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I SRR 7EsRE
1. MEEPHBERRAENICT 28I FREREET VO
BETFEERET T /S BIT B8 L FEAREYT

WHE (=7
RIGERERFREEFELRESMER - o+ EEFPDEH
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RIGRFERLREEERZR SRR - HFEBZEDE

. FEKEOFATICET 2 —FER

10

13



B 3

EEFZBRERARMSE (AIRERAEERAERE)
MIEFEAREE

B % EERREENCT 2REFRERBET VORSR

RARKE  FEHE  5LER
RIGRFRZEREERZREFAR - D FREZNF - #

MAEEE

JuYgALET s TIT7 7 (ProTo) L.

e R AR - SIS 2 R RET DR

ABTHD, —F. NIEMEPoTaD RIBIIHHEMEIIEICEEN Y | BEPHEE L L TRERSh
5 BRI RERE S . SERANE RIEE | 18R B S 2 ATREME S BT b D ABFRIL. Cre-loxP
VAT AEFA L OB RIPoTa R~ U A 2L, MEEPHBETT /L E L TOEYHE

%

HMT AL EBEMNE TS, MEPHREBEET T NAVORESIT. HMEPRBEIEDCEEMEIZB VT

EBORT Y — V2 5252 LT, TORBIZEBRTE S LIS, KEEOHEBTIT.
UTFT 7865,

1.
2.
3.

LT & AV —EE P KNBIIREAZEE 7 VT I8 D BEMRMERE i D S5 E 2 #ESL L 72,
MARAERKIC K 2 R RMEIIREAZEE T V. 36 J OV OEAERMERE M O SRMAERE 2L LT,

KA - BRI R AProTo/ KB~ 7 2 (ProTa™™; Emx1-Cre) 123V T, ProTad %
HHEETHZ L, BIO—RITENCERE 202 &, 2L LK,

R S R BRI B ProTa /R B~ 7 X (ProTa™™%; Gng7-Cre) 123V T, ProToa SRR IE LT
HZE. BIUORITENCERE 2 &, ZHOLMNCILE,

ProTo ™™ * DI &R EIIC Creiin T2 RIMT BT T/ UANWARI I —EHEA L, HBERK
fEI A B AOProTo KB~ U A 2B LT-, Z O~ 7 ATk, EBEREEN TICBWTERER
DIET & EFEEOEAIRD LI,

ProTo 1O DR R GEIRIC Cre B T 2RI T 2T T ) UAINARY ¥ —2EA L, REREE
B RAProTa/ K~ UV A ZERI LT, T~ v ATk, SEEEED TIZB W THERMER

RROKIFEBREOERMMBE I NI,

BRAFEIZ T HHBERIEMITICLE L 2 D ProTaBGFHRERT D VA NART Z—DfE

BICEF LI,

SHEBEE

NHE 27 ERBREZERFREHEZERES
Ry T ERE RS E - Bl
L=

MA HEE REBERFRFREREFER
EMER D FEEESE - VY
—F - LT o MR

A. BFZEEB
2RI BEWRTRIETTRIGEAED

BAREBEYHAZLIIRD, ZTOREED

T HHEBIEREE . RR - B DEE,

ol - FEEE, BEE2 CSBER I
TWa, LHLAads, ThoEGBENE
EREIRORFEIT, JRE2EEEIREZ K
THRGOMEFET NV CTIIRETHY .
BUR CIEE OREAERICIEE > T,
Rit, B i3z BEatg oty (8
MmBRLE 7 B IR RNICRET O
EABE S YA ELY - FTLT 7
(Prothymosin a: ProTa) #RWEL, £
NERRERF L LTOEEEZH LI
L7z, & Z TR, SALFERM ProTo
KE~D RCBIT HHBREHELZ ISR L.




Ao 25 o0 1% 8 E O B EIREE & 2 DO1RE
HRICHLE L e DMZEPREIEE T VB
OBFEEITO> Z L2 BN E T 5, DWFFFH
X, OAI4FREA) ProTo KIBEMW O IERL,
@%uﬁiﬁfmﬂxkﬁvﬁx BT 5%
R EIERRNT, QBB TR A NVANY
F—BXOHIEEAIC LD, WA RN
ProTo KIEEMWI OHERIE CTH 5,

B. Bfa 5
1) EREY
FEBRIZIX C57BL/6] RfEME~ Y R 6 B
(21-24 g). ProTa™™* =7 x (HA).
Emx1-Cre = 7 A (BALZEWFIEAT. SRIRFAE.
$L[ERFZE) . Gngl-Cre ¥ A& Gng?7"< v
A (EEKZH, Z&eLE, HER ( 5
WEII b= 2AORBIZLVELN
~UREFER L, v A%, HE (22%
2 °C). 1HIE (55%5 %) DOEET. 12 KA
TONEKBEREHET CHE L. KEKED
— R EBRAOBEREL (ME, AU %1
R 2 BEBRICERXET,

