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DLPFC(dorsolateral prefrontal cortex) %
FRAN [ AR A 2 1 & . SOeH A R
DLPFC (T e 4 #8 & L C Ei & it
R 2 BiAT U7z, YESSAERERTATR I I B (2
A% L 7= behavioral task (T F{=Z EE1HY

(2 IMRI & AW T3 % — 5 BERERS LY
RH— AfTERE & L LIBFRTL Tl
WRFEAATVVE LTz, 72 BOLD Hfe %
IRB— TR L OV %BOLD kD
7E . P1 (initial positive peak), P2 (isecond
positive peak), N1 (initial negative peak),
N2 (second negative peak)® amplitude,
latency % 5 E LS R IeHT AR = = —
2D T AR A R L7z,

C. W

T2 TAREE O FTRIA R BB EI X196 Rk 26
FEFED 1B & AdotCODCSIRIREE$IX30
FER, 16611Z% LC £ MRT lure taskiZ CHER
= 0ERE (lure 1) ROVIZ—
HiFERE (same 1) A7l L7z, 1R¥ERATDne
w IEZAR lure 1IEZAR, same [EER|IZFN
FIT4.3+28. 3%, 17.7+11.5%, 77. 1+25. 4%
Thole, FIEETHTHD LGrade 153244,
Grade 17394 . Grade 2354 CTHo7-, 16%E
Bl tDCS (ZEMRIDLPFC % BoAsfiliey U Bk 2 75 %
FAUIDLPFCIZIE ) & HiidT L7c, T DRER,
new IFZZR lure 1IEZER same 1IEZZR|I82. 3
+22. 4%, 43.1%£18. 1%, 81.8+13.4%& 93X T



DOFETUE L lure EARIIAEAELY b
S>TUE L (p<0.001) , FEAEE TiIGrade
1394, Grade 173344, Grade 17344, Grade

7304 & 720 | Grade Il, MO AELDNF Y Gra
deODIEFHENPRE AT (p<0.05) , RF
B (case 9) OYFEHIREIDactivation map
LBOLD pattern& IR, BRI TIZHNR
[ DFEPEITREMEZ 7R L, BOLDIZ R & D e —
7 % LTS, IRRERITIERRE & RO
Y= THEE S, EREIOTEEINE b g
SNz,

D. &%

T FE AR RE | AR RE RO S I L R T 1

(83TDiscovery,GE 1) 12X 5Fx 23 H
\ZBH%E L7z Lure task (RATEE ; WIS FE
EZIR) WS S—%— R
Fe QNG — A58 & FHI S 2 S5 CRRRET
FEREN & A B TR T X 5, B b HIER
DI A RED 154 L 7= Grade IIT THE
FHE AV SURIBIE ST & 2 BiE TR
DM & 72D, THUT X0 APREHT A O
IR CE E 4, AJEFITIE Cased 2821
\CAHYS 9%, Grade IT (3ARE BB RE ITIAHE
T L TWRWDBEREIR T2 1 o H LAEAE
e LTV 2 BB Tl S seEE ©
PRREBTAERB TG L TR WA RN
Te DHEREEN G D N — AliTERE DB
REEE 21 0, A EIEEMRE R A Tt
U TS AR RS TBRA AR Ot A= 2 (i i
THEAMER STV D NMDA (N- A
FN-D-T ARG X UWE) SRR A
~ U F U OPFABIRNH S T2 D TRk
& T 11213 grade IIT O HTERE D i
FITEEEE L 72 0 W2 grade O 1E HERESE (1]
MK LTz, EERBEMIIAELTE
59K 28 AEEE IR & i S TEF 2 B L

ZOREVESCAHINEZFHI L2V &5 X
‘,C{/\éo

WERS AR AE B RE MK R L 7 = IR B B P
HHH 34 |2tDCSIZ TAMIDLPFC %[5k
FLCIEHT 5 & 20 TR B HT A fE
B % R 2 — R RE D dGE L v
A HERE & M 5 BOLD /X ¥ — > D IEF AL
DBz, FIBERECGEIZIZDCSIMA,
3077 [#1 /2 1IDLPFCRG AR AR 3L 2 0 2 1S
R T SIEHE e oD ARl B AR 2 (iRt - 2 /R I 23
B S AU TUVDNMDA (N- A F/L-D-7 A8
T X R R KIETIEA ~ o F o O R
HERHITH -T2, ZIU LV AR =2 —n
UNEUT— g OIERIENIHEL TE S
Lo LBEbhs,

