MELFI C-95°C THifk L7=,

STS-O5FHFERRICISIT L b v w 3 VA 2 AW R 2 MEET D701z, i EXTPRSER
AT o7, SRR L IR % FEhi 2 72 OICCFB CEEIR 2 AWV CHEE Sz AEZ b #s 73
BELOWAERDRNVE L LV DT DT O DA Z UL, EET+ 2°CE L UMELFIN-95°C CIR(F S
T WE B2 T —3 o AR EN SR 41T - 7= TAuxin tube | 1%, & D % F OIRAE TMELFIN-95°C
TRIFENTZ, ZNHDOH 7L, SpaceX-1012 & - CiElEiL7- [Cargo Dragon Capsule) (Z & - CTHiER
IE L7es, ZOMB LOZEO% bIREIRESREAHERF T 272D R I A4 T A AGEDIZ S, £DF
FOMRRETHIRRICENT STz, Y 7L OIFRE L OMREFIZ Y > 7LV OfERITRED B -7,

FH IR CHEM L7 B A8 2 M 2 (R T, Foiull BERFEHICOWTILLTO LB TH D,

L

Pea Chamber Observation Chamber
L h o
13;‘: 'l l l P.::;m sativam L
‘\.?l 11 [ cv.Alaska
kyEDTL
; ._'{'.'r frays

cv.Golden Cross Bantam

{EmiET

Bydo—Ib Measurement Exp Unit



-
Small/Large Syringe (TIBA)
b | s TRERS
_" p l ‘. Auxin Transport Cylinder [Auxin TubeZF IR 4]
-

RS L
W

T

Zﬁl‘é“ﬁﬁi'ﬁ'
"

| Mt
(HF-B8-& £

Sampling Box

2. Auxin Transport F=H &5 O L 7- F: 708 & 2R HIA

Auxin Transport FH SE5R 12 B9~ 2 Wi FiE ] 556
Run2, Run3 (HEHEATHARH)
«fTEF . Space X8 4 2016 4-4 A 9 H
- Run2 15#&RfhA . 2016 425 H 23 H
*Run2 B5#8#& 7 : 20164E5 H 26 H

* Run3-1 B5#684A : 2016 5 A 30 H
*Run3-1 588/ T : 20164-6 A 2 H
- Run3-2 £#004A : 2016 456 A 7 H
cRun3-2 558847 . 201646 H 11 H

- J7iE :  Space X9 5 2016 48 H 27 H

Runl., Run4  (AfH34THARKHH)
< T EF : Space X 10 54% 201742 A 19 H
- Rund 5580846 :  20174E3 H 7 H
*Rund B58445 7 0 20174E3 H 11 H
- Runl 8580045 © 2017453 H 12 A
*Runl 58447 : 2017453 H 15 H
- J7iE © Space X 10 i 201743 H 19 H

3.3 Wl ki) DA —% 2 AR B FEER O FIE



ol ECOA—F 2 AREREN IR, DIl Lo ik [44, 48] (B TOEEZNZ TIES
7o HiET, 21100 (v/v) ICAHRL7Z HC-IAA (f > R—/L-3-FiiR, [1-“CJIAA, 55 mCi/ mmol, American
Radiolabeled Chemicals Inc., St. Louis, MO, USA) %#&1e7 / U L /K& (30%, wiw) 20uL % 1.5 mL =
N RV TF a—TDEICEN L (X 3),

RS KOS EERIDNRA CE 5 L D ICFHAY T Ko THEERID_EMd) s+ — B —
N T —7 SRz, JAXA Stem Cutter 2 LC 3 B b R34 2 76 RIS 1 Sify)
R RS20 mm) DUIERS AV, BEHE IAA IZBI R OEEEERAA S ITFEERNREE) Lz [44],
R ofeE 15 mL =y RV T7F a—TDED UC-IAA ZE5TT ) U ATHEA LT, FEiEAIC
UC-IAA DU DY DIV IAEND Z L1270 | ZOMUBEIN D biIvD Z L2 b, KRIT,
19 FFffS v ELARE TU R 2 G v NV T F o —7 i Uiz th, MPERBERIRIER 2 D F FRAFF
I 57-812-95°C O MELFI IZZDF 2 —7 %2 LEE LT,

B N UEr VA Z O BRI D HOEERO A — % o A OTEENE B EN D
LW TS [50), & Z THhBE ks K O IRl 712361 ) % A —% o LR EN 64 5 524 pg
DEBEIRD -0, SEERE L 8 (ShBEE & IR OEAE) Zateth iS22 2898 (RS
20mm) ZHWDHZEE Lz, ZORRCHRIL7- 4 Bk Lz b a a s Oy &, ShEEdl)
DA —F > U IAE D L OIS BT OB Z = X RV T Fa—T AL, Fx v
AR C 16 FFETEEEE L72#%. MELFI 0-95°C Ciks L ClE Lz,

HIER~DIFR 1SS TREIZHRE SIV-FALTH o TIUL R T A T A R L & BITHER v 7 2T S,
D%, AAROEERICHERE Sz, Vo 7V OIfER L OMEICY o 7V OfERITERD Hieho
77

34 VU VIREBROM EIZBT D A R BT I

st R 3HEA 2 O Bl L Oz A3 501281 54 —% o UMM EN S, I CloEs
L7515 [44,45] % HMEEL TiTo 70, K31, =0 R Bfilis KOV s v v a v ol ol
2B DA —F v AR EIORIEFIAZ R LT,

wRE L= by RO AL M 2 894 7 A4 A LT 25 2 L7e<, 730 & SEERIC
PN TEEICOEI Uiz, B IAA 25107 7 U AR LTZED RO #, 4 HIRi) 2 Sl
NH 550DV = (BX3mm) (25 Lz, A8l & vz B o/ i dEsaRiss o Fr—a v
7177 v (UniverSol ESTM, MP Biomedicals, LLC, OH, USA) % &te A 7 /UZ AL, o FLb— g
7177 >4 — (2200CA, Packard Instrument, CT, USA) % FNTHGHEMEZRIE Uiz, S Ofthssi sl L
T EHEME 258 7= IAA D& & LTz,

—J5 . BRI L b B R a3 A OURIE, RSITFT 20mm Th o723, G 13HTE ST
BILOYEER D> T T, SR IAA 258107 /) AZIRIE LT ShEERE oy 2 bR =14,
FUIL T DI EI Lz, ZO%A, Hildzoned & L, FIREEASTT zone 7 & L7z, #E EFEBRCTOL)
HEHY L PRI OHEE ERIZZ N 6.9 mm & 131 mm Th-o7=D T, Sl & sl [FfE D R
5727 20 mm OV % B SEER I Z V=,

35 Mt b 1gBREE T CTOXMRILR
i EScHIRSEER T, Run 1~Run 4 @ 1SS #uE F5E6R & [F] U FIEB L OV DK X A DAY 20— UhiE-
T, JAXA HTFH T v # —72 5 NS KBRS LR Z BN T HEE L7z,



_Apical side

(A) incubated,
B then fixed by
Proximal Distal freezing
side side—» 20mm — »
segment
— Basalside
(8) i
Y
-~
Aqueous lanolin
containing [C]IAA
3 mm piece —_cut
= —
: Proximal “ Distal el _) kept over determine
side D: " N _night radioactivity of
e O [1#C]IAA
/ transported
Frozen pea epicotyl segment Liquid scintillation cocktail
Basal side kf-'Pt over
incubated, then fixed by cut night :
freezing determine
orchy roned . : —* radioactivity of
node [M4C]IAA
/' transported

Liquid scintillation
cocktail

Aqueous lanolin Frozen maize shoot segment
containing [*C]I1AA

3. ¥k Ny bfrdl (F) BXOSbk hoEra i b (F) OURIZET 54 —F o Ak
BENORIETFIE

36 SRR LRI O DAL EE SR OVERY
361 ALFEEDIFE
MEEFHH RO A T 5720100 E, TR, FHER TR O ARE AL, 2O E EDOHE
72 B WNTBIETHEBS LY XV B RTE 2 RFE LTORRETHE EIZBN T 5 Z E N TH D, £DT-
DITIHMEFIES & AN AT EEDS VIR L 72 5, ALFEERRIE, AR E OEV RO S, K -
NEE D EHRE) TR T 5001 (Bfnt. X o/ 0H8%) 12k- T, R/l & iR 5 08
Wb, ALFEEROFEIL, 747 b RREER, 7V a—Ex2 AW ABEAIE TR, SRA A
8



> MOTALEEERR LT b 286 LI RREER 2 EMRERNR DO TH D, 7T FRo&
JBA A DACFETERI TGN D Z L X 2D 5 2 & T - (R a i< 2 LR TE 5, AR
FIEERIIBARVERIC L & R B S0 2 & TRESE LY, RIRFTIKIZ & 24EH -
RADYGHENAE C D78, AR AR T DHMRAZINIIT 5 2 L0135 5,

36.2 FH{FHRIZISIT 5 R LK)

FEHTEBR I TSR LT I - DA b EE R T RS 2 B0 B 5, (LA EERI .
VERL BB O P ER E CRIIFRGT SN D &, (b2 bai 232 & THIkL, DA%
OBSRENH I N2, — 7, AEFEE SRS, BN E< &b 2 BRRITIE, EFE
EMRP DI L, RO~ LT3 5 5, RBOLFEERRN R 25 &, HEloOREE % b
7o b L, ARREE ORI D & o3 7 O E OGN I K D i s 2 bic L - T, 44
R FROROBUGNINENC 72 5, L7ed> T, FHFEBROFERIZIT, Zh b ORI E ik L7 EHRO
WEEBVAL T2 D,

36.3 (b AEE R A DEER

ZIVE TITRERRE 2 U T Sa e Bk AT I - CREFR IS8R D 8 5 % 2 O AES0~FAA O 8 FEEDAL,
FEER AR E Uiz, 2O OEEERE AV 23288, (EFEEIiRE 2 Afcd 5, L
L. FEBEOFHIRAEE LT 5E, (LFEEROREHIH FIZ[EU S5 £ ToR, LEEERICR
IS REEAERE T2, FHEIERAEIOFT I - [RIUZfER 9% Space X [Cargo Dragon Capsule] 1349 1
o AROARRBHIRITH Y . BB IS AAE TORREIR 2 28 Lok, #Ba 1 - AR, (b2
[EERIRIE LT B E 32 2 v B ORI 5 BIEDNT C & DALFAEERPINETH D,
by RUIEZ A FFEHR L7 8 FEEO(LFEEIR T 1 ARYEFEE LI, Skt
SEVEIZ LD | PSPINL DRTEZMT LToAER, TAT & KRB A A4 & W TALEE R TS Sk
BRI HEEA 2 FAO AL BRI L > TEFEE S BHIBW CE D RITEZfiffT 35 = &
WAMRE T o7z, FRIZ, (LFIE TR AESO TRAFSERNG DIz /o, ABS0 & BARHR S LT, &5
ANAY | T Kt SR AV

K2 FERICHE LIALFREERR & < ORI

AR MR

AES50 50% (v/v) ethanol, 5% (v/v) acetic acid

Carnoy 60% (v/v) ethanol, 30% (v/v) chloroform, 10% (v/v) acetic acid

Zinc Fixative  0.05% (w/v) calcium acetate, 0.5% (w/V) zinc acetate, 0.5% (w/V) zinc chloride, 1M Tris—HCI pH7.4
Zinc Formalin ~ 3.7% (v/v) formaldehyde, 1.5% (wi/v) zinc sulfate

PFA+GA 4% (wiv) paraformaldehyde, 0.25% (v/v) glutaraldehyde, 50mM sodium phosphate pH7.2
PFA 4% (wiv) paraformaldehyde, 50mM PIPES pH7.2, 5 mM MgSO4, 5 mM EGTA

FNB 10% (v/v) formalin neutral buffer

FAA 3.7% (v/v) formaldehyde, 50% (v/v) ethanol, 5% (v/v) acetic acid

nAE50 50% (v/v) ethanol, 5% (v/v) acetic acid, 0.1% (w/v) Nonidet P-40

ndAE50 50% (v/v) ethanol, 5% (v/V) acetic acid, 0.1% (w/v) Nonidet P-40, 5% (v/v) DMSO
AM50 50% (v/v) methanol, 5% (v/v) acetic acid

nAM50 50% (v/v) methanol, 5% (v/v) acetic acid, 0.1% (w/v) Nonidet P-40

ndAM50 50% (v/v) methanol, 5% (v/v) acetic acid, 0.1% (w/v) Nonidet P-40, 5% (v/v) DMSO




364 AbFREEIROMAML R
NEE 2 < & EN NI Z L EE U, RIS IVE ORI B4 2 el Lo a7 288, v
LT NT B RR—ZADACZEEIRIC, FRHZENEE B D 72 DI EIEHERIC Y A F VA VR SV R
(DMSO) %D ERINT 52 LT, BIFARFEENMELND Z EMbILT\ 5, £ 2T, AES0 2, Ff
T&EMERI & LT 0.1% Nonidet P-40 %1% 72 nAE50 5 J2 1} 0.1% Nonidet P-40 & 5% DMSO Z /i1 %7~ ndAE50
EHCERE L (E2),

WIZ, 2D OFEERE R L, 362 1 7 A BHEFEE LRI, i s Lo,
PSPINL D JR{EAFRAT LT-, ZOfER, ZORMEIN 21T 2 BINOD & LR 7 B OREIZIX AR ) >
T3, MERrEI R I3 HAMAIOHIBEL CJRAES 5 > 7 Wik, AES0 L Y &, nAES0 <° ndAES0 DIE 9 7%
BAFTH D 2 EWyhnolz, #ZT, nAE50 & ndAE50 O 2 fEffilcAe Y . 2 FROBAMEARETH = &
L7

365 FHEBROINE & A THMT

Auxin Transport FH BRI ZI1T 2B DILAEEICE T 2 A7 ¥ 2 —V &K 3ITRT, FH RO
i UTAL A E ER O LA E R OE I 4 BB X040 A CThoT-, b hvEna v EZD 2
REEITR LTI, # ETiZE5R Tl nAMB0 23 Chdh o 7278, EEROFHEERRD 7 /T L TE
WEE & 7p o 72728, Camoy & Vo, (LFEIEK THIX, EHIT, R EA T H O~ L B
0. FH pg BREE FI2I81T 5 PSPINL 38 L OV ZmPINda & 7 B D JE b L7,

#23. Auxin Transport FH EBROA LA EEREHI T2 2 7 ¥ 2 —b (HAHIA T HARRE)
Runl b=y RUIFFEAEZ ZXRE LIZAF Va—

EER) A {iz=

2017 41 H 30 H NAES0 1 b7 E Y

201752 H 19 H SpaceX-10 ST E

2017 43 A 12 A ik R 3 2 BB

201743 H 15 H Wy RUIEAEZ 1 IRIEEEE il AT b I R

5 : 44 B

201743 H 19 H SpaceX-10 FHrE/K

2017 43 A 27 H (LA ER R TKSC 75

2017 43 H 28 H 1 BAVFEERS T, FrBiaiE nAESO L2 1 WAL EE IR < 13 A M
TEWRIZ & 5 2 ALEE

2017 43 H 29 H 2 REEAL T T, BRIESE

2017 43 A 31 H IRT T 4 B

201744 A3 H RT T 4 pli

Rund #fb b a3z a0l LIZAr v a—/L
AfF A {5
2017 4£1 A 30 H NAMBSO 1127 [ E ik
201752 H 19 H SpaceX-10 ST E
20173 HT7H B N U T o AR X R
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20174E3 A 11 H ¥ UER 3R LRI EREE il AT b I R
5 : 40 B

2017 %3 H 19 H SpaceX-10 EH&FE /K

2017 43 H 27 H b7 ER L TKSC &

201743 H 28 H 1 AEFEER T, Camoy b7 BIERRIC L 1 AR FEESIMA - 17 AH
% 2 AL EE

2017 43 H 29 H 2 REEALFHE T, BKIESE

2017 43 H 31 H INT T 4 EHR

201744 A3 H IRT T

3.7 4 RNA OfffitH
ISS #17E |-THEMi S 417~ Run 1, Run 2 38 L OVRun 3-1 D& FBR) H1G S - B s e R 3#E %
Run 4 DS HAFHAVTZEHS L B 71 2 3R 2 36 JUMER | 1 g B85 T Ol L7 ExchiR Sk
DA 2 % [FBRCHRE L. RNA I L7z,
b=y RUIFAEZTIE, BRo 7 v 768 CGRAEZm 5 0~3mm) &, _HiRtho-1-34[) & <1
B (7> 7 OF 3~8mm OfElL) FI A HEEHFEAZ 2B EI0 LTz, #k byt a s dFAEZICD
WL, SO (0~3 mm) . ShEERROFRAFE, P, AL RoJeh (0~10 mm) FBIUMR
DFAFRIRD 6 DOEITHEILT, BHFEZ LD, ENEID Run o &L 3 ROBHREYIR %
Micro Smash MS-100 & — Xt —4— (Tomy Seiko, Tokyo, Japan) % VT 5,500 rp.m C 20 #0fi 4 [a], J&
Wam Do LT, &7 7 v RREITCIE. K ET3mAILT,
O Tk a—/UTHE-> T, TRIFREE (Sigma-Aldrich, MO, USA) A LT, 4 RNA ZHH L7z,
k—2% /L RNA Ofhit$ J 057 = & 2%, DNase | (Takara Bio, Shiga, Japan) ZLEEZ4T >, 78 DNA
ZERE Lz, BONIZERNALY 7VZ A AERPCR (QPCR) obTicfit L7z7eds, F8kidn = 3 TKE
it L7z,

38 U7 WA LERPCR

Runl, Run2, Run3-1O%RNAIFEXScript RTeAZE*~ [~ (TakaraBio) TH#z5 L. iCyclerth—~ L4
4 27— (Bio-Rad Laboratories, Hercules, CA, USA) % FVNTHiE L7-, FEMHIDNARIL,. SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) Z i L CHIE L7z, ®wAE=FV 7 ZHEE LTV T LA
A LPCRIZ, PCREENEH DT Z A ~—37 %A 2 7= Light Cycler 96 U 7 /L% 4 APCR> A7 2 (Roche
Diagnostics, Switzerland) ZA{H L TIT > 72, SBIn IR 7T A ~—Z &G L, U 7 /L% A LPCR
T o7,

PSPINL (77 &> v a &R : AY222857) |22\ T, forward : 5-TGTTTGGTGGACATGAATTTGG-3
"} L reverse : 5-TCTCTATGACCGTCCACTTTTCC-3; PsSDEAD-box (77t v v a &5 : AY167670)
1%, forward : 5-TTGTGAACACCAGACGGAAAGT-3 "% & Ureverse : 5-GGTCCATGTCTCCGTGTGTTG-3'
& L7, gPCR DPsPIN1iX, DNAY 71—+ % 21— K92 PsDEAD-boxiE A T DFEBUI IOV v Tnormalize
L7= [51],

—7J7. Run4®ZmPINla (7 7 & v 3 a &5 : DQ836239) 2oV Tk, KA~ T A ~—IZ., forward :
5-TGTTAGGGACTTTTCATGCGC-3'%3 L. Otreverse : 5-AAGAGCCCTAGCATCATTCCATCG-3', BI W
ZMAUX1 (77 & v v a & : AJ011794) 1%, forward : 5-GTTCCTCGCCATCATCTTCC-3'$ L Utreverse :
5-TGATATAGACGGTGAAGCTGACG-3'L L7z, ZmPINlalZxf§ o/ \UAX—E L Z#in & LT,
B TND~A 7 0T LA T OT — 2 ) SH L TR D ENIREDOELZ T 2 e xF

11



PR 1T HZMUPLEIE T (77 7 & v 3 3 V&5 : AMT749995) % H\ 7=, ZmPINlai# s - & ZmAUX1
L OARRFBE L. ZMUPLIE(E - D3 BIZ% L Tnormalize L7=, 728, ZmUPLI&(s - DOFRI T Z
A ~—I%. forward : 5~-TGGGAGTTTCATCTCGTCCAT-3'5 X Utreverse :
5-TCGTCAGCAGGCCCTTAGAC-3'L L7,

BPCRIZOWTIE, TR A65°CH>595°CE CT0.2°Clsec T LF- Xt A ORIfRIERN D K55
DNHE—DEFTH D = & 2MER LTz, H#rid, 7 LTl S 7=3BIRORNAIZ DUV C3[E[T 1T -
77

39 [y L AVEOMME AL T my MM

Run 12545 572 3RO E L B HAE 2 (2o TIL, TEMSRRE, _EiRdh7- BRI L ORCF-3Em
DEHFEET, BELORUN4DTFL N 7 E 1 2 3L X OYFEEEO S (0~3mm), ShEEREOFRAR, +
i, ATE, AR OS5 (0~10 mm) 36 KL OMROFRAFFRI D6 S DERI X, 0.2 mIdffiH /Y~ 7 7 — (8 M Urea,
2% (w/v) 3-[(3-cholamidepropyl)dimethylammonio]—1-propanesulphonate (CHAPS), proteinase inhibitor
cocktail tablets (Roche, Germany) % %3 50mM dithiothreitol (DTT) TEEREL 7=, [RHED5% (viv) SDSIA
R RE T — MIMRA TR NS 7 B i 27210 REVR— F24°CTURRIR & 5 L7z,
4°CT547[#113,000 g Crzd Loplile L 7214, Mo " B aite 2RI LT, B2 ™7 Blpsyho 2
A7, B OFBASC (GE Healthcare, Tokyo, Japan) (26> CT2-D Quant Kitz W CTER Lz,

PsPINL 33 X N ZmPINla & > /87 B OEER LT T A X 7 v MEFTE, BRC#E LI BRI~
TITo7z [49), #x 374 8ug % Ready Gel 5-20% (Wako Pure Chemicals Co., Osaka Japan) % FH T
SDS-PAGE |Zfit L7=, SDS-PAGE 4. # L /XJ /&% KR 7 v{ke’ =V 5 % (Bio-Rad Laboratories, Inc.,
Tokyo, Japan) |ZHEE L7z, 71 h L7EEZYES Sy 7 7 — (137 mM NaCl A &1 20 mM Tris-HCI /3 >
77—, pH7.6) THHFL. 5% W/V) AFLINT LA FaXx—h LI, Toy hLizAVT L
YEFIPPINLFUE L A o F a— b Uiz, —UFURE A > Fa—Tar Lk T2 (-
3 VAR 7 7 —C3EPES LTz, WRIZ, ATV XA B— 3 UEE 10,000 (EAR LBt
¥ Ig. HRP fEA7"— L Ab (GE Healthcare) & & $1Z 2 FEfilA > = ~X— k L7z, 14 L7-%. ECL Select
VxAZ Ty T 4 v RS (GE Healthcare) & A > F 2X— k L7z, VersaDoc > AT A

(Bio-Rad) i L TIbZFRNT 7 Izt Uiz, n—F 47 ay ha—i e LTL HIB-727F
> O—HUA (Clone C4, Santa Cruz Biotechnology, CA, USA) & “kHiA. HRP f&& Whole Ab (GE
Healthcare) Z i\ =, VA X T a7 4 7O, Imagel Y7 7 =7 (Wayne Rasband, National
Institute of Health, USA) %4 L T PsPIN1 33 X TN ZmPINla & /X7 B OFREE 2R, WNHHEAEL LT
W=7 7 F 2 Tnomalize L7z, #EEHOMHCIE, 3D L7 1 v T 4 v Z T b T —
2 LT,

310 L RER b RAT
3.10.1 PsPIN1 HifA&$s L OV ZmPINla Bk DOpEA

PSPINL 7R U 77 0 —F VFURD FEA DWW TIILL F O I CTf T o 7= [48), PSPINL OFU/KMGERD T 2
/ 1% 387-400, §723>H VDGHRETQEDYLEK % [&fH~7"F N5 Hki% (Eurofins Genomics, Tokyo, Japan)
P> TH LT, KIS, (BOe~TF RidduUR &3 57291 keyhole limpet hemocyanin (25 L, ¥
PR 77 BRIGEE LT, A—B—OFUREET T h 22— /UZHEV, PSPINL AU ST F RIZRpRMEE
IRTT 7 4 =T A FERE T C, RV 7 m—F U1 PsPINL HLifii 245372,

ZMPIN1afTRDFEAEIZ OV T B [AREDO THEIZ L > THT - 72 [49], ZMmPINladBUKVEREROD 7 </ 15282
75297, 372> HGATPRPSNYEEDPQGK (accession# /5 : DQ836239) % [EFH~<7"F KA kik (Eurofins
Genomics) (ZHE-> TERL LT, &57-~7F R keyhole limpet hemocyaniniZfE & L7z, 7 ¥ =3
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b EIEA LIUR2 mga 77 B U s Ltk B onIcAR Y 7 m—J L HiZmPINlaftiis 2,
EEEOPUAPEET 1 s a2 — /UZHE> TZmPIN1aFF R A Y ITF RICK L TT 7 4 =7 4 — i %
7. AU 7 v —F HZmPIN1af s 21577,

3.10.2 PsPIN1 335N ZmPINla % > /X7 B O ik b

Run 1 55T, 3 HH ISS OFH pg B LOFH 1 g B Ol S8 70 b= R OFFA 213k
FRIZEE S, 1SS 36 L UM BIfists & mslE CIREIREZ 2°C ITHERF L T IAXA S IXFHE V¥
—ZEfF S, by RUFEAZ O 70X, CFB H17C nAES0 DEEHRIZ 13 H FEIERTF S 7=,
b=y RUFEAEZ OV 7 V% CFB HLELD Y L7=tk, EidliEl (73 L O FEERD) B IO
TEG 7 7 fEI AR L, REE & LTI BT 7 USH L < RS L 72 nAESO [EETR & 1= S,
ACTWRAF LTz, =& /) —/L & tert- 7 F LT L a—)L s ) — X TRk LT, 7/ % Paraplast Plus
(Sigma-Aldrich) (ZH&®iAA, 71 h—2A (£7 /L RM2135; Leica Biosystems, Germany) T/E X 10 um
DR ZFRLL, ) arTa—TF 4 VI ENZATA RHT ATENZ, St by Lo
A = BIEI T Gl L= 5 (48] 12> Tl L7z, Run 1128155 5 RO L7-#k
T RO Z B ik b et PsPINL 58 & AN BT ER#IT A Imaged V' 7 ho =7 A L
TiTo77