2) EREYO = ) F AT

< ZAOE/F LYY/ A DNA ZEIXL,
MangoMix 2x < A 4% — I v 2 X (BIOLINE) ,
HDHWVIE qQPCR v AF—I v I AT TR
SYBR 7 U — -1 (Eurogentec) % F\RED
7o bhaiio T, BEFREERE LE,
T A= UTOLDERAWE,
ProTa 1% < &7 2 5°-.TCC TTG GCT TIT
ACT GCC AGA AG-3°, 5-TCA CCT GGA
GAA TCA ATC AAG GC-3’; Emx1-Cre ¥ 7
2, 5°-TGC AAC GAG TGA TGA GGT TCG
CAG A-3’, 5°-TCC GGT TAT TCA ACT TGC
ACC ATG C-3’; Gng7-Cre =7 A, 5’-GGC
GAC GTT GTT AGT ACC TGA C-3°, 5’-ATC
CCT GAA CAT GTC CAT CAG GTT C-3°,
5°-TAT AGG TAC CCA GAA GTG AAT TCG
GTT CGC-3’

3) ERTEAWVW—BM T KBIARA

% (tMCAO) E5 )V

Small animal anesthetizer MK-A100 (=BT HHK
BHREth) 3% MY TIATY (ZmAhA
VO, v A T BB A B AV TRREE
L. 37 ColERE (MABE/FEHRASH)
O EIZC, WEHVOREZIE L, £4
SHENR 2 IEE AR CRER LT, BRERER T
SLSEENARZ 0 ATEE < RO, NEENRICZE
¥BF% 1-1.5 cm AL, FRIMENRZFAZE
L7z,

4) MARFRRIC X 59 KNS REAZE (PIT)
S vari%
Small animal anesthetizer MK-A 100 (ZE BTk
R & 3% A Y TIAVT Yy (ZAHA
O v A T BB S) BV CRREE
L. 37 CofElRs (MAEIFEH/RNST)
» T, $ﬁmamﬁﬁ@ﬁﬁﬁ KU
UK 1.5mm BO/NFLEBR T 7=,
v HIv (Wako) ZEFIRNKZE L, BHEIZ
UV AR bR (L-4887-13; Ik h=2
A) B LT A MTA K (A4888; i
T\ b 9%) DY & . EmALF R ANENAR
T, BEXE 10 B L,

\._._Z,/\

5 Cre Bl FEATT ) UA VAR ¥
— D ERL
AXCANCre (VA VAL T A &— 1)
(FALZERFFRRT) % 293 HIASIC R S 4,
9 2~3 B OFEREMAE & EI L, HEERR
WL TUANVAEWER S YT, ZDH%,
BEMCLY VA NVAREFERZEIRL, &5
IR ABIEIZ K B 7 A WV ARRER SO
ﬁkt/ﬁﬁﬁﬁﬁﬁﬁu XBHUANA
BHEEIT- T,

6) RN~ uAf V= va ik
Ry RAALEH—L (50 mgkg) FREET.
v AEMEERRICERE Lk, HIEHO
EEEURL, BEFEHI YL, £
ARINLVEAVWTER 1 ym BEODLTH,
RARERT, 2ZlivAf 7040Vl ¥



— (B5£30G) #A L, HRIMRK (FRK
SMAIREIRZ) EBAL (Bregma JL Y -0.94 mm R
5. B 1.0 mm, X 3.0mm). HDVIEIHR
ZARERAL  (Bregma X W +0.5 mm BiH. AR
2.5 mm, X35 mm) KEELE, VAL
2LV PR TR AWCTHE 05
uL/min CEE L, HREHTZHIZ, &b
210 pEFE L, £0%, 1V =04
—kwo< W EREL, URMMEKEE LT,
RBEEICIE, AT ERRZ &G LT,

7) {TEIBE RE RO F ik

7-1.Rota-rod b Vv K I Lk

#l £ 121X ROTA-ROD TREADMILL FOR
RATS & MICE MK-610A (SBETHMEN S
) AWz, EEEEE30mme, 7T Y
[EIFE 80 mm, 1 — % LifEd b FHEE TOHE
X25mm DO —F Lz U A xR HE
Bl L OILE B OBRITRAEZBEIE L
Tre AR —H ENSLETT5HFE TORE
i % 34 L 72,

7-2. 7y Y v bk

< U ADHIERE L OBREREE ENENR
BIOERA 7 TEML, @ 48 mm, £
650 mm, &= 230 mm OB EESHITIHE
7=, Stride width <> Stride length 72 & D/ 35 2
— X EfEAT U, BITHRE A PR LT,

7-3. MEZHEN (BRHEFEREEE
HERE)

T 1 Neurometer® CPT/C  (Neurotron
Inc.) VW, <URAZEEL. =204
BEBO— < AOEEKEREC. b9
—FEHBEOFICE il S H 5, RBRITIX
R C MMEA T 5 5 Hz BXOVHHE Ad
A2 R+ 5 250 Hz DEEREE AW,
BEREN SR 2 ICEHWRIEE 5 2 AT
DRIV OREEERIE LT,

8) SR A

Ry b — VBB T CRERIM %, O
oA LECENE %\, £ 5 PBS
W, Rl X ¥7=%, 4% XTEHENLLT IV
7t R/0.1 MPB CHERBEE L7, M

L. 25% sucrose/PBS |Z{&{&E L T 4°C T—Wt
& L7z, O.C.T. Compound (Sakura) T4l
ML, = Z /)= RITATARIZLY A
BAEREREIE, 2VFRXEZy N2H
WCLUE S 30 um DIFERTI A 2 1ERLL T2,
FMEEY % PBS TR, 7 ry XK
s & LT 2% BSA/PBST (0.1% Triton X-100
in K'-free PBS) VAR CEIRIZT 1 BrERE
&77, 1% BSA/PBST ¥#RIZ T 1:200 (247
R U725t ProTadiff (ALEXIS) % 4°C {2
T 1620 B, W TIZTH®HRMS
Alexa488-conjugated anti-mouse IgG (1:500;
Molecular Probe) % ZIRIZ T 2 BRI S &
7z, #EE AA| (Thermo Shandon) THf
A%, FOLEHMEE (Keyence) THIE LTz,

9) EEBAY T F A L PCRIE

TRIzol 33 (Invitrogen) ZHAWT, =¥
A DERUFEI D> & Total RNA % L7z,
WEEBERIGIZ XL Y cDNA Z{ERIL, qPCR
CAF—I Y I ATTASYBR FY— ]
ZRAWVWT, VT ¥A L PCR KG%EIT-
7=, PIEEHEIZ 1. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) % HV, FHxf%
HREAEHII I LICEVERNLE, H
WA —ZUTO®EY THD,
GAPDH, 5’-TAT GAC TCC ACT CAC GGC
AAA T-3°, -GGG TCT CGC TCC TGG
AAG AT-3’; Gng7, 5’-TGT CAG GTA CTA
ACA ACG TCG CCC A-3°, 5-ATC TCA
GTT AGG CCA GGC GAC AGT CA-¥»

10) Vo RFvr7uay bk

SDS IRy 77— HNT, vUA
DXFRFEIE D DR L X7 E R LT,
18% D 77 UNAT I RFAVERWT, 8ug
DL X7 R ERKE Lz, —kUk
{24 HT Gng7 HifA (1:1000; Santa Cruz) B &
UMt B-tubulin HTE (1:1000; Santa Cruz) %
Ay, ZRBURICIE HRP EZFEBL Y ¥ ¥ 1gG
FUf& (1:2000; Promega) % FHV -, #HIC
X HRP (2% 9 51k F HFEE (SuperSignal
West Dura Extended Duration Substrate;



Thermo Scientific) % fv 7=,

(EE~DBEE)
AERIIBFRFHYEREESOEAR K
BE S 0706130596) B LN, RlFRKFMHEEZ
DNA EBEBSDOAR (KX EF
0705070877) %%}, FEeL T35,

C. TG FR

1) tMCAO 12 8B ) 2 B IE M E I 5
BEMNL

ABFFE Tk, SBOLFFRAY ProTa X~ U R
B AEMBETFHMEEZFIA L, BEELATRIZ
W HEEMHOBAETMT 5, T2 T
B AR < U R COEREFEMEE IO n
TR E{T 72, BT &V tMCAO ¥
Tid, BmEFERICG U CEEEERAS 752
ENTE D, BRI, 15 oM OEmA R
Tk, ATERLESERE (Y= xaT,
Rota-rod kL R I LK) (CEENFRE 20
TEEHERLTWD,

2) PIT ¥EORES & BAEFEERE LS54 DK
TE WL

A A AL D P RINEIIREAZE € 7 /L 2
S U7, MAeARIE, KEEHEAR TH DI
— AR HVEREIRNERS U, @6 K
BRI ENE 10 HFRE T2 LICLY
FRLZ, TOETMIBWT, BEFENE
FEEUMEEREREE L EPEENBREIN
L5 EEHER LI, e —AXVANVAES N
PRSI & 22 F L, ProTaf® 52 X M
EEORB L B TFREYRCBITAE
=BV OM T AR TE DEFREEITV.
FEE ProTaf® 512 L 2 A ERESOREEM
FRHELUE, BEAIE, Te—XXH
& : 15mgkgl & THRGTERR] : 10 50f @
MAEDEFEETIE., AFRLESEE (7
Y= N ARaT) [CEEPRERWT L2
ZLTWAB,

3) ProTa ™% Emx1-Cre = 7 A D fRHT

TFFEREE BV THES L=, ProTofF R
B~ U RAE /) 7 a—FNVHEE Ao ik
ML F 8 FHEIC XY . ProTa™
Emx1-Cre = ¥ AIZ351F 5 ProTa® N F i
LAV BRI LT, TORER. RIMEES
BB MR BV TERE 72 ProTaDREK T
NI b=,

fiProTudfih & AL SRR BHL PRI
KEER A E btk

ProTc Ltlox/ﬂox;
Emx1-Cre

X200

S o
T

X 512, IEEMEFED ProTa ™1 Emx1-Cre
< AT, 1) BREH G EH—RITH.
2) 7y b7 Y MEIZXVEHEL BT
HEE, ICBWTEEIIRED o7,
M BT DITEIRE IR LIz DT
X, MEMRITFTH D,

4) ProTa™™*; Gng7-Cre = 7 & D f@#T
B AR 7 A& AW T, Gng7 @ mRNA B
JOEAEORANRES AT LIzE =
A, BERCERBHELTNDZ &0 HIET
X7, &6IT, Gng?7"= 7 A TiE, Gng7 @
mRNA B L OERERBENHEETLI &%
MR L=, F7=. ProTo™™* Gng7-Cre <=
7 ADREETIL, ProToDEREFRKBN
BEIET T ExHLMNI L,

& 1254 Gng7 mRNA
g
::35 100 _*_ Western blot ()’)\-
S (5 th)
? 75 ~
3 Gng7
= 50
iﬁ B-tubulin i!
=z
€ 25 m
~
o
5 0 = . ﬂ e T s PO
0 S S Lo D e @ Sk S b D SR
%Qywa m@g&&@& N
HAEHT IR Gng7

X5, FEEMED ProTa™ % Gng7-Cre
< AT, 1) BRESHZZL—RITE,
2) 7y U MEIZKYEHE L BT



HEE. 3) Rota-rod Ly RINVEEIZLVEE
fli L7=UAE DFF I8 L OB, BT
BEIIRD N oT-, BILECBIT S
ITERSREZELIC W T, REMTS
ThHD,

4) Cre BRTFRBEUVANARNT F—T X
HREREBRERD ProTa KRB~V AD
RET

MEEEICERIL7Z Cre B FRERET T
) UANANRY B—%  ProTa™1* <7 =
DOREEAR (Bregma £ ¥ +0.5 mm 815, Al
25mm, FEX3.5mm) ICEAL, BEAKHE
W B ProTa R~ U A2 BRI L 7=,
FEEMBFTIE, 1) BREBESO— BT
B, 2) 7y b U MECIVEMELE
#H{THEEE. 3) Rota-rod b Ly K I VEEIZ &
DEHE LU O A1k L O HFHAE. ok
WTEFEIRO e olz, —F. BIE
EHESEET (15 /HEm) o tMCAO %
W@ D, ZOER~ U XA TILAETRF
EMMET L., IOIEEE (7 =h
A a7 Rotarod b L N IE) BEE
nNaZ EEHLMNMI LK,

5) Cre BBFRBEIVANANT Z—|Z &
HREEIRERY ProTa R~V X DR
#r
Cre BITFHRT T ) VA NVANRT X —%
ProTo ™1 < 7 2 DK (Bregma X ¥ -0.94
mm B77, AR 1.0 mm, X 3.0 mm) (Z&
AU fRREI S B A) ProTa KRB~ U X & 1E
"W,
FEEMEFTIX, 1) BREBZEL—KRIT
g, 2) 7y YU MERKVEIME L
BITHERE, ICBWTEF IR DO eho
Teo —F . BEMRESRET (15 HREm)
D tMCAO % AW TfRIT S . Z OB R~
UATIHEAREOCERIBESNT, B
BEIZIE. Neurometer®io L A B HER: RiG 70
BRI E AWT, EfE C REOHE LR
(G stimr) & A5 A BMEDOBIEIRT (R
R R UL,

6) BREEIEFMICHNEL R D ProTol
GCFRBETANARY F—O{ER
EREEICBIT S [ProToE5F L AX 2 —
WX HBERERIE) OMITICKLEE RS,
ProTa B8R FRET T/ VA INVANRY X —
DERIZEF LT,

D. B ,
MHNEEILBTI2EERFROERIT.
tMCAO {£ & PIT (B30} B EESE it i i 5%
BEESILIEZZETHD, Tio, R
B ProTa/RIB~ U 2 DT CId, SRR AY
72 ProToDFBHEEHIR T H L L bz, —
RATEIOFM K 2. X O ICEE MR M
DT — ZIEFBEATND, o, YZE
FEIZRESL L7, Cre B THB VA NVARY
B —\Z X D BEAEEEAF AN ProTaRE~
AT, BEEOELLBD LN, £
72, Cre Bl FRBRIANVART X —|Z LD
PR GEI A B ProTo /K3~ U A T, #f%
REERFEORRHEEEZAIPEE N,
AFFICE VBN A REX, M LEH
NHEZRITH Z L EFHBELTWS,