10



I1-2. 57 SR G IR A 2 2 B A B 4
(7f8) AFgeamt &

T M RETE I IE ORI SLIZ PS4~ D SR
— e RIS RE AR AT —
e s SR, TAAE

WIFREEE « AAEESEIT S AU @RI RE R 8 1 X 28 5112 O NERITEEAME 8 151 (42, 1%), Ik
MR 7 61 (36. 8%) , IEBAZRMAE 2 51 (10. 5%), HRAFBEIMIE 2 51 (10. 5%) T 7=, R LELFHY
WAL D4 domain ORGEAEL FELZRIZ psychomotr speed 28%, excecutive function 22%, memory
17%, working memory 14%, attention 11%, globalcognitive function 8% C L 7=, H4EFELL O
FORSREFEEAVRIE S 4L t D C S & AT L7z 3BT BB TR /N 7 — 3B RE D U2 iR

BN BT 2 ] CREfEEE

A BIERR)

ARWFFED HEYIXTT RIS LD 1) s
e, HRfE) - ERVE SRS &L D OV E AV
FARE, 2) WITIT KV FIE LoD gE
RTINS K DIRFRRIMIE 3) IREEIRTE
FIZ L D@L L7 — b & 2 x4
IR RV 51 & 2 S @k ikine
PR DR LR RRHIE 2 B & 2,
B. WIZEiA
WP R 2 AT 2 ORERT (146, 93k, 20T
Bre2, EGes]. < bIEFER 16, #riE
fRAE 161, sZimsME 1 61) | B RRERE 4
24 (F¥134.5y £16.9 214, B2l
£) 2% L CDiffusion Tensor Image (DTI)
ARG L. mIRBERE & PRRERRAME SR O B &
B L ze SEBNIIRIR AT IS 23 THEKRE)
(ZHER OR & DT — & Z Hifs L7=, DTI
fi#HT )71, GE 3T DiscoveryZ FHV /T X
— % L L Tsingle-shot spin—echo EPI se
quence, TE=82.4, TR=9500ms, FOV=240mm,

matrix sizel28%128, slice thickness=2m

TR E S O m RN RERR S ORIE G ST,

m, no spacing, NEX=1, MPG=29direction, b
~value=1000s/mm2 |2 CHE L7=7 — % %F
iber trackingff##t> 7 I (Medinrial. 9)

% AV Ttwo_ROT method (Wakana2007) (Z
o3& HREL MEEEREL HEARE. B
IRI#R. ERER. SRR, THER. RrEEk
BETR, SRR, KRS Nl 2 LT
7=1ZFrontal Aslant Tract (LA FFAT, Cata
ni2012) DEA R 128 HER DILET > Y Lt
ractgraphy ZEpk L7z, $iH S 7 &4k
BRHEF DFA (Fractionated anisotropy) fE.
MD (Mean diffusivity) iz 5t LR L7,

C. FFERER

(FEAIZE LFAT) A & s 94 D& itk
FRAEFR OFAME & FEFIZERET) & D B & i A
L7zo ZEMIDFATO HiEH1% & DA FHE
BAfR (r=0.73,P=0.03) WA LT, Fio/
2 BR 0D TS AR B B B 0D JIELIBS D iE LS s
CRATOREHAZ LVERFNE, FEFIEHD
Bl L TR R 23 B, ZEIFAT & 5B OB
EOREP RS (K1) , FATZN @i

11



3% 2 ATEREE NIRRT C U2 1AM
GREC TRV | FEAIFDOANEEIND
LWV D IR (RIBI2003) & —ET DR &
o7,

GREBIL) 7ok tetk, BEFNERER], 7 RigazE
M2 X0 . RRIDTI CILAMIFATOHE H 23
WEE<, EEORBEICLY I Ia=r—
Ta v CREECH -2, itk 3 4 A
WD 7 v —7 » ZFEEODTT TIZAEFAT D
HARATRE & 72 V) | RERAEIR DUGEN B H AL,
ERO R 2= —a VEENE ST
BNk, B E RO RIS &
FrRAE DN E L <. FATIZIRIGYE & DB
AR L (X2) .

GERFI2) 51mtett, BMEMRAEIES], tDSC
\Z & DIRIE & T ITDTIC L 2 fifhr &2 5=
i, tDCSIRIEL TR G DAv, FEH]
DO ERE] O HRARHER DStream number (F#
FRARMERER) oA AL (K3) , &
Jih & IR A & OBFEEIZ OWTIRLLRT A B
WEPHOL SN DD, tDCSZ AW TZIRHIC
X0 EIERREF MG S N 7o FITERELS |
TN & AR Bl O RSRE R & o BN %
IRET BIERTH-7- (X2) .

D. &%
Jibd e R 5] & A R A e RIT, A
2REHETR DOILELT oV Jbtractgraphy & VERK
L. mkidgne & OBEZ R Lz, &IF
RS FERREOUGE L & bIT, MRRHME
WO ZEL I 2 HDENAIRE TH > T,
REBY IR RRARHE RN RS2 Y T g &
M L7228 & | R B D R re e [] & A2 B
T B AR EEEICOWT 7T 7 B A S
L7t 2 W TRRET L TS PETH 2,

E. &

SRR RN K 0 JRGHIE, R Sikx 7
SRR 5, 41%, ERMEREREE B
BT D 2ARIEIR & BB DA ME & DR
w77 7HEmOFEE T 52 L T
b MHHEREDOF A MBI T 2 BWRE 5 b
D EEbS,
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I1-3. 57 SR R IR A 2 2 B A B 4
(7f8) AFgeamt &

FOHTH i DI B RETE IR IE O RINLIZBE 3 D AFE
— 277 7 BRI OGN X DHERERI R v b U — 7 iR AT —
WHFer s PEATIEE

WHEELE  SOFTH RIS RETRIRE D RIST 2 H AL ) IR ki reRE 2 835 3045112 %t LIDCS(tra
nscranial Direct current stimulation)Z F\>C1mA, 30%; [/ {IDLPFC(dorsolateral prefron
tal cortex) % FEAY|Z EI BRI 2 fifT L7z, lure task# fiifT L 7=1641ZBOLDf#NT 217 -

Too FTLHIFIMTEEN 2 I L7ZBER R~ B U — 7 AT IC DWW TR T 5,

A. WFFERK
AWFFED HAJIEI7 KIC K 5 1) sZdss

i, HAfE - ERTEEEEIC K D OVE Al
TR, 2) WITIC LV IRIE L7z O R ZE
ORI K DRI IE 3) K EEMRESE
T K D& L 7e— e b A k5
WCHRBIZ KD 51 &k 2 Sz @ik ikekae
PR3 2 T 7 IR L DRI NL 22 D
9, AL T m R e e 2/ ik
MRS 36 K ONRITEARTES 4 2 Lok [m] i
Dxy N —IEEE L TRR D IHE
#2795 (Cerebellum submission ) .
EMEBEST MRIZ I CHERS OTEMEAL &
LIRS EY &2 T, A RITEARTE O R
Ry T — 27 ZRHIiT 5,
B. Wr7EJ1E

AL TIEAZBIME T & 0 =Rk
BeRBREE 2 B L7 B 2% L tDCS %
W21 ATV E Lz, 1mA, 30 45
#2140l DLPFC(dorsolateral prefrontal
cortex) & M B AR BT & (& X | SOl

A DLPFC (et iEfn 2 B iE L T
[ELT FR DR RINEL 2 AT L 7o, VRS REREIC D
W CIE Lure task 2 H W CTHEE O %
BOLD > 7} voZ4k (BOLD #HE
IS — EHTE L O%BOLD (kD
7E . P1(initial positive peak), P2(second
positive peak), N1(initial negative
peak), N2(second negative peak)
amplitude, latency & 77 7 BLGfighT %
W RERERY R > BT — 7 T 24T -
2o 77 7 BamfT O 71k
Rubinov & Sporns (2010)Z & L. 17
STz, £9, ZEplE fMRI 7 — ¥ O{RH)
FIIE, R, BB 21T 5, RIC
2 116 O BECfEI(Tzourio 2002,
M OMBIRE () ZF M L7z, FHEIR
¥ (r)% Fisher Z ZHuZ THEHE(L (2
fil) L. % B3Ol M OB RERS AR5 %
B U7z, B S - A B ORI o H
BEfE B4R %7)> 5 Clustering coefficient
ZHEM L, RO T & @ Clustering



coefficient & #fS AR Z ~ » 7 EIZ
For LT,

Clustering coefficient [Zfth DN HE &
DEAKRE LTOMRERGEZRL, 20
BB @ T AU, R UHERE 2 R ik fiE ik
DOREFERE A DR &2, £,
REAURE A PR BRI OO eIk & fh oD AEE ] &
DFEEVEDR I 2~ T,

C. HFFEfER

BIFEERRO AN < 123061 CEAZ264FEE 1111
WRR2TAEEEIL19B) 12)E L. t DCSTRIEAATV N,
LT EN 2 T o7, D5 B, MR
I lure task ZHifTL7Z16flD 5> H, A~
FUBRORM O Lz B& L IRA L Twv
7RNBRAEIT 31T TBOLDRERE & /X & — U fRAT
B L OUBOLDZE{L DR E, Pl(initial posit
ive peak), P2(isecond positive peak),
N1(initial negative peak), N2(second n
egative peak) @amplitude, latencyZ &
E LTe, dRERE6HI, tDCSE A~ v F
AR LBE, £ DCSIC A~ T Rt A
D REDBOLD/NZ — 2 Lamplitude, latency
NIRRT D, fEEERE (=36, H1E36
& eI ERERR25. 242, 95%) DBOL
DI TIEL. 71 5F)TNL (amplitude —0. 04
+0.17) BMBEESH, ROTL 11 IRk
& DE—27 TH5HP1 (amplitude 0.07+0
29) BHBLT D, 20, BHEOE—IN2 (a
mplitude -0.19%0.27) #38. 4% 1. 6FHCH 5
b, A~ F Ui A IRA Lo T8 (5
PEBA . ZePEbdn, SAERRRA3. 2119, 175%) OB
OLDIS CIENI D B — 7 [T R B3, fBonne
k& ol —7%45<P1 (amplitude 0.5+0.
57) 734.24+2 08FMICHIZR S, AU <HBR0

737¢N2 (amplitude —0.06+0.44) DOH—T7 70N
14. 94 A3PITBILE ST, A~ T VR
2R U727 T2 BEDBOLDS S DIE B & 1%
REL, ZIEVEDIEEBETER L TND, A
~ T URBERM A O LT (B4, %«
PEAK, | SEVJEERRAT. 8+18. 15%) DBOLDEG T
1%, 2.28+2. IFVIINT (amplitude —0. 18+0.
51) MEZ SN, RONTHED E—2ZP1 (am
plitude 0.58+0.83) 734. 76+ 1. 24F 12 HitL,
BHBIIN2O B —2  (amplitude —0.34=0. 44)
289. T35, AR STz, A~ TF U
HEPNAR & D L 72 REDBOLD S Z — (3 A~ o
F Ut A IR Lo T2 BRI HE, i
Wi WS E = R LTS, NI, N2 e —7
TERE OO FREIC L ~BE L Q0 e, &
Too AT UBBEERALICE, Avr T
VR R Lo 7o BE S D 5 OP1Dampl
itudelTMEFHRED B°— 7 amplitudelZ b~
FVMEZ R LTz, A~ T UiEER~A L
FEDNI, N2 B — 2 Dampl i tudel 35 EREC L
~EVMEZ TR LT,

212, ZEIME L O OB ARSI K
D BRI RE IR A 5 L 72215 B EDLDCSTA
JERITE Dlure taskDIEKZR L 75 7 PR
HriZ L DBEREAI R »~ b U —Z it OFE R A =
T, ZOREFIDOIEERTDlure taskPnew, lu
re, same®DIEZEHRIL, ETNE182%. 13%. 9
4% T -7z, tDCSIRIFR I Inew EE= 87%

lurelE&3#  56%, samelEZ%E 81%&. 1
ure IEZERITHGE LT,

BERERIR » b U — 7 RET DR R, TeRERT D
lustering coefficientidA LM/ N (0.8
3) | FEAf R EENER (0. 83) | MHHDRLIAE (1.
0) DMLORLOFEIBIZ A~ mVMEZ R L, 1280
SHIEE R A RO & Loy BT — 7 TR



RLHI%, tDCSTRERIE, 72 FHATEAE] (0. 83) |
Fe _ERTsARIPNERES (0.87) . A MRIEARIFRE
BB (0.89) Dclustering coefficientMNEF
Y. WA O%BEEEEDclustering coefficient
(0.33) [FIBFERNTELAMET Lz, ZEHiiEE
[EldClustering coefficientiXiBHERIO. 47>
5 tDCSTRIR (0. 831N LT, F7z, 2
RATEAE] & ool fEs & OFERERS S AREU TIE
0. 75Cdh 7278, tDCSTRFEHIF0. 8AZHIN
LTW5, tDCSIRMELIFERTEREEZ b & L
T-HERERIR v N T — 27 DAL S ALE DIRERY
FEAMENEIR L B 2 6D,

B

D. %%
WS HERE I R RE AR SO IEy 1 14

(3TDiscovery, GE f1) 12 L A~ 233
HIZBAZE L7 Lure task Z# VW T A~
F R OARA OAHEIZ X % BOLD /3 ¥
— > OfiftT & R TR R 2 R L7
BREERI R » b T — 7 AT 24T o 72,

BOLD /& — Dt Tldk, A~ F
IR ONIRZ D LT, tDCS VR &
Ffid D Z & TS DMK D2 LA X
DA DR — TS T LNy
Moty ZHUIA~ T UBREICE > T
T FS AR IR A D AT A2 HMIEIE X
AU VIS SR 0] oD VB B A 203 i 3 L T
Lz lEbihs, Lizn- T, EHEOMm
WAL/ b, tDCS {5781 NMDA (N
“AFI-D-T ARG X)) SRR
WA~ F U AT 2 2 133
HBEDOUGEIZAI TH D L b b,

ERERY R v b U — Z fifHF ClE, tDCS
TEPR D% TRAHERE DX & L THE
P % 22 R RTEEE ORSRER .~ b U —
I DN T D ENghoTz, 1R
PRI, PRTHEEENL O v BT — 7 BB
STV TR I T RTEEE &
OLELTERy NU—Z71224k LTz, lure
TR 5 SOG % LT, 1RHRTE
same & ST DEIEG N L o723, 1R
PRIR T, Eo R LIE L <
lure E I L TWb, T—F L 7 AFE
U 73 EOFRIIFREE D AKX & L CHREN 3
% 77 W RITEA[E] ~ 00 R EH 25 1 B SR X
MMNOMSRERI R~ R T — 7 B S,
MR /N2 — U BEREDUEICEH 5 L T
WHEZEZLNZ D,

L t1%, BOLD XX — 3 WHic, 7T 7R
Hric X 2HREM) 1 v U — 27 OFHMi &2 N %,
REAEHMESHIBE, A~ F UrmiElic &
% 1 YR it e T T FB A D R A RE R T D 2
BIZOWTOMT D, 2 DOIFEIED

:‘3\3
aufl

E. f&im

WS HIR[ElOBOLD S % — 43 HTIC k- T
A= F BB ORI X 2 @R iR
EBFOBOLDIEMNIEFLT D Z & 2R
SNz, 72, HEE R v R U —J fiEHT D
ol 72 T AITEEIE]~ 0 FR 9E 25 A T AR
MANOF >y U —27 OFRFEICBEE LT D
ATREMED B D,






M1 ARUFUEIEDRAICKLSEEEIREBOLD R I

A. BEEH (n=36) B. tDCS;AE R C. tDCS;AE R
ARUFURRAL (n=10) ARUFURA®HY (n=6)
0.2 2
2
P1
0.1 1.5 1.5
Tg 1 1
@ 0 0.5 0.5
a N1
5-0.1 0 0
K -0.5 N2 -0.5
-0.2 N2 N2
Time (sec) -1 Time (sec) -1 Time (sec)
-0.3 -1.5 -1.5
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
D fgmE® (n=36) E. X=oFUBRALL (n=10) Fox2oFUBRRA®BY (n=6)
Latency (sec) %BOLD change Latency (sec) %BOLD change Latency (sec) %BOLD change
Mean = SD Mean = SD Mean £ SD Mean £ SD Mean = SD Mean = SD
N1 1.7+15 -0.04%+0.17 N1 None None N1 2.38%2.1 -0.18%+0.51
P1 41+11 0.07+0.29 P1 4244208 0.50%0.57 P1 476124 0.58+0.83
N2 84+16 -0.19+0.27 N2 149+443 -0.06+=0.44 N2 9.731+5.54 -0.34+0.44

ABERERE3R (BiE3648 . X134 . EHEH25.2+2.95%) Dlure taskIZH 1T 5B ERIRE DT
BOLDX Y 57, B ARV F ISR A 3 tDCSAEEZ T-a RN AEEE B E 104 (Bs54A . LS
£ . E9EHR43.2+19.15%) D FEHBOLDR i, C.AR U FUBIEZIRFAL . tDCSIAEE Z -5 RNt EEfE

EEEcR (B 24, k4. FHERA7.8+18.15%) D FHIBOLDRIG,

T 27 DxEhLEFRE (FD) ZRL ., yBAIZBOLDIEE D EILEERT
AB.C.DYTSTDEHLLIEFDERRIL%BOLD signal DFZERL. TEE=EFRDOEBABDEEHEILX%BOLD
signal DEREREEZRT
D,E,FDRITIEEER  ATUFUBEHBELE. ANVUFUBEHBARINELOBEEREIZEITS
BOLD/Z G . N1,N2,P1Mlatency&amplitudelZDULNTEELT=,




B2 J57MEmBNICESRYNT—Of

tDCSA AT B. tDCSIAE R
LureRIiEIZxt 9 5 Kt Lure®IiEI 23t 9 5 K Iits
100% 100%
80% 75% 80%
60% m new/lure 60% 56% m new/lure
® lure/lure W lure/lure
40% m same/lure 40% same/lure
20% 20%
0% 0%
C. tDCS;A AN D. tDCSIA R K

MFG:H Hij5E[E]

IFG: THIIZEME]

SFG: ERiEE[E

ORG: L HIZEMEIR E &R
PCL: HlME/INEE

SMA : i B EENEF
SPL: LEETA/NEE

SOG: & Ea[E

MOG: {4 BE[H]

>0.8 >0.5 >0.2 Clustering coefficient >0.8 >0.5 >0.2 Clustering coefficient
E.
EhRTEE R b N fR I & DI EERE S R

1.00

0.90 0.84
0.80 75
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RS HRE (D)
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0.40
SRFRAT BERR

A.BADCS;BERILDCSAEEZ DR 217% Bt RKBEI/MEERVIZHEHRIES) OLureRIEHIZH T S RIEDE]

BERLIZT 57, Fldnew, #(Xlure, #kidsameb RIGLI=EIE%ETT , Rl ILlure THAHD T, BB Hlured

EZEEERT, C,DILDCSAEAT. ABRB DA R VT —IBITDETNENDIERE RS, AITEDEE

D clustering coefficient DEZFRL . AHKEWNFE ENKREV, REDSA VXL EBBEOKER S &

BERT BEDEEBOREDESRIL/N\RILDDEIZRYT , E.APRIEER SMANEES D EEE S HRED TS

ﬂé‘ﬁ?j‘:?’o KRELIFBEOETSTIEENTNABRRDOME. AEEDEEZERT . B 57 LOMIRITIZERE
N9 o



57 SRR IR e S BB 42
(7f8) AFgeamt &

TR i IR IR RETR IRIE ORI NIZ RS9~ S P58
—m R (256¢h) MG L OMMRIZ I 72 it —
LI s s R i 2

WIEEE « FoTH) s IR RE IR IRIE ORI 2 HAOIS,  m RHE RERR T O TR rY A DM 2 7
fili9~ 2 72 DFEEE & L T MG L OV MRI 2 IV THE S RE 2 9~ % /3 2 —

Gy BIEZAT OO R TE Eh & T L7,

BEE RN 11 45, mIRINBERERR E B 2 B0 DI /7 — Sy Bk RE 2 S k9~ 2 F 5 B
MR OENT, A1k, JEFZHEC LIS DN FREEEN T RO FHER ST B IO
BRI REPE E D NA I =N — L7720 D DDERDT —F DEMEIT 9., Fl-@mik/bitk
REPRE ZWHESE O L &2 B BISHERS /& — A BiEbaE 2 SO~ 25 SR BRI R AL 5 e

EOREEZIT> T PETH D,

A . BFEEHB

ARBFFED BT R L D1) ZdFE
B, g - R RIS XD UVE AR
KA, 2) @972 X0 FEIE L7 Do 2E
RO AT & DARER R ANAE, 3) bREEIRFE
Tl K DB L — b E 2 x5
WCHRBIZ XV 5l & 2 Sz m RN e
BEEIZOWT, @ (256ch) X Et
B L OMMRI % JH U 72 & Ik I 1 RE P 75 D
TR R A 20t & RFAl 3 2 I TE ) O 5 2 &
A E 95,

B . WFEHIE

P N1 (tkad, B4, F
BIFE#n20+35%) Zxfg e Lic, &7 —
Z X 20E 15 D H H> HIRFERITE O FLig 3
ARETCHIRImFTE 20235 L L
7o

WS BERE 2 IE T 5 72 I B IZBR
L 7= Lure taskiZ1T H O NMIEB) %, =% B

Y — M & EMRIZ F W CJR] REF
AT -T2, @K Y — NI,
EGI HydoroCel Geodesic Sensor Net
256-cannel # 7=, fMRI/%, GE 3T
Discovery z= H 7o, I EHRI DS > 7Y
v 70131000 Hz, Referenceli 2 E
M & L, EfA o v—F 23y
AT LHEREDB0KQ LI & LTz, BHIE,
EGI Net Station Tools# V>, 0.10Hz
DHighpass” 1 /v & Zi#H, © L TMRI
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Abstract The cerebellum is a crucial structure for cognitive
function as well as motor control. Benign brain tumors such as
schwannomas, meningiomas, and epidermoids tend to occur
in the cerebellopontine angle cisterns and may cause compres-
sion of the posterior lateral cerebellum near the superior pos-
terior fissure, where the eloquent area for cognitive function
was recently identified. The present study examined cognitive
impairment in patients with benign cerebellar tumors before
and after surgical intervention in order to clarify the functional
implications of this region in humans. Patients with cerebellar
tumors showed deficits in psychomotor speed and working
memory compared with healthy controls. Moreover, these im-
pairments were more pronounced in patients with right cere-
bellar tumors. Functional magnetic resonance imaging during
performance of a lure task also demonstrated that cerebellar
tumors affected pattern separation or the ability to distinguish
similar experiences of episodic memory or events with
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discrete, non-overlapping representations, which is one of
the important cognitive functions related to the hippocampus.
The present findings indicate that compression of the human
posterior lateral cerebellum affects hippocampal memory
function.

Keywords Posterior lateral cerebellum - Cognitive function -
Brain tumor - Memory - Hippocampus - fMRI

Introduction

Recent research has shown that the cerebellum plays an im-
portant role in cognitive and emotional functions as well as
motor control [1-4]. Studies using functional magnetic reso-
nance imaging (fMRI) have shown that the actual use of a tool
(e.g., scissors) primarily activates the anterior cerebellum,
whereas imaginary use of a tool activates the lateral posterior
lobe of the cerebellum [5]. Skilled use of the tool after learning
activates a specific area near the superior posterior fissure,
indicating that the posterior cerebellum is essential for infor-
mation processing, space representation, and some procedural
memory [6, 7] and is dependent upon the sequential relation-
ship between discrete elements, just as in the serial reaction
task. However, the acquisition of other skills does not require
the learning of sequences like prism adaptation, which can be
acquired during short-term motor learning. Human studies
have identified the important contribution of the cerebellum
to intrinsic functional connectivities [8, 9] and higher cogni-
tive functions, especially to episodic memory, working mem-
ory, and procedural memory [10-13]. Nonetheless, the rela-
tionship between the cerebellum and hippocampal circuits in
memory systems has not been fully evaluated.

Benign cerebellar tumors are isolated focal lesions that are
frequently localized in the cerebellopontine angle or around
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the superior posterior fissure and do not invade or destroy
neural networks, unlike gliomas or vascular strokes. These
tumors are essentially regional, thereby allowing a more dis-
crete estimation of the functionality of a specific region
through examination of whether the function lost before oper-
ation recovers after surgical treatment. However, although
preservation of VIIth and VIIIth cranial nerve function is pri-
oritized during neurosurgical treatment, the cognitive function
of these patients has not been evaluated. We therefore ana-
lyzed the cognitive impairment of patients before and after
surgical intervention in order to evaluate the functional in-
volvement of the posterior lateral cerebellum near the superior
posterior fissure. We found that patients with right cerebellar
tumors exhibited disturbances in psychomotor speed as exam-
ined by the digit symbol test (DST) and working memory as
examined by the digit span test (DS) when compared with
healthy controls. Nonetheless, the classical neuropsychologi-
cal domain does not really have a distinct functional anatomy.

In the current study, we analyzed the distinct human cere-
bellar contribution to memory systems under whole brain net-
work organization using the method of Global Brain
Connectivity (GBC). Several past studies have indicated that
cognition involves large-scale human brain systems with mul-
tiple interacting regions. We therefore tried to identify a prom-
inent feature of this hub of human cognition using lure task-
related and resting-state functional MRI (rs-fMRI) data. We
focused on the pattern separation ability that discriminates be-
tween similar experiences of episodic memory, a crucial com-
ponent of the hippocampal memory circuit, and used functional
MRI (fMRI) to investigate subjects performing an established
lure task [14]. Interestingly, patients with cerebellar tumors se-
lectively showed a decreased ability for pattern separation in
the lure task. We first identified nine regions related to pattern
separation ability by imposing stringency criteria based on an
activation map of lure task fMRI findings from normal volun-
teers. Blood oxygen level-dependent (BOLD) signals, which
are one of the indices of hemodynamic responses to neural
activity, were correlated to correct response rates in the lure task
associated with the activity of the following four distinct re-
gions: right and left cerebellar hemisphere (lobule VI/Crus 1),
left anterior mid-cingulate cortex (aMMC), and right hippo-
campal dentate gyrus (DG). We then tested whether these re-
gions showed high GBC in the rest of the brain using rs-fMRI
data. We found that GBC correlated to a correct response rate in
the lure task was limited to three of these regions, excluding the
left cerebellar lobule VI/Crus I. Finally, we ascertained that this
correlation was altered in patients with right and left cerebellar
tumors as compared with normal healthy volunteers. We there-
fore hypothesized that the cerebellar contribution to pattern
separation ability is dependent upon integration of the right
cerebellar hemisphere (lobule VI/Crus 1) associated with the
left aMMC and right hippocampal DG. The pattern changes
in the functional connectivity of patients with cerebellar tumors

GRO @ Springer

may indicate an important contribution of the human cerebel-
lum to higher cognitive functions associated with hippocampal
memory systems.

Materials and Methods
Subjects

Neuropsychological assessments were carried out on 28 pa-
tients with benign cerebellar tumors (mean age 50.9+
12.1 years; 11 males, 17 females), 17 with right cerebellar
lesions (mean age 49.4+13.6 years; 8 schwannomas, 8§ me-
ningiomas, and 1 epidermoid) and 11 with left cerebellar le-
sions (mean age 53.5+8.3 years; 6 schwannomas, 2 meningi-
omas, 2 epidermoid, and 1 lipoma) (Table 1), as well as on a
control group consisting of 23 healthy controls matched for
age, sex, and years of education (mean age 53.4+14.1, range
21-72 years; 9 males, 14 females). Regarding clinical histo-
ries, one patient (R19) had previously undergone gamma
knife radiosurgery, and two patients (L10 and L17) had recur-
rent tumors. Patients were excluded for the following reasons:
age under 20 or over 78 years; lesions involving non-
cerebellar cortical or subcortical regions; history of alcohol
or drug abuse; or pre-existing psychiatric disease.
Neurological examinations of gait, kinetic function-arm, ki-
netic function-leg, speech, and eye movements were conduct-
ed based on the Brief Ataxia Rating Scale [15]. All patients
showed normal performance except for two cases (R2 and R7)
who walked almost naturally, but were unable to walk with
their feet in the tandem position. The locations of the cerebel-
lar tumors are shown in Fig. 1 and Table 2. Notably, the tumor
compressed the posterior lateral cerebellum in all patients,
especially lobule VI and Crus I (Fig. 1 and Table 2). Lesion
size was measured in milliliters on preoperative MRI, accord-
ing to the formula; axbxc/2, where a and b indicate the
longest crossed dimension of the horizontal plane, and ¢ indi-
cates the greatest length of the tumor in the coronal plane.

Informed Consent and Approval

All patients and control subjects provided written informed
consent for this investigation. The study was approved by
the ethical committee of the University of the Ryukyus.

Experimental Design

In the preoperative stage, 28 patients with cerebellar lesions
underwent neuropsychological assessments and 19 patients
participated in the fMRI examination. The fMRI study was
conducted once before surgical treatment. In the postoperative
stage, 12 patients with right cerebellar tumors (mean age 45.0
+11.5 years, range 21-64 years; 3 males, 9 females)
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Table 1  Summary of 28 patients examined by neuropsychological assessment

Patient number Sex/age/handedness Diagnosis Lesion side Size of lesion (mL) Follow-up assessment fMRI study (preop)
R1 F/38/right Meningioma Right 341

R2 M/21/right Schwannoma  Right 50.56 +

R6 M/61/right Schwannoma Right 0.27 +

R7 F/42/right Schwannoma Right 18.31 + +
R10 F/51/right Meningioma Right 6.55 + +
RI11 M/64/right Epidermoid Right 2.66 + +
R12 F/34/right Meningioma Right 3.46 + +
R13 F/52/right Meningioma Right 5.85 +

R14 M/63/right Schwannoma  Right 7.95 +
R15 M/76/right Schwannoma  Right 5.79

R16 F/50/right Meningioma Right 5.79 + +
R17 M/49/right Schwannoma  Right 3.68 + +
R18 F/40/right Schwannoma Right 11.7 + +
R19 M/60/right Schwannoma  Right 5.22 +
R20 F/40/right Meningioma Right 0.42 +
R21 F/36/right Meningioma Right 7.71 +
R22 F/63/right Meningioma Right 13.51 +
L2 M/49/right Meningioma Left 3.82

L4 F/48/right Schwannoma Left 27.34 +
L9 F/55/right Schwannoma Left 3.18

L10 F/47/right Schwannoma Left 4.69 +
L11 F/69/right Meningioma Left 5.68 +
L12 F/59/right Epidermoid Left 3.97

L13 M/53/right Lipoma Left 0.79 +
L14 M/38/left Schwannoma Left 25.94

L15 F/62/right Schwannoma  Left 0.25 +
L16 M/55/right Epidermoid Left 13.55 +
L17 F/38/right Schwannoma Left 16.89 +

“+” indicates participation in the follow-up assessment or fMRI study

M male, F female

underwent follow-up neuropsychological assessments in or-  functional recovery. Detailed individual profiles are shown in
der to examine whether surgical intervention had an effect on ~ Table 1.

Fig. 1 Tumor topography of
right (middle image, n=17) and
left cerebellar tumors (right
image, n=11). Light blue line
indicates the superior posterior
fissure; yellow line indicates the
horizontal fissure in the left image
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Table 2 Lesion characteristics in patients with cerebellar tumors

Hemisphere
Case code I II III IV V VI Crusl CrusIl VIIB VIII IX X
Right side
R1 X X
R2 X X X X X X X X X X
R6 X
R7 X X X X X X X X X
R10 X X X X X
R11 X X X X X X X
R12 X X X X X X
R13 X X X X
R14 X X X X X X X
R15 X X X x
R16 X X X X X X X X X
R17 X X X X X X
R18 X X X X X
R19 X X X X X X X X X
R20 X X X
R21 X X X X X X X
R22 X X X X X X X x
Left side
L2 X X X X X
L4 X X X X X X X X X X
L9 X X X
L10 X X X X X X X
L11 X X X X X X X X
L12 X X X X X X X X
L13 X
L14 X X X X X X X X X
L15 X
L16 X X X X X
L17 X X X X X

“x” denotes the existence of a tumor at preoperative stage. “x ” indicates the residue at postoperative stage

Neuropsychological Assessment

The battery consisted of the following tests: (I) mini-mental
state examination (MMSE) [16] and modified MMSE (3MYS)
[17] for global cognitive screening, (IT) Trail Making Test
(TMT) [18] and Stroop test (ST) [18] for executive function,
(IIT) Wechsler Adult Intelligence Scale-Revised (WAIS-R)
digit span subtest (DS) [19] for working memory, (IV)
WAIS-R DST [19] for psychomotor speed, (V) partial
WAIS-R block design subtest (fifth and ninth items) [19]
and the cube-copying test for visuospatial ability. For quanti-
tative assessment of constