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Studies on the mechanism of slow-freezing cryopreservation using trehalose transporter-
expressing cells: The importance of intracellular trehalose and the glassy state

Tsutomu Uchida', Maho Furukawa’, Sumire Matsuo’, Takahiro Kikawada™*, Yoshiharu Suzuki’ and Kaito Sasaki’

Cell cryopreservation is a technique that "stops the time of life", which is utilized not only in the livestock and
fisheries industries but also in the medical field. However, many kinds of cells cannot be cryopreserved yet, and the
quality of cryopreserved cells cannot be fully guaranteed. Therefore, it is necessary to reveal the mechanism of cell
cryopreservation scientifically. This paper summarizes some of the results of studies aimed to reveal the mechanism
of cryopreservation using trehalose, which has high affinity for cells and strong hydration properties but cannot
spontaneously penetrate into cells, as a cryoprotectant. The researches were conducted using cells that exhibiting
the trehalose transporter on the cell membrane. In particular, we focused on the cryoprotective effect of intracellular
trehalose and its relationship to vitrification.
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YOEEMESRE OKIE - FHEE) (SHHINY), HPHO
PAFCFIH ENIZ) LT D (eg lJF, 1987). LTI,
v+ OEGHRLO MR D ITDN T D (HARAGHEE S
&, BARERARFS). T2 ok, AaolkH %Ik
DDLILEDTELME—DPMED VR D, L Lo
RAFD A = X LG ELERFANC TG s Twb &
VR, oMM CEOMIE, hHlEz &, &
BN DL 4 RAFHAN I AL L TV 22\ (Smith,
1957; Alink et al., 1976; Koch et al., 1991; Tamamori-Adachi et
al., 2003; Yokomuro et al., 2003; Motomura et al., 2007; Holovati
et al., 2009; Miyamura et al., 2010; Higgins et al., 2011; Uchida
etal., 2012).

MIHANIZIZZ < DKRAEFAEL, HGHRLISHINE 2 sl S 2 5
ETORDKMERY, MEZBIELTLE). T4b
5, WO BRI NI K D SiRs 2 2l 2
A, W) HEICRE TS (Mazur et al., 1972; Mazur, 1984;
Meryman, 2007). < Z CHURERAFHAMN T, @) 2 Sk %
JFE D) & Bk A (Cryoprotectant Agent: CPA) DFRMINC
LB REALHIBI HE L 7 5.

BURGEEE IR & < 700 THRARB ol i | & T 2R st 1A
MHNTWS, REBHAEETIE, MBE&AZKERE
Wo ) EHALTWE, [HIRRIIKZLBICHRESES 2
& TR ZBIK L, MK O B EE % 13 CTHElE ki
FET9 52 Z2AMML otz dil, 77 2L552&T
MBS & 585 | £\ ) A A Z X AW LT
% (Mazur et al., 1972; Mazur, 1984; Meryman, 2007). Z ® T
FEiE, —EICKBOME ImLoBE i cEmm~%ThH
BoM) ZHERAESED LD TE D720, XM
BMICHVSRTWA. L L ZORFMNT 5CPAIE, 7
V) YRV AF VANV EF Y R (DMSO) 74 & D b3
T, MRHMELR & H D EMEEIN TS (Karow et
al., 1967; Yu and Quinn, 1994; Lawson et al., 2011). #®D 7%
FHERE# EICFHT 2720120, £ ) R4 %CPADRSE
PEINTVD, —HEREHRIL, RO T 2(LHl %
CPA L U CHIBENAMZIRIN L, KA & o 2208 & i) § 2 2
#iTd 5 (Rall and Fahy, 1985; Work, 2010). k4K Kk
=R\ T 2T B REN D B 720, FORLE R EMid
AR LB ARAE DK & VIR 22 & D SR IRAE IV S
NTW5. R LIOFEIIOWTH, CPAOMKENED
VAT PRI TV 5.

Fald, KIRCPAL LTHIff SN TWD P —2%
MWL BRERAFEZMET 5 L &b IZ, EEFM S
NTVBBEBHIELED A = X L 2GS HH7E % #D T
Wh. bR = RS FARE V20, AFERIZIEAM

WINHEE, AT h, k% KRR

FENANEf % SN v, ZO 0B Ic@mm L 72720
THEHCPARIR LN L SN T/, 22T, PLra—2
e & v 287 B 2 M2 563 S 2 72 (Kikawada et al.
2007) ZMW72EBCR AR L, ElE TIIAIRMIZID A
Fhzwv b baa— 2 & MilaN~EET 5 & 2 OB R
EPEEICM ET 52 &% R L7 (Uchida et al., 2017;
2019). 2ok, MIAAAN T LT — R &k L7 MEaN
DKDI T ZALL TV PEPITOWTONEE, A%
ERBINFE L LFTHED TS, KWL TIEINE TOW
FEMCR BRI L, STROBEZIBND.

2. SLNO—-RFSVRANR—5 —FHIZHED
RIERTE

2.1 RBFE

10/ AN YA 1N = S VAR R A ) I R b o S F AR 2
& N 7zTrehalose transporter (TRET1) % j#i{zx1-& A CHINE
BB SR 72T v 4 == XA A8 —JiEEl (CHO-
TRETIAINY) Td 5. TRETUIMMLANIED b Lova — Rk
JEAICERE S, b LT — A & BRI R - KRIC]
FIMEGETHIEDTE LMY VX2 ETH D (Kikawada
etal. 2007). JEBZ PR 72HIE (CHO-vectorfflilfd) & [FIIKFIZ
EBREATH) LT, MUMIE - MUEFETIZBWT, M
HNIZ ML Na— 20 5 KB L 2 WIREZ LK 5 2
EWTEDLL=— I RERFRE Lo TS,

FHM5E 281212, Nutrient Mixture F-12 HAM (Sigma-Aldrich)
1210% FBS (Thermo Fisher Scientific), 1% ~X=31 V/A
ML 7 <4 ¥ (100 UmL penicillin G and 100 mg/mL
streptomycin, Thermo Fisher Scientific), 0.8% Hygromycin
B solution (+# 54 5 A7), 1% Gluta MAX-1 (Thermo
Fisher Scientific) % it fy L 7z55#h 2 fEH L, 310K, %8
100%, 5% COZH#E L 72CO, 4 ¥ F 2 X— % (MCO-
18AIC, Sanyo) & fiv:7-.

F Lva — ZZEnd toxin-freeD G (M) M5,
Bk ST 4 = o5 T, BFEEIZ0 ~ 1000
mM O EE TN Z 7214200 nm A v ¥ 2 TIREHAH L 723 0
U L L7z, SRS mLrs, M4 10° ~ 10° cell/
mLOEETHESE, 7 I 44+ F 2—7 (Thermo Fischer
Scientific) (Z/ME L7z, 2 L CHKRTICCO A ¥ F 2N —
F NIZEHE L C, fAA~O b Losa — Z sk R il 2
SOFFIPAKEIT o 72, 2 LT253K ~ ik g FKiE O #
PHC— i B S 7z e F TSR 2 A L, 3K
ZHRE L CLHEMMAE L. Zok, HfEEEAEZ S 2
& UGG 2 A R B2 W72 (Uchida et al., 2017).
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B 1 : CHO-vectorffifi (<) & CHO-TRET I (o) D 193KIZ B
2 BifE - RAEAIER O b Losa — ZREERAEE. CHO=vector
I I3 SRS B A% 3 <LS,  CHO-TRET Ll 1 S i 12 215 1
310KDCO2A ¥ F 2= —NT b L — A HHHIICE
WEEHh ERICHELZ * AL, OO LR,

WMATICE B L2238 5 4 (p<0.01) 27”7 . (Remade from
Uchida et al., 2019)

Figure 1: Viabilities of cryopreserved CHO-vector cells (open
diamonds) and CHO-TRETI cells (solid circles) at various
extracellular trehalose concentrations. The cells were incubated for 2
h at 310K prior to the sample setting in the deep freezer (193K). After
1-week storage, the frozen sample was thawed and incubated with
fluorescence dyes. The viability of each condition is the mean + SD of
epifluorescence microscopic measurements. The asterisks mark cases
with significant difference of viabilities between CHO-vector cells
and CHO-TRET]! cells at the same freeze-thaw conditions (p < 0.01).
(Remade from Uchida et al., 2019)

HEE LT, 1983KDOA ¥ Fax—% THMT L, B
7 IA4FFa—TERATHEE LN, BURLBE 5
(BICELL, HA 7 1) — 4 —) {Z AT UM & 28 2 7295
vITHo 7.