ZmPINla & /7 OGP HR LI DN T, T CIClE SN TV 5 ik [49] 2 —fMEE L TF
i L=, EDMOFBRI TR OV b=y RUEEZ OBRE L FETH D,

311 Rt

HEtE. RY 7 o =7 71 77 A (R ver.2.14.2; htp:/Mww.r-project.org; R Development Core Team, R
Foundation for Statistical Computing, Vienna, Austria) # /L CiT>72, [E RS, [TIBAOEE), 1
L THEE OB OEWEHEET 572002, 287 Qw) E/2IF3EF Gw) DT (ANOVA)
R ST CE Uz, SEYD D 723512, post-hoc Tukey multiple comparisons testiZ L - CZ D7 %7
NIz, POOSTHIUTHFHNAE THD &AL LI,

4. FEERERB LURCR

Auxin Transport FHEBRIT. JElR LIE AT Y a—Uht - CIEC S92 Z LN T& 7=, F£7-.
T VIFRE O FIZISIT 2 AT IR G e < EiT D Z LN TE L, EMFHEERETIL. I
O DOFHIEFRORZ GRS MO E L TART S Z LI L TUWadd, 2019 4FEEIZTCILT 2 s ERE
FEICHIRIAZR S, BUE LIROF O ERTTHY . B2 A TV 7 ERAITHYT 5 2 OO
1 FRiT R Ch 5, 2B RE O LRI DWW CHIERSUFRZHET TH 5, L EDO LD | Auxin
Transport FH ERIZHOWTII R TOEFHE A2 R TEX 2RIUZH Y, KEEEITHDH EAA LTS,
S 512 Auxin Transport FHf FEERO IR A FIR IR 2B ATV D HiL EEAFESEBROFER S L OVE ORILER
([ZOWTH 2018 T TIZ 2 w3 & L CEESSICHIBIAR LTz L ZATH D,

LLUFIZ Auxin Transport F2H7 5288 CfF D= #E R 72 B NS Z DRI OV CRER T 5,

41 FH g BT TSR Db v R 3R X OpliR & S
ISS  CBEF (24317 251 pg & FH 1 g BjEE CORb o R U3 Z DRk & FEEITHOWTHIR L7z,
RFH pg BRFL & A —F L ARSI EAITH D TIBA & OMALERIZ OV T HIH~T,
WiE B THK 3 Ffkds KON RARICHRSE SV O BRSO TREMTZAT > 72/, T
LgBREE &l LT, T8 pg BRI = RV RURE - DRFITIT L A UL L7212 b 0D, 34
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Z DR EFEIITRE B LI, #/K 3 BROGHEMN D, 5 ng BEIIHFA 2 OERE L Z0);
MICEE L7 (B 4), F9H 1 g B35 N C 3 HIAE S8 73k FU3/Ex Bl L7450 54 90
R TRE L (R 4), T8 pg B2 T C 3 AR Sk RUIFEAEX FMhORREIL, 5
H1gBRE T ORE Lbo g L ChPaicES Iz, Bl X 7 3E@irty G L, 7315
40~50 RN TR L7, B e FRRICIRORE Fm b8 sz, T 1 gBREE ToEb— R
FAEZ ORI, 1HF 19 DESRZ MAFINCEE Li-, W2, 8 pg BEE F CldE Lzibm > R
FAEZOTRTORIL, TN DR 20 FEEEN D HIENCBE Uiz, ZTORES, 5945 ug 5 F Ok L7z
b= R OIFE X IFEBPIER R E R LTz,

TIBA [, 1SS N CBEF DT 1 g Bebids L OYFH pg B OV AU BN TH = R FORIFITIE
LRI LI o7, TIBA X, T8 1gBREE F Ol Lk Ry OFEZITHBWT, _Lifdho
HIERIEREI AR DI 2358 L= (M 4), TIBA L, T8 19 BEE N COMROMEHE OFE S EMHRG
LT DL L BIT 7y U AREE TCORDREE LIROEF AN LT, 5945 pg 85 T Tl
TIBA | Endil S AR DR 2K T S 872, FH pg BREE FOiiR Lz b L7c— 2 RO O X TIIRN
LD TR L7223, TIBA IAROEEHFMNCEEE L, —EOMBIRF E21de v 7 v —/L Kk
IR THER Lz, £72. 5980 pg BRBE T, &AHPICRE LIARORE SITIF E A S B L -7z, H#
EXIRFEERTIEL, 30uM O TIBA I E#E b= RO A% FMOMMEMREZ% L <BHFE Uiz, 5 ug B8
BT Tl TIBA OF DOFLESRITBER SN2 -T2, ZHHOHEET, TIBA T png B FCTAB L
7oA Z O BRI Tl ARIZB W TS, ZO BB Z S 37 reRCEE LD
ZEEREL TN,

Run 3-2 FEEACIX, 77 UV UIIBBIER T v v "—NOsE b= R34 X Ok & %613 CBEF @ CCD
A AZIZE > THBIMICE SRS, b= U4 X ORRE 2 EESRICAT 5 & #K%E 3 B
F T, FH pg BEHIREICOTMNCEEL, ZO®RITIREE L, STS95 FHEERCIX, FH
ug BRBE N CRkE L7265 B0 b R34z EIMioMER L, HbefoZzn L i L Ch
EICHE S [45, 46), Ak 1SS TOIFBRIL, F7H pg B E{b—= 2 RO IFEAEZ OREMRRIZE
BHNEES 5 &0 ) LIRIORERZE T2 D Th o7z,

WRECRIIRAT N D | Fa/KTR 2 B ECL FHH 19 8RB POk L7 bm o RO 3R L5594 pg BREE T
B L= by RO EEZ IR, & HIE O B x 73T < C 780 D X5 HIANCH 40 LA
STz (R4, D%, FH pg B FCO Bl X Z o m a2 L7en bl Lz, —J7, FH 1
g BRI N OAE Lz B sE S iE, AOBEJEMISEIC K-> TXEN M Ebo T, FEFE%
T, AR Z R o/ Bf 3T 0 1 g B F COLBIE SN2 &0 D, BIFEEKE OV
R BN E SRR A ST TN T EAVRIB S I D, FERIZIR L TR, 75T pg BB 1 Chk
FLIEHEZ OBROREF NI T Y, [FREOZELDFR b,
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L

Space artificial 1G-Water

25

Epicotyl growth, mm
= =
=] w =] w

Artificial Space uG Artificial Space pG
1G Water Water 1GTIBA  TIBA

4. TIBATAETFTRIOIEFET, i 1g (Arificial 1 G) X OFH pg BT

Epicotyl bending, degree

90 r

5 r

45

30

15

b= RUFEZ O FIRhoOR (/) LmihAE OF)

Artificial Space uG Artificial Space pG

1G Water

Water

1G TIBA TIBA

TICBWTABR LI-HK
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30 . 105
w
=
=
25 - LG-Water ?.. 90
°
E - o= Art-1G-Water 5 75
. €=
g E 60
15 g3
= & ¥4as
£ 3
S 10 2
& @ 30
=E
3 . 3 15 —*uG-Water O ArtlG-Water
z
0 2 0
42 48 54 60 66 72 78 B4 90 96 § 42 52 62 72 82 92

Incubation, h Incubation, h

(5 FHlg (A1 G) BEOFH pg (G) BREE FIZRWTAE Licsb—r R 3R FIREoORL
£ () LEihAaE )

42 T pg BREE FICRIT 28 b e m 3 VAR OpfR & FEiE

FH pg BEEONEA b v 1 2 U X GIBERIC R D A — % U RS B A (et L 72 STS-95 T E
BRCOMRERGRET D720, FTHTOHFEZME LHE, BLOA—F U tiBEz i - 1 g 55
TObHOE G LT,

E 2BV TR 4 B BICIRE L7233 EZ OBEND, FH ug BBEEIX. hvEna v o105
FINF L A ERBE LI 2 Eivbirot, Fio, Bt b UEm 2342 OSEERIIREITME L
TS, IR E T o F LGB L CRE L (K6), 5, M b1 g T ORE LI by
T LTI S L PN T E S B R &S, BHRY ML SIS OHNTAER L
7o T pg BRBE Ok L723&(k b 7 v = 3R X OSEEIR LU R S1%, Hi ExXERSERO 2
e L TELIAESNZ ("6),

e e e e e e e

J |
mEa! SaAS
L - AP
I1_._ -
I L | e =
q | ]
-4 = -1
At~ | —f
g ommcine
e - ]
SN 401 )
**atering “60mL x 2times”
Maize seedlings grown under Maize seedlings grown under
1 g conditions on Earth microgravity conditions on the IS5
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60
@ 1G ground

0iss
50 [

40 1

30

20 :
10 | I
0

Col.

6. FH pg BT (ISS) BLUME (1G ground) (T 2k hUERr 2T 3F4E % (Col. ShEEH,
Mes. HHfifdh) DR & FsE

Lengtn, mm

43 FHF pg BREE FICBWTAR L-d b= R U3 2 EIREoO A—2 o AR E)

A, 1SS FHIEBR A I LT, T pg BRI N OB L7ci b=y RUIFEEXICBIT 24 —% 2 U4
PEBENC T 2 B/ DOFEE T, UC TERR S IAA Z b RO 3EA 2 B Jeim{il e
B L. 1SS D% v B NOFH pg 81l F CEOBEZRH~LZ & & L,

1 EIEEEBROFER NS, # by RO EE . SR TERI IS D A — % o AR ERENE D
TEARDOZEINL Y BIXDTKRENE WO FERZ B E 2T [38, 39), 1SS FHFERRIZIWTH, s
DFHENF X OBRFHANC T THA—F & AR BN 2 ~7-, #0E EEBROKE THRICHHE Sz iklb
T oA Z BRI ATE, I EOFEBRRICBWNTHIERT 5 Z LR RIA T A A ETTHEEAIB L
OB AN LT (R3), YR ORI OIS R E) U 7= BTS2 B8 L7 1AA D& L
L7z,

FH 1gBREE FOlE Lk RUFEEZ O —F v UMM EN T, i E 1gRE T ORE LD
O LIVHEFREE CTh o7, FH g BRBEClE, THEMAS X O T ERfho A4 —% o AR Eh A &
AT L7e, TIBAIX FH 19 B L OFH pg BB F COA—F U AR EN 235 L (K FSE72720,
F— 2 RN O LT, TIBA IXFH pg Beb S FHAMER T2 2 L 0V S/, STS-95 FHT 96k
IZBWORE L7z X 912, AR OTFHFFEBRICIBO T, A—F 3 UEBEN O T3 ng B3 KT
wibey RUFEX ORE (ARATEREERD) CHEBECEEL WD Z EavRshz (X 7).,
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120
B Proximal side

O Distal side

L1

Art.1G-Water pG-Water  Art.1G-TIBA nG-TIBA

100

80 r

60

40 r

20

IAA transported, % of 1G control (proximal side)

X 7. TIBATHETBIOIFEET, FHi 1g (At 16) I LU pg BB FIcBW AR L-be
R34 2 3] (Proximal side) 35 X OV F-EEMH] (Distal side) _EARHHOD A—2F 3 L i Eh

44 T pg AR FIZBWTASR Lk h UEw a L3 Z O —F o R E)

T CITIRATZ L 912, SOFH IR TN L7 3EEE L O M2 472 1R | IR B s
THEGE ECHRE SN, TOFEEMETHZ L IRE L, BEEIAA 25T /U TRE LTS
BEMR Y R BEFE LT=1%, Yl % 7 20 zone |25 Lz, Y OEIOE Sy & BT IAA 285 LT SOkt
MEZihEizoned & zonel & L TEFER LTz, ik hVEa a v OFEEZ OA—F 2 AARMEBEIOH E
RIPRERRIE, FHEBR G SO I U O E SRR S =Y R 2 VT T o 7,

zone 7 725 zone 5 12T T, IAA ORREI IR 2 IZIK T L7223, zone 4 CTiEZ D IAA O—IR 725 F5 M
OB (X 8), FH pg BB F O L7owifb b 7 v a U BRI 54 —% o U ftEfs
BE, HE1gRE T CRELEZLOLY bEEICEN-T, AROFHERICK T HF5R &Rk, 5
b b UEm a T AFEZ L U OA—% 2 AR ENL 3D 2 U J A v N TOHELNREEIC L -
TRELRDZENHRE LTS [45,46), F7z. IEEMRICIST 24— & O AERENT, TifdEhicds
FOA—F AR LY b ARICEWZ L bHE LTS [50], LAEDOFEFEL, A —F iR
BEMEIC3E T2 T pg OFBNTE L U r 2 U HAE X OYEE & R TR 5 2 b Hi (Tebh
LG & IR OREAER) 1 ISBERE) & IR I S AL D A 2 v DA IR ATIERGT & L CRERE
LTWHZ EZRRL TN,
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1400
=
1200 —
OSpace
g. 1000
g=]
"
= 800
o
o
2 L
o 600
E 400 [
200 ﬂ
D —
1 2 3 4 5 3] 7

Zone
Basal (1-3 mesocotyl-4 node-5-7 coleoptile) Apical

8. FH ugBRBE T (Space) BLOMIE (1G) ICBWTAER L N vEna Iz 04 —%
R

zone 1-3, FfRdh, zoned, £fi (MRl & ShEERI DR . zone 57, SIHEH]

HEEA—% 2 (MCIAA) TSRO SE N - ST,

45 PsPIN1 mRNA OEFET 25 pg B IBREE O
9A I[ZBWTRENTNS LBV, 3 JEhLE ANOVA OFESEMN S, Bk N34z L)
(subapical) FEIEIZI51T 2 PsPINL mRNA O&FEIL, [EEREE (G) ) LU TEfko@E - (T)) 12k
THEHOCEEEZN D Z L b=, [G) x [TIBA (S) O] OMAIEROEIZBNTE K
E/FERL LT (E9A), post-hoc Tukey multiple comparisons test O 5, ¥72 % B 1BRES T CRcE L
=Hb=y RO EZ O BIREhO TR D PSPINL MRNA OFFEII THMI O & g L=
(7275 128, BEFHER & Holed % & FHERICHT NS B MEA A DL (R9A), 2 SihcfE ANOVA
DOFESR, 34 Z OTESSRET (apical hook) FEIE T PSPINL mRNA OERIL, T8 g BRBE DO A4 %
FTTWD Z otz (9B), EUBREL L (TMERHRIZ, 30uM D TIBA 1&, LR T-444113s LU
FHEMITD PSPINL MRNA OEREICE U eho7= (K 9B), LU, 5 pg Babs FORE L7344 %
DTEBRERREAER T, PSPINL mRNA O S350 19 B2 FCRE L= b D X0 & K& 2 7= (K 9B),
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A: subapical region

25

T *

o
o

-
o

-
o

ab

Relative intensity of PsPINT mRNA

o
2]

0.0
19

9. PsPIN1 mRNA OEFEIZA3 5 FH pg BREEDH

ANOVA results
G *
S ns GxT

GxS
SxT

ns
ns

GxSxT ns

| Ground  Artificial

1g
Water

* L EHAICAEZED D
ns AR EZER L

46 PSPINL Z > /™7 BOERUT 25 pg E/JEREED

3 JTCACLE ANOVA I, & HBREEIC 1T A b v R34 2 Fshoo 7RI Co PSPINL # > 787
Gy x [T) & TS) x [T OMHESERZEIZHKE 72D
S (K 10A), post-hoc Tukey multiple comparisons test (2 &2 0 | 72 2 B/ JBREE FCliE L7=d#b= >
R 3EA 2 O FIHOFZAITTO PSPINL & > /X7 E OEREIL, RO & g U CEIT Do T2
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A7 FH IR EE R OTE

ZAVE TOHL EPRFERRIZIBOTE, TS TSRO FE E R 2 W CRRBR 2 320 L7, LasL,
FHER T, LFREEROERFIOREYIFNHE L 725, T72b b ALFEERZ T ERic/ER L,
{EEEERBRICEAL, fIb EF5 22825 L, HFERE T3, B, 1~2 » HRRE S
NIACFEEH 2 VD Z EBNRETH D, Hib= R34 2126 LTE, nAE50 3 L TN ndAES0 %
TR, 1~2 » AMWIERE L, 2 a2 HOTEREE 1 AREFEE L7k, Bk b Esic Lo
TPsPINL % R EDRHE AT Uz, Batofdt, 1ERG% 1 » A MR © nAES0 35 U ndAES0 C
IZ PSPINL D JSES 7 M I BRI -T2, LinL, TERI% 2 » H RS O nAES0 35 L TN ndAES0
TlZ. ndAE50 X Y & nAES0 DIE 9 T, I PsPINL Z 2 70 B D JIAES 7 F N EGHND Z L3
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—J., Eib v 3 A Z O 2 REEISHR LT, 1 ETPESERRCIE nAMBS0 23 CTdh o 7273,
FERROFHFERY L 7 /T L CIRBETE & 72> 72728, Camnoy & V=, AL EEK T, EHIC,
TP LA fRAT O AR~ L R 0 525 pg B FIZ3817 % PSPINL 38 LTV ZmPINLa # > /"7 EDJRE
IR LT,

4.8 PsPIN1 % > /X7 B ORISR 3T 255 Yg 1 BREE D2
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OFH 1 g B PR L UMER B> 19 B3BE FChkiE Lz #bm > Ro3E 2 o Bl (subapical) #EC
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TEIRERIRES DN BRI OB Z 3317 5 PSPINL & o /7 B D JaifElL, 3 DA A AT ENTz, T
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49 Fb b UERaTOIEZITIITSH ZmPINLa 35 KON ZMmAUXL mRNA ORISR 25 g Bibs
DFE

UTNEA I PCR HTORERIL, hEERDSeih & 2O Tk, 3 L Oz %5 ZmPINla
MRNA OERT, H ECHE L2k 7 r avo3Ex SITFERBRECTHH = & 4R Uiz, Tl ug
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Summary report of the ISS-Kibo utilization mission,
“Studies on gravity-controlled growth and development in plants using true microgravity conditions
(Auxin Transport)”
Principal Investigator: Professor Junichi Ueda (Graduate School of Science, Osaka Prefecture University)
March 2, 2020

We conducted “Auxin Transport” space experiments in 2016 and 2017 in the Japanese Experiment Module
(JEM) on the International Space Station (ISS), with the principal objective being integrated analyses of the growth
and development of etiolated pea (Pisum sativum L. cv Alaska) and maize (Zea mays L. cv Golden Cross Bantam)
seedlings under true microgravity conditions in space relative to auxin dynamics. Etiolated pea seedlings grown
under microgravity conditions in space for 3 days showed automorphogenesis. Epicotyls and roots bent ca. 45
degree and 20 degree toward the direction away from the cotyledons, respectively, whereas those grown under
artificial 1 g conditions produced by a centrifuge in the Cell Biology Experiment Facility (CBEF) in space showed
negative and positive gravitropic response in epicotyls and in roots, respectively. On the other hand, the coleoptiles
of 4-day-old etiolated maize seedlings grew almost straight, but the mesocotyls curved and grew toward a random
direction under microgravity conditions in space. In contrast, the coleoptiles and mesocotyls of etiolated maize
seedlings grown under 1 g conditions on Earth were almost straight and grew upward or toward the direction against
the gravity vector. The polar auxin transport activity in etiolated pea epicotyls and in maize shoots was significantly
inhibited and enhanced, respectively, under microgravity conditions in space as compared with artificial 1 g
conditions in space or 1 g conditions on Earth. An inhibitor of polar auxin transport, 2,3,5-trilodobenzoic acid
(TIBA) substantially affected the growth direction and polar auxin transport activity in etiolated pea seedlings grown
under both artificial 1 g and microgravity conditions in space. These results strongly suggest that adequate polar

auxin transport is essential for gravitropic response in plants.

To clarify the mechanism of gravity-controlled polar auxin transport, we focused on the expression of genes
related to auxin efflux carrier protein PsPIN1 and its localization in the hook and epicotyl cells of etiolated Alaska
pea seedlings grown for three days in the dark under microgravity and artificial 1 g conditions on a centrifuge in the
CBEF in the ISS, and under 1 g conditions on Earth. Regardless of gravity conditions, the accumulation of PsPIN/
mRNA in the proximal side of epicotyls of the seedlings was not different, but tended to be slightly higher as
compared with that in the distal side. TIBA also did not affect the accumulation of PsPINImRNA in the proximal
and distal sides of epicotyls. However, in the apical hook region, TIBA increased the accumulation of PsPINI
mRNA under microgravity conditions as compared with that under artificial 1 g conditions in the ISS. The
accumulation of PsPIN1 proteins in epicotyls determined by western blotting was almost parallel to that of PsPINI
mRNA. Immunohistochemical analysis with a specific polyclonal antibody of PsPIN1 revealed that a majority of
PsPINT1 in the apical hook and subapical regions of the seedlings grown under artificial 1 g conditions in the ISS
localized in the basal side (rootward) of the plasma membrane of the endodermal tissues. Conversely, in the
seedlings grown under microgravity conditions, localization of PsPIN1 was greatly disarrayed. TIBA substantially
altered the cellular localization pattern of PsPIN1, especially under microgravity conditions. These results strongly
suggest that the mechanisms by which gravity controls polar auxin transport are more likely to be due to the
membrane localization of PsPIN1. This physiologically valuable finding of a close relationship between

gravity-controlled polar auxin transport and the localization of auxin efflux carrier PSPIN1 in etiolated pea seedlings



based on the microgravity experiment conducted in space will contribute to establish how to cultivate plants in space
in future.

To clarify the mechanisms of microgravity-enhanced polar auxin transport in shoots of etiolated maize (Zea mays
L. cv Golden Cross Bantam) seedlings grown under microgravity conditions in space as compared with seedlings
grown on Earth at molecular levels, we also investigate effects of microgravity on the expression of gene encoding
essential efflux carriers for auxin transport of ZmPINla proteins, and cellular localization of its products. The
accumulations of ZmPINIa mRNA in the coleoptiles and the mesocotyls in seedlings grown in space were almost
the same as in seedlings grown on Earth. The amount of ZmPIN1a proteins in the coleoptiles and the mesocotyls in
seedlings grown in space was not different from that in seedlings grown on Earth, whereas microgravity conditions
tended to increase it slightly. Immunohistochemical analysis with a specific polyclonal antibody of ZmPINla
revealed a majority of ZmPIN1a was observed in the basal (rootward) side of the plasma membrane of endodermal
tissue cells in the coleoptiles and the mesocotyls, and in the basal and lateral sides of the plasma membrane in
parenchymatous cells of the coleoptiles. Microgravity substantially altered ZmPINla localization in the
parenchymatous cells of the coleoptiles, shifting more toward the vascular bundles than those grown on Earth. These
suggest that the mechanisms by which gravity enhances polar auxin transport in maize shoots are more likely to be
due to the altered ZmPIN1a localization in parenchymatous cells of the coleoptiles, which facilitates auxin loading
into vascular tissues, than by the enhanced gene expression of ZmPINla or the increased ZmPINla proteins.
Together with our previous ISS results with peas described above, these suggest that gravity substantially regulates

polar auxin transport, depending on plant species.

We have already published 2 manuscripts (plus one submission) relevance to the ISS experiment results (full
success) describe above. In addition, we are now just before submitting a manuscript of microarray analysis of gene
expression in etiolated pea seedlings grown under microgravity conditions in space as an extra success according to
the program of this space experiment ‘Auxin Transport’. Preparation of a manuscript relevance to plant hormone

estimated is now under progress as well.
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Absorbed Dose (<10keV/ um) [mGy] 3985 + 22.3
Absorbed Dose (>10keV/ um) [mGy] 144 + 15
Dose Equivalent (>10keV/ um) [mSv]* 176.7 + 22.8
Mean QF 1.39 + 0.11
Package Serial No. 17
Total Absorbed Dose [mGy in water] 195.1 + 8.0
Total Dose Equivalent [mSv] 301.6 + 13.5
Absorbed Dose Rate [mGy/day] 0.40 + 0.02
Dose Equivalent Rate [mSv/day]* 0.62 + 0.03
Absorbed Dose(=10keV/ um) [mGy] 186.0 + 8.1
Absorbed Dose(>10keV/ um) [mGy] 9.08 + 0.74
Dose Equivalent (>10keV/ um) [mSv]* 115.7 + 10.9
Mean QF 1.55 + 0.09
Package Serial No. 24
Total Absorbed Dose [mGy in water] 148.6 + 12.0
Total Dose Equivalent [mSv]* 2120 + 144
Absorbed Dose Rate [mGy/day] 0.33 + 0.03
Dose Equivalent Rate [mSv/day]* 0.47 + 0.03
Absorbed Dose(=10keV/ um) [mGy] 141.9 + 12.0
Absorbed Dose(>10keV/ um) [mGy] 6.68 + 0.58
Dose Equivalent (>10keV/ um) [mSv]* 70.1 + 79
Mean QF 1.43 + 0.15




4. 2 mBEHRIZKD YV XES Mz BRSRBEZEOREFT (3 0=—MEE)

FERMTIRES MIBICKREFRERE L. TR, FL—MEFWTIOZ—HMREEEHE
Lz, ZTOMRR, UTORDOELSIZ, X R, HA A VR KRA A UVBROBSHIZKY, O
O-—BEENRDT B EABELMER ST, &5, RALEKEE (Gy) TH, XIRERE
BTIE, OO0 Z—FEHENETILRRBOANCOLREITVA, ZTREEEF AL, LHL,
PG ERBE LEBAE. 0 —HROETEZLL, LEA>T, FEKABODOEH
FREOMDIE, RFHE LTEDBRNTRE, ZOEBERZTVEEZOND(®S), DiolE

EERAN10%RPBEETRT. Dose
0 1 2 3 4 b
1 T
Fe C X #
Dio 1.65 Gy 3.39 Gy | 3.67 Gy
RBE 222 1.08 10 | .
B=
|
Il
m
Il 0.01
+§§|- —o—X-ray
EH—‘ —8-Te
—e-C
0. 001

5 <7 RE SHERDBEHR

AERBRTE, BEL-HBICHRNRERS Lz, L LEROFEHER TIIURKE L =Hiz
ERW=, RfE LB EEPOMIETE. —RICFERAROZENRE L D(KO6),
CHTHRFHRIZIE. DNA IS 2 EENE—RBEOEEG L. BHEBRAKDFIZHLTE
BMEEC L., TORRELDIVNLGEICLD 2REBICLKDEENDHDHTHD L
EZAbND, REMIETIE. KPFITEDZRRENMMAOND EEZOND, S HICH
A D EMERFICIEDMSO AR ETH Y., DMSO MT D AILLG EEZEITBENAH I L HE
Abhd,



EWICH ETOERN D, UTFDES2, —80°CTYYRESHIFIE B LT XK, &
=ie MHECRE LB, LTROLS (o, BRSEAMIEE - L YETTEEAED
mERS T,

Do X #3 R =R BAR
g 3.63 Gy 3.33 Gy 1.67 Gy
HRE 5 Gy >5 Gy 3.69 Gy
te 1.37 >1.50 2.21

:tE{ s
E\Q
|
! 0.1
O .
& o)
ﬂ oo 0.01 0. 01
il —e—C
—o—X-ray Fe
++ Q-+ X-ray(-80°C) *++ 0=+ C(-80C) -+ O Fe (-80°C
0. 001 0. 001 0,001 ( )

M6 kY RE SEIEORNRRSY
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4—3 MHEHRIZC KD DNA ZEHFHUIETICHT 2490 & >BERE

BRBREROEY T 2E(E. DNA ZEHUMEAE LS ENRRTHD(ET7),
EYCiE, ShoDDNABEICK L TEIET 2HEENH D, HETHEN DNA ZEH % Uk
T2 FFTATMEWNS ZUNRINFEEESIN, UAMEOE X~ H2ZAX 2R B
) ok ENnNd, FOHATIZIE, NBS1, Rads1, Mrel1 R E DR VRO NEET B, D
%, 2FEHEOEBERENDH D, —D2IF. FHRRMBEE T, &> —D2FHRBEBRATH
%, FEMRFRIFESE TIL, Ku70 (Xrce6), Ku80 (Xrceh) imE MR /Xy hifES L1z,
DNAPKcs & Ligased I2& Y., Ui SnfzRKigRELLAEESIND, TDH. LIS i=E
DOBIFRIBT 5, ERICIBE L CAHWDN S CRISPR AT £ RABDUIN L EENITH
nadH, BEENL, BHEEXRBLTHESALTWLWLEENEL, —FH, HEMEKBRZ T
&, Radb1,Rad52, Raddb4 I ED 2 VI hfEE LT, YIS TORWERBEDEFEH
BEDERE LB LBEBRZIICE->TEBET S, COFEIE. U Sn=Ho0EFEX. £ 5
—FDEBEEIE—FTEHILITLYEIETS, LEN>TIYIERGEELEWVNZDS, C
D&ESTBEDOENT, EX MY H2AX (FEBEORKICERLELFTHLS, ChETOD
WENDZFDEEFRETIE, MHEBRBEZIENAS AN, REIZLY, MigABKItL B
T EFHENIENMOENTWND(EE—T7),

DNA ZE R D EEHE

. ; — EHUIM
D P

@ w Rad52 Rad54
Rad51 )

SEERIRImRE & EIiek:

7 DNAZEHUKDEE



AWETIE, TEXZEFHOFMNEEMCEIYTTAESHBIZE X b HAX EBEF
REEFEAINz, EXNHAX ELFEATOTCREBLEYVRARLTEZXE L. 28
INZEEYY L =%, KSREMTERIZEET DS LKLY, ERX MY H2AX+/+, +/-, -/-D
EBEFRERFODESHMiz/ 0 — V2 FNEFNERT LI ENTEE,
sl onT /=570y hTH2AX BEEFOHRIBERST Lz, TOHEERNK
ETEFBRHEINGWA, ATOXTRXTIE, BEROKHL0%ICHED LTWDE I EABHLL
Eo51=(M8), TASDMEIZ DT, X BRERSHEFA, TORBEUTOELSIZ,
H2AX DR EDREETRIB LAY TATIE, I0Z—FMEARD & BRETRREZMEAEN
L7=(K8), LE=M>T. AMETIL, EEMiEEERT LIk Y. BEHEREZHEN
ETT 2N, EXNHAX BEREFEREBIETD LKLY, BEBRREZEEENI G,
FHTOBEFBROZEERARNDIENTEDEEZ (XS —T7),

X% B=E (Gy)

H2AX
0 1 2 3 4 5
+/+  +/- /- 1
H2AX &~ —ee
Actin
DTO
H2AX +/+ >5 Gy
H2AX +/- 5.0 Gy ﬁ 0.1
H2AX -/~ 2.56 Gy by
+H2AX+/+
+H2AX+/-
+H2AX-/-
0.01

M8 bXbYyHAXEEGFREYTIAD/ —H 70y b &BSTHIRRZMT
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4—4 <y RESHIIEY Y TILDOESE

LIEDRE AL, FEERY Y ILELT, YURESHRE(NO)EHEE L. BEEREA
Cell Banker Z N A THRERTFLzo UTDESI1Z, YUXRKE 129 FYHEKLEZRT ES
Mg nEAR, C57BL/6 RiftICHEY % ESHila. oMzl R b2 H2AX RigZ
BALEHIE, SoIcEXERT S OFPERFESEALLES Mz (K10) 2ARL.

BRI LTISS 23T B £ =,

Cells

Wild-type ES Cell (R1)
Wild-type ES Cell (R1)
Wild-type ES Cells (B6, GFP)
H2AX+/+ ES Cell

H2AX+/- ES Cell

H2AX-/- ES Cell

H2AX+/+ ES Cell (GFP)
H2AX+/- ES Cell (GFP)
H2AX-/- ES Cell (GFP)

1 package

5 Packages (5 Durations )
Total (ISS+Tsukuba+Osaka)

9 YYXRESHIPEOEE

10 HEELEF2—T7DET!

Concent

Number of tubes in a

ration

(cells/ml)

13

2x 106
5x 106
2 x 106
2 x 106
2 x 106
2 x 106
2 x 106
2 x 106
2x 106

X5
X3

Box 1

Box 3

package

16
8
12

© O O O O W

90
450
1350

Pox 2

7 | 77 | 78 80

57

82 | 83 85

ClEnE
Qe
@@ ¢
®

®

as

®@) =
®®
®®
®@)| = §

96 100




4 — b RBRHER
(1) RBERE OB

REEEREET BARICIIME~NOEEZALIRIMERETHDS, APRITENTH DL
DEVERERBRAETH S,

(MlEEE L L UREEREROREFER)
ROAES#REIE. 01%DC 5 Fra— b LETIAFYI I v—LIZ, Y4 M1
v CAE L=~ o AEEEMMESFMIE (MEF) 7 —4—filam EizF =, 5B
Knockout DMED;Invitrogen),I= KSRIKNOCKOUTSR Serum Replacement;Invitrogen), L-4JL & =
. WATI /B 2—AILAT TR/ —IL, 10000 DEFRM L=, #A2E5%C0,T
JICTHEELETOI-.

2EMEE, MIEEZ/E L THORIDDHEDEIZ, R2EKS2ED TO—TEFH L= FISH
ETTo1=, MEEER. 2Lt FERNNLTHREDHEPHTELESE S, 5612
JICTHELAYF2I VA ZMATEREBEREZEES =, #MidE 0.075M 0 KCI TS
LAR/—ILEEE (3:1) TEE L=, MBIEAT4 RS XIZHANABIIZEKYETRLTE
L. —REZBESIE-, £2EEYTLE. £EE 1 (&) . £BE2 (R . £64K4
(%) Tinsitu hybridization Z1To 7=, £BEZDO L DL, DAPI TEBE L=, EBEKY Y
TILIEERFLEEREE T, Cytovision DY 7 FEFHWTEHRLIAH L, K 1000 EOLEHEE
BRI,

(#s £ TOEREMER)
X URES MBI OVWTEBEABROER. UTOLS3 2B 1)1NEoN0tiz, 20
A F12BREE2L2BROALEBLELENDTHD, F1LBERINKT, FE2LE
EORIZEBEINTND, BRTIE. F2E2BEROF A MO 2 KOLBRIZERE L TL
52 E0bhd, EDOESLETEH ETOERBRTRERE L,

11 REFEEDEE
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Y ORXESHRRERRBERUT CTHRA AT VRTRE L. T0®R, FIBOFERIZHK T, 36
Ty TIVEEE LEBROTBENE SN DIROBMETTEH Lz, REERTHKENASA o
AVYUFEHREUA—DEEB T L Cucinotta B 5 & DHERER T, #EEE (600
MeV/n) (XKE BrookHaven EXIHIZRAF CT o=, CDFER, BAERTIX, 0Gy TlE, F
EAEBRFBEFZREGNAGLD, 004Gy 5IZ 10y 2B T2 & LBMAEZHITEML =, —
H. EANVHAX BGEFOATAORETIAESHATIE, 0Gy THEEMREIND
L&BIZ, 04CGy, 1.0Gy TlE, BAER KLY, EENEMT I LhRENF, EX MY
H2AX BEFARLICRIBLEY VR ESHECEHAERMEOKN 2 EEENELDI LN
BAoMmER> (RERT—4) , COZEIE, EXMVH2AX BEFOREBIZEY, K
EHRICH T 2REM (D0 Z—FHRICLD2EER) INEFIHERE—HLTLDH(ET
2),

O oay - K12 EXRbrH2AXE

B (4 Gy s EFORIBEFEARESR
L Gy

H2AX +/+ H2AX +/- H2AX -/-

(ISS B L U £ THOEERFER)

AT TIE, FHIC 14, 23, 38, 2 M ARESNAEYITXESHIBOREBEHERE©
DNA Ul & 5HAIL 1=, RRFIC, YIEBEMNAREST/SRLRXIZKY ISS THESINREE
EOMEEBTOREBRE ETESHIFZICEE Lz, RE LTIE, FERHBE TS VGF
REBBRRENFREAVE (RERERFEMZER HVAC IERICKD) . COEEEL
PEBUREEREDT—2EFEY TN EEEL, —BHITNIE /XRLAHLDDIFHRHL
DERE. TOXEY (M) RN FETES, F L. MEIN—HET. vy IHd5
G, NRLADNLDRELEYDHRICHEEZMZA U R VFTHET 2BELAH D, DL
2. FERFRERNZSNT, BEAFLESHBOLBREEREDEYEEDHIZF v
YIMNBENESABASMIZL, ELWYRVFMETS ZEAERETHEH(E1 3),

FHEHR (SERHROES) 13 HEEHES

<§:§§£jzﬂiMEﬁ(ﬁU) =k 3 X
E S#Hfa®D

REFEEEF
ED &5 LIRS

BHoNIcT S
Hh EANEER D S DEREHR (8R4 T, I%?ﬁi—)I

—) 8 E S#ifa®
fEFEEE

IESEH | MA CiBEHEE (RAB)




BMEREFHREMIT - ENFRBHFEBHMAC) TH LR ETo7-, K1 4D&5(.
FOROEN S FRICER FRNBE SND, BRAFO-ILEITRSTA 74 XEREL
EESHIlEAA > TN S,

IR EE THRHA LM FRIESUATO2EETH 5,

HMAC Energy LET
I5FiR 230 MeV/n 0.415 keV/mm
AR 500 MeV/n 218 KeV/ mm

ISSHSEIR LEEEY X ESH#HiIIS L UVKEHF HMAC T
Rt LIz BEEY X ES #ifgIE—80°CRSA 714 AHDL
X, ZU—HF—I2REINTWVD, ThbdOHEERRE.
T Izt RABICEFROESETEH L=, &
CIZ, FENRELROIE, BERFOEECFENRELSDE M1 4 HEHF HIMAC HnEs
BAHDEMENDEFREIREEDLDZIDT, —EDRE L ICX2BHTREBHRR
BENBDETCH >, T4 —F—MBOLTEE L, 7«

— A —HMBIEFHYA YA C TUEIATWSEDOT, RE0EEKEERT ZLE
BWIEERER L, MigzEaR. BEl. BRI 2#5 (HANAB) TRZ4 RIT X E
[CEBALM FISH 70— THE—L£BKERK. BE2R2BRER F4ELBREHTABTED.
A MEDI VDOV I MEAVWTERBREZER L, BELLTHFREHERE 020y &
10Gy CHRHE LEY Y FILERAW=, PADLESOT—42h 5, RIVEERNKMSIZE YK
0.4mGy/day £ TS, 06 Gy 2HL LS5 L1,

ZEERBITORN T, 2EEUMWEE CHBINEMTH DD T, SGEDHEIRIZIZEHAIL

fzo B2 71000 AEMRICLTHETET >, URITT—2%2KETTTTRLT
RKANKRTHD=H, BEFE L TLARL,
ZEERESE(L, AST Ao 1 AATOEE, DIC 2 B)EEE L DEBERLEHEEADR NE
BIR, |T, 2EEN2BIZEFED. D, 2@, 0 EAOHBRAEAHY. 2 BOLEKEE D,
COM; 3 MATLL L DM M 2 KU EDZBEIZEBI>TWS, BEICLYPDBELTUTOT
—REH/T=,

g | ke
ES # >
Az H = %
H2AX+/+ male #h = 52M B11
H2AX+/+ male ISS 52M B-2
H2AX+/- female i E 23M C11
H2AX+/- female ISS 23M C-2
H2AX+/- female i E 52M B11
H2AX+/- female ISS 52M B-2

H2AX+/- female xTH8 0Gy
H2AX+/- female &+ 0.2 Gy
H2AX+/- female #% 0.2 Gy
H2AX+/- female xR 0Gy

0624 Gy =% Al

H2AX+/- female B+ 0.624 Gy 0624 Gy =% Al

H2AX+/- female # 0.624 Gy

0624 Gy =% Al

16



FEREBEORREUTOLSICHTRLE,

15 JOfREEOME

H2AX H2AX H2AX H2AX H2AX H2AX H2AX H2AX H2AX H2AX H2AX H2AX
t/t o/t /- +/- +/- 4/ Ay +/= /- 4/-
BU 1SS BU ISS BU ISS 0Gy pEFx % 0Gy pEFx %
23M  23M 23M  23M 52M  52M 0.2 Gy0.2 Gy (x3.1) 062 062

Gy Gy

EX by HAX BEFOBHER (+/+) ESHIETIE, 1SS 1252 hARBRELTE.
HMEGYTILEEBIZEBEEBFIFEAERONGL ST,

ISSTH2MABRELELEER MY HZAX BEFATAOX TR ESHIETIE, 2EBHER
ARON=, — A, M ETR2ARBRELEY Y FLTIE, EENYITITI Y RLA
ILWORBKREEHEETH > =,

ECHFRERS L HAX ATORO < I XESHifgY > FILIZ DT, 0.2Gy
DIRET. ASHBLEEEEETOEMNRE SNz, I ETHKEERE L7z H2AX AT O
BT IR ESHfEY Y FILIZDWNTIE, 0.2Cy OFFET. BALHARLEAEKEE OEMN
NE BNz, H2AX(-/-)DREX TR TlE, LEBREENES ., TLEBEROBEMNT R
= ZXFERILTVWDEDLL 0. £BEEHTOY Y TILE LTRHWEL S 1=,
ISR, $fRE bz, 02 Gy TORHIZKILEBEREETDEEFNETN 31 L. ISS
HYTUAEEC LEEEZOND 0620y (CEE LTI TICRRLE(ET5),

(kR

52 M ARISS CREEBHREZ T MIEOXEREETDEE L FRERIZ K 2 %ED
HERLIY EHED, BFELIYIFEPOEND, COBERIE. ISS TOFEBREHEHEIL L AVE
BMEXDEMENHILCTHDOIZR LT, IMEFZTORRIEI—FHHNICESFT2RMED
BWELTHIEREZRMLTCWSEEESELH D, FHY Y TILIZDONTH, BERRH
FLCEEBL T L TOEEICLYRBAKERLGEEZFARNLIOTRAMEE CIC/REY
[ZIEIE L, LAL, EREXRIZLIZBEOENERDUEEELHDEEZNDDT,
FYFELWVEFARETH D@ —9),

RRICFEBERE VS BEHLRELEOERER, BREICLIEDTEELTEN
[CHEST D EF M ETYIalL—2arvddl b8 L. FHERETOICED
AETERY, §E, 2EEEELVSHEEZEEZANT, EENICAETELILEFER
THY, BAKERELGEOVRVFMIZE/ZIDEEZ DN,

17



50

40

30

2

o

1

o

(2) BIZFREOERIT

FEBRFBOFIELCIZEY, EOLSTEGRFNMEEICAN DI, BELFRBEIZELD
2HDEFRRTIONENTH D, AERTIE. FITDONAF Y TERNT, YT XESH
A SMEHRIZHIEK DBEET, EBIZZOHHELFEHRE LR, DNA array Tlk, 48
iTE’J&iEﬁ%%IEGPWL’,(i@Hj'C%é/J“ B REEEIZ DT, Fo—TJIckYE
NHdZENHY SEWETICIE. BERT-PCREEEDBITANRELR D, FI T,

RNA-sequencing M%?&E’Jl TOMFIZK Y BRFBBEY Y TILEFHEY Y FILIZDNT
MET LTz, BEEFRBICOVTIE, BEERLN S, BREFIICRNA ZEIX L TERFL =,

(a) HEFHDOHMAC (LY Fe T3Gy, 0Gy BH L=< X ES#ifa% 2, 8, 24, 48 B
EEH. RNA #HiH L TGRIEFHRE % RNA sequencing Ik Y L 1=

Fe #fDIERRET & 3Gy B L= I TR Lz, BHERORKRE%Z 0, 2. 8. 24, 48
BECTHEBELEZEROAZRLE, £2<0ERFOEEIL, MizgifREi 2—8 K c1Em
L. 24 B5RE. 48 BEIRRICIE, BT 2ERAR 5=, DNA BEELFDOH T 3Gy Dk
BOBHICKY, ELFRENEZICENTIZIEDEIFEAERSNGEMA (K1 6),
LA L. s 3Gy RS TRNAENEMT E2EDOM1H YL TRT,

X16 BEECTFRREOBMAESROBKEL

Radb0 Radb1 Radbh2 Xrcch Xrcch Trpb3

m0Gy Oh  mFe3Gy Oh =0Gy 2h Fe3Gy 2h m(0Gy 8h
mfe3Gy 8h m(0Gy 24h mFe3gy 24hm(Gy 48h mFe3Gy 48h

CORT6DLSIZ, MBEREOERBIZEY., RNAEREEFELRT 5, FHEFEICEHLST
TEICHEBELTVWSEDE—FRENLER L, TORTE., 48RHERBRLOOLLRET LI DA
ENREKM A DNA BIEERF TR OMN, ARETIE, #iEE 2 BE. H2 U\(E 8 KE
#goZiIZEB L1,

18



(b) 1SS 1252 ™A

40
35
3
2

o O

2

(=

1

ol

1

(==

mBU52M Oh
=|SS52M 8h

mBU52M 2h - m[SS52M 2h -

ZOT—%(E1 7)1&DNA BEEEFIZDONT,
L2340 THD, Atm, Atr,Radbl % &EDBIEF T, B 2 FERIT.

WTRBLEENADND, —H. CNELDEBEEFIF 30y DHBETIEFERLAENI ENBIK

®[SS52M Oh

BRERELEIVRAESHlaL i ECHRELET I XAESHIIBIZDOWLNT
FhR%. 0. 2, 8 EFRIEE L. RNA #[EUX L RNA sequencing I1Z &

Uy L1,

417 DNABEERFDHIE

Radb0 Radb1 Radb?2 Xrccb

®BU52M 2h ISS52M 2h  =mBU52M 8h
m mBU52M Oh - m|SS52M Oh -
BU52M 8h - ®ISS52M 8h -

Trpb3

ISSTD 2 WAL ETOT—H2 ZHE
ISS 4> Zivices

G HIRKENIZRIR L TOWEINHETE AN =, TRFAOERIZIZ. EX MY

H2AX RV 7 X DEBLEFRENRIN TS D,

DY (A ol =i

K18k EXkY

H2AX Bz FORFER
L=, EX K2 H2AX
B FRIEHIE TIEEA
DHOICERELAKREH I N
TWEW, ZhERFF
2 H2AIE=F 3 RIEH
FETEREBRLEL G-
TWd, £, H2aa2
EMEEN BT,

WIZEX b2 H2AX &
EFOREBEEHIHD
KOITREMNERL T
WBZ ENghol=,

NN BEEGFTHEYELIZR
500

M18tXRhIVERFRIENEL
400
300
20

10

o o
]
I
I
]
]
]
1
]
1
|
.

I

I

-

.
]
I
I
I
1
|

(L L Lol EEEE— L1

H2afx Hist1h2al Hist2h2aa2
BH2AX+/+ ®mH2AX+/+ ®mH2AX+/+ ®mH2AX+/+ ®mH2AX+/+
BU Oh ISS Oh BU 2h ISS 2h BU 8h
BH2AX+/+ = mH2AX-/- mH2AX-/- mH2AX-/-
ISS 8h BU Oh ISS Oh BU 2h
mH2AX-/- mH2AX-/- ®mH2AX-/-
ISS 2h BU 8h ISS 8h

19



(c) Fe 3Gy BHARTHEDHEML 52 MA ISSREEY Y TILTHEREANEMNT 5BEFIZD
WT
BEFREBRITOGER. SERHBS LTSS CORBEOAMATLEREOR SNEELEN
HOBVDEES %, ENLIZOVWTEGRFREEABCLELT, MTOLSIZREH TR
Lo SRBODEBEEFIZTONTIE, BERFED D WVEIFEHBRHARCISE L. DNABEDE
BHDIZWNETRN—VADFEREICEAET D EEZOND(KT19), RTIEBARM
YLD 0BEESBEORNAEE 100 & LTHRRLE,

& | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX | H2AX
A R e I R A Y B S B A BV B
¥ | BU ISS BU ISS BU ISS BU ISS BU ISS BU ISS
Oh Oh 2h 2h 8h 8h Oh Oh 2h 2h 8h 8h

A 100 | 102 |195 |201 |234 |294 |186 |1.756 (287 319 |297 |3.17
B |100 |1.02 |1.70 |407 |267 |313 |223 |210 [570 |558 |397 |3.74
C |100 | 105 |201 |302 |197 |207 |185 |172 |394 |396 |261 |259

80 19 ISSEHERFTRENSEDELRTF

60

40

1 || ||II Il bl

. T II || il II

Gene A Gene B Gene C

mBU5S2M Oh ®[SS52M Oh =BU52M 2h  =ISS52M 2h

mBU5S2M 8h ®[SSH2M 8h = mBU52M Oh -
m|SS52M Oh - mBU52M 2h - m|SS52M 2h - mBU52M 8h -
®|SS52M 8h -

(2)niER

D EDEENS, sifigk 2 BEM»D 8 BEADEEREATERNIELFRE DB H
bNBd, LHL., ISSEM B THEE CREDENALONIELFIIFEAELGI D=, T
DIERILONA DEELBET HEGEFIZOVTHRAKTH =, WAL TIE, K
RIZEDEBEERFOEGEENDFENFZFLEALEEONT, MIBRASRLEICEKET 2561%
WS EE—HTDHEEZLND,

L LIBEREETFOHRIZ, ISSTEMT S & & B2 ETO Fe 3Gy B THIEBEMT
L5EBEEFN3EH oz, CThHDELRFIE. FERERICHNELTWS EEZbNTZ, ]’
EDEZ A, ZORBFEEN L., FERHBEOBREREEEENICTRT L L ITHEE
THEIN., FNODBEFOMEEIZDOVNT, SEBTTEIFETH 5.

RUARE N/ LAIZIEN I FOERFAHDIENDNTEY., SRIOEHTLIEEF
MAEIZHNE ATHD, CORMIFNEICRRE-HEBRTHFEINDIERTFELE DI,
QER KNV HAX BEFOREBIZEY., BEANGL B IELEFEFICRENENT 2EE
FEHOz, COEOIBREREDLIZ, TNODEBGCFOFMEHEEDRITNINETH D
LEZBND,

20




(3) FEHBNRIZL D DNA —EHUIMICE 3B SER MV HAX 2RI DY) VB b E T
#+—h AR D BT

ERMMETRILONA CZEHUMEELC ST D, TOH, EXNVHAX BRI NY >
ik S, DNA IB1EHENBILT D, CDEE, EX NV H2AX BRI D ) UERIEIE.
DNA YTl DAHEICE LB =8, ) UBIEE X 2 H2AX( Y H2AX & FER)IF BB METEIZ &
%5DNA BEDOBEHERY, BXABBEBECEHERT DI LNTES, UTOFHEERTIL
ROAESHREIC X BB LV ERE L. TORESE 300, 1BELKT. 20/
ZEWNLYVIRAZ> 7Oy bafTofz, ) UBIlESIhZE X b2 H2AX DNMEINT 5 D AR
HTE5(E20), 16y UTOERBRETIH. XBEHHBTIODDH Y TILTIEH, RYEN
BEonigly, FEXBOATIE, 1ERERICIEZ. YH2AX OENTIZE>TWDOIZX L
T. #IBETE, 1EHERELLELTEELTWS, BEETEDLAEMNMLTL = Z®
KOBBEE, KRB LEDEHFRETIL, [ L DNA ZFHEMIICEHRO UM R EDEEMN
fE BEIPREETHIEVDNTNDEIEE—FLE, AFETEFHERMNBRICLDE
ARV UBELEEIZKY, ZHEEEHE LWL, LA L, FEESHRRE L2 »
AISS THIXL SETHHM 062Gy TH D, L. BRERTILIZHEMNSBNETIRA
70y hTIEDONA BEEZEEMNICR A B VAEEENT W EE Z 5Tz,

20 EXRFYHAX &> /80 OWEHGICL B Y »ERL,

Xray 0 05 1 3 5 Gy Fe500 0 0105 1 3 5 10Gy
¢-H2AX - omin o ax - o
30min
Actin - . Actin —
y-H2AX " 1hr y—H2AX ———— — 1hr
Acti .
ctin i e — Actin — == e e - ———

AERTE. COLS5BAEEBELEREYIRESHBOY) Vb X b2 H2AX T+
—HhREFACSICK Y EEMICHITT 2-DDFHERE LTI« — 4 —HIIBDHKEHZ
(X#8) ICL 2 EENLEBITERA, B MEF iz 2x 106 EDHIRZIZ X #2% 0, 5Gy
Rate 3 EREEER. M) TV U-EDTAIZTNEL., 2%PFA THIFAEEZH A > =,
DNA & (&, 1 vy H2AX nf&(Millipore), ZXR#{K(E Alexa fluore488 &2z i~ 7 X 1gG %
AWLT4TLy, DNA (& Propidium lodide (PDIcT#EL, 70—+ fA—%2—BD LSRI
ZARAWT rH2AX BBz DB mEDE/LEET LZ(K2 1), 0Gy & 5Gy @ X #RERS
L7= MEF fifa ) U EE H2AX OFEBIX, M220 Ky 7Oy bD&SI12H Y, 56y D
X #RERET L7z U Vb H2AX BHEOMRERMN LRI T LTS I EMnn, 56y BRE
HpEm ) VEge H2AX BHEREAEM L CTWE ZEEZRT ZENTE, LA L, 5Gy DR
HIZBEWNTH, FACSORHDELIEHTMATHY, VTRAZTOY b&Y, EELEHIE
SEEFEZONG NI,
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_ ooy , 56y 2 1. X #5Rs L=< RBak
=1 SR B I BEFMEEEROT, U VB
g . H2AX ORBOENBENELE

FACS Th#k L 1=,

yH2AX intensity
1|‘:|:c

102
1}
I

TIm I | T IIIIl||| T _IT”TWI ll[l'ﬂl T ||||T||| T 1T MI T
10 10’ lu‘ 10° 10° 10° 10 10°

Propidium iodide
REMICIE, YU X ESHIfIc DL TR, —ERERIC. MIEEEE S8 T yH2AX
MAETEBEL, BETRENETHF—HREZHREL. TEELTVKZEDRRVWEEZA DN,
HEERERELTIE UTOKS YU X ESHifgicgkirT 0, 05, 1Gy ZRHF LE-EEER
L7z, EFREIEREEORBERLEZ, &N yH2AX RIS LizxY (GFP) TH 3 (K2
2)s
0.5Gy

M2 2 $KiREBETIC

kB EX K H2AX

DY B
hIIIIIIIIIIIIIIIIIIIIIIIl
hIIIIIIIIIIIIIIIIIIIIIIIIII

EELTVWAMBEOSEAE, BHHREHNE 3049, | BRI TIA—HhAARETE S,
BIEES Mz L TIEB T 21548, EX MY H2AX O VEREIZAIEFRIE A B WO A AEA
THhd, AETIH., LOFED LS ICRER 1-6 FRNLWVWEEZ o=, 106y DOk
BT 6 BERIZCEONDITED IA—H ADANEHE EDERFENEB LB THD
EAERE. KEALIZKYBALAIZINATWD LD TH D, AR TIE. TD &S BREB©/N
SNWTHA—NRADEWNDHERTTIFETH 1M, ERDO LS BEBEEEFBLNEIH, <
D XESHIfETIE, EEWICHEETETL Y TILEA+DEBLIENTELEI DT,

X

Q)D&
DNA#BEDIERE LTY VvEIEE R by H2AX OHiiEA LK AULVS D, KIFET
X, YORESHBZRAWVWSEH. X574 RATAANDEENIMEWN &, KRETHRIER
5TH, MEANHEIZHES EEZDNBINSNTA—HANAONE I E, SBIZ, /—
Y7oy b, FACSHRETIHEIMNE LN E”DM o=, LHL., EREXRFEL
CHENT, HERTIE, £2BAEEBNZTEALELL, txh/HMXA%Dwﬁ@T
X, 2EEEENRINDIZEND, DNAUIMTIC K2 EEEEEER, TETEDH L
m@%t%éwf\7&\*#E@JL\ﬂ&wﬁﬁwﬁﬁ&mméﬁa‘aﬁﬁﬁv
H5b,
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(4) FAFTY9RDOER]

ROXAESHzORFHTHD AEeEEFIA L, Migot, BRRE~NOFHRFROTLES
BT D EATRETH B,
RUAZRIMZDOVWTHHRICH T 2REZMERE Lz, UTO LS ISRV X fRe
#4R%& 0, 1, bGy THRREE, invitro TIHEET S L. XEETIH L Gy BETHH 75% D FEILEE
BIIETHMET D, —H. HKRERH LI=HEE. K 40%DHEI BRI 2 H, 30% DI
NEELGFRLEAEY, WIUNODENRERDEETH>7=(M23), O LMD, ZFEIN
CHENTIHBIEYNIRERLIENEEZ DN,

M2 3 $IRICLDTYRZHEINOFRERSE

100 i 100 e

80 80 0 RER
60 60

40 40 ' o AR
20 20 '

0 0 . I n EERK

0 1 5 0 1 5
w2 (Gy) = (Gy)

BRHIC. FERIRICHERBLAEIYTVAESHRBIZOVNT, ZORDODREICEELALND
MRET LTz, REERIE, REBREVA IR - BEEREZEMEFNEEEEREYER - Ko
EERTOCADHOOBRHAZEEECEMHEERTT 2 (K2 4),

M24<wA004 7 avickdvyXESEOEGRL

RAGEA DO FoTY

B B4
BRI pE

@1@)
\ i
{(\ "{_u‘-
(1 )Y 4 ‘
N/ }/ \\ Y/ \ J
7 » o

FHTISMNARELEYTIXESHIB(CO7BL/6:ERE) ZEERICRY U X (EE£:H)
RN 7a400 7 ar L, TR BEHIRY D ADFEICHIEL =, ZDHERE.
M25D&E5HBBEENDEDEL2EFATIVNIANEEFNE(H25), BEEXFHIZ 52
MNEBERERELEIVAESHEA ST a3V LTEENTFASIIRATH D,
FRENSE ISSEFMIENADEFASIIVANEEN, COZEF. FHTOHMNAM
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o

FHBAAREZ (T VX ES MlaMBRREZHSBENEHRFLTLWSIZLERLTY
%

BFHECTHEFLE ES MIEAEDFATIIANLEBOIVRANEE L, D LI,
ESHifaN S S ICAEERMIZE LTRHROI IR Imb222EERLTWS, Thb 5,
FHTOH2 WABBELZESMigt. £IEMIBICARSRENEALTVHSLEERLTLS,
3 MAFHTRELEYIRES #lgASEELEFI YURIZOVNTIE, &5I2, F1 <
DAL CH/BL/6 RTREDKENS(RHDAL YOOI IRAEFER), FHRNEENT
£Y. 52 HAM ISS TOFHFBHREARBRTEHEEMELE LTORNEREBSIEL S

Lixamror=EExLNE (B25),

K25 FATTTADOERERE

BAIEELN
ES Mo H¥E
L= Fl <
A

SEEAS |
YU RJI3 &
Ch7BL/6 <

F1 & B6 ¥ XADOXKHED
kB EBTTRDH

BEBIEES
ES ™5 H¥E
LE=Fl <
A

3
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38 MAM IS &t ETRE L= E Silifan o EFIEEER

38M ES FAS ot % Blo? BIZ

1ISS-38 D6 D6D 0 3 0 0
ISS-38 D6 E3 10 8 0
ISS-38 D6 E2B 1 1 1
ISS-38 D6 E4 3 2 2 1
ISS-38 D6 E6 12 2 4 1
TKB-38 D18 E7 8 5 8 5
TKB-38 D18 A-2 6 6 0 0
TKB-38 D18 EBA 7 6 5 3
TKB-38 D18 E2A 2 4 1 3

St S| ansh | s

52 MAMIS &t ETHRE L= E SHifas o EFERER
52M ES FAZ a 2 Blo BI?
ISS-52 B8 St 4 1 0 0
ISS-52 B8 S2 4 6 0 0
1ISS-52 B8 S4 2 1 1 0
1ISS-52 B8 S6 2 5 1 4
1ISS-52 B7 J2 6 6 2 0
1ISS-52 B7 J3 6 0 3 0
TKB-52 B20 T1 5 3 0 0
TKB-52 B20 T4 3 2 1
TKB-52 B20 T2 3 3 0

TKB-52 B20 T3X 0 2 0 0

ISS 29.1% 57.1%

HEHEX A TE
2K (F 15.4% 9.1%
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(4) DiEH®R
lEDEEMNS, 38 NMAH 456mGy). 52 MBI 624mGy) ISS NIZEF LY TR
ESHfalE,. bbb FILERMBEIC, FATTIRERY, BAERO—E L 2B EREL#E
FddLLtio, £HEMIEE B Y., E£HEF A T (germ-line chimera) & > 7=, =512, 38
NEDOMBEICDOWNTIE, AR, AXMLEHERMRDIVANHET D D, AR

DEHETTIE, FEBRFBROEZZIZLY., BAERRE. £FEEMNMFIET S AIEEMIFENE
EZbNT=,
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(1)

(2)

(3)

(4)

ER

RELEFR O RS

ATV RES Mg RPBAERE LEREORELFARNIMETH D, TN
. MIZIEFEIC—80CUTRTRITNIER ST, 5 EIFELEURIZH LT H%KE Space- X D
XS EEDCFERAABATH =, KE., D<K IE, KERHIAFOBOBELEIZRS
ATARER, BEON—ICLPEEEEANRETH =, £, EHATOXBEREE
ZHEVWESRYF LN, TOBR, RWERWNLAEZTIXESHilg0EFRIEE R
N, TOBROEBITICERATERLZZ LEBERENSEL,

fRE & ISS #EDRER

ISS DR < I T PADLES TOMEBAIEIZOWTIE, Xk (2) IZEBSh TS,
BED [ZFE5) TOREMEE. RIEERIL 0.27-0.34mCy/day, MEFEHKTKN 2 TH
%, SE. MELFI TORFIC L YD EEDORNIEERIEH 0.35-0.40 mGy/day TH Y. #
BR#HUE, 1.39-160 TH-o1=, TR, BEUERIEL, ISS THK 0.6mSv/day I=xf L
T. MELFIRTIL, 047—0.67mSv/day &Y, WEEIZKDERDEEZIEIREST L BRNEE
A BT,

BEAEHIARIC & B IEREHIEL  DIRE

AR TIE, FEHERABROHIE EEET IO, STRERKESHBEER N, %
DEHIE. 1SS TOFHEBEHEN 0.4mGy/day & WS EBRERTH 5=, REBOHIELL
DRBETHDINDTHD, —H., YIRAEREIFECRABOATIR#ETHD L H
2. EHIZHFIRIADH D, B2, THOBHEEIREITETSIETIZ, YITRDEGTH
DH2FEEZRBLTCLED, TOLSBEAL L, HEMEEAWNS &Gz, L
L. BEMEERECESEDE, KDPFREICLDIZRBREBRIZEDZDENDLECADB I &
NéHd, I T, AFRTIEL. DNABEELFTHDIEX b H2AX B FREX IR %
AWz, ThickY, BERESIMEATSRY., FEMIETORAERETEDILEEZ
=

ERRICIE, B2 HhAICERISS TORGFEOKE. HERESHECETLEEBERESIELT
H2X BIEFATOXRBEMIBTHER SN, TOEIE. BEEMETHI LEEVZ, BERIZE
BRUETHBOBFRERE LEGAIVEVNEZEZOND,

ZOZEIE BRIZEBANATVD & SIZ, BMEBRBHIZEVTEMND S W IEHBIEEIZ &
Y, TOMRMEBT 5L LBEENHDEEZOND, T, HFERLEDEL, ERE
RTCOWIEILDEBEELEFOBEIZBTHIERX M H2AX OKRE|IEEENHD EEZ DN
%, 5, AEERTIE, FERHRCLIIERERFECEZESELEZEDE LTEED
HdDEEZOND,

KERT~DEE
KE~NODBEARITIZIE, H660mSv #IE<FdHLEFZZoNTVB(XH10—-11), &
DISS TD L2 MAICRAERICHOELRT S, L L. BRERICKIY, EYENEENE
WENdG3oE BACLLZERABOFHEREDO) RV FL@BHME LAGL, 0D
EHIZIE, SEOLS BEEMEEZERAVEFHEERSIDETHDIEEAOND,
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. Tms

CFESFAZI VY Y IFERARAMABYAETEM CRIETZE (Stem Cells) J =

FYLTOERNEO NI,

RUPEFERELEZYIRESHilgZEZE L. £EAOEFZEHR LI-ER. HEETIL
ISS £ FCEB I G2, EX MY HAX BEFATORBEESHIEATIZEELARDS
nit,

EX by HAX BEFATOREBMIETE. 23 hARELY RO 52 M A ISSHEFIZL
YRBEERELEML, BRENIZONA DREANERIN TV EMRALNER ST,

ISS THORBHERIZ, LT, BFROBBRLEOENFRERBF LEFELIYENS
Enn, BREBRICLDPYR, 2FYLEBKEEZLELLDNAEBEEZSISECTIHERICD
BEAHD EEZ DN,

REIISS CHERELEZYVRESHMildz~x/ 704400 avicky, bR LEREE
2, ZRINZEALFASYIRIEARETDZENTE, BEREZB LTSI &N
LMo T,

38,52 WA ISS CIRIFLEESASHEEINI=F AT I X%E CO7BL/6(ER) L TER A,
BEAOEBEZFDOESHEDTYIAMNTELIEND, ISSHEES MM SETEF A S (B
BINTE, EFEMIEERICEEDZ N ENgh o1z,

38 HAISSIZTHEELEEEFATYIRIEZNL EHICHERICH/BL/6 ¥ TR EFHE L.
FROREELIENTEDI LMD, HIEFEANIMIBZITEL I EMBHELDANE G D=,

EX b H2AXEBEFRE (-/-) ESHIETE. X BFR. SHRICKDMEHRISTT
PRZIUATEDIN. CDEE, Raddl BRFGREFEAEDDNABEERFRER.
EELGWI EMNRALNE G DT,

—EDEEREEEBETFA, B, CI2DOWTIE, 30y OHBTRIENRE S LRAEFIZ 52 H
AISSIZREFELEZESHETERAKOEMAA DN, FHENRICLIERFFIEL LTRHR
HTER,

EX MY H2AXBIEFORBIZEY, REOREDELRFHERENRBT DELFED
BoméElGofz, CORDBERFREIOHEEFERIZKY .. BERRITHT T 2B EEENY
T2TWBIERNFREINT,
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HYItX

924707

B%E

Minimum
Success

ERFEHAT—Y 3V TRE
LEMY L=< R ES#RaIZE
BEhTu3DNABEEESR
L. Y7 REAKRNDOREETRE
HDWIEEENEEDOAETE
MBI RIET FEHRAROE
BLETFEMNIZRT &,

fi
Ot &

@SS IRFED ES Ml TR EAKES
NEMLEZZEZHAGMIZLED
LIZDNABEOEEEZRE Lz
DTH D,

@338 1A ISS IZRTF L =#fai= D
WTIHERREEL EHICHECH
WTHEHZEMER->TWS &, 52
MNE CIEEREEICEEN TN
EERLE,

Full
Success

ERFHAT—Y 3V TOR
EHIROEL BT U X ES #ifa
[CEESIN-DNAEEBS LV
R AEAE~NDREBED B
WEEENBEOETEME
[T RIFTFERBSEDOZEIC
DWT, REHHE (B2 &
DHEBERT &,

F7/-. DNA BEEGCFEHE
LU XESHilgERA LT,
FEHBEEIZ LD DNA S
L. DNA BEEEFAED
KOICINE. HRET DM ER
I,

OES Ml D BEER(EL. 23 1A
NOEBRIN, 2MAICFN 245
[zEimLTcWhaZ EERrLE, —
B, BERLEIZDONTIE, 38, 52
MATHEBIZTEEN TN L%
~ LT

Q@ ETEFMITIZDOLNTIX, <D
BEECFZFDEDIZIE, RBIC
EliFEmWC EERLE, £, 3
BEOEEFTIE, BHBRTHEES
N2 EREEFIZ, ISSTEHEFENRS
nNdZeEDD, FNDNFEES
BIZIEBELTWSA I EERLE,
Bz, EAMYH2AX BEFR
BiIckY, RENFEEIND D
D, FIZIH SN DEEFEHED
MLz, ThEDEBEFOHEE
EAICK Y., £BAEKEENEI -
Y., ENEGHFEYTDEES5E
WTWB EEZ NI,

Extra
Success

FEHBSRIZERE T S DNA B
SEERECTDROEEB
BADOEEIZDNT, TILY
JEREMZDH-LRMREE
N R

@52 MNAIZH L NMEMREEK(0.62
Gy) DFHBHROEYFHNTE
ERABRREE L L TEENITRE
TETEIELRFEETHY. ERE
RIZKYEY~DEENENET
BRINDIANZHLMNZT DHRE
REBD, ThIZKY, KERE
T EREHR Y AU MMEL 15 B RTRE
MEHY. RELINBBTED
AIREENH D,
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Summary report of the ISS-Kibo utilization mission
Effects of space radiation to mammalian germ cells (Stem Cells)
Principal Investigator ; Takashi Morita
(Osaka City University, Graduate School of Medicine)

Jan, 2020

When we think of space environment, we must care about micro—gravity and space
radiation. Recently, it should be planned of manned flight to develop earth-moon and to travel
to mars. So, it is necessary to establish risk assessment of space radiation during the long-
termed flight and stay in space. Space radiation is low-dose and low—dose rate radiation, but
it contains heavy particles as carbon and ion having high LET. In our project, we planned to
launch mouse embryonic stem cells (ES cells) as frozen condition to ISS. They were retrieved
to ground after about 1, 2, 3, 4 years. We studied biological effect of space radiation and
compare the data with the physical data to use PADLES bio—dosimeter. Our purpose was to
know the biological effects of space
radiation to mammals. Space Radiation

In this project, we launched mouse ES
cells of wild—-type and histone H2AX-
deficient ES cells after freezing and
kept them in freezer, MELFI at =95°C in
ISS-Kibo ( Fig.1). After 14, 23, 38, and
52 months, the cells were taken back in
dry-ice to the ground. The thin and
small bio-dosimeter PADLES were

ISS (Kibo)
MELFI -95°C

38E8

attached to the cell samples in the (2013 March 1 | 14M 23M 38M 52M 52M
MELFI. The absorbed dose rate is about @ mﬂ} Fﬂﬂ (] FIEH Fﬂ]ﬂ
0.36 mGy/day, and totally about 0.57

Gy of space radiation was absorbed by Fig. 1 Scheme of space experiment

the samples of 52 months.
(1) Analyses of chromosome aberrations

The mouse ES cells exposed for14, 23, 38, and 52 months in ISS were retrieved. They
were thawed and cultured. Then, chromosomes were spread on the slide glasses. The
chromosome were hybridized with FISH probes and observed by UV-microscope equipped by
Cytovision software. Wild-type cells of histone H2AX had normal chromosomes kept in ISS
for 52 months. When we observed H2AX (+/-) ES cells, we found increase of numbers of
chromosome aberrations depending on the duration of stock in ISS.

We also showed chromosome aberrations using mouse ES cells exposed by proton and Fe
ion-irradiated at 0.2Gy and 1Gy using HIMAC accelerator at NIRS in Chiba. From these
results, we can give supporting evidence from biological aspect to space radiation risk
assessment to mammals.

(2) Analyses of development of mouse ES cells

Mouse ES cells stocked in ISS or on ground for 38 months or 52 months were
microinjected into blastocysts to make pups. We obtained chimeric mice with white and black



coat color from 38 and 52 months stocked ES cells, either in ISS or on ground. It showed
that both mouse ES cells had capability to differentiate to produce adult tissues and organs.
Those chimeric mice had crossed with C57BL/6 mice, and black mice had produced, showing
that both ES cells kept in ISS and on ground for 52 months had ability to become sperms or
eggs to transmit. The black mice derived from 38 months stocked in ISS were further
crossed with C57BL/6 mice and they got pups from male or female, indicating that their
germ cells were potent to transmit their DNA to descendants.

(3) Responsive expression of genes involving in DNA repair of ES cells stocked in ISS

The importance of DNA repair genes to space radiation was clearly shown by our result
that histone H2AX-deficient mouse ES cells were more sensitive to space radiation than
wild—type cells. We also examined gene expressions of ES cells in ISS or on ground by RNA
sequencing. Although expressions of major DNA repair genes were constant, we observed a
few of upregulated genes concerning stress response in ISS stock. We think they are
involved in the regulation of DNA repair and apoptosis against stresses of space radiation.

Conclusion

In this project, we observed the effect of space radiation to mouse ES cells stocked 52
months in ISS by the increase of chromosome aberration and increase of stress responsive-
gene expression, in spite of the low—dose and low—dose rate of irradiation. To analyze effects
of space radiation from biological aspect is essential for risk assessment of manned flight to
moon of the earth or mars,
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Summary report of ISS - Kibo utilization mission
The elucidation of the re-adaptation on the attitude control after return from long-term
space flight (Synergy)
Principal Investigator; Noriaki Ishioka (Professor Emeritus, JAXA/ISAS)
December 2019

1. Hypothesis and Purpose

We hypothesized that the factors making it difficult for astronauts to walk immediately
after their return from orbit are the unevenness in the state of the lower limb antagonistic
muscles, and the instability of somatosensory regulation in the vestibular system and
cerebellum. The purpose of this study is to investigate the adaptation process of lower limb
skeletal muscles and somatosensory in astronauts after returning from a long-term stay in
space, and to contribute to rehabilitation methods after returning from space.
2. Experimental procedures

Before (Pre) staying in space, one day (Postl) after returning to earth, one week (Post2)
after returning, one month (Post3) after returning earth, and three months (Post4) after
returning earth, the following items were measured using five astronauts as subjects: (1)
muscle activity pattern of lower limb antagonists, (2) postural sway balance, and (3) blood
flow of the skin surface on the central region of the gastrocnemius muscle. During these
measurements, the subjects performed the tasks of standing and walking. During tasks,
electromyograms (EMGs) of 8 muscles (soleus, medial gastrocnemius, lateral
gastrocnemius, tibialis anterior, vastus lateralis, rectus femoris, biceps femoris, and gluteus
medius) in both sites were recorded (Fig. 1). Muscle synergies and their activation were
extracted using non-negative matrix factorization. Furthermore, the planter pressure
distribution during walking was also measured. Figure 2 shows the data obtained from the
measuring instruments used in this study.
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Fig. 1. Fig. 2.
Fig. 1. The subjects were to shift and align their center of pressure (COP) to targets dispersed in

12 different directions in the horizontal plane by leaning their bodies for 10 s.
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Fig. 2. (A) shows the movement of the center of pressure obtained. (B) Four muscle synergies
are observed in calculations from (A). (C) shows the image obtained by 3D motion capture and
the magnitude and direction of the floor reaction force. (D) shows the changes in blood flow. The
chart shows five sections of foot steps taken (10 steps per section). (E) shows the surfaces of
both the plantar pressure and the trajectory of the center of pressure during walking.

3. Results

(1) Muscle synergy analysis: Motoki Kouzaki in charge (Professor, Kyoto University).

The muscle synergies disappeared, and muscle synergies newly recruited by space staying.
With respect to activation of muscle synergies, posterior direction of muscle synergies was
decreased by space staying. These responses maintained three months after returning earth.
(2) Gait analysis: Masahiro Terada in charge (Associate professor, Kyoto University).

During one walking cycle (Foot strike—Foot off—Foot Strike), the walking behaviors were
compared for hip angle, hipshot angle, knee joint angle, ankle joint. As the results, each
parameters of the walking behaviors were not changed significantly in each measurement
point.

(3) Blood flow analysis: Responsible: Akihiko Ishihara (Professor, Kyoto University).

Each subject stepped five times on the same spot at their own speed in standing position.
Blood flow at both the first and fifth steps was decreased at postl and Post2. However, at
post3, blood flow at both the first and fifth steps had recovered to normal levels, and at Post4,
blood flow showed the Pre level before long space stay.

(4) Plantar pressure analysis: Noriaki Ishioka in charge.

The arch index indicated that all five astronauts had arched feet, and peak plantar pressure,
metatarsal and heel pressure fluctuations, and plantar contact surface decreased over time.
This suggested that the trajectory of the center of pressure (COP) moved outward due to the
increase in supination motion. Full recovery from these changes was not achieved after three
months.

4. Discussion and conclusion

The blood flow returned to nearly pre-flight level during three months, but muscle synergy,
plantar pressure distribution, and foot balance did not recover to pre-flight level. It seems that
macro walking behavior does not seem to be greatly affected by long-term stay in space, but
it was affected by micro level, and it did not recover even after 3 months. This study
quantitatively clarifies changes that cannot be captured by conventional posture balance
evaluation indices, and has shown the possibility of contributing to future rehabilitation
methods. Whether the changes identified in this study remain fixed or recover to their pre-
flight condition, we concluded to need to be analyzed over the long term (at least 6 months
and 1 year later).
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Summary report of the ISS-Kibo utilization mission,
“Characterization of amyloid formation under microgravity environment: Toward

understanding the mechanisms of neurodegenerative diseases (Amyloid)”

Principal Investigator, Koichi Kato, phD. (Exploratory Research Center on Life and
Living Systems (ExCELLS)/ Institute for Molecular Science (IMS), National Institutes

of Natural Sciences)

Nov. 2020

Amyloid fibrils are self-assembled ordered supramolecules comprising proteins and known to be
associated with various diseases including Alzheimer’s diseases and diabetes. Although each of these
diseases is characterized by its specific amyloidogenic proteins, it has been speculated that there exist
common molecular mechanisms that govern amyloid formation across diverse systems. Hence, it is
important to elucidate the underlying mechanisms of amyloid formation for promoting clinical
approaches to the amyloid diseases. Recent evidence has suggested similarity between amyloid
formation and protein crystallization. However, little has been known about the detailed mechanisms
of amyloid formation. Under these circumstances, we attempted to characterize the amyloids formed
under a microgravity environment.

We compared the fibril formation of Alzheimer's disease-related amyloid B (AP) proteins on the
International Space Station (ISS) with that on the Earth and found that the process of A fibrillization
significantly slowed down in the microgravity environment. Furthermore, distinct morphologies of Ap
fibrils were formed on the ISS. Type-1 fibrils, which made up ~80% of total fibrils, exhibited narrow
widths (6—8 nm) at the crossover points, whereas Type-2 fibrils, which accounted for the remaining
20%, had broader widths (>10 nm) at the crossover points. Cryo-EM data showed that the cross-
sectional structures of Type-1 fibril exhibited a compact shape, while the cross-section of Type-2
accommodated a square trace with symmetrical orientation, suggesting their distinct differences in the
relative orientation and internal substructure of protofilaments.

By inspection of these results, the project highlights the utility of the ISS as an ideal experimental
environment for investigating the mechanisms of amyloid formation without uncontrollable
perturbations caused by gravity, thereby providing fundamental insights into the pathological amyloid

formation.
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R) . BEEANETTEREEROBZET o= F-. EOEBZEHRL-. SWELERIEEFIE
[Z&K4IZFRT,

x4 PELEBRESETFIR

BIERE
WEE (FH. 1SS EFS) MEF—LUOEE HEFHEEVS—)
1 | AT4HANLFvTryTIUSB HD | FRFEEE—0 UOA Ok 4 ik

AAZINY Y NGE D EE
2 | HIRF—L(MLE)ICKIEREZE | EERZDETR
EOMREZEDLEHOEE K
E(@OUIL—E@m-QF#ImE)

3 | ATAALSYTLOEBRERER | EBREFI IV ERZEMROMHER
4 | PI-2)L—FEORERR(EIEE
REGENLDERF) DEE

5 |H2.\1Zx2T5 BEEFECEENTOLRICEETZERD
AVBEL—ZT5(EEILBATLEIRE.

SHAK . EF. BER.RERICTESTLLY
2= 2?2 E)

6 FTRDEHRES VIV IBEBDZE

F—A2>xF7F5> Data Share Plan (DSP)

BRECEBNTEHINTLSEMEE (MEDB1.10:- R ABRE. AE . AEHRE.RE. B
ERE.-XTHHEHRE OCT.BERRELE)DHERIS. RARIABEIEENRELE
MNIRBIREINREELLZNGEED NASA RIEL (A TRANIRN) D HBEET—22177
SUIZ&YFET=,

F1-.MEDB2.1(MRKRE.ANEJOEVRE. AT Uyb, FRiMiBk %) . MEDB5.2/ASCR
CEFER). 5R/KEL. T4 x7T50I2&YE -, 512, NASA O MEDB1.1/1.3 12&
DEFIEARE. REROBMBRCEREDRFRLE .

1 &t #& #7

T—RIETF B +1Z # R = (standard deviation) TERRLIz. @RLBIEDERTHAEEEL.
RERE—TERE DM (BFEEF: RITAT Preflight, ’{TH Postflight, JHh/\1)—1&
Recovery) Z# it L1z,

ERDIHDHREIL Kolmogorov-Smirnov test ZALY, ERE L AmMNRE TEHWLT—FIZEL
TI& Friedman test Z AL =, 1T AI Preflight, 171 Postflight. ')71/\!1)—# Recovery ® %
B8 (X Student-Newman-Keuls ZZERA Wz, MEARLEER DT —2EEHETREEITOE
Z0BBKIER P TAINRETEEN o120 2 TEHED RS IIEITHT(Z. MEAL &L
D L& (X Mann-Whitney U test IZ Bonferroni & %M X TiTo7=, H Y 7kIE SigmaPlot
software version 14.0 (Systat Software Inc, San Jose, CA, USA)Z R\ /=,

MR EEEAEIOEVREOBMOMEEMMIZIE R(The R Foundation for Statistical
Computing, Vienna, Austria) Z AL T the Repeated Measures Correlation Analysis (3CH#k 1
6) % Bakdash and Marusich #E M rmcorr R package ] (X#k17)ZFBALTERLT -,
P{E 0.05 xilxHELLT=,
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4. ERBERRUEER
4.1 HEBREOBME

HWAET M HlOETOTRAAERREETLE. ZOR. M1 EFTETOT—4E22T7T5
VORRENASALYZIY BTEETIER(BH1048. 2% 18) GREHB - H4~6H
A 1041(150+28 H). ¥ 1258 16 (X#EK11),

FRWHITITEEFER 467 FTHOE. ER. AEJ . $TH LT 30 HATIZ178.7 £ 6.1cm,
825 + 85kg T.#M EIRERIZIX 179.4 = 6.7cm. 80.1 = 9.3 kg THo1t=,

BARMERR . MR EREREOENMASRBE(E. TOR13DTESRITATR CTELLIT
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4.2 MEAMICTHEENEHEBEOHER

RATRNICHEARRITEROEEANEHEELIAEICLEFLEAIE. 1 flOH#TH--(E14B D
RITEEE 9 B SOARIL X)) ELMICERGEOEY  COBEENEHFTEIAEICEE
(17.7mmHQ) ITETERLE=CD 1 HITIX SANS ki (X TFHEEERE OCT FiR : mHlER
ROBBEIEZE. RZRECA)EZRBD. TLT VAN T EEEIZR>TL =,

— AT . 2FLLTFEREBEZNERERICRL, FPEAOERELT, FEALDH (11 i
10 1 >90%LLE) C.EENFENLRITHIICLER, RITRICETHLFTETHoI-. FIC. RIS
SANS RELLEDEEMADEN o= 9 HI(HM14A)TEITVN—TEHTHRHZHNICHEEICR
TRICEHENESETL, YUAN)—TCRTAEEEEDLIMEICE STV,

DFEY.TFERITHRDO KRRV INIZE S T, —HRICTFHERITITOEEZRNEESARITANCLE
RRITHRICERTBIEEFBK TLAZIETTEHITENTER ST,

A BROIREICTHREMNGH-1=9%] B BORETHMEILEZREL

P=0.007 P=0.006 ARIGIZESR DT R A& o1=2151

Ia | | n=9 g’ 18 9 & ' Symbol, Astronaut No.
E” - .
2 16 * 16 a2
2 2
ﬁ 14 \ g 14 -3
o Q ——4
2 12 T 12
g 10 BQS —— 8 10 —4-6
£ — @f/,_. £ 1% -7
3 g -8
% 6 ’_1% ﬁ Ij)J % 6 ﬂ% ﬂ% ;}J —x—9
° 4= — 3 o i 10
54| (1T 17 oz AT 1T )
2 2 . /\ 2 -z P I\ ——11
e, P [ Y| @ TR ¢ S
E 2 z 2
5 | £ |
Z 0 Z 0

Pre(L-3/6m) Post(R+0/3d) Rec(R+1/6m) Pre(L-3/6m) Post(R+0/3d) Rec(R+1/6m)

2|
—h
N

MEAIDEENEHEENETIL (n=9 and n=2)(KBIVAFREZER/IX (1) MDOHE)
FATHT: Pre(L-3/6m) (T EIF D 3~6 A A RT). 1T #% : Post(R+0/3d) (L iIR:E#% 0~
3 B)."YH/\1J—:Rec(R+1/6m) (it LimE® 1~6 hA)

ST B —ATFENDOERELTIE. SANS kiEZRLEES 1 HI(K14B ORITEES
MBE: VRN - )TR.BEENELSRITANCHER, RITRICIETLTWN . EVWSTETH S,
F1z. ZOHITIE Marder 5O E (XFk1) EERGY . RITEDBEEANTEIFEREBLUT
(12.9mmHg) TH o1z, 2FY. SANS KIETRIHIZHLTH, RITRICESAEIRITATICL
REFEFT DA ORTEICERBULDEERIBVNEELHEIZENWO TRENF, SO
Eho. FHRITHIDEZEANE LR AN SANS DALBEDERETELLATREEATE ST,
HID—PIORERTHY . MEBELDEENTHEBZFTVEIDFTIEELDT, COHIFZFH
S EMBCEEE ALV, SRE. FERITPIORITRICHTTCOEENENDEE LR
LSt D SANS DR AT OIMRNEZLR NIz, TD—DIZ. 4. 4AHTRIAERTH
St-Tith EICBETOEMGENDEERPATORICLAR-EZENEDETINFHERITRIC
FELIRBIENHTFOND,
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4.3 FERITPOERRVIMEKREEESNEHTEBEOLZILDOHER

RITPFA4NABDAIVEAEA—ICEVWT3IHIT.BRABADKEIFDERTHLIEEH L
ERAOEN-BEEREOEELAFHELTNVCEABOON. F-ChDBITIE, RELEE
ERETREROERLPER SN,

LHOL.ShoEKRHD 3 FDSE 2B TEFTENCILRITDICEROEELELERDHT . F
FEEAEHTEELRTANCERNRITRICIETLTLV -,

NETOHRMEMNLGREEELTIX(XI18) . FEHRTHDBEEIH AR DOKES IO IE K
X FEAEDBIZBEVTIMARYTHEHBTIEEDNTWV . LML EEEBRFTFEHERT—Y
AVICRAFELEFERT LI TCTERBPIERLEFHRIIHNLHIENFERITLTEELND
LEONTVS(XHR19) . ZLT. AMBICEVTEHRTHAB,S 4 HhA EVWSRERIE
BLEEATHE L TEBARAADEKEIMNLIEHEHEEZEDE RN EHT S5 H
DPEIMSTEETHEIHBALL,

—AT3%% 2 HIIFABERD SANS KiEZREET . FL-RITAMICHARTRICEEHNED
EFLTHEY.DFY. ChoDHERL. RHICESSEHEFRADEBEL TrA., SANS kiz+o
RITEDEENEDLRZML T LB ESECSHVAIREZIHTT—HELTERLE,

4.4 MENIEEMDEZENEHEEBOEILDORER
MEACENSEMADEMERICLIIBEENEREENELIT, MRITAT. RITER., YA/NY—
DVWFhDRERRICENTH, ARICHEELRET (3 4~6mmHg EEE)ERLI=(B15). —
HCEMAOMEF, RITHT. RITER. VAN —DOEBRTEEELGEILEZRIEN D=, S, I
BAGLIZEE REEGL TIEMN MR R E R DT FIL- /A XL REAE A o= AT BE M S| B i B9 il BR
MOBARED T Ty MBI EEIZESFv)TL—LaVNEMTERA 1 @ THo=IEGEN.
BT —2OREICHEL-ARENAEZLONT,
P <0.001 P =0.001 P <0.001

n=11

g; 43 =21
g 18 mmHg Symbol, Astronaut No.
o 16 !
§ —a—2
g 14 —e-3
8 12 \ ——4
@ i b
c 10
£ o a6
= X
g \\ ﬁ@ * —o-7
——8

LT R o
> e x|
° 4 — — —%—10
2 m| 17 m |17 7 y
g, BA | B[ EE BA % | EE EA
£ iz fiz fir i |
Z 0

Supine Sitting Supine Sitting Supine Sitting

Pre(L-3/6m) Post(R+0/3d)  Rec(R+1/6m)

K15 {MEAIDCEMANDERMEBRICKIBEZTNELTL(RERVRANEZERX (1) hoHE)
FATHI: Pre(L-3/6m) (3T L (F D 3~6 H A RI). 1T : Post(R+0/3d) (#2 L IB:E#% 0~
3 B). YH/31)—:Rec(R+1/6m) (# EIR:E% 1~6 HA)
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SEDOZDEROFRIT. RABNHELEOBRFLABREEFOEEANE (XH20~22)
DBEBTIIU . BEGCFERITLICEVWVT. KEICHEEDLOSTLWAIRENGESTVWLHIEEER
BlciEELHNBE. 5mmHg BBE.BEANENBETTEHLE. IO THL,ICLE,

CORMEBRICHESEENEDETIE. AU EBMICKVESMLFAKRICH LMK E LD LA
[CRB T ALl ET HEEAICK>TMHRDPEENT AICFI AN TEZE AN D FIRM
BEGEDENFLITEHIIETRAELTLAAREMELIE V. T . EEXBITH>THRENICEK
YRESTLHEMEMDEABRLOFBKEET.BENOLMAECLCKEHERDOENNMETITSHE
ELEABRLTWAAIEEEA DS, DFY. COM ETOHRANDEELRE~ADKRMEMRIZLSES
NEERERTIE. FERTRIEBNENDLOHICRELGVNEEZONS, TDIEH SANS HIED
FRRIZES>TVWSaREEN B AN, COSEDOERGERISIHO-OTRHFELTHE AIZKE
SFNBICEL,. RD4. SIETHEHRT S,

4.5 SEDOEZEANEHEEOEBRERNEZONS SANS RERADE R

2011 £ M Marder oD FHEH (AR 1) EIEELGY . SEIDOEERTIE, SANS DIk ix (R FL58
FE.IRBEEY) AR OO 2 5055 1 fITIE, RITEDEERNEENALH LGS ETH
DD OLARITRINCLEARETLTW ., COIENL, FERITHDEEANE LFEH SANS
DHEDERRETIEHGOAREENARESINT,

SHIC.HMELERTHEBAMARBRIMNILIEFALERFEOERARIMICHERL L
CEMHIBALT- 3 Hildh 2 5l TH SANS KIRZEREET . M ORITANCLLRRITERICESRHNEN
BFLTEY.ChoD#ERL. RAICESISEHARDOEKTRH, SANS KIELRITED
BEENEDLERZ5IESEIILWVGENHSI LT R,

— AT DNSEMAADEMUERICELIBEBENEZRIZTONTIE, 11 2 TOFHRIT
TIZBEWT. 2TOT—FBIEICEVWT . EIho>TLWHAIRENSE-STVSKEICEELEAD L,
BEEWNED S5SmmHg BEETITAIENBHOMELG oz, CORMEMBRICELLIBEBENEET
F.EHDOHS ETIEEARYBRINTWSEEZOND, DFY. W ETRELGFHERTLIE
—HOXRF(BETWLWIEFLUN 24 B0 350D 2 FBE) (X MMEAGLIZEERTH mmHg. BBER
EANMEBENDOEATETL.COBEZENETDETIZIYAHBERABFOKNERAENEZANA
MICKSI SN THRAERRABEOEABLETLTNDEEZLOND, LALELASL, FH TIEM/NE
NTHA-O KU EBRFOCDEENELAHBRERAEOENETORENEFEILLL
RENFEHELTWNEEEZOND, ZDED SANS RIEDRRICHE>TWSAREENEZ SN
f=s

SENERBRERIO. HOOTRFELTHEAIZLGS . COTFERITPRFACLERICKY
BEENENMETIOBMEINEL BREBNREFELZVIAERICFERTRISEEZTTLSH,
FRITAHEOICIE. MELTEENTAEEZTHIENBELLGD,

4.6 SHORRDER. RERHE

SEHORBROFER. MW ETCFHERITLICHLIEREBNICEHENEEZHE T I DIFEEHITE
O . COFFEE. FTHRITHICHEATACENARBTHAILEA N RAEEFHRT
FICAVSIENTENE. SEAFERTAMRTROON-EENEDEREAFEHERITPICL
RELTWSDONMREDARELL D T REZFERTPICHVWSIERREZTAE., Al D
IFERTHEEMEBICIVEZENENMET T IREENEC BRESHAFEGZLIEND
RERZERIET DHARBITASEROND, ELT. §1%& SANS DSHLELHREMAICHITTER
AREVNEEZLOND,

21



FEOITHR . FEOFHEFETBALDTFHEARIV IVIZBVLWTFERIT T ORERES
FHOEDHICKEEZILWVWIILLERATHAIERDNS, EARMICIEFERITPLLILIFTEHR
TRIZKEZZRAWV. BERNETOEE LENROON-FERTLICHLTI.BEANEEZTIT
PUE B THEEREAT. EOAIEN, BBRKEZBRIERR) ZTIGENBEINDS,

ERRIC 2018 &Y AR THILLBEEZENEAEOREZFALCERFEAT Y3y
[CHEELTVWSFHRITLIOEEAFEREMNAARENESH., FOaVETLOEITE. MOFH
RTEBRITRAFHFEL,ECLOKRBIRFAMMBEICR X ¥ B (Human cerebral
autoregulation during long-duration spaceflight) I ICEWVWTHETEE R THD. CDF
HRTERICBLVTE. MELTRHROREE. OERKBOMBEERRLTHY. TORAERE
KU AL ZE R TS, ChH K TENIE. EEFHERT—aRTOFHERITEDE
ENEHZBFEOERRICEKEMICOLMNELICHED,

TOEE(E16)X.BELTCROREEE. AEFRBENETILOICAVSITETEE DR
MOEERREERLEZBORBZEETHD.

&

3 e e =

http://jda.jaxa.jp/result.php?lang=j&id=5273870c18ab3fde314efb7f3deb61c3

16 TZ=IX51MAIZT. Cerebral Autoregulation D F Ty 7 I rEFTSEHFERITLTE
Int-Ball (JAXA T2 2L F7—h4T X 50P2018002258)
FROPCHAFIEAYILNDAS-PCTHY. TOPCHETHFEEHEHIMIEET.
PCELOEBOKENEBREFTISMRI THS. (VLT vh: JAXAINASA, R F
H:2018/02/22)

F.FERITFIOMNEAN . EENEOEELFOFEICHMHLST SANS HiEICH
ELTWSDTHNIE. TNEFHITHEHDICIE AIHICEUEHZERTIELDAIEA]
DFEETOLANBELLGS>TDEEZALND, ERIC.JAXA AEDOZEDLHICLLIEELT
DIIADAIENOERICKY . FERITHIFOROBEDOELLICHLTELDAIEAGF
BEEIIZECSENREN TS (XER23)  BERIZ.COBEDAIENZENCARITIZEEZE
LTHY. ChZAVTEBHEO 1.5~26z BEDARMAErMDBKFERICRIFTEELRIILT
BY(X#R24.25) . COFIGEBZFT IEARLARILTFERITFICIEAL. TORIZSE
NDEENEOHEAEZERAVSIELEILARTHAIEEZLONT,
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4.7 HORRISATITICETIERE
LEDEREBENS, HIERISATITZIZHTHEREZLTOEYFEED S,

K5 HIOCRISATITERE
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EHETEOBH R AT EER
ETED

HORRISATIT E AL
O BEITER
. oo | DEBU BT BREFERT—Sa  RABENROB
s | PTETCCRETOS | g e R R R W M AR TR 2O
; II%’-EE'EEZ%—:/H‘JE,HE BREHAWN EESNEHTEEZEL TE .,
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| i paames | 2T TE RTRISHEHNISHBLE T LR, RiT
2|z #UHN—HET, RTHEAEOBEISRH- BB TE
° e RROFERTRRET > EICEYR RSN Hi T
BEERTHI.
LREICHA.UTORSE | ©O:SEICEK
S |ERIET DL, EHROEY, EMBFERCHEBAE R EELNR D EHEE
| BEEAEHEEE R | ZRLE1HIT, SANS KR THAR AR IEZE. IRk R
y |BEREF—S0RHTE | ESORORBELERDL,
S| TV RMBERICES | —FT ANPHLERAIBRLLTHEARLETE.
b | AE#EENEBERL | MREEES QBOELEBHIFO1HI TR, RITHIZL
S| BT AR EAET | RTRTRICEENE R EEAET L, COFERITR
B RMEET. &R BRTOHTRAGKABEN D RTTOBEENEDRE
BERBOLNSD. £ 84 SANS DR ADRE TV A Bt M TS,
BFOVFhhEERT | O: &M
B¢, 1 IFEAEDFEMRITE(90%LLE 10111 N) TEERE
DRYBAICEYK | HLERET. FPEATHOARREFOBREG o, O
EOFERTTOE | NEFHIC B ETHRAENASER~NDRGERICLYEE
== 00 AV ERNENETIE0%. BELTHRTLTHOTRAL
%Q%%%’fﬁu};’? SEDER. BERROBENTEAHREBUT 5N
e e an mas | RO BETORM TR LSHENE ETHEM
o | RDEESN R | pramirhicmEai LA SANS REORED— DL
, |BEDIRYEED. T | 2B WSRBE. HOEHTANGBBLLTRRTE
7| ouzvdmESAms | .
bR R e B, et RS S LRSI HENEEH
- \SIF S MY T L = &l *F TIITX ZBEHYICEE =
5 ‘;[’ IR CON | s 5 M u TEE. CDZLAD. SANS REDAR
[ RHORNEORKLICHEALEDNATERITTOES
ot 85 L WEHEDIDIS, AFRETAVELSZERRTEHLER
;f ,fﬁfg@ﬁ%;‘i‘ﬁ P BISRE. AR CHIL-EENEREDOREEF

ALTEHEBRFHRAT—avItBELTWAFHERITTEOE
ENEQOHENTEEN. ZOAVETFORIMOHAEREESD
TWAH(BRAEERFT DR OFHRKITEE Cerebral
Autoregulation [ZFHUNTELE £ TH M 7% 2 FE & B R i £ R
BOMBEEHTHEY . TOHRIVREFEAREELEATLD)
MM EIATENE. EREFERT—YaVHNTOFHR
TLTOBEZENEEHZAEOERICKEMIZOENSILIC
BHEEZD,
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4.8 TOMOHEHRE
B 5528 E 0D 25 4
B 5 8 o oK DA O I 5 R FE) (G AR AT BT IS EL R L AT ISH BIHEMIL . D3, U
HRY—TRITHEEBEORVMEICEFTEELE(B17),
P=0.009 P=0.011

n=11
o | [ |
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Pre(L-3/6m) Post(R+0/3d) Rec(R+1/6m)

B17 MR EEDEL (BHRIVAMNRERX (1) MOHRE)
FATHI: Pre(L-3/6m) (3T LIFD 3~6 HA ). FKiT# : Post(R+0/3d) (#1 LIFE% 0~
3 H).YAHs/\J—:Rec(R+1/6m) (#t LIF:E®R 1~6 hA)

MEPDAESOEVREDOE L
MBERDANETOEVREF, RITANCHRL, RITRICERICETLAMNERELY, Z0
BUAN)—TRATNECAEZFHLHLODEEL-(E18),

P =0.029
|P<0.001 P =0.001 n=11
l I I
16 Symbol, Astronaut No.
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Pre(L-3,9, 11m) Post(R+0/3d) Rec(R+30days)

H18 NEJOEVEEDELL(RMRIVRMNERER/RI (1) MhoHE)
FATHI: Pre(L-3, 9, 11m), (}TLIFD 3.9, 11 HAHI). RIT# : Post(R+0/3d) (i LIF
E#% 0~3 B).YHh/\J—: Rec(R+30days) (#t LIFE% 30 B)
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R REEANETAEVREOBRK

FEAEDFERTET (M AR 9 N ERTERIC.ATIOEVEEDETERMTERED L
F%#2L-(K19A), ZL T. Repeated Measure Correlation Analysis M#E R . XM T EE &
MAANESREVEEIEELCAEOHEBEERLZ(K19B), DFY.,. FHRITRICAEIOEY
EEMNMETIHDIIRLT, M ERENEMLIZEEZONTz, S, REFERITIZES
BOTFERITRIINEVOEVEENMETLTHEMELY (XHK26~28) . TDF-H BT D
BMREENEY. ThERELRAOBRRHREEZ—TEITR DO, AR MK B 2hEE & A
BOTIRKRMREZXIEMIELEEZONZ, DFYEVMEZANIE. REIFERITICELLGUVRIT
BIZIITFEHRTE M EFF(EN D (Spaceflight anemia, X#t27) (Space Anemia, X#Kk28)
KEIZLHEDZEOD. ThZBEULGRKLT B S AMKEENKELT. HRORELEOLTNEEE
AbNlz, COBRRIE. M ERBER. ADAULEEM >THRAICEABLTIKEEZLONT=,

A Symbol, Astronaut No. B
-1 -
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APre

Mean cerebral blood velocity (cm/s)
Mean cerebral blood velocity (cm/s)
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S
o

Hemoglobin concentration (g/dL) Hemoglobin concentration (g/dL)

©19 MAFONE/OEBELRDREEOBMF REURNRERZ (1) H>31 )
A, RAITHI (Pre), M 1T (Post)

B, Repeated Measure Correlation Analysis QBRI CIXEELAEDHEEZERLT=,
(Pre, Post, and Recovery [Rec]). r= —0.589 (df = 21, 95% CI [—0.814, —0.212],p =
0.003), the regression coefficient = —4.68.
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5. #%iE
1)2F (11 ) T.BERFERAT—VavRPFEIROBREREMM T EE RES
BEAEE CIHEL. ZTORBZAN. . BEANEH EEXEHTEL, TOHR. HRATHY
ODT. FEHRTAIZROEENETHEENDLTILEZHERTE,

2)[FEAEDFBHMRITE(90%LLE 10/11 N ITEWTRITATICHE RN TRITRDEERNIE#H
EENFPERET . PEATEHEINRGEFEDHEREG O, SHIC RICEEN G oS
TL—T(9 N TR .EBENEHEEEARTANCLEARTRICHAMICEELETZR
HNANY—RET. RITAERFOEICRACEIER TS COBRIE. RPFHR
THOERBICDREMICRITEDBEEANEZ LRSS EEFBRNIEETEL,

3)—AT.1 BITIE. RITHICHEARTRATRICEENEHEEIALHEEE~ALRLED
D= (RATHT 11.8mmHg=>R4T# 17.7mmHg) , COFITIE. KHEY SANS JkiET
HOEIRHRIBEZELREBEESDEREFRRENE T SHBEI TIRALON T,

4)SANS kIR THABRMHBRILMEFBEMBECIOREMRENL T SHB TRRALN T
BlF.EoI2 1 BIEHA. COFERTE T RITANICEATRITROBEENEHE
EFETLTW = 2FY . COFDEFEER, FERITICLIEENTOEREEZLRN. R
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This summary report is based on the article by Iwasaki K, et al. (2021): Long-duration spaceflight alters
estimated intracranial pressure and cerebral blood velocity. Journal of Physiology, 1067-1081, First
published: 25 October 2020, DOI: 10.1113/JP280318.

Introduction

Mader et al. (2011) reported that abnormally high cerebrospinal fluid pressures were observed from
postflight lumbar punctures on four astronauts who developed optic disc edema and other ocular alterations
during spaceflight. They proposed that an elevated intracranial pressure (ICP) due to cephalad fluid shift during
spaceflight might be responsible for the ocular symptoms, which are collectively referred to as
Spaceflight-Associated Neuro-ocular Syndrome (SANS). However, they only performed lumbar punctures on
astronauts after spaceflight. To our knowledge, no systematic studies have evaluated ICP both before and after a
long-duration spaceflight. Therefore, we estimated ICP using noninvasively obtained cerebral blood flow
velocity and arterial blood pressure (ABP) waveforms from astronauts before and after a stay on the
International Space Station (ISS) to test our hypothesis that ICP would increase after long-duration spaceflight.
We also hypothesized that astronauts with postflight increases in ICP above normal physiological levels would
exhibit signs of SANS.

Methods

Eleven astronauts (10 males and 1 female, 46+7 years old at launch) who had been scheduled to stay on the
ISS over 4-12 months participated in the present study. Before spaceflight (Preflight, 3 to 6 months before
launch), after spaceflight (Postflight, 0 to 3 days after landing), and after recovery (Recovery, 1 to 6 months after
landing), cerebral blood flow velocity in the middle cerebral artery was obtained by transcranial Doppler
sonography (TCD) and arterial blood pressure in the radial artery was obtained by tonometry for 6 minutes in a
supine position and for 6 minutes in a sitting position.

Approximately 4 months into the stay on the ISS, an inflight interview of 10 astronauts regarding symptoms
possibly related to cephalad fluid shift was conducted from Tsukuba Space Center by a medical doctor on the
research team. The interviews were standardized to ask specific questions in the same order using prespecified
language. Facial photographs were taken during the interview for visual comparison with those taken before and
after spaceflight.

The results of vision tests and complete blood count were provided by NASA via the Data Share Plan.

Noninvasive ICP (nICP) was computed using a model-based estimation method with a Gaussian mixture
prior distribution (Imaduddin et al. 2020).

Results

The group-averaged supine nICP did not change significantly after spaceflight in the 11 astronauts.
However, the group-averaged supine nICP decreased significantly by 15% in nine astronauts who did not
develop optic disc edema or choroidal folds (n=9, analysis of variance [ANOVA], p<0.005). The decreased nICP
returned to preflight levels during the recovery period.

Two of the 11 astronauts were found to have optic disc edema and choroidal folds. One of these astronauts
showed increases in nICP from preflight (11.8 mmHg) to abnormal levels (17.7 mmHg) after spaceflight (R+1
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day), whereas the other showed decreases in nICP after spaceflight (R+2 days).

From the inflight interviews, three astronauts had both symptoms of nasal congestion and a feeling of facial
swelling even during the last phase of their mission. However, two of these three astronauts showed decreases in
nICP after spaceflight and did not show signs of SANS.

All 11 astronauts showed decreases in nICP from the supine to sitting position, and the average (n=11)
decrease was approximately -5 mmHg.

Mean cerebral blood flow velocity increased significantly (n=11, ANOVA, p=0.007) after spaceflight
(R+0/3 days) by 15% and returned to preflight levels during the recovery period. Hemoglobin concentration
decreased significantly after spaceflight by 9% (n=11, ANOVA, p<0.001). Most of the astronauts showed
decreases in hemoglobin with increases in mean cerebral blood flow velocity after spaceflight. Repeated
measure correlation analysis showed significant negative correlation between hemoglobin concentration and
mean cerebral blood flow velocity (r = —0.589, dF = 21, 95% CI [-0.814, —0.212], P = 0.003, regression
coefficient = —4.68).

Discussion

Contrary to our hypothesis, the present results showed that the group-averaged nICP did not increase after
long-duration spaceflight, and even decreased significantly in astronauts without signs of SANS (e.g., optic disc
edema or choroidal folds). Thus, the cephalad fluid shift during long-duration spaceflight rarely increased
postflight ICP.

Only one astronaut showed increases in nICP to abnormal levels after spaceflight. This astronaut had optic
disc edema and choroidal folds, consistent with the previous report by Mader et al. However, the other astronaut
with optic disc edema and choroidal folds showed opposite changes (decreases) in nICP after spaceflight. Thus,
the relationship between ICP and SANS remains controversial. The present results of these two astronauts
suggest possible other causes for SANS rather than abnormally elevated ICP. Furthermore, the results of the
inflight interviews suggest a dissociation between symptoms associated with the inflight cephalad fluid shifts
and postflight nICP or SANS.

Based on the present results for the supine and sitting positions, daily decreases in ICP from the supine to
the upright position in healthy astronauts would be in the range of several millimeters of mercury. The absence
of these decreases in ICP when in microgravity could be a cause of SANS, since there are no drainage effects
from daily posture changes on cerebrospinal fluid around the optic nerves.

Independently of these ICP changes, the present results suggest that long-duration spaceflight increases
cerebral blood flow. A decrease in arterial oxygen content due to reduced hemoglobin concentration should
increase cerebral blood flow to maintain the oxygen supply to the brain. Therefore, the decreases in hemoglobin
concentration after long-duration spaceflight (spaceflight anemia) may be partly responsible for the increased
cerebral blood flow velocity observed in the present study.

Conclusions

Contrary to our hypothesis, the present study showed that supine nICP decreased or did not change in the
majority (10/11) of astronauts after long-duration spaceflight, and group-averaged supine nICP even decreased
significantly in the nine astronauts without ocular alterations (e.g., optic disc edema and choroidal folds). Thus,
long-duration spaceflight itself does not likely increase postflight ICP systematically or consistently in
astronauts.

Two astronauts with optic disc edema and choroidal folds showed opposite changes in postflight nICP.
Moreover, the results of inflight interviews indicated a dissociation between postflight nICP and symptoms that
may be related to cephalad fluid shifts. Taken together, these results argue against a primary causal relationship
between abnormally elevated ICP during long-duration spaceflight and SANS.
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AKWFFE CHAFE % £ 5 (L8 A KA AR AH A% S5 i L 91 514056 (Position Sensitive Tissue
Equivalent Proportional Chamber, PS-TEPC) (%, fif@&fL % ¥ & 3§ 5 AFHHEHRR I L
TZ ORPFPPIN T AN F — FRIEIC X 2 NMFE L BhEf T 55 LET (oA v ¥ —
ft5) 2% EHENGECHET LA TcE, MELMEEZFEUEETH 5, AWK TIE.
PS-TEPC % ISS WICEXIE L. RO RWIFEICH T, BHAERNZR Y 70 X A LT B R
HE-X—L LCEIfFT 2 2 L 2EIEL. FHBEHRETH S A 7 L O % D X3,

1.2 WO

MNERTH T 2 TR DR8I [0 E ] 2 CRili X 41 2 23, ERhiE 135N c %
Z2ETIEAVESD, HYT2HERRERE L LT, WIGHRE & EREOBE L TERS
nNamEYEPsHoNn5,

M & H[Sv] = WU#E D[Gyl X #E R8O
MERE (O ) ISR OME I X 2 BV FIRER L 72 b DT, LET 0f§#e L <5
2oz (1], IEMERREIZPINERE WEHICPINI N AV F -2 ZDHETRLZ D
D) & LET (BIRIEYS 7 D icWE I G 24 F—) oFllALRD N5,

FHZEMICE T 2FHEN R ) T2 4 afiEih e L CNASA2 W T w5 TEPC (Tissue
Equivalent Proportional Counter) [2]1d. ARG E TR S WURER T O A% 53
HPEFICH L COREZH T 225, LET ZEENET 2 2 LA TEF, 42 0J0EBK
FICRZERMERS 2 H T 5720, IEMHEAMRERHIZTT O 2 13 TE v, KES R
ZE% (NCRP) dFHMRIT L OMBRIEDREEZ 30%LATF & 32 X5 i #h&E L T
2 53[3]. TEPC ICBWCTINZEKT L2 L3 ZDHHEILEZX CHETHLLEDLI 2
2157\, — 7 LET 28K HIA[aE 2 HlE 27 & L T JAXA- 5 R 7 v — 72365 L 72 RRMD-III
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(Real-time Radiation Monitoring Device-III)[4] < Jft ¥ — /b Kk ® DOSTEL(Dosimetric
Telescope) [5]7 £ 23 228, b idv V) a v (SO ER TR X 13 72 0 AR
CIFRAET, TAREFICNTIRELR W L2 b, BEFHE LT+ Tidhny,
%1%, TEPC 1c&b 2 fEat & LT, MEARAERHMSEMYE LolEtBdE (AT,
PS-TEPC : Position Sensitive Tissue Equivalent Proportional Chamber) DT %D, 7
w k2 A 7 (Ver.1) 28U L % OJFBLIEALFERIC K L 72[6-8], PS-TEPC 133iAT AR FEHfE
G 2 A L, Sl IR IR Ic i3 2 e Wil 7 77 X 5 v 2 i NI Kk = H
W, EATNEEERIC Micro-Pixel Chamber (u-PIC)[9] & MEIE 4L 2 Tl 2 R ITHTE R EAR HY
% lidE L 7z Time Projection Chamber (TPC)Td %, p -PIC RGO 7 7 — F (EEE
50um) + A&V —F ([ 100 p m) DEMBN % 400um [EfE CHEEECE L 2#E % FfH . SR
NCEFEEINET0 O ERNEMK (Thbbar¥—) oz, BHBEEY S
AT OMEIEREZ LD DO TH 5, X OICKRIEREZ H T AR T 3 RITHER
PRER L FIRHHE S NRIFE LRI AL X —2 05 LET #IET 2ENTX 5, Ver.1
I X B EREEBICEIE., AN - (KB (L F O R 2 H a7z PS-TEPC (Ver.2)
ZEXaTHAFE U, TR M 2 BEE L 72 ERR 2 O OFE A 4 v v — L0 X 2 WU 2 4 0 K
LITw, mwA&Iicid, NCRP o#hi& 2z T HREEXH{ o FTICE 5 72[10]l, 2 b D
TR 2 £ A, PS-TEPC % 1SS ~D T L - FEa L MIE KR 217 5 Fosati & ., Khic i
Iz,

2. WEFEEHH

2.1 EEBRH

FICii 7z X 5 0c, FH T o AN O MR FE TR IC X 2 #IRIC X > TR
HIRR & 41 2 AIREME 238 < o FrHRAT L O IR I oW CTHRRERIREZ 8 2 v X 51
EHT 2 LAY CHEETH S, HKEZEZ72H - KETORIICHE 2 H NFHM
fTogt., Iy ya vlilhoREXFIRIMEE FREICRS e HHEINDS D, fiiE
KL 7SO R e T2 & 75 2 FHBUR SRR R 2 T % 2 2 T IR ICiBE S 2 b ki, F
HHGHRE O EF PR OERZ Y T £ 4 A CHHITE 2 HEEBAMREFT VS HETH 5,

ARWEFE CHIFE T 5 A0 & A KA M HH A% S Al He 9 G 20 (Position Sensitive Tissue
Equivalent Proportional Chamber, PS-TEPC) &, fif &K T L O HPETIC X % #iE % EiET
BIECEMNST 2 2 L AFHRETH 5, AWFETIE, PS-TEPC Z ISSWICRE L. fHEROK
Wi, VT A2 4 AFEE R E T =2 — & LT C & BRI L., T
PR A L5 2 C L 2 HINE T 5,




2.2 FEERER
(1) #MEFHCTOWT

FREFHI, VT A2 A4 L CORUENFRERRERN & | HIERKIFERZ L 02 HIE X TE v
NG ABREZHIC R Y 9 2 ZERICHE I NS, EWNICE W T, BB L L Tidfic
ik~ 72 RRMD-III, Z# % & L T3 KEK-JAXA ©H[F#fEic X 2 PADLES (Passive
Dosimeter for Lifescience Experiments in Space )[11]28% ¥ | i3 & b 14 OWFFE 7 v —
TR AN=BIBIN LR I N, RRMD-III [ZR2~<— - % F VIEHER L 3EBC
5T Y (STS-84, 89, 91). 0.2~700 keV/um DHiH D LET % % D7 7|=_L¥75_»(E|;E?“Z> z
EBTE D, BN I3 5 LET HIE O 7 ffRe 13 RRMD-III 2380k TN T % 23, H
P4 2 EE2 7 <, MBEMYE cHER I N wed, Zh—8 Tl+oRFHK
%ﬁﬁc:ﬁ@“m&%ﬂmﬁ%ﬁ 9 T & FTE AR, PADLES 3BV ERE (TLD) & BEARHS

7 (CR-39)offladbric & 2HEstT. ARG VWYE O S h, FilfE

nJré: LCEREN, HROEREICT > T3, hoREEIARERE L <. KE NASA ©
Tissue Equivalent Proportional Counter (TEPC) &, F A « ¥ =)L KD Dosimetric
Telescope (DOSTEL) 28% %, TEPC (3 EMFHAREA A R HFIFHEE <. BIfE. NASA A3
ZR—R % AR ISS WTOEH#ERHZRE LTIRHALTWw3, ZofEit, mEkT
D BT b FTHEFITN L CHIRER D 25, (BRI EZIT) C e TEARwvizo, LET &
AN L E A RN T OB R T ORIER 2 IE TE 2\, EFED TEPC 0TIt AGPhL
T O—RETEZGE L 722 b 5 23, JRERIYIC NCRP #h5 2 K& < kRl 2 5%
gt iicnsd (LERBUIC X 2 Z DR THEE T 51%., RIET 35%), FFRIC NASA
IZ TEPC iC X 2 #EHIE DL IS 2 LTwivy, —J7® DOSTEL IZMED Si it
%2 MEHAGDbEZA 7 Th B0, TEPC LRI EREZ{To Tz, ki
T O—RREFETEZIE L 720 EBED b P ofkig R % ko Giflo LET 2#FHL Tw» 3
ORI X Y RS SN B38503 17% & TEPC I H~/h 3 vs, RRMD-II [A#f i i+
W L CTRREE 23 72 0

(2) #i7z7efEat O

FHBGHRIE L DR T2 O 0 LEI AT AL —2FOZ L h b, MEST ALY

BT 2EME 5 2% LET ZEELRETH I M ESREYEcEMI s DLE,

IEL W LET O#lEEOMHET IZBETH S, & HITid, TR THEO R TIC X 2K
JER T AN F =R TIC X BEGIC D IG5 720 i3, MG MYE CRER & i
B CHhI2ENEECTH S, Thdd NASA 3 TEPC IS LEkmiige A EA L
BROHHO—-DOTHE L IEZLNDE, Sl ¥R ERRHREEZT O BRic
@O ARG ME kI nsg &,
@ 2k (4r) 2 CTE 5 2 b, (ST BHERIZEHAIFTRE R HEF D VAR A DMK C 2 )
® LET 2%, /K#d LET & LT 0.2~700 keV/um-water D Ji5 W#EiFHCHIER[HER Z &,
@ frEAT. P ETFCREEAE T L
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D 4 mBERIND, AT D XS kR Z o 72 HIiEdR % Position Sensitive Tissue
Equivalent Proportional Chamber (PS-TEPC) &FERZ LicF 2, [fEARK] N5 —
D DEDPF K THIF X 1172 Micro Pixel Chamber (u -PIC)%Z{#iH L 7= Time Projection
Chamber (TPC, 3 RICRIMRIEIES)TH 5, u-PIC XG4 A v ERECHE 7 g 2
RICHH i DEE % ik LIS 2 iR © X BSR4 A — 2 v 7 G R E R
E2EIGHE~ DG A E uC\v 3, PS-TEPC IcfHv: 3 72T 1L, ik o3 30
kg, AR 7 R oo & L CREe. /NE, BifEEFam e L EBEDH
R ENRKEDOREZ R T 2 0D o7, BRE LD ICY 72> TiE, UT2EE
L BRfic et L 72,
OEMEOMHERME & L CEMHEBEM Y 7 25 v 7 (A-150), WICT 7 Y VEIEA:
PRAHAREF A D fEH
O A7 A & LTRSS 7 2 O, u-PIC ioxf L TS 20k WIv oL
ThH b,
QRS AT I HE)CHIE - Fl8kT 5 T % self-trigger TR A[REE B 2 &,
@u-PIC iFZNE CTEICETFHCH Y <HUTH LT & UK LET (0.2 keV/ um F2E)
DEMITH 2P, @ LETRFIC3 265 2020458 (u-PICE2&L~47m 2+
v 7Rt MSGC %l SHL 7 HIE IS 3 2 D 134] 0 TORAA),
FRc, @225l X #RBIHH O 10cm A u-PIC ZHw<C TPC Zf5EL CEHA 4 v
v — AR TV, Ry czoFMAEEZ RS C L L7z[6], XiC u-PIC
O EIEg D /NRE & AR E I X 2 as o BUEICHLY fH A, AR RiME 2 2 &
TEPC & I12IFRIF DK & X o H I K2 25 X 25 X 50 mm DK T & /N PS-TEPC o
FAFEIC I L 72,
(3) 1ESHEAGER
Z DRI DIRGEIZAAE L 2o, ARG & L Ti3, PS-TEPC 28 HAHRY 722 T HifiK
FIFRAREEHEEE & L CEfE L. THBS SR EEIIEM 2L Cc& 5, LWwHZ&TH
%o ML X, FEREIC PS-TEPC % ISS I f5# - 3%l L CREFHI 7 — 2 2 IS L. F°8
AT L OWREMICEHZEHEZE I T LickoTRAEI NS,

23 V2 RRIIATIT

KICEF2H 2222 74TV T 2M23-1 DX I ICHKEL, RKic, 794 b=E
F o (JAXA IC 5 2 BAFEWERR & L€ PS-TEPC 1% J-TEPC & IEiEh7-) Sekific B3 3 5
B RO [EEERHSE - BffiEEE] cBb 29272227 74TV THRICZDONEEZRT,
77 AT Y TICOWTIE, WIEEHENE T 28 L CTEE IR\,




#5482 . ERAE | EREIC
LN o LR 2N BE | RAEMEE
FERBICHTEFEEFRU2R P , .
Minimum | 20 ASHEFIZHLT, AHARURED fé;g?;ﬁ & |BELE e,
Success SR FTIRBREHR A I ZLET R R ERIEL., Einﬁlﬁb?“‘giéﬁ . AIREE | FRF—L
RN EAIE FTERARRIE, B °
CFEBFRIOILCRT SR AETEE | e TOHIMACE — R
Full KEBIZHITALETEL T0.2~1000 keV/um) | LBHERBROEE, THha JAXA
Success ERA—=LISHEEINRIZOIYGA, ] | RUNZSHILEREC | PADLESE Fra—L
BUBLIEYNLEEEREREI00 | SUERTECDA | Wiks ¥
HTRETEEIL, #a AEE
CFERESCHLTEEINAETER | ETOHMACE— | 8B L3
Bara KEPIZHITALETELT0.2~1000 keVfum) | ABREBOEE. Hleh B JAXA
Success | EWSLIREESAEULSRBRE | RUAASLFMEC | B8R | ..
USBEENNUHEREFEEI0%LIA | LYERAEE R 3nAiE
TRETEHIL, . E
SEZH 1 ERIZBIT5H90ERIS54TI7
(JMX-20163541 J-TEPC BT T E& IDP1MHik#)
Hob 2 . ERLIET | ERER
LR ma ERLR DS WA | RAEmEA
-%&m‘}?-}l‘ﬂﬁﬁ':ﬁ i ETOHIMACE — LB S 5B WU E 8
Minimum | 5., EEFTED OO T DR auﬁz%b%ﬁp; nAEB | 1axa,
Success jﬁ'ﬁﬂﬁ?ﬁ{.’.ﬁﬁrﬂﬁiﬁé UJiEEE‘J'ﬁEfJ:Eﬁﬁ 21:’3%& HRF—L4A
“SEDOLRAT LRI X . i
Full ﬁ%ﬁﬁé#&éﬁi&i ¥ ETCOHIMACE —LIRFEEE | B EFHE | v
Success | —AEEIIFRHRDC | (arn KOAZPREEL IFEEE | wRr—2
. = B — | VERTERAHN 1nERRE
Extra
Success N/A

SER 2 EBRER-BINEILEICBITAIHIERIS5(4T)7
(JMX-2016354 J-TEPC BFT T E®E IDPINH R
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2.4 R (FTH BT, EEOXITH)
2.4.1 WI9EF — 2 Dl
K %4 T e &l

e KE— | B A0 ¥ — NIRRT - 4t | IFSCREE. WFFEET Mg, SRR R
T ELART SRR - Mk fRAT. BRI

FhE 9T BT RV X — IR B OHEAE - 4t | HN% - PS-TEPC BEHAE, TERERT
AR TEEEY - O AR 2 v | R, s B e SR

— - BT

A T | BT X — MRS IS - 4 | 0 4EAN% - PS-TEPC BXGEHRE, 1ERE
I E - BUET AR RL S e v & | PGB, s g R SR
— - B

s FE | B X — RS - 4 | SN - AR R . R g
LR A - U AR B 2 v x| SRR
— - BB

e R | ET A X NIRRT - | 2 ENE v 7 by = 7RIS, MRE
I E - BCET AR RL S e v & | EEAERER, s g R SR
— -« Feh

A WA *mgm%ﬁ%%%-ﬂ%ﬁ% STHNA - BGEH - BEE X OERE -
- Bt = v b - WESCHEE | s T A b
ﬁz%

IR OREE | BERIARY - EEE - WY | 2HHN% : PS-TEPC #Gt#E, 144
= - AR ARER, s e e

SNERE | MRS - RFEBGEEENTFER) - E | 2#HN% © PS-TEPC g%t #fE, 44
2 AT R, ook B B

EROEE | (BOFRREHEAKY: - BLATET - 4 | 0 HNE - SREFHINC (R b 2 FFi,
B SEEREN - R ICB 3 5 A

& w7 | ODET AT —IESEV R | ENE  BREFHINC R D 5§,
W - Hod BRSO - HURBREE | DI as He s R
v X — - HEHIR

MER, KD 24 onTiE, EEROIT S LT REEEUBEDSMIZH b 70> o 7225,

DEHEDHEE CTH Y, T —L A v =L LCEL#HT 5,

2.4.2 JAXA ZIRAH]

WHse#E 7 — & & JAXA © 5y

HiZ., U TDF24-1IcxTeEYTH 5,

AHFFE~




F#2.4-1 WHEE T — 2 & JAXA 04

EXI1ER RREF—L FHREFMALVY— | EMEREITt 52—

SydavekEYFELD — O -

REREENR. BRFELD — - —

KREBRER., BRER. RBREMHORE O - -

EHEEEDRE - ©) -

RATRARNT . RER O - -

EREERFELEVELD - - O

REREB DR RIEHR (et JE _ _ o
MIRTLBEEHFEZET)
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SHEER (WEICHLT) - - @)
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O] O

ERER(FIEEER. FHERTLI
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TS EERENE - @) -

BAVATLBITEHE T -SRI AR EYFED - O -

¥ JEM RN 2 v 2 — 3 BEOH N FHifkifie v 2 —

JAXANClE, X2.4-1 @ X5 b3 fgdlic X v, EERoSAE»TbNT,

w,

Syiav
(

$LavbUELDH
EF5F AL 5]

| E=m-T—sHm
(=EF5Fm e 4]

ZIFESHAE2— TR E—IN3 KEK
@ ERBEHELYELD | KAEWE @ zmmkias

® T HFIRLYELD aeEfth L

@ 14— 4T7x—R

| =EMR
[AAFHRE# 5]

AEATER# L E—
® H/WHRLUFELD
@ EEHEt. PAMEERER

ZE5H AL I REPE BRI X—IEFHRAEEKEL

@ UPCELHRUETYTITD - @ u-PICELYRUTY7LTIC
HEZEOHBRERRURAE @ ARRUGL DHEE - EBEIC R DEREHIHRR
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2.4.3 {KHNCEES % R

RHlICOVWTOFHEE LT, UF 282838 Fbn3,

O HEEHEERET, BEA -7 —Cs O THERREL S (X =7 =2 ERICHE

HHTE oAb EDT). ZOHE - BEEDLPE T — LI 74— Ky 2

énﬁmii\ﬁﬁ# hfbio%ﬁﬁ%b\&T&O#@b77w@%$’§ﬁ
o7z, RIEFENEM I NIZ8E. B0 XHE T — 2 CRELZ AL 2856, 41
ﬂm%%ﬁbtﬁ>ﬁ%%-A#ﬁ%ﬁ%Eﬁﬁéi@mhﬁﬁuy&éﬂt%%%\
FERYERG, TEFH O S B RS CIREEIN 7 1 R & F8 A X 2 B RIRNC 7 o 72 ATREME DS

@ B REIARNICHE > 727200 G237 WD H 508, e F —L2I1cl o TORHDHY
# (JAXA KO A= —) OB % 4 H Y, et oM - SR &8
MERICHR S N IC, B LCRMEINTICAEA~ L BB 2 EN L r o7z, HYH
R L €, FRBEOBAEECHEEZINE LER D o -0 Tldh v & Bbi
%,

25 RT3V a—
PS-TEPC EEiD 7 — <@ E DO E R A7 ¥ 2 — V% [X 2.5-1 IR T,

Ar—<8E ARFRIEE (PDR‘) ABRRTEE
AR | ANERD AttiitE® (CDR) RRBLESA
A7 54 FEBEFSTEE (SDR) AFTE (HTVE)
EY e LT
P mrutmll Song @ ISSDER (SpX14)
PADLESEMY (SpX13
Dl PADLESITL - @R (Spx1DE B et
(SpX186)
it FRE =& tc/o
N i S
mRExR

X 2.5-1 PS-TEPC EEeh 27 ¥ 2 —

K31 THFELABRZ XS, 774 M7 = — X THEAES (SDR) KricfemnL
TR Y a— e T TH 25 ¥ HENFMR L oz, R, ATICRT L9
75 JAXA FTE T T 72 BRBEEOEBIEIC X 25D TH %,

TV TV TICORZ ) —= v FEBEAAIIC X 2 BihEICHE S BIE (7T H)

s IV Ty T RERE LEBIERERD ) 4 XL~ UEHERE (16 #H) : 7V 7 v 7R
RUIITEE F — 2 CEEF LBIERERRE. A — 2 — DS HARGERGH & i, M2+ T
o - AlReED B B,

- HTV6 T LB, Btgs (F4 724 - 2=y }) OBEZEPRICHE L RE

xR ~ H)




3. EERE(H - EH

3.1 MEEE (B (PS-TEPC ofi¥) #5475 B, #H. 1k ©)

INBBIC I L 72 PS-TEPC (Ver.2) %A L L7=FHETF N OMERKE D bh,
W COBEERIEHET V& LT Ver.3 088 Iz, o, F ARG IEHR [0l
u-PIC DFiHiFFEE D N7

Ver.l TIIMHIER % L ARG E CRERK L . PS-TEPEC 23 IERE 7o ff 5T iffi 2 Rl RE & 3
ZEMEHEERE 22 22 RT TN TER, X HITIE, FHIBUETRES 2 B L 72 i
gar b DA DEMER T L — LI X 2 FFER . X VAW LET fi o % D fific
oL CHER %155 FE0 T & PS-TEPC OBIfFERE % 1T\ {572, —J7 T, EMFEFFE L T,
HERE o Fx HRY & U 72 RS L PSR A % g b L CREMECITURME. nIfktE %
5 LRBBET, AR/ 4 b, Rk o/ N %D 72 Ver2 Z8EL 7z, 20
Ver2 ZfwC, v — ABRRERZITV, FEll2EE e L CORMEliZ £ LD TE %,
INFE IS L Z2mi&EA 112, Ho He, C, Si, Ar, Fe TH Y. JA\ LET #iH coHIE
BT A T2 F720 TANANF —IREEIT Ver.l L R 2~3 (5 RIF L 72 0 . TR D R/
BHER T (MIP) TH 2 I 2 —RTOREICD I L 72, Ao NCRP ofh & i/ 31
HEBfEL NS £ TICE - 72101,

INETOMBELEE 2T, SDRICX Y PS-TEPC % ISS ~DiT I - #&# L HlE =5 %
TOEIRIREINT, 9. Ver2 2EARL LEFHES A OMESHKED bh, kT
DEMEFFIHET L & LT Ver3 A4 Db & iclifEx -, Coiciz, TR
[Mige~ 4 7 v-PIC 0BT D &F iz, 2012-2013 FE 13, Ver.3 ORI &
PATLCFHEBRCTHV 2 D LASEAZ Y =T Y v 7274 (BBM) O JAXA FiEic
L0 ®EZED 2013 FEICTER S &, BURHRE ARG O & 4 4 v hiEds (HIMAC)
LT AN F —NEER RN (KEK) OIS DT R4 E 2 v <.
BR TR ETHRENICON T 2 L AR Y 22 ST 257 2 P olgz, FHtke Lo
BERBMERZToCE /2, ThEX—RELTEZ7 T4 bETA (PFM) O#EED 2014 F£JE
£ Bh & . B0 FEET TSR <IN 2 CRERF HIMAC % KEK BUHRIRE I 51 2
R IR A T Oz, COWBT, TNETOETATIEHRD LNRD > 72 [0l R HE
HHAFLM 7 AV CHEFICRN I FERDB RO D | REE 1 FEL 22T CURKRDER E Z
DUEICEED T &E 7z, 2016 4£ 3 HE CICIZBEY R ISEn Bon ) . ZnaEFEL ISS ~
DI H LT O % D 72,

2016 fEFEICR > T, IREEABRZIZIL® L3245 LT 020 ofiE oilli, I OIChinE
B — L OWABIERERS 2016 7 H E THtl bk, Rk DN ALK D 72 D FL2E
PERAEESE, 4TH LT D720 OMfFESRE ISR b/, 10 HICi3Td L ozo o
7 A FIEAEE LB EMERE BRSSO B M E R FE 21T, 11 H 23 Hics 2 L. T 5T
v x—~Dfk, fTH EFHRrT Y FTHB HTV-6 ~Di A %I, 12 A 9 HIiciTH
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EFieEh L7z, HTV-6 12 12 A 14 HIi2 ISS ~F3E L FHMITHIC X v ISS ¥IT5 Y a
—NVH~® PS-TEPC 7 7 4 b T VOIEZAT T A TN, Z Dk, @ERFKRO N Z 71
BB o =P EFEEE S, RBEFHERTTONE, 12 A 28 A2 5B HEEMAR L - 7,
ThIC XY, FHBGHREE RSB S iz, BE 4 itk o T, FALEESHE L
T YL ER TR, T2k, aviru—JK ko HD o RFHick 3
DHRK & WiE X 7z A& i3 11 AICfUS HD Z24TH RiFsc#id 2 2 L ic X ViEIHL,
7 — Z ORI I -, i E~DEN kG213 Thbi s X 51k o7, 2018 4 4 HIC
o T, LEU EoRICH 7z 3 1SS #fic X 2 FH =M coBfERl, 7 — 2 BUSREo
W MR L7 Ec. 4 H2HIC PS-TEPC 7 54 FEFMIC X 3 ER =L 7=,

3.2 HEEFAFE
3.2.1 EEEkE

7 74+ K 7 = — XBT7EAE (SDR) ok, =vvy=T7Yvr7E7L (BBM) Kk
U774 b7 (PFM) OF¥% L7z[12], X 3.2-1 I PEM O #HER o s % Jl e R B
LR, WIERAICORT X 512, 400um ¥y F U AEOMHREMCER I NS
u-PIC ic X b, AHTHEHFRIC X 0 Ak L - BHEE T2 EERT L, SR EMEE 2 Rothr
EIER (x-y) 2825, BT ORITRD & 2- 7RI DALE % RGE L ASBEHR D 3 KIThLiE
RT3, p-PIC (BHHERE : 2.6X2.6cm), FU 7 F 7L —v (8 K OESKIE
HoH—FY v 7 clEENZESPEOREETE 720 0 1 KE OB fi5UE (CH1:64.6%
+C02:32.4% + N2:3.2% DRARIK) T3N3,

KIEM o RIREER

i

FTEBATR

ASLERSTREOBEFERICEVEL-BREFERBIL->TEMS
. wPICEIE TR - .

[ 1
2 i J-TEPCHIE [
(gatfgg;g Control Unit(CU) AT 244+
5 (ADC)IZTFUALERE

il

X 3.2-1 774 70 (PFM) O (7417274 2=>v }, DU) Ok
BHES (DU) i3 3igEs &k v E L (HV) ERRE A AT S, X 3.2-2 icu-PIC
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- 400pmbEyF

- BESmEIE: 2.6 X 2.6 cm?

* Anode 64 strips, Cathode 64 strips

- SEAH L [T astripsEIZFE LS. Anode 16¢h + Cathode 16¢ch

3.2-2 u-PIC & EEHIINA R

| el et L e

. Anode x16 | ! i

| Cathode x16 Do i

: PreAMP. | | ©' | 39chFlash ADC |

! u-PIC L *‘ .

! THY b ————>  LEHX~

! I CPU | Ethemet

. HY b i
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IR TEAR R & Gi 72 9 PMF 258§ % 2 £ A3 T& 72, PMF 13 2 5oMHE (DUL K °
DU2) i richilfflz=» b (CU) 256/ 0 . 2H® DU IHEH IIZ N2 MEKXR O E LET
BFHERE LCEIfET 228, HIMEBEEZ2ZEZ 22 LICX Y AEVICZENZNOHIPH% /73
— 3 3 TURM RO,

B H FIF AR

0.2~1000 keV/mm
LET FHAIEEE L BT RET 2 LET 4B
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<+ & CU:303 x W214 x H326 mm
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DU 16.8 kg
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3.3.2 #HH
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(2) #&E L C/O

ol FERRSEER I VS L F 2y 2T Y P LR O T L A YRR B E .
F—2DFHETT o724, FH 12 H 16 HD FTP mika~ v FRITOH 20 Hikic T L A
FURERIET B L VIBRBEL 2, IV FRERF VD, REARNE (%) %217
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T EooN2) EH, FEREIEE O T IEIRIEIRE 5 B, LR DR = L B
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(3) FEHuE

TATI A=y P OBEREERITV, AIREARRY L D7 — 2 %5Hl, WELZ, Y
TArA LTHiExy ) v (DL) dd 1R EEER ORI 24 v 7). 2R7 —
2 (WHEBET—%), HS 7—4% GRE, EE. 27— 2 ZF0EHR) 1wz, ok
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HICHE ¢ SSD 3z 7o 7o 4. ARG XM L. shllZ /M3 2 C L8 T& 7z,
HHEco7rHOM., 7—2HRIETE kb o,

(6) PS-TEPC oD AA&k[m]IL

JAXA fllolkric X v . AEA SSD oJfKFH#E D 72 (A SSD % HUL (2018 45 H 6 H
SpX14 I X Wb EIii) L7z, L22L7%Aads, #ECcoBcii REARIAHERE T,
Hegn L DA G DEIC X BT ALEE & JAXA I35 CHIT & L, PS-TEPC O A{A b [H]1Y
(2019 4 1 A 14 H SpX16 i X v #h LIF#E) L7, PS-TEPC &k & AEA SSD %A
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4. FEEHRE L OHER

4.1 Bl EEBROMER
4.1.1  ASTBCE R 0 B

(1) =RICHRBRENT

il - FEERCEUS L 72 3 RICREF T — & & LT, ¥ 4.1-11C 20017 4£ 2 A 10 Ho DU1
OHET =2 O PR L 720 %l LTRT, u-PIC~OHMEEIZ IOV T, FV
7 F 7L — Vv ~OHNEEIX 3300V TH 5, RUTHENE R, FERIZER 7 4 v F OFiRZR
4, lF LET O E K2 R~FHD I 757 —> a v TRLTWE, AL LDASE
b, FHANER DA X v b ARG 3, AR oM SR % o CFERO 3
RICIEHR % B L 7= D 13 il 23 72 W

HIE St

Fitids : DUI

HIEH  :2017/02/10

- u-PICHIfIERE  : +900V

- FU 7T L — vHNERE : -3300V

(R EAFY 7+ 7L —v, FAu-PIC )

% "\.___________ ____2_'.6
2 0 Anode (mm)

X 4.1-1 B EFRECHUS L 22 ik D 3 RITHRER

ol FEBOREREGED -0, A0 A ALF—0 afiZ 3 2 24Am IR 2B HE
DFY7F7L— v HREHICEE I N T 5, SBICR L7 3 RITRIFOKITIE, X 4.1-2 1
TFT X, MBI ANALF—DERAEHL afiof Xy P 2R EERIT> TV,

X 4.1-3 1, B EW e Fic BT 2380 %, a4~y P 2RI L 25E EORINL 22
WA T TR T, MR F — 23 & 2 BRI O A L R AR T,
D a FHTHEIC S L P 0.1cps DEHCKA a OFHCEE LTI S RTH D, 4 =Y
FeLZyavBIELITORATRE I EZRL TS,

(2) ABHEEHRD A4 <Y L —}

X 4.1-4 I2B T, ERIZA RV b L—F (AFBEHROGHECEE) o 2R L., H
ERFEIIE] (3990 43 1A (ST 2 L — b OB ARG, 4 ERILAEATRE %R
LTHD, ARV IFL—MCEoTEIT LTS, FE-50 . T30 AT ciiic
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31 Ho7—% (K LET fll) #FEA-dbDoTh s, 5507 LET i, & LET fll K
LET filics»Colfe L Cfet L CH 0, k& /KB TR L7Z RRMD-II (STS84/, ifi tric
STS911 1) Ic X W3 b7z LET 7910 & B OHIPAN T L T3,

4.1-7 i1, DUL O DU2 I W TEHAI L 72 LET i o ik %7~ 3, DUl 57 — £ 13
2016 £ 12 H 25 Ho 57 —% (@ LET ) & 201741 A 31 HoF—4% (K LET ) #&E
N7=bDT, DU2DF—&I1320164E 12 A25 HoF—% (@ LET ) & 201741 A 11
Ho7—% (KLETHl) 2FN72dDTH 5, FMHED LET MR INT NI L2 b,
Bon T3 LET 2R ERO G 7 A =2 IKF LRV b D TH % 2 L2355 H
3., ¥7-. SEoHIE L 758K LET X 650keV/mm-water f2E D+ (Fe L BN 3)TH
25, ZLL E®D 1000 keV/mm-water F2EE DK T F CRIEZR CHIERRETH B,
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O34 % g, & LET il %2 DUL % ¢ % LET fill%# DU2 Z T3l L 724550 CcH 3,
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1. Introduction

Astronauts in spacecraft are exposed to radiation that is mainly contributed by ionizing particles
and their secondary ones such as neutrons and photons. The radiation dose should be controlled
not such that it does not exceed a fixed limit. The periods of stay in space is restricted owing to
the amounts of radiation dose, because the dose received in the long-term operation like a
mission to Mars possibly exceeds the limit. Thus, an active dosimeter which can measure the
dose in real time are essential for such operations. The effect of radiation on human body are
evaluated using a dose equivalent H, defined as a product of an absorbed dose D and a quality
factor Q which indicates the effectiveness of a given radiation and is a function of the linear
energy transfer (LET). As the LET of cosmic rays widely spreads, it is essential to measure an
absorbed energy and a track length of radiation to determine LET for evaluation of H. The
National Council of Radiological Protection strongly recommends an accuracy of less than 30%
in the dose measurements for astronauts (NCRP Report-142). However, thus far there exists no
instrument that has the ability to measure H for both charged particles and neutrons within the
accuracy specified by NCRP, though several instruments have been developed.

To realize a dosimeter which has sufficient accuracy and sensitivity for dose measurement for
any kind of radiation we developed a new space dosimeter called position-sensitive
tissue-equivalent proportional chamber (PS-TEPC), through which we aim to establish the

dosimetric system in space.

2. Experiment

PS-TEPC is a proportional chamber constructed with tissue-equivalent materials and a
miniaturized p-PIC of size 2.6 x 2.6 cm, and works as a three-dimensional (3D) time projection
chamber. PS-TEPC measures the deposit energy and the trajectory of incident particles
simultaneously. Therefore, event-by-event LET of the particles can be directly measured. The
flight model of PS-TEPC consists of two detector units (DU) which work complementarily with
each other and a control unit (CU). Figure 1 depicts the detector unit, where the operational

principle of u-PIC is also shown. The flight model was launched to the ISS on December 9,
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2016, and was used for experiments in a period from December 28, 2016 to April 3, 2018 with

an approximate 7 months break from April, 2017 due to the issue of a solid state drive in CU.

Figure 2 shows a typical result for 3-D tracking measured at the ISS.

@ —particle source
for energy calibration

S

Charged particle

The electrons ionized by an incident radiation are drifted, multiplied

T Tatat “mTalal T T and then detected by a p-PIC.

Structure of a I i .
dWEDU] To digitizers(ADCs) in

a control unit(CU)

Measurement principle of PS-TEPC

Fig.1 Flight model (PFM) of PS-TEPC and principal of measurement using p-PIC.

3. Result

LET distributions were measured for the particles with
LET of 0.2~700 keV/um-water. The distributions
measured by two DUs were compatible, and in good
agreement with the previous results using Si detectors in
the space-shuttle experiments (STS-84, 89 & 91). The
distributions were also consistent with those obtained from
PADRES attached to DU within the errors. In the
measurements  performed after the break (after
approximately 11 months), the reduction of charge number
from DU was observed owing to contamination of

detection gas. Using the correction for attenuations

‘ Drift pla

\ p-PIC

20 Anode (mm)

Fig.2 Trajectories of particles
measured at the ISS.

of electrons drifting in the gas, the LET distributions could be obtained to be

consistent with those immediately after the launch. The dose equivalent and the

effective quality factor at 4 months after the launch were determined to be within

the uncertainties of 15% and 20 %, respectively.

These are satisfied with “full

success” in the success criteria set at the beginning of this study. The “extra success”

1s also expected as the PS-TEPC was found to be properly and stably operating for a

period of more than one year.
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PEROHFTEE R, Fx TERBANOFTNICENAR WG ICELAD D, #-oT, V=
> MRS & > TOBRELZ A5 . He b BOHE I O T2 Bl 72 12 %97 2 I 2213k O fR AT 12
FoTHEoND. EEFEEIHREEEIODIRPMHEERENOHRE ERHHEICTE
LT, MEREENONREEZEE TS, 75&, KDHIFXKOELHITEEZBIOND.

2 4 2 2
0=[3+u§-)+oza r_EQ ua) +in (§+U294Dé7r'
ot OX ox* ot OX ox? ot OX OX
2 2
(a+u aj D2 (a+u a)nof% r
ot OX ox? ot OX OX

(3)
ZOHBAOMIIROLIITEKRED.
2 2
. ‘ ' [§+U§—iD%jr'=[§+U§+lDa—] ' =0
r=Cr+Cri o . X X X ox? )
bHWE, §&ET 47y DT NVEEKELT,
2
(% U§—|D%]F=S§(X—X)
X
(5)
Z il 7o SR - R E AR, e 1R
2
[§+U§+|D%j =1t
X X
. (6)
S LTKREDS. 22T (5) (1) EEFRICOWTHAND,
Yy POEERIHEIC K o T x<0 OFEBIS/EON 2 EZE XD & I, ToEmROA L E
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B RERXOBLE L0 EmIE %2 frtE o 2 —ERE S= Va/2 ODEF NN Y = v N ALEIC/E
LTV ELEEZEZTEINI ERDLND. HDORKAAZY = v MEEWME x=X= (U-V) ol @ < B
LR NICE > TR 0, fLE x<0 25 SR END Y =y BEHEREN Go,t-1) (KA~ AD
JFEICR T DR BITISL, LT TFEogHE] &MES) Ik ThEXOLND.

i{x—@J—v)r—u(t—rﬁzi

4D(t-7)

Va

G(t—r,x):mexp

(7)

Unsteady upstream Standing
propagatingwave  wave
=2 71 T T

Tip contraction wave

=U(t-17) SR T

2\‘ | / @ Vt/a 5 7’ s N
1 3

1.3

x/a
i f

i ol ‘
-20 15 -10 5 0
| v x/a
(@) (b)

B 4-3  SeomiHE R R

GOEHEK T LIEDONK 4-3()TH 5. FRFIFHEDORKZ ¢ TS SR oBkic Xk
LZHEORA BT AREEMERT. THIFEREOHEERNOKY L, Yo v bk
WK ERNOIEIC n=0,1,2,.. LB ZFDOT 2. n=0 DEERITT = v M & —FICBE)
THOT, R - c DN T &, FREHEFZORBIZHA L, Py MERIIEWD ONLIA
WCHENELS Y, ERBHEHEREN/NSLS 2D, 07, HHMEICLSDE, Vv O
We FMEREENRNVAIEREERICRD. TORVERENMPORITLZIOTY = v T
MENTFMICBETDLEIOICRD. FWEZOMKS xo CHEXROMNMEBELZRAET D &, 0%
H o 58 O UL B I8

X, =(U-V)r+U(t—7)—8zDn(t-7) (8)

TEREIND.

FWHEFZITIZI LD LRICEE, HAMETHR > TTFRICEHIK L HI1CAhD. ZoimEiEx
VP - BT THE DN ERR x = - U(-DIC 72 D, 2k v, BT 2 REENEOEKIT
Vv hHELFAULKRESTERICENR> TN 2 ERBbMD. EE, B ¢ ICBERTE5
Vry NREOER r 3TN ETICVzy MM b SN TEE B s 2 TCERLAGDLY
b0 HDT

t
erM—LGa—aXMT ©
ko THIBENS. K 4-3(b)i%, K 4-3(@)0F oM %2> TXROOOFHAZITo R E R
TR x=-Ut O THICTE DBLEATRREOPINITRAOFATHRIC R D, 24 61X 0hIHE
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WraRL, BEIEIBEZNMMEES THAT, BIETZ2HICRDIZENb0s. 20K
IO HARE o= U-V, W R A=Y2raz it X 4-2(b) (2L UV =131k 5) oo s

Z7THHEE (BC) Lo 1 ficxhind 2. X 4-3(b)oD Je i I I t8 Ik o B2 13/ X 72 k8
BRI e LB N FET D,
N(®)2 B EN DB S 538 RIXH ok B3R & oialdh it & OB TH 5. MR ZE[H

—0<X<0 g R 0SX<H0 iz 7= 2 HESMIE EHE OB RIEIL, ZnEh, X 4-2(b)

DGy o (D+ID) B X CAS K EHER T 2 2 L b s, FEE, XM WTH n F#
53 BB O FE T &R R,

dx, 27Dn
q“:da—r)_u__,t—r' &V_mﬁﬁ—&MB_(Jn+05—Jn—Q5)SnDﬁ—r)- (10)

Lo TRHAETES. 202 b2 EL, k =27/4, o, =k, LEZ, on & k DB

ELTEBETDE, n DEICEVHLOERWT, X 4-2(b)D 4 8 AR o (D+AD+IID) 23 5712 58
BT D, (o T, M oK AR, hoFBSBIEERLEL > THMHREALZD
BIRAEERFERL TV DI LR DND. ZOMAIIAFHER CHESINZHEEN Y Z T,

EOLICLTEONTEOPRERLIDICHEFICAHTH D, £, —EK 4-2(b)D 4y @ #f L

THIE I TW DN FEE S L, 4-2(@)D s R AE R T, MEEREmEDODE S F O

ELWHEZMDZENTES, ERMERELOBETIE, 2OXCLTEELEZEEZH WS,

4.1.4 "8 QO
FOHIITERBNICBATEROND, MO TN L FTRICEDLZEICED S, X 4-4 1%

WE & x/a = -Lpla = -20, -30 (U/V=1517TD%HAEDO4) 7 4 ZAY =y O ERIEREZ S

LCaxE) TROZFHI L, REEMOREMEIEZRLEZLO TH S, KOO F AL

IHE B (X 4-3(b)DAEHR) O LAV 7 0 ANCRZET Z2REAICE - Th 5. KFHEIE, HO

MEORBEMZITBHET IO ELND. HIFITELN DIREDS /NS < EE OB S H AL

WiZ# oY=y FaBIcBEET, @ax, BmESLE2EBEB T 2720 Th 5. ERNFL t=Le/UITK

SRR I O e g O BIET D L, KR ORI & R AR L, LMmIHEE ORI ko=

1.62(U-V)/a \[ZRM L72F UKLV B LIEGND LI D, /NS REHEE U TIi,

Z DRI O W Bk 1
ka=1.62(1-V /U) ' (1)

THZX LI, ka<l ODARZEWRIZRY, Y=y MHE U CHFRICBEITS. (E->T, Y= v bR

CORMAZERICEI > THBiERL T2 ThNIE, FHY =y PRIIMEHEE U TRED

Yy FOBAMHEICRD 22 (BICOPD L0, FEICIT b EOBEWIERECOW %) . 2

ZCEHROKRIZEETS.

X (I)EY, ZHIHEE O A Y 7 ¢ AR CTREEWRN TE DG HEE UL ER(ka=1;
UV=260)0N0H5IENLNDHEST, Yoy NOSENIZEEL-ARLERZHAET 5 ER
72 H AR ELEAE L, A EEN UV =261 ETERDZENCEDLRWVEWT RV, ZDXE
BT DOEBIC L > THRICK X 5.

(1) EHEBEEOHMRKIZEV Yy RELS 2D E, RAEREFRIIZOHEIBIZEY Y= v N EOW
TE 5. REEWDOIIFEMEHEBEIEFEY L7z EREFEKEZED AV 70 ARFICL>THLE
RNLZEW 2 AT H[9].

(2) UV <1.76 TiX, FEF LMEHEKROFICE O KFIC KD R REBRERRLERIZRD b ON
EENTND. ZORKARREROYHIRIEIL, LMIHEE N L TIELR D RE TR
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FV/RENR, BV y FTIEHHEEL TXENICARLZENTE S,
(B) AV T 4 ABENDRLERIL, DWIEICE DAY 7 ¢ 2 & OB KRR E R L E K%
EoTHATD. L2rL, ZOBAERRKMEERALZERIZIHAET EHIEES/ NSRS
B A o
Thbb, ey MR, Yoy FOSKABRDIRIND &, & KREEEARNLE R 2 F
LHEMAEFFOZENRDND. ZORMHITBEIN W ORMESCERFNHEZ L 2 2L X
HEx2Vxy MITXDHOLLABMT 2 ECHFICHEETH 5.

Surface displacement Amplitude
at orifice position
0.15 T T T 10 T T T
0.10f [ — PO N
0.051- anint 1 7| Jet breakup position
U/V=15 8/a 000k« / «. - lslia 0.1 | e ——
005 . i\ orif iti
o014l _| Orifice position
-0.10|- V3 i b1 ‘
015 | | | ) L0 O O
20 -10 0 10 20 20 -10 0 10 20
V(t-Lg/U)/ — - V(t-Lg/U)/
(t-Lg/U)/a Lg/a=20 (t-Lg/U)/a
v _ = Lg/a=30
0.15 T T T 10 T T T
0.10+ v i T 1L S RAEEE
0.05F MMM I A Jet breakup position
U/V=17 &l o.oo%‘ﬂ.,‘\ - GIEWEE SRR BRESEEE N
0057 “ e (/| |+ Orifice position
-0.10 R (1
-0.15 | | | . | |
20 -10 0 10 20 20 -10 0 10 20

V(t-Lg/U)/a V(t-Lg/U)/a

X 4-4 LM IZEIVZY 7 4 ABITEDN D REEN

4.1.5 FEWREHR O RTHREZE L

Ty FEMREICHANERIND &, LB L ERT BN RLENT H[1]. D
BT AR ZEENBN D OI%, Mgl A K& < 20 FEmWENIC L DWEEN EROME LY
KL< 725 &, B O E W NIA BNV X — A OJFERIC L o T, Z O FEI O FE BN 12
WRKITDIZNDLTHD. TDOD, ZOZEIRED WL, LS REEWR OFE SR EI
BlkT 2L BREESLTLS 2D, NEREHEE T, Yy BB, FY 7 4 A TTE
TARBEEFRENPHEBL TV =y bESET 2R/BB 720, KB RZEWR TR o K2 E i
XB0WDOHAI A4 T(R2LN)EEDDHHEE LRIV, 207, FHY oy FEIT,
EANCY = PEMHOBEKEOERBICL > TREV, AN R2WVEA LY L EVIEEEEC
2B, ZOXDITREE S TIEEMIKM E A LZER O TR 2y bOSKIOED R LIC
KO EICRIE L2 P Y sy PEBRE S,
4.1.6 Pz v MWy IEL ORE L BERER

WEOFWIZE > THELREZEY 2y NEBMONRMEIZLVBREO Y =y V20T 28R E
FER{ELND DT, 45 [T EOIC—HEOY 2y bOSWAEE L, BEICHN ENTFEY
BENABREDOY =y MZED LS RBIEAREAREZIELIPMALERSSH. Z Z CIHEFN R
SWIRREE B 2, WEH T LW Ly N ETHDLERETDH. X IR LS ITE
Exhd.
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WﬁM)=ﬂﬂGﬂ—axm7+§HjGa—mT—meT' ,

T T T
Lea—mT—fmwru4;Ga-mT-fmmf+LGa—mT—fmmr' .
FHOBRMIBEDO Y = bOWOHFREEZET. HOIIKRDO 2OOWMESRHEO FITBI b
T IE e 5720,

x=Ut-Vr' T . t—-mT —7'
~2 UL +(U-V)](t-mT —7) 7 x=(U-V)e {1 T o }
P ] +UNE=mT = [Vi=mT =+ T =7
E R’ - tlc
m=M < H
MNiqc""
N , 3 !
m SRSl = K
T .Q\ /
m=2 u-Vv)r
T /( )
m=1 TT TI? ] P
N \\\ -
m=0 A » X

Md4-5 BEOVzy MoWBBROFS

(1) x=-Lp \C BT D4V 7 4 ADIFIE

M 451280 TCx=0 TmBFBFHOY = v NyBAEEZiBEORKZNT =T CTH 5. KR HERH
P=r-ml<T %EHXRTDHE, FA 2 1B TFH2Y =y MeWE x=(U-MNT ITHLE LKL 21
Vv NMEWMMOHFINTZHESBIEOF n BEEOBMMIL, Q)T &t 2ENENR 0 & 1
mT CEXHZ CRIBIND. 20X ) R E X 4-5 1277 L2120 B Icx LTH z,
WO ERbND. Yoy NMEWmPOBE SNTEREOoBIEIEx=-LsllH D4V 7 0 AEBXD
ZEETERV. RMED D DR EICHN SN RSB OB T, BED x<0 O ¥ = v hEIK
WCFET DR OEMBNIAA, B, CZHEAQALRERICRD. o T, r<a OBEORKAICE
J2Y oy MBI BREL  ICB T B PR REORIHICIEFS L., aa<r<op T, X
(12)D 0<U <TIZO T AT HB W T AEKO RSB EROFHITHER LW EWniT iy,
X 4-4 1% T=0k LCHELLEBERTHS.
(2) AR5y Wil kg T

SEERINKEIC Lo THIR SN TEZNBEEIFE T2y MOMICL AV = v NOEHEE £ T K ER
SERMED ZENRTE RV, o TREHIKICH 2F0BEOFHFILX12)Drr=0n<<T
e oYY 5 Fa NN = 74 S R A AR AN 5 A AN

FIV 74 AV 2y "OFERTBEINTHEOFIX,ZOL IR EZEL CTHMBETX 5.
TR T S EAE LW EEEE Le NIRRT S L, NU)ICBVWTHEO Y =y MNMelmOEN X O
FHIEX =0 N OBENTNLETITEATZ2 X512k D. 20D BE0REINMEIZED L S 72
MEICEEREZRT S, 20 RIZBREDOY = v FOEMINHEIC X 2 EmNER A EST 5
INIZEBICAF Y 74 ARFERAERAY 74 AV 2y MITEZHEO L0 2 XRT 2
L, 46 DREZ—=URELND. ¢ IIREANLEROYIIRIE ¢ (257 5 EEMRIRIE Dk T
HOEREENRKREL 2D E e B/NSL<RY, ¢ ZRELSLEARF =B TV RFH
FEBRIZEWT, 2O Z — 2o B S ARICHER TE k.
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WY oy FRIIEHEE LI RT S, o2 I EEEENETICENA Y T 4 R
KETHEONTERLEREN BB CTX L5102 I EEZERT D, RLEEROIEHRIIIE
N2 FEEORM LREFTHAKRE T HVEEY, TARNL) 7 4 ARK T2 ERUARARER %
BAETDH9]. Zhicky, REEWHZED XEH2HEMET, 20 A RLEELEREICE-> T
<. T2&, BMEBOARLENROHTIZHIIPCLERL L. AV 74 AV y POFHE
BAER T, NETICBRREMAMATEE TS Z ERMERTE .

25

10,707 s 0 NG
177 s {7
/)" S o\ /{ / \ 4

1) 7~ M)y s
il L M R

<
o
v
&
I
o

4-6 ¢ TMEDOWEKRITH D ~FZ—EfL

4.2. PHEEBR
4.2.1 ERERE

Measurement and
Control Unit CCD Camera

|E| Mirror
High Speed \Body
Camera

Piston Drive Assembly

Enclosure

Air

(1atm, room temp.)
Nozzle Water Jet
|
Interchangeable | ]
Syringe = ===
LED Light E;gp Capture
X 4-7 RBREE

B 4-7 IZFHEREEOMKK 2R T. KWL KEZEHALZMAGE Y Y & P (HNE 2R=50
mm)DOMEEASHIZ X, ¥y v T LENERE a O AR EEFEINTEY, iz R F R
FOHLN TS, FFEBRIL, R1IICEHEHMLIEAKEDO ) AVEIEFE L) VgL, /
ANDFr vy FENLTEBEND. EA ML, T—F —DEEE#HEZ T v 7 « ©=F
HWCHEMBEHICEBEIN ey Mcfan# <. EREBICT 77 A INTEH &4 (EH
Vo T AP 4B UL LLRE e IR E Y = Jo / pa THEER UL L TERFT2) THEBIL, £1I1T7

T3 EBOMEN F A F(ABCO)E M LD OFETICH - THRET 5. MBI O B AR S H
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Ul 0.1 BRLUNICET S, oy NOBIE(ZIEIBEEIE— ¥ —IC L2 M/NMEBI A EE L TWDH N,
BRI TIX U2 5. Rla>>1 THHMD, GLIOBIR{EFIEE L TaMLR TS X H I, B A
b SN eKIZ, AV AR ETICRIBICHER L, FEHICRE 2EEE 22T TEAITHE
BT 200 TCThHhD. ERNOBHIEEREERKER CRE)PICES ST =y hOREE
ABmEEN AT TREL, BB T — X2 Bk THOM L. £V U PICEALEZKE
ETHWEID L, Kol AR DX T, AIUERZBEVEL HFHMEOF = v 7128 T
HEr oLz,

521  Three types of an experimental run

A type B type C type
uv 4[s] uv urv
Unna/V ﬁ"l-‘:‘ro.os Una/V [ =
/ ., A3
/ “ . Js) k
Targeted discharge :'I \\ \\F T o551 ‘(;]l::)lze“ .
speed profile ! S ~ * 1\[‘4]:(lllm
Unin/V T 0.1 Unin/V pel‘l.od
LO=F 1.0 available
4[s] in an run
0 t 0 t 0 t

Demonstratethat the present jet disintegration The capillary wave system developed g, jiz0 the steady jet disintegration

Purpose state depends on the history of capillary wave |along the jet at each jet discharge state for a given jet speed.
formation in the past. speed is independent of each other.
Nozzle used #2, 3: repetition of the same experimental run
Length (| Radius a Underlined number: injector end coated with teflon
0 mm 1.0 mm
. Exp.3 #1,2; Exp.7 #1.2; Exp.23 #1,2; Exp.25 #1.2 Exp.4 #1,2; Exp.8 #1
(Orifice) |
1.0 mm Exp.1#1.,2; Exp.5 #1.2; Exp.20 #1; Exp.24 #1 Exp.2 #1: Exp.6 #1
0.8 mm | Exp.21 #1,2; Exp.22 #1 Exp.6 #1
30 mm ==
0.55mm | Exp18#12 Exp.19 #1,2; Exp.26 #1,2
0.4 mm Exp.9 #1,2; Exp.10 #1,2 Exp.11 #1
120 mm | 0.4 mm | Exp.12 #1-3; Exp.13 #1-3; Exp.15 #1-3; Exp.16 #1-3 Exp.14 #1; Exp.17 #1

4.2.2 EREMH

AKEHEROBMWIL, BOARLEMBEOFELZEIEL,ZO0FEMEALNITLHZLETH
L. FZDOLDICHBEREROFTEBE L ) ANVHKREE X, K1 OER 1~25 2 FH L.
FxlZBEICAV 7 4 AV 2y POEBREERICBVWCENMERNY = v N E ST 5 RE
EWEED BCARLECEEDOFAL EIEL TWAH10]. RETTHERT D X I,/ XA big
SEan/eky =y MELBEESHEMCED, FIRICITSICE>TY 2y hORBEENEND
HMRKLTWLS., WEOHW EREH R IIREHEICBEIE TCHLI 0D, Ay =y FOERE
EBRTIE, EOMEY =y FEFREKROBE CALZENBEGRREICEH Z LIy, VAP
Yy MZEAOBOCARLENEMELRET 2N TE RN, oD, REHFFER TIZ, AL
Vrxy FOFEEBEFELIHRDIZELICERZEE, AV 70 AV 2y MIBwREDOHER L,
ANV xy hEHBBBAONME ST TEELZ. /- T, LFTIX/ ALy =y hOFERIC
ERZEZRKTRT. AV 74 AV 2y FORRIT, 41 ICEMLZHEGEY OFBE 2R~ LT,
423 J ANV vy bORE

AREBRTEEL L THRIC LM HEGM (1<UV<2) TIEHZEXEHRICLD Y=y bR
ARICHEINDANZ BT 5D T2 N REHIZRNWEZ XTIV, 2 XA LT7eK
X/ ANVHNEBEDOEBER DIZL Y EENSM AR >, / X/ ELOH Bousinesq @ By & i
Le/(2a)=0.065Rep (Rep=2aU/ »<2300)L ¥ £\ / X)L CTiX, FHEE U O R 5 A 12 3%
HLEWTHEFE IS, BV XV(RE ¢=0.4mm, & S 0=120mm) % £ > 72 £ Tlx, 2 o 54
oz SN TVD, ARICHATIEIZEN RN E > TN TH S ANV TERICHET D.
WE SR I N RS PR LS o TR RS AT < ATHE W B B R E Oy AR s D — KR FE 3 AR IS [ 0y > C
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BRULREWEH Y=y PEERBRLEL I &5 CEESMEM . M 4-8 3R mENZEHL
BEHAATHESMABEMBERZARE LEMRTOL L. v BIEEY =y bORFTFE,

WU =@/n) Gz, WEOA D O(a) Bk C Wik X8 1 — e fEo/u=12012 72 > TH Y, i

LTV xy P¥EEIL r/a=088 ICHELENTWD. Z OFFEITMEFHROE & L EH & O RAF
A2 BHIN2EIC—HL, FEAKOEENEHRTE L2 L2 EMIT 0D, EEITIE, H
M6 1 ORI K s A ERT KR, MnaFzrv i rea, u=U OY = v MNI7ZR
L. ZOBEIIE, MAOPOEENALDICHEWY =y POREEE us BENS UL 2> THK
LCWL —J, FLEh EOEE un (X 20 205 U IZHE > THA L TV, Z O =
Au=tmax-us, D FJH THAEE D R FRICEALT D, BOBEEEZRE ,A/U O 7 7 7 13RO
B ICEEl T 5.
Au /U =1.5341exp(—25.572X): X >0.01

_5 v _5 v _5 1 1 (a=0.4mm) X 1 1
Tazau " a JWe 339.4 e ' aWe 536.6
a Za aza\/% i a e a e

pa (13)

JANVTWA LT KIFADELS TIHEBICRERBENDEZZ1TH5DT, 0 <Le THL <O0(a)
TRINE, BB OEESAAIZHR> TREH L, BV AL ERIKICIESES .

X

(a=1.0mm)

2.0 . ,
A

Lo mu=(ain )y ——— _ us | Au

10 — Ts -» [« 0.01U

0.5 - =7 bir

) b
0.0 ' ' 0 > U
000 005 010 015 020 025 Hmax
X=(x/a)/Req
(a) Numerical simulation result (b) \Elocity profile relaxation model

H4-8 ANz y b OEESTBIERE O KL R & WEEES T 7

4.2.4 MEHOE

BHEN AT TIRE LEET AEG ORI Y 7 A JAXAIZ L »> TR STz,
4.2.4.1 V= v NgEBR O

O EBMA T RIER 2 ¥ =y M RO WRE LRI L TE R D KR TIEARLE WK
DEEFPT TR PIEEOFEBEFARDL N KRETHDL. AREWOEEHIZIFICERLE
WEOEBRMFETIZ ML LGNS Y =y OB AHMEIENTWDER, Z0Fik
TIH/NESREWEFFS TP IEEZR A2 ENRETHD. WERBBICXDRE I, ¥
Ty FEBIWMTA2ELBMIIAFRMEICL S THEITOBRELZEX THATICADLDT, Ml
Yy hOEXRHERTYH, BRICHIE LI ERFMOBESMENE L7256 3[10]. AEEKRT
I 49 ISR LEEEBAEEICIVZEBROY =y ORISRz EEME T 5 %2 L.
X 4-9(a) & —H O EF A E AT, X 4-9(b)D AN D X%, X 4-9(a) D HEHR T O BEFE 45 A &
zT. A7 7 71 3F20EEAKTHL. WHIZAAMMHD 2 DOMERIZHD EEZLR
20T, ZOHEBEOIWWESZBHBT 2 2R OMIERETED,Y =y MR- &LE T
DER (KEBROY =y MIERWICEHNHRE CHD) 25H L CTmEHEeEz RO 2975
ik oT1I BNV E /NS RREENMNE CTHAINDL. —HlE LK 4-9(c)IiZ X 4-9(a)
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OEBENSHHB LY 2y FOWESHRERT. ZOMNS KEER TIZ/, ALYz y T
FV 74 A2V 2y b ERE, Y2y FERNMICL Y EB SN RERO BT 2 R 2 ek
L oTHHMAREETTWAEI ENbNS.

Frame No. 3924

°
—t- ST -
I 4] I
Frame No. 3920 PR o S === S N
—e= 80 ¢ 0 ©] F0 S ammaia
IS
£ 4 r
Frame No. 3916 =9
2,
.. 4,
I
Frame No. 3912 BF EesssessoccEs=—exa==E=
—ttESNE o, ., % o ow
Distance from nozzle exit x/a
(a) Video image (c) Instantaneous jet outline
) N
NERREY T
S le) — \ i}
‘--h.__\\ - C--.\
2r
30 V. ™
e
Pixel P,, AT p Prot Tl |
1 PUNEEE e il —(Pn+1 = Pro1)
25 ] 8 P=P+
™ J?n:.ﬁ.__q_éh bolic birte 2(Ppy1 = 2Py + Py_1)

20 |
0 50 100 150-40 -20 O 20 40
Brightness B, Edge strength (B,41-B.1)/2

(b) Calculation method of local jet diameter

X 4-9 Py bOBEHBEOHHE (¢=1mm-{ =30 mm nozzle- jet at U/V = 1.53)

4.2.4.2 K RELEFX

KREBRO - HOBEBEIZ, Yy POWIBROMRKEMEL 72y P LT &K 4-10 12
RT XD B KRB AT D, IO ESCHIERZIC L VAT D IEFITE VRO
MRS OB ZR LT 57D MRROERTIEEY G o747 vLOETEIRL LK
a2 RV, X 4-10 OFEHCIE, a5 Y ey bJuLEic) - THl - 72 R x 20 05
a CTERITLTRARLTHD. HMHEITEHBEEZEZRL, F2Db EiCmro TR AT, /£
e X R TR Ve 2R T FEH EBRAE IR O W B R B IAR KRR XIS W T T
N5HDT, KA OFA S22 Z Tl L TH<.

BOKRERIZY =y MM EOBREZ RS, KERSOHBIZZDOERTY = v O
MRS E T2 L ERT. RREROLEMIZ T oy b IR aftEomRn, FREEXICBIT S
Vv MgSBROMRKEMEELTRT. TOMELLETHREROB X NER > 8F05
AR D., BREBERIT vy VEE U TES RO ART. ZOEBOMEZITHS, K
RKEBBIOBEERREDNDNEDONICE-T, MIZBHA TV D RmE DR OREIE N 58 T &
L, BEERIVBEXNARE VD, HD5VIFAOHEE ZFOMKSEENL, EHRGHEERE ()7
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FERT. RI,ZOBITERSTEMNMEOZ XL —FHIZLs TELNTWS (Ek,ZD 2
CEEMETEMLEHERI RSN ELWVRH o) OTMAAMBIKA2#H > T, 82T
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EREDST DA VNV A RIE—ERE U-V CRMICBEITRETHD. > T, ROKEZITHK
FEINDFESHMEOERR KL ERIL, AIORAOEREERLHE U-V TTHLEE ZAIIN
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ZOWMBAEMY IR LT, AR ERENR 2 I ERICELI, TOREBITER o= k(U-
M > T/AEL 2D, ZOBRIE Qu S 4-17 D Au/V = 2 Oy Hdh# o #ii 1 5 S (Va), ~
2INCET H DD, RNUDYEME D &, Aw/V =2 OALEIL x/a=5.51 12720, 7 AH OV,
BERND, AHCIR T2 212, 2O L) @O LREFKIZE L2 bR, L L, KA
HWENSHICH KT D ANVEFRIL,ZOLIBREWHICERET L E 206, Y=y M
S AR TR S BB L, AU 7 0 ARG ERIBRIC , Avin & TFHT 5.

A I o S i DA R RIX A EE(U-M) T RIRICBEI L, REEED IV REWVWELEZAHAITBE LD
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X FRICAT - THEEZMIET. Z 02 &0k, 3RS 5 5 5 i IUE I 235 1T,
o bR BHLERORWTROREROZEZRAIIZITLIEZERT SH. K418 TF
BT BN A o 7 —EH O MR K SR T Z o fRE A2 RS, < LT, ME L7 e IRE I R
HWESHEMBRICBWTARERICEI LT 22N TES. L, BmHERIIC E > Tk
HE SN RN ROFENEHOBIETH, 4.1 TRREZAV 7 0 AV 2y MBI 2 REEWR
ERIMEOEEIZ K72 L, RimNEERREO WAl S TEEICRD. 20D, V= v NI
ROALALA ELTBERITTHOWL, Y=y FERELS RS, XV B TIELO NI ARLER
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WTFNOYx2y hTHEEH Y =y MRS OGS ERFMEILRE US55, Ky BriEmE s~ %
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e O —HE2BR_XTV N, THRIEIHESTZFHEEZ A WD THY, EBIZY 2 v b
ICTETWAEZFHELLATONITE > fiwmEsHS WX T THS.

4.4.4 HEEZSHFBMBRO HEEROMBNES
RUHBESWE— RO AT =y MIEIRIGHEE 2 7 AV B ETRIZRWEEICRHIET 5. ¥
4-13 OB EWH L NIZT D720, J ANY =y NMIEA R AL EWK OIEFRIIEIEIC L DAL EWK
HAOHHEZ BRI,
4.4.4.1 MR EME L BOCARLELLV—T
4-19 ORI 4-17(@)D 7 ANV =y bOSBREHREEXWICRLEZLDTH DK
I HORMEGL TN A L TH D, —HREEE CTIES VEE S AEAIRICRAT S B
B OB E 1 XAu = 0 O BAHHBR EDO 18000 F 5. K4-19@)ICAD XL 912, »HIEBEK
Q=0.7U/a ZF> = REZEWRDIMIBHEIEIC X > TESNZFEH 1T HEFE (Q)E, /) X/ (du =
2IZIE STV B EZIE T SETWHL . - T, HDHME x = xs £V IS 11T FERRA
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(a) 11'wave case (b) 1wave case
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(a) Temporal evolution (b) Steady solution

X 4-20 HESABFIRAND SMEZEEDOTIET VENTER

TN TRICEF HEELZEZ D ESMENED X I ITELT D0~ .

X 4-21 OKEMRIT UV=43,2,1.61 5 L TSHLEDAu ~DIKFHEEZRT. ZORID, —kk
HWERCTORBNO= kU ORZEREHET D SMERDLND. R RMEBRERZEWK (ka =
0.2 HAT D SIEIFMERTCEIN, KL TABEND.

AulV=1.75U/V-2.2. (16)
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ECHRH L TELNTZNERAERICEFS T 2L EBREND. Zi L0 &N
SNEZICEFAY T AV =y b ERER, REERDERIZIFER LR o 2 XV 0K
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4.4.42 REMOIME—FNFOEE Y = v Mo WBi&MH
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442 ORFFTENAERZFIH L, HIHE & IV IEORNE ¢ ORFZEREZ RIS LTz, B
AR TSI T ABICA LM BEEORIE ¢ D& LIE, kAR SN D Z &0y
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THEVROZENDIoT. (1) (ka)*1+(Au/V)2/2>0 O fEIE (—kHET < D Au/V=1 &
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HEBRETSMHNBEZEZDILENDD. UV =161 DKERIIBNT, HHEESKHE— 0D
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EWRICEERZERT S, £77, —HFHEER TORLZENOIEMRIEHEE CTEL D ERiEHEE
EARLEERORBEIC —H LR 2T I, "—F=v 7 ALELNDDT, FoiK
WTRIITHEA RBSBER ) AV E TV 2y b EICFEET LS. ZohTERAEDLYEICK
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Summary report of the ISS-Kibo utilization mission
“Detailed validation of our new atomization concept derived from drop tower experiments
~Aimed at developing a turbulent atomization simulator~” (Atomization)
Principal Investigator; Akira Umemura (Nagoya Industrial Science Research Institute,
Emeritus Professor of Nagoya University)
Jan., 2020

Liquid jet atomization is a technology utilized in various fields. In particular, in acrospace industries, it is a key
technology which determines the performance of high-speed combustion in gas turbine and liquid rocket engines.
All liquid droplets are produced by disintegration of a liquid column. A water jet issued into atmospheric air in the
present ISS experiment (see Fig. ) represents each fine liquid ligament extending from a high-speed liquid jet
surface, and an injector of the experiment plays the same function as the turbulence or hydrodynamic instability

which produces this liquid ligament.

The study of liquid jet atomization Measurement and
Control Unit CCD Camera

has a long history since the pioneering

|E| Mirror
work of Rayleigh (1878) for an High Speed \Body
Camera

inviscid liquid plug flow jet under no

gravity. A serious problem of Piston Drive Assembly | Enclosure

convetional atomization theories is the Air

noise concept that small flow — (1atm, room temp.)
fluctuations generated within the - Nozzle  water Tet

injector produce an unstable wave g;fliflc;;ﬂllgeable I —

responsible for jet disintegration. For h LED Light E;ﬁp Capture
spontaneous jet disintegration, this

means that we can not know where the Fig. 1 Schematic of ISS experimental configuration

jet disintegrates unless we examine it experimentally case by case.

Based on our observation of liquid jet instability in drop-tower experiments, we proposed that any laminar liquid
jet can spontaneously disintegrate by its own self-destabilizing loop formed along the jet. This proposal is based on the
fact that part of the surface energy released by jet tip contraction or nonlinear unstable wave growth is transferred
upstream as an upstream propagating capillary wave which deforms the newly issued liquid surface. We previously
demonstrated, in a laboratory experiment, that gravitational jet acceleration can change the upstream propagating
capillary wave to an unstable wave responsible for jet disintegration (see Fig.2). A nozzle jet issued with a parabolic
velocity profile increases its surface velocity from zero to the jet issue speed in its velocity profile relaxation process.
Therefore, a self-destabilizing loop similar to that of a gravitationally accelerating jet may function in nozzle jets.
The removal of gravity effect is indispensable to experimentally identify the self-destabilizing loop intrinsic to the
nozzle jet. This is why, in the present ISS experiments, we especially examined the surface deformation of a water jet
issued from a long nozzle of radius 0.4 mm and length 120 mm in detail. For comparison, we also conducted orifice jet
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experiments, which are the correct jets treated in Rayleigh’s analysis.

As predicted in our proposal, the nozzle jet had a two-valued breakup distance in a certain jet issue speed range and
exhibited significant hysteresis behaviors, indicating that the jet disintegration state is determined by the past jet
disintegration history (following causuality). We suceeded in tracking the movement of each upstream propagating
capillary wave by processing high-speed viedo images. The short-length breakup mode was confirmed to essentially follow
the same self-destabilizing mechanism as that of the plug flow jet, in which the upstream propagating capillary wave
produced by the jet tip contraction is reflected at the nozzle exit, and becomes an unstable wave which determines the
timing of jet disintegration coupleted with the local destabilization of jet tip blob, i.e., a body of water accumulated by the
jet tip contraction. In the long-length breakup mode, the velocity profile relaxation plays a role equivalent to an orifice and
the average nozzle jet length is expressed as the sum of the velocity profile relaxation length and average orifice jet length
at large jet issue speeds. In fact, the image analyses clearly indicated the existence of a resonant location near the end of
velocity profile relaxation region. The synchronized upstream propagating capillary wave produced by the nonlinear
unstable wave growth in the uniform velocity region cannot travel further upstream byond the resonant location due
the velcity profile of the nozzle jet there. Therefore, the amplified upstream propagating capillary wave deforms the
surface of virgin liquid jet cyclically and reprodices the same unstable wave there by dopper-shift effect. Thus, the
same jet disintegration can be repeated in the nozzle jet. Interestingly, the ISS experiments also revealed a coherent
capillary wave structure establised in the steady jet disintegration state of long-length breakup mode. To explain its
underlying physics fully, we developed a new theory of dispersive wave, and it was theoretically proven that, even if
the isseed water contained small fluctuations considered in the noise concept, these fluctuations cannot produce the
unstable wave responsible for jet disintegration.

The ISS experiments indicate that liquid ligaments formed from the turbunent jet surfaces can disintergrate to
fine droplets in a terministic way. Combing with a turbulence theory, we could successfully develove a turbulent
atomization LES simulator for Diesel spray formation. This is a simulator having no experimentally tunning

parameters, developed for the first time in the world and it works for any turbulent jet flow.
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Fig. 2 Schematical explanation of relationship between jet types and their self-destabilizing mechanisms
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