— SO REEMLE, ProTa ™%, Emx1-Cre =
ATITEBEENBT ONRNZ L b,
FEEFEAERICEMCERVWI ETH
%, TOMPRE LT, RKEE CILES
EELEDLRV, BREEIRFAEEE T
IS CEHET %,

E. &

MBEEE CIZ, KIMKE - BHEER,. #
Sk, TRIR RIS 2AY72 ProTa R~ ¥
AOERICZI LTz, S DT, EIEERME
M DG EFESL U | BRE R SEIAE A ProTa
KB~V RCBT OEEEOE/, HKHE
A RE) ProTo/RE~ 7 RICBIT S RER
FRHLE, £/, ProTa™™; Emxl-Cre
< 23 L ProTa™™; Gng7-Cre = 7 &
BT B EERME L% OITEIREFEE
FINZHOWT YL, NEFRICHET S EA TEY,



RET —Z DEHEEZT-oTWD, BUT,
AFEIIFBRTERED ICEA TS, &K
FEETIX, BUFENEEFREBE~YAD
HEREZB LT, KEF/LVDOELME LB
T B, BT, ProTaDABIERIZDWT
LHALNZTETETH D,
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BIHL 4
EASBREMERADE RIEKEBHEPRFR)
SHEBRREE

METHRBEREZENC T2 BEFRERBETNVORS
- BEFRTEHEETTICEIT 5 A8 FRRET-

WESEE : WE £
RIEREZRFRERRFRSHAR - 4 FERBEESF - EHHER

W E g

FaHAETLy - TV 7 (ProTayid, MZEFBEMEL —SEHICHBRERNIRET HBED
BThbD, —F. NIEMProTam KIEITHRIETRMEICEN Y | MR BEL LCRBERIND
BRI REIEE . A EREE, BMRICEET A FREENRET N D, RFRIE, FER <
7 2 3B L, Cre-loxP AT L &2FH L TH LN D EAEEAProTa KB~ 7 22T, ProTa
DB FIRBESF A LB T5 2 LIk Y, ProToRBOREEZFHMT I 2B ET
b, 5, FEENEGRMBITEZITV., MEMICL VEELZZITOTWVNERZRIE L., BK
VKBRS E . SEAARREE, EBERORBE L OBEMAZ M T 5, REEOHIREIL. LT
D2 R_MNbIRD,

1. KEMEE - BB RAOProTa /X~ 7 A (ProTa™ ™ Emx1-Cre) \Z331F % ProTaRBK
T%., fLFEAFEZHNTHLMNI L,

2. BRI RAProTo/XIB~ 7 A (ProTa™ % Gng7-Cre) (Z3\F D ProTaREUX T 48 &

AT L7z,

A BFEEB
HZEFIZEWIRT R TR IZEAY
DIFEHRBEAHLIZ LITRD, ZORE
EEDOHFCHHMINRREE, T& - B
BEE, OE - FEEE, BMEER ERE
WEINTNDE, LMEL2RL, ZThbkE
EOBEEMEROREIL, LR EER
R T HBEFOMEFR T T LTI REE
Th Y. BRTIEE OFEMIIIE > T
Wi\, Blf, Ba 3R EAEE A
MR (RILEALE 7 B5R) (SRR 58I R
ETABERE S YA TAT
(Prothymosin o: ProTa) & R\W\\7Z L, £D
NEMERERTELTOEESEEZHA O
W2 Utz & 2 CARBFZEIL, SR 2B ProTo
KE~ T AR D HRMEHEEICA L,
AHZE R R B RE O BEMERFEE & £ Dk
B RIS E L 2 DM R EEET NV
BMORREITOZEEZBHNET D, 20
et EL, OFALFERS ProTa REBEW
DIERL, OEALEF RN ProTa R~ U AT

B 5z % EERENT. OB TRV A
WANRY Z—1 L ORIEZEANC L D, B
B ProTa KIEEMWOMERIE CH D, Y
FEEICBIT DARSEMIIL, T ProTa Hilk %
AV SBbFRFEIC LY, MR
#Y ProTo RIE~ 7 R{Z351F % ProTo O FIHRK
ToWT, ZOEEFRMEZTMT S &
EMET 5,

B. IEF &
1) ZREY
FEBR 21X CS5TBL/6) R~ T X 6 B
(21-24 g). ProTa™* <= =2 (FH|AE).
Emx1-Cre v 7 A (BYLZEWFFERT. SRIRSEAE,
HEFE) . Gng7-Cre w7 A (HHRK¥%, =
¥, HRAFZE) B VWEIhbDwY
ZADRBEIC LV EONT~v U XAEZER L,
< A%, 2R 22+2 C). 18 (55£5%)
DR T, 2FHTHO>OBKRBEREET T
B L., KEKKRO—EERAOBEREE (MF,
Y= NVER) REHRICEREE,




2) MG (LERE

Ry b e — U EREE T CRRIERIa .
DIEOALEIZONE 2V, ELEPD
PBS Z @i, Wil S®7-%. 4% /X7 FHv
AT IF B K/0.1 MPB CHEFEE L7z, X
ZHEH L. 25% sucrose/PBS (Z{&1E L T 4°C
T—Wr K& L7-, 0.C.T. Compound (Sakura)
TEREL. & /) — /W RITALTARTLD,
gy EFEERESE, 7V ARy b E
AWT, EX30 um OfFRETI A 2 {FR L
7=, HM#YI % PBS Tk, 7wy ¥
IR LT 2% BSA/PBST  (0.1% Triton
X-100 in K'-free PBS) VAR CEIRIZ T 1 BF
RS &8 7=, 1% BSA/PBST I&IEIZ CTHIR
L 725 ProTa A (1:200; ALEXIS) % 4°C C
16-20 BFR MG &8, I Z R HE
Alexa488-conjugated anti-mouse IgG (1:500;
Molecular Probe) % . FiRIZ T 2 RIS &
7, wtE AHKl (Thermo Shandon) THEf
A%, #SCHEMEE  (Keyence) THIZE LT,

(wEE~DOEE)
AREBRIIEBRFHYERE B OKFE
(FAFEE S 0706130596) B LY, RElFKE
¥z DNA EBREBSOAR (KEES
0705070877) %3 \F. FEHEL T\ 5,

C. FERKR

1) ProTa ™ Emx1-Cre = 7 A28} 5
ProTo B EHE DR BKT

ProToaff B~ U A€/ 7/ 0 —F LHilE %
AnwikaBEaBIbtFFERCLID .
ProTa ™%, Emx1-Cre = 7 R I BT 5
ProTa® iMPNFE B L~V & B AT L7z, € Dk
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Following stroke or traumatic damage, neuronal death via both necrosis and apoptosis causes loss of functions,
including memory, sensory perception, and motor skills. As necrosis has the nature to expand, while apoptosis stops
the cell death cascade in the brain, necrosis is considered to be a promising target for rapid treatment for stroke. We
identified the nuclear protein, prothymosin alpha (ProT«) from the conditioned medium of serum-free culture of
cortical neurons as a key protein-inhibiting necrosis. In the culture of cortical neurons in the serum-free condition
without any supplements, ProT« inhibited the necrosis, but caused apoptosis. In the ischemic brain or retina, ProToc
showed a potent inhibition of both necrosis and apoptosis. By use of anti-brain-derived neurotrophic factor or
anti-erythropoietin IgG, we found that ProT« inhibits necrosis, but causes apoptosis, which is in turn inhibited
by ProT«-induced neurotrophins under the condition of ischemia. From the experiment using anti-ProT« IgG or
antisense oligonucleotide for ProT, it was revealed that ProT« has a pathophysiological role in protecting neurons
in stroke.

Keywords: apoptosis; brain-derived neurotrophic factor; cell death mode switch; ischemia; necrosis; robustness

Introduction a limited role in terminating the neuronal death ex-
pansion by necrosis.! In other words, the cell death
mode switch from necrosis to apoptosis is a type of
“Robustness” in the ischemic brain. Our major con-
cern, however, was to identify the key molecule to
exert an inhibition of necrosis, a mechanism that
accomplishes the robustness or cell death mode
switch. Here, we introduce the identification of pro-
thymosin alpha (ProTa) and propose its possible
robustness roles in the ischemic brain and retina
through a demonstration of cellular and in vivo
actions.

Stroke is a major cause of death and a major factor
behind people spending their life confined to bed.
Stroke results in dysfunctions of motor skills, mem-
ory, and sensory perception that are caused by var-
ious kinds of ischemia leading to neuronal death.
Necrotic death occurs first in the ischemic core.
Neuronal necrosis in the ischemic core is caused
by deprivation of oxygen, glucose, and some neu-
rotrophic factors, and results in the release of cyto-
toxic substances including high-mobility group box
1.1:2 These cytotoxic substances cause further dam-
age to the surrounding neurons, through an activa-
tion of nonneuronal cells, astrocytes, and microglia
that release other types of cytotoxic molecules, such

Identification of ProTx as a
necrosis-inhibitory factor

as cytokines and nitric oxide.> Meanwhile in the
penumbra surrounding the core, apoptosis takes
over the necrosis. Considering that apoptosis has
the nature of being a converging type of cell death,
it is interesting to hypothesize that apoptosis plays

The search for necrosis-inhibitory factors was initi-
ated by the simple observation of density-dependent
survival of cortical neurons in serum-free culture,
After careful characterization of this unique cell
death, we found that the death mode of cortical

doi: 10.1111/j.1749-6632.2010.05466.x
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neurons in serum-free culture was necrosis under
low-density conditions, but apoptosis under high-
density conditions.? Therefore, we decided to search
for survival factors that inhibit necrosis in the low-
density culture of neurons, from the conditioned
medium (CM) of high-density culture of neurons.
After various approaches, the use of simple and effi-
cient chromatographies enabled to purify active ma-
terials to a homogeneity in SDS-PAGE separation.
This protein was analyzed by MALDI-TOF-MS,
and a subsequent search of the nonredundant NCBI
protein database for matching peptide mass finger-
prints revealed 17 peptides that were unique to rat
ProTa. Moreover, tandem MS analysis confirmed
that the N-terminal of purified ProTa was an acety-
lated serine.’ The structure of ProTa has several
unique characteristics in that it is highly hydrophilic
and acidic (pI = 3.55) owing to its abundance of glu-
tamic and aspartic acids (50% of the total residues)
in the middle part of the protein. The cluster of
acidic amino.acids in this region seems to resemble
a putative histone-binding domain. A small stretch
of basic residues, corresponding to thymosin-a;,®
is found at the N-terminal, while another stretch of
basic residues at the C-terminal includes a nuclear
localization signal (NLS; TKKQKK). The fact that
ProTa is a monomeric protein without any regu-
lar secondary structures under physiological con-
ditions’ may explain its poor immunogenicity, a
favorable property in terms of its clinical use. This
purified protein was also biologically identified to
be ProTa because a large proportion of ProTa
and the survival activity in the CM were recov-
ered in the acid-treated eluates from anti-ProTa
IgG-conjugated beads, and ProTa purified to ho-
mogeneity exhibited an equivalent concentration-
dependency to that of the recombinant protein. The
fact that ProTa mutants lacking the N-terminal re-
gion (A1-29) including thymosin-o; or C-terminal
region (A102-112) including the NLS retained the
original activity of ProT« also indicates that ProTa
itself exerts survival activity through an action on
cell surface receptor.

Nonvesicular neuronal release of ProT«
upon ischemic stress

ProTa was detected in CM as early as 1 h after the
onset of serum-free and high-density culture. As
neurons in high-density culture retain intact plasma

schemic stress to brain and retina

membranes at 1 h after the start of serum-free cul-
ture and ProTa lacks a signal peptide sequence re-
quired for vesicular release, it is evident that the
ProTa release occurs in a regulated and unique non-
classical manner.®® However, no ProT« release was
observed in the presence of serum. Taken together,
these findings suggest that ProTa may play an im-
portant neuroprotective role in the event of starva-
tion or ischemic stress.

Inhibition of necrosis by ProTa

Recombinant ProTa reversed the rapid decrease
in survival of cortical neurons observed in serum-
free and permanent ischemia models.” Addition of
ProTa abolished the typical necrosis features, such
as disrupted plasma membranes and swollen mito-
chondria in transmission electron microscope anal-
ysis at 6 h, but caused apoptosis at 12 h instead.
When the cell death mode was evaluated by dou-.
ble staining with PI (necrosis)/annexin V (apopto-
sis at 3 h), Pl/anti-activated-caspase-3 IgG (apop-
tosis at 12 h), and PI/TUNEL (apoptosis at 24 h),
most of the neurons were found to die by necro-
sis under serum-free stress. Addition of ProTa to-
tally switched the cell death mode from necro-
sis to apoptosis. Although little is known about
the mechanisms of necrosis, it is only accepted
that necrosis is caused by energy failure due to
loss of cellular ATP.!%'> The neuronal ATP levels
and [*H]-2-DG uptake rapidly decrease immedi-
ately after the start of serum-free culture, and this
decrease is markedly inhibited by the addition of
ProTa.’ Quite similar changes were reproduced in
the ischemic low-oxygen, low-glucose (LOG) cul-
ture. ProTa also reversed the LOG stress-induced
decrease in glucose transporter (GLUT) 1/4 mem-
brane translocation that underlies a mechanism
for necrosis, or rapid decrease in ATP and [*H]-
2-DG uptake levels. The ProTa-induced GLUT1/4
translocation was blocked by the treatments with
pertussis toxin (PTX), PLC inhibitor, PKC8 in-
hibitor, and PKC8}; antisense oligodeoxynucleotide
(AS-ODN). Furthermore, ProTa reversed the mem-
brane translocation of GLUT4-EGFP,'* which had
been internalized by serum deprivation in N18-
RE105 hybrid cells (Fig. 1). Thus, the rescue
of membrane translocation of GLUTs by ProTa
through activation of putative Giso-coupled recep-
tor, PLC, and PKC8;; would be a key mechanism

Ann. NY. Acad. Sci. 1194 (2010) 20-26 © 2010 New York Academy of Sciences. 21
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Figure 1. ProTa-induced GLUT4 translocation in N18-RE105 hybrid cells. Real-time imaging of ProTa-induced
GLUT4 externalization by the use of GFP technique. The GFP images were acquired every 30 sec for 90 min (30 min
after ischemic stress). GLUT4-EGFP transiently expressed in N18-RE105 cells was completely internalized 30 min
after the serum deprivation, a representative ischemic stress (left panel). Externalization of GLUT4 was started 30.

min after the treatment of ProTa (100 nM) under serum-deprivation stress (middle panel). ProTa recovered the
membrane arrival of GLUT4 60 min after the treatment (right panel). Inset (lined frame): Higher magnifications of
images for dotted frame. Arrowheads denote the membrane translocation of GLUT4.

underlying ischemia-induced necrosis or energy
crisis (Fig. 2).

ProTx-induced cell death mode switch in
cultured neurons

The molecular machineries for apoptosis are rela-
tively better characterized than those for necrosis. In
terms of the activation of various caspases, caspase-
3 is believed to be the final execution molecule
for apoptotic cell death linked to DNA break-
down and nuclear fragmentation. ProTa activates
caspase-3 in serum-free and permanent ischemia
models, as well as caspase-9, but not caspase-8 or
caspase-12.° Therefore the apoptosis mechanism is
mediated through mitochondrial pathway, but not
through cell death receptor (caspase-8) or ER stress
(caspase-12) pathway. This view was confirmed by
the findings that ProTa increased the expression
of pro-apoptotic Bax and Bim, while it decreased
the expression of anti-apoptotic Bcl-2 and Bcl-xL,
which regulate mitochondrial apoptotic signaling.
On the other hand, a PKCB; AS-ODN reversed

the ProTa-induced pro-apoptotic Bax expression.
However, it should be noted that the Bax expres-
sion was also abolished by treatment with an AS-
ODN for PKCR;, but not an AS-ODN for PKCa.
This fact means that the PKC involved in ProTa-
induced GLUT1/4 membrane translocation under-
lying necrosis is more specific for f8;-isoform. As
seen in the case with necrosis, ProTa-induced Bax
expression was abolished by PTX. Furthermore, we
observed that ProTa causes membrane ruffling of
microglia through putative Gjjo-coupled receptor,
PLC, PKCfy, and 8y (Ueda et al., unpublished data).
The ProTa-induced upregulation of Bax through
PKCR; and f;; activation, seems to be consistent
with the report that PKC8 activation leads to Bax
upregulation through NF-kB.'>1¢ All these findings
suggest that various cell biological actions of ProT«
are mediated by the activation of Gyj,-coupled re-
ceptor, PLC, and PKC (Fig. 2). The second im-
portant issue is that ProTa switches the cell death
mode by causing apoptosis.> As serum-free stress
itself does not cause mitochondrial cytochrome ¢
release, this stress is unlikely to drive the apoptosis

22 Ann. N.Y. Acad. Sci. 1194 (2010) 20-26 © 2010 New York Academy of Sciences.
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Figure 2. Cellular robustness actions of ProTa through a machinery of cell death mode switch in ischemic neurons
in culture. Serum-free or starvation stress leads to endocytosis of the glucose transporters GLUT1/4, which in
turn causes bioenergetic catastrophe-mediated necrosis through a rapid loss of glucose supply. Addition of ProTa
to ischemia-treated neurons causes translocation of GLUT1/4 to the membrane to allow sufficient glucose supply
through activation of G;/o, PLC, and PKC8y. ProTa -induced apoptosis occurs later at 12 h after the start of serum-
free stress. The machinery is mediated by upregulation of Bax, which in turn causes mitochondrial cytochrome ¢
release and subsequent apoptosis. Bax upregulation is also mediated by activation of G;s,, PLC, and PKC, similar
to the case for necrosis. However, both PKCR; and PKCRy; upregulations mediate this apoptotic mechanism. As
caspase-3-mediated PARP degradation minimizes the ATP consumption, the apoptosis induction may have a crucial
role in inhibiting the rapid necrosis. In addition, as pyruvate, a substrate for ATP production in mitochondria,
inhibits necrosis but does not cause apoptosis, the apoptosis machinery seems to be independent of the necrosis
inhibition, Neurotrophins, such as BDNF or EPO, which are expected in the ischemic brain and retina, can inhibit
the apoptosis machinery at a later stage.

machinery as well as the necrosis machinery. Fur-
thermore, ProTa-induced apoptosis may not be sec-
ondary to the inhibition of necrosis, since the addi-
tion of pyruvate, which increases ATP levels through
the TCA cycle, inhibited the necrosis in this culture
system, but did not induce apoptosis.

Blockade of ProTx-induced apoptosis by
neurotrophins

Although addition of ProTa delayed the cell death
of cortical neurons in serum-free culture, most of
the neurons completely died by apoptosis within

Ann. N.Y. Acad. Sci. 1194 (2010) 20-26 © 2010 New York Academy of Sciences.

24 h. However, when neurons were treated with
ProTo under conditions of ischemia and subse-
quent reperfusion with serum-containing medium,
no significant cell death was observed for at least
48 h.> These findings indicate that serum factors
prevented the ProTa-induced apoptosis. Indeed,
further addition of nerve growth factor, brain-
derived neurotrophic factor (BDNF), basic fibrob-
last growth factor, or interleukin (IL)-6, compris-
ing representative apoptosis inhibitors rescued the
cell survival in serum-free culture for 48 h, while
these factors alone had 