PRAF L 72308 2 310K D [HIRAE I3 A L Canasfif ol L,
AR AR BB IR L0y TVATA Vi (Fh 5
A7 A7) THOGGAME L, HOUBHMSEE (IX-71, Olympus) #i
BLUTHEAERERDL. X 0BEEZHOEBRONE
LWFa7z0, 7u—4%A4 b x 1) — (MUSE™, Cytek)
B 72T o 72, S DITE &R o oMl o f 4k
EMERT B0, HAREZWELZDO LR CLEETH
MLz @R L, E&ko oMliofet (B
e, WGlAE) OER % 1T 72,

HEAFROMELZ D D720, #73 2akk% Hv T
FRDOEBGMCTHA AR ERZ, DL H3MBYEL
72, U THERKNOAAERE, PIgHELAEHERZE (SD)
TIRL72 FTNVATA VETHEERBZ LTHIMmL
WHIIIZ M EATEDN S & LTHRE S 57225 wihd
SDfii & D /hEHh o7z,

MEEF M1 1, Tukey—Kramer Hi5%E (Microsoft Excel 2010
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B2 : CHO-vectoriflii (<>) & CHO-TRET I3 (o) D ufifk - wlfif
B 15 2R O SRS AR AT, remade from Uchida et al. (2019)
Figure 2: Viabilities of cryopreserved CHO-vector cells (open
diamonds) and CHO-TRET1 cells (solid circles) at various cooling
rates. Experimental procedures and legends are similar to Fig. 1.
(Remade from Uchida et al., 2019)

B X ¥ BellCurve for Excel) 2 X 5 5080#) #fiH LT,
99% DS TIT - 72.

2.2 RS - BBRETEED NUN\O—-BEKEFE

112 CHO-vectori{llfs () & CHO-TRETIANf (o) 20 ~
1000 MO 57 % M LN B — R C193K5: ) F Tl
MR L 7-B 0 {73 % 7R3 (Uchida et al., 2017; 2019).
CHO-vectorfifg 1% & DIEEE T H EHFRAIVOB LT L 2D,
FL ALK Tz, L2 L, CHO-TRETLHNZ 13400
~ 500 mMEIEZ FMSEWAERE R L. Thbof
WS, HHHNANF LT — 2% %S 22 L THEO
SRS ORAER) RSB (BN 5 S LAVRES Nz, T4b
5, PLAT—AIERKRCPAL L THRIEATKE W T & Ak
AENTz, LALZOREICIEERENFEL, wHik
FECIAR IR D Z LD bho Tz,

2.3 FS - RRETEORGEREKEFYE

22TRDO7-FEHMIRETH H500mMD b Loa— R %
GRS T, SR IEE 2253 ~ 77K GRS HFRE)
FCEL S/ THAME L7 &, CHO-vector cell & CHO-
TRET! cell A: 4738 0 SR FEARAFVE O R % [20R§
(Uchida et al., 2017; 2019).

30K/min& 1) & @SR #EE T, AT 2 S
HEEAKRAF X, vectorfll iz & TRET LML b A A7 3 MK £,
SHAK TIEZOFETORMREPEL N E2IRL
TWwa, —hZh L) IKEDEERA TIE, TRETIANR
BIES2&DH 50O VAELFRERL, AR
GHRWEETH DL I ENbh o7z, —JVectorMl L 1X, 10
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~ 400 mMOHERE, () 500 mMPA EOERE CTHF TR L TWwWA. *ENE, 2 oMo B 3% 203,

HERTIIC

BN D B4 (p<0.01) 2773, (Uchida et al., 2019)

Figure 3: Freeze—thaw viability #” vs immersion time t of CHO-vector cells (open symbols) and CHO-TRET]
cells (solid symbols). (a) At the lowest extracellular trehalose-concentration CO conditions: 0, 100, and 250 mM.
(b) At the intermediate CO conditions: 300 and 400 mM. (c) At the highest CO conditions: 500 and 1000 mM.
Asterisk marks above the symbols of 4, mean that there is a significant difference between 5", and 5", at the same
trehalose concentration (p < 0.01 by the Tukey—Kramer test). (Uchida et al., 2019)

~ 30K/minD RN FEPH THAERIEH L 5 b 25, Tk
HIZ % 5 EAEGFEMET T 5 2 L2 h o 7. Mazur et
al. (1972) @ “RTARBUC L AUX, AR T CladiEm
HUE OB 2S, RS T CLERIRE RO B R %
A, MEMOAFRERETLLE LTS, Ihxed Ll
T5E, HKA N LT — Z1F30K/minkl T O sk T
HIE, BRI NSRS & LS L COHRE R A 2 K T
ELTLERLTVS. MBANNL AT =AY A
F N7 W Vectorfllid TlE, BAGEAETH U 5 SURSEAMAHIC
ML AR T S 288 LT L £ 9 2%, TRETI#ifAT
ZEITH PN —RERY AR, BEEEZEML T
MIEOBEZMH L TWEEEZ LI ENTES. Vector
M2 T10 ~ 30K/min® fiPH CEFHR R > 7201,
HaASHAE AN BT SN TV AR A, ZoMI
B B FEBE DB AHE A THINE N BRAS & & 2 FEEEPIH] S
b Tl rwheEZ6N5. Lo L30K/minkh Eo3f
REHEETIE, MR P LT — 22D AF TV
ELThH, MRPKBEREZMETE RP 5720 TiER
WhEEZHND.

2.4 RS - BUREEEROFERZERBIKEFNE
CHO-TRETIHIMEIC P LT — 2 %% T B2 DIZHh 05
HER 220 & L C22, 23DEBREZIT-72h%, ERER

COWIFE SN L DN, F72FORIEBEEIC L - THH
HOMBEOREEED LI IR TVEDONEH] B MU
T B72®, B - R AR AR S O SURS TR R IR B ARA T 1 %0,
CHO-TRETIHIEHh~® b Lova — Ak m o Efll 4 & %
475 72 (Uchida et al., 2019)

B30, Bex RIEEET N LT — R 2RI L 22 3RS
0 ~ 6], CO M v F 2 N—FNTRIHS /M, 193K
THA S S LEMRAE L 22 BRo L CEFRZFHIL 72
WMRERT., ZORMPS, PLAT—ZAPEHESNE WV
CHO-vectorffl 2120V Tix, W OiLpE T b 2iER~o
R AN AR 2R L, RIERFH AR VIT AR
BETFLTWD ZENbhrorz, Zhilxt LCHO-TRETIHI
faid, MR Lo — ZRESAET TIREEKEBIRWE
RPN LT A EAA LN, KT WEFRE
A L72400mM b Lva — 2 AT, AAFRITIRE
WRERIR4IE I Tl AR R 2R L, 2L Lo Th &
DEGFRE MR L7z 500mMEL EOBRESMET T, Ik
AR ERTRIEREREL EHITHARD, Zh
LD RVWERERM SO COAEFRITRHE & TS
LT lNbhotz. TNLOEBNL, FLAET—ZAD
AN OHE R RA D O, ZORE & FIRIC R
% BRI BE DL b 3R BE O 3 b TR ISR IS 5 & T
IZL T2 i EeEAVRIER S 7z,
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Z 2 TCOA ¥ F 2 R—% TiRiE & 72CHO-TRET I
i F 7212 CHO-vectorffiffd % fii » T, FEBSITHINE H~it &
Neblno—2mzEs Ll [ yFaxX=F»5H
D L7 % ) v ERRAIE (PBS) T3Pk L Tt
Dhbna—2zELLE arybu—pELTYV
V=1 %01mgzatry /—005mLzliz, Mgz
e LB 2 BRI L 72, C oB 2wk sy v~
k%257 4 — (HPLC : LC-10A, it BUET) THHr L7z,
Z OE O EEHM1E Watanabe et al. (2002) [ZERH I LTV 5
Z OfER, FRE D 400mM, 4 EIRE ST TRE i (5
80 pg/eell) /R L, ZN &V FIRERIZIRE STk
BRI Edbh oz (M)

IS DORERD S EBREMICL - T, LEDEICHE
EHICRIE L CLE - THMIICHMALAEE > T L
FoTWADTIEERrnwhEEZ 2T, RENHEP
OCHO-TRET Il H3 F 72 1 CHO-vectorfil Jg 7 K + — &
A (HIfB D B3I 7%5E) OFEE (7R M=) Z5HIL
7o Wk Lo —REOWE L FRIS, —EDORE
(0, 100, 250, 500, 750 mM) O HFEHIZ—ERER (0.5,
1, 2, 4, 6IF[) BESELMBEEAIY ML, 70—
4 b A Y — (Muse™, Cytek) % HJ\»C, Annexin-V&
7-Aminoactinomycin D (7-AAD) ¥tz 5745 " HE
Yeft i (Annexin V & Dead Cell Kit, Cytek) 12 & b #I1i, %
Wo7 R b=y ARE2HE L7

[K512779 & 912, CHO-vectorffiigid b Loy w — AREE
REEN AT 2 & & BITT R b= AN
5L bhosz. ZHUSH LCHO-TRETIMINE £400mM
KMOBESFMTCTEDE N 7R =3 AR
Mo T2h, EIEEL T TIECHO-vectorfllig & A, L
INT — AERE LIRERF & & DT R b= RN
L7

Y EoKEA» S, CHO-TRETIHIIEIZIE b Love — A
HEEO ERAAFAEL, MIAFREE400mMOKEIZ2 ~ 41 i
Tk KEAZME L CHBNAGFRICE S EHE272. §
bt ZRULEO LT — ZEESMNT TIECHO-
TRETIMIL & w2 &b MBS D B A5 N Loy e — R EEAT
WICE L, REEAIC I BPBAKA N LA % 20T CTHAEHT
WHIASEG 5 TW 2 2 Edsb o 2.

Z2T, HilatEAo b Lo — R R L Mgk
ANDOBKBREONT IO T 0 & A DSH AR P EE
ThrhEBET57-0, WHRETNVE Mo THEFE
L OEREEE 72 (Uchidaetal., 2019). CHO-vectorilili
X, HITEAMZIEEEC,®D b LT — ADEAET B BISTiRE
JEZADHE U CTHAKRT 2720, MBLOERFEAV A HVAET
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CHO-vectorffillid M,, (b) CHO-TRET I} M,

Figure 4: Amount of trehalose taken into CHO-vector cells (M/,) and
CHO-TRET! cells (M;) vs immersion time t. Extracellular trehalose
concentration conditions: 100, 250, 300, 400, 500, 750, and 1000 mM.
(Uchida et al., 2019)

BT HEN)ETFTNEFE X272, —JiCHO-TRET i1,
ARNALD b Love — 2P EEFEIC X o THIAE 2 Sl
NP LB —ZX%2C 72 )%k T 5 DT, TOREES
WP THELE INODORENDS, Rz ARRE
1L (V-8V) /Void, (DRATEHEZON 5.

(VO - SV) — Cout
VO (CO - Cin) + Cout (1)

ZIT, CuldMifam s g TN s BRLIRETDH
), PBSKIAH % B#12C,, =154mME L7-.

INLORE T TIZHODLLIZbDD, M6TH
5. D728, 2R MR ST — 80T #if S ¥ oMl
OEFHFENE LTERTRLTYS (w). MBI~
HEEND PLoT— AL, b LHRICBRA S UL
HMRIANREC, 2T W L L %2133 TH D (my, M.
L2 LEBIIZRAITIRT L 912, (H6TIXC,, o) #400
mM & D ARWIREETIE Z OFEANCHE ) 25, TRl EIC% S
E—EPRRETT 5. (22 TCHAEBRESRE TR
ETFTLTWA0lX, Mo 7T R =2 212 & > TEHIME
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RA' (F3K&)2#ERTRLTWA. (Uchidaetal., 2019)

Figure 5: Apoptotic ratios of CHO-vector and CHO-TRET] cells under various CO conditions and immersion times. Bottom of
each bar shous the ratio of early apoptosis (A"). Added white bar on top shows corresponding ratio of late apoptosis (A")

PENFFMENTLE SRR THEEHEZT0D.) Z
DRy, BAICL D MBEOKRE SRS W L 725
((Vg-3V) IV, O) ZFMHELIEZH, CA00 mME Tl
LA LEAL L, BRDORBENA SN I] REEATR
W7z, AU LEIREBREE T TR X 0 Mg
DRESHPIHET 5 THAHH T LAR SNz BUHEHTO
SR BRI BIT 2 7R b — 2 AR LIV/V, il & DM
AR o722 L5 (RP=0.84), CHO-TRETIHL 13400
mMBPLUF T M bove — R ARG U TR E§
505, FRULETIEBEAKZR ML ASIZE ) AEGERIMET
LTCLE)ZEIURBEN. ToZens, MIBORE
BHAERGEA A AL E LTRHEE ENTW KT 0
T AA, FEBRTIZ ED XD ik THAALEER LICEHF S L
TV, RETLEFHL EE R

3. BEASRALETORLUNO—RA RS VR
R—9 —HIRMA DRGSR

TRET1 ML 2 W 2267985 6, M~k Ly
O — A %500 mMARFE O B ik U, AArEEANn L
THIEeDbhrol. LALIORETY, #ifd s
JE (BRASHIE) 12X o TEFAEIRELED L7720 (K22
), M —AHilaNOKE Lo X5 I L TE
R ECHFSE LTV AoV TOHAREELRTWY
v, FEBO LIS, MBNKEBKT S 2 LA
N D FFRERAF AT RN Z & AVRIE S (Uchida et al.,
2019), HUEEMET CHIRHNAKD T I AREIC R >TWD
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DUHGERH B DAL, (0F) & 78 L 72 (Uchida et al., 2019)
Figure 6: Comparison to model of trehalose uptake. C,, is the
maximum amount of intracellular trehalose measured in the CHO-
TRET! cell. min is the maximum amount of trehalose expected to
inflow into the cell when equilibrated to C,, assuming no limit for
uptake. (V,-0V)/V, is the volume change ratio of the cells, owing to
dehydration. 1"} is the freeze—thaw viability of CHO-TRET] cells at
various C, conditions for a 2-h immersion time. (Uchida et al., 2019)

OpHMEE LT S,

Z 2 TABISE TIEAINEA L DK DR S L %, ®IET
TH M S 5 H il (Mishima and Suzuki, 2001; Suzuki and
Mishima, 2002) % ffi > CRUBAYIHIE LT, KOMEE2H
T D SRS BT AR SRS RAT B T b LA
DIRD I T ZAEHEZE R DO TH UL, Kbk ) ARFHLE LD
DR GEHERR T T AR ARSI, MO B
M52 Ex7.
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Figure 7: Phase diagram of trehalose aqueous solution by PLCV (Ih:
ice Ih, I1I: high-pressure ice, GL: HDA-like glass, MIX: mixture of III
and GL) (Uchida et al., 2024)

3.1 =EBAE

FBRIZH W7 MR, 2% & A O CHO-TRET AL &
CHO-vectorfllii TH 5. N HOMMZ, FZEHIZ M Lo
T — A %400 mMEF S 872 SIS, 10° cells/mL o i
ECHESEREBUH L7z, EBREEODLIHEKT T
263 2RI OMBE O A AFFI, 0.86£0.10TH - 7-.
AWFZECTH W24 7 ZbF3:1%, Suzuki® (Mishima and
Suzuki, 2001; Suzuki and Mishima, 2002; Suzuki and Takeya,
2020; 2022) 12 & - T B ¥ L 7zPressure Liquid Cooling
Vitrification (PLCV){#ETH A, 4 ¥ V7 A DOFELPITHR
B (B2 em’) 2 AN, B TT L ABIC X Y EBRIE TP,
i?WE%,mﬁ%otﬁbwiiMW%%T L,
40 K/min®D % HEEE TTIKISEH L 72, TTKTHE D % 1RJE
FCHIL, T7KICHR - 72 F F alkh 2 N, BR17, Bk L7z
13 UHPLCVIET b L — X KB H 5 2T BIE
T3 WL, Z OS5 CCHOMNE A3 E I 2T 2
SN2 DO FIEIREAT > 78, BUEPRAEFEBRZAT - 72,
b LT — X R %250 ~ 1000 mM, J£ ) %0.05 ~ 0.3
GPaD#iPH TAT o 7= PR TR S, b L — ZAKEED
BAHE LT, d@FookM (h), Sk (neFHsh
%), BLOINEH EHEES T A (HDA) O AT T A) D
SHFEABIA S L, ThAHIZ750 mMELT O FE T130.2 GPall
T, 1000 mMT%0.15 GPabl Il S L7z (IXI7: Uchida
etal., 2024).
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Figure 8: Pressure dependence of viability of CHO-vector (open
diamonds) and CHO-TRET]1 cells (solid circles) after PLCV
operation. Data of 0 GPa show the viability of each control cell (no
pressurization) (Uchida et al., 2024)
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YTV R THLARETRIL T A, 03 GPaTIEM
JEHT & D 2B AL D T A5 7225, 0.2 GPall Tl
FERT & AN TR L7, SRS DOFMEBROM R

Mo, REBRTIZ ML AT — ZXBEEE1000 mM, JE 711303

GPall FCTAT o 72, 28 OfHH (K3; Uchida et al. 2019) %2 5

CHO-vectorfil g {2 xf LTI oA IC Itz 3 CICEHRZ

PG L, CHO-TRETLHBLIZ X L Cld0.5Rp iR E S & T h

LRMGT A2 LT, MICH L TORELEA ML A& R

B RS .

3.2 PLCVIEIC KB CHOMBI D RIGHF REFERDIES
&7

—BENGEM T CTER> SMAERIREE TEHHT S
&, 03 GPaTIIA T AL F 72 B ERMO LRI & 0 ik
BHARE DS TR A $ 5 —T5, 0.2 GPall T Tl KA 0 £
WA & ) RE BB R LN ZoZers, &
7 & HMBAIKIZ03 GPagfF FTH I ZLLTWAE S
EOSHERECE /2. /22 b ofdald, CHO-TRETIAMNE
THETHLZ L 2R

HURE VX L 724 > 7OV & itk Al oo A Ay = 2 e
L7 (K8: Uchidaetal.,2024). 2>~ hbua—J)L &t LT, WME
AR L 72 O R %20 GPa (vl ) 1R L7z
IV bPE—VOELFENPOSLLETH B DITH L, PLCV
BT X0 S L 7o o BRI AR IR o 72 2
DR THETMEAF % RLCHh B &, CHO-TRETIAINEIZ0.3

115



116 WH %5, HIINER, e %

GPaTIFIFAWADIZH L, 0.2, 0.1 GPadeft Tl Ll
EWETERE IR L7z, 7272 1.0.05 GPaTIZ F OB R
L 72572, CHO-vectorfillfg i, BHEITEAEGFERIFHL, &
V) I A TR L7z

CHO-vectorfi i @ A 4738 O [ S A7 PR, HMifgsk b L
NO—ZDHFFERITTHEZ ML TWwD EER LN
5. Tabb, M N LT — R0 X 2 SRS R
&, MO AT EA D 5 W3 AT AMIC R % L E
HLE25. L2LMREAICIZ N o =3k s h
TWRWVWDT, BRI E > ORGP ER SN TWwa )
ReltkAsdh 5. — 7 CCHO-TRETIXINE O H 1%, HINadtsi
IR N T — 2055 b 2 LIk b pE
ML TWAIZTTH D, 0.3 GPafiilE F DCHO-TRETI
MBLIZ DWW TIE, MK D BERS 7T AR % )k
IWHDOTEIEAIH SN2 O THELERNE T 2 WS
7275, Mo FERIZIFIZXOIlhoTLES7. T4
HHAM AR O AL IH 2 2 L 220 TIE, AR
EMLEEEREIADLLAMTLTLE ) ZEAIRE
7z, F 7B TORIMADIERR 2 1 50.2 GPall T D JE
T T, WAL bEEDHIEFFENI L Bl
SO ERL, KIMERDERT 550 T T, EHAE
W LR E RO L ERN D D T L AR ST,

0.3 GPage T Hifg L 724 12 > v» TCHO-vectorill 1 T
AEAFEEDNE {, CHO-TRETIHIIE THAEZ MR L 722K
LT, RO R - B, SRS & o FE S B
L% 2 HN D, Suzuki & Takeya (2022) 12X % &, 0.023
mol/mol (#1.5M) @ k L /1 — Z /KA % PLCV: T0.3
GPad L)) N Cfifl L7cHi&, TTIKTIETENLV T 7 AMT
H BN, FI0KTHFALDHE Z 5. 2 DR OIS D
R, 3~8miEEL AEL L Twd. 2F) ML
NO—A%E&HIEIC Lo TE ) MM AR EL S &
%% 5bNb. PLCVIEETEMR S WML » 9 AH Gl
PIZIZ0SMAREED b Ly — 2% A &5 ([X4: Uchida
ctal,2024) 2 &2 5, REHIKMDARL S T 2 0] eSS
V) A, SRR SIS TR R ORI~ DA 2L &k
CLo2b Lk, FRISHUEA TR R P
MWEEDZET, BHMWRBIC LS EHFEZLND.

Vectorfill B i M PIIZ b Lovg — 28 A Sz vz
B, HHPAKIZOKIMEIZ 2 > TO AL H L DT, H
HRECHE - FAEERE 2o 720 TR EWES
A 0.2 GPall F DM BT 5 A7 O IRAFE I,
AN E BIKIWDSTER ENTVWE T LB EZL LN LT
B, A b AIRICE - FAHREBIIEX Tuiewne
Bbhzd, 2070, MrEEEEEFITHEN L &M

WINHEES, ARG, k2 KR

Ho 7D TV H. B Z XTI S 15 KIS SRR AT
FEEEAS L, FRREREN LT —22X 5T
MRS TS, EERPEE 2L H 59, 5k,
T S N5 #E G OFEIC O W T H WA IX, FHl %
WoMITEDLRELS.

LA, METCTHHALLS ZOBEIIZ OIS
PEEZEZT, MELATEMEL THLERZITS .
L LRERIE, EDZMRF L2 ML TH, AfFR
R 2o TL T o 72, MR OMINE 2 BB L 72
fik, MiEASORBBIRIA T 2% ), MN
TR AR LTV T, MRz s 380k
EXCEE>TVRVE)THD.

SRR DA AL, PR AL 7 0 R 2SR IR S Tz
ML AN B R JUITT &) T LI, SEAT%E (Mazur,
1966; 1977; 1984; Mazur et al., 1972; Hey and Macfarlane,
1998; Meryman, 2007; Ishiguro and Horimizu, 2008; Seki and
Mazur, 2009; 2012; Klemhans et al., 2010) T & #5533 5 25,
KIFFEDRE R SO EMREOE NI N SO T oL
ADRGEE 2P0 HENTH B REMEARIR S N7z HEo
T, BHOHMREIIBCTITIALTHI L LD,
WG & o TH L2z O @lfE T o2 Lz #il 5 5 2
LDV, AR LICEETHLEEZLNS.

4. FLHESEDFE

ML OB RAE FRICRRIBEHEOYE) DAD =L L
LT, TR IR LM oK o0 A2 1S & 0 I K 23 G
KRS, ML O FEAR K SRR AR R CPADTE I X 0
b E T 7T 2T 2] L) TEPRBENRTND
(Mazur, 1984; Mazur et al., 1972; Meryman, 2007). 3 CIZJE
FNAEINTVEHEMNTHEDOT, ZOWRFIE MBI
MENTVEY, =a—arR0File, maiaze
T E ORI TR RAEBM L L T2 vwiid %
W (Smith, 1957; Alink et a., 1976; Koch et al., 1991; Tamamori-
Adachi et al., 2003; Yokomuro et al., 2003; Motomura et al.,
2007; Holovati et al., 2009; Miyamura et al., 2010; Higgins et
al., 2011; Uchida et al., 2012). 723 L S LTV 2L
ZowTh, RMICHREFSNMROSEAKT T 58
L HME SN TS (Miyaki, 2010; Miyaki et al., 2005).
bbb I OMRFIE, LT LIBAHICRE SR TwED
FTIELWEFT A FE2D D, HUREREOBAKI» W
D, EOMRERI D L AR TE 2074 E0ERNE
R, MNBHARDET 7 2L L TV 2 B2 O EEBN % &
B ALShTwRw, B2 5I13 2 OFEIC [KOBH;
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Z=—7 ez Ay, fN  LoNa — ZDOCPARI R %
T 5 & &bIS, BARORERHT I AMLDEB LR L%
PR R O — 2 W L7z

BIAKDRRIZOWTIE, BUEKF v YAV y V87 E
(AQP) % M2 5B & & 7= (Kato et al., 2014) % Hv»
T2z #EDTE Y, HBEFOBAKI VD, EDIEE#
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% (Matsuo et al., 2025; #3213 A, 2025). BB TIZ, M
Ha st L 72 K S BE D I TR BE & 0 <, M2oH
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Motz Stk M OB KM O R EARIE S 2 1 S 2
2L, BKoRREERILL T BESD 5.

— T AW TIE, i~ OMITLN T DR DIRE
BRI 2 HMABETETBS T, EHN 2B
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ZARTE DR TIERL S 72 % W3 2 D121, GBI
$ICE 575 v Y 7Bl4 (Asahina, 1966) 2 FIH$ 5. L
ML WHDEOW R O 2ok & 77 ZAIREL 21X
M2 LETERV. X T AT SO Bk
RS % AT 9 2 Tk, 2 O 22 [ 4R B <0 18 1 73 B — I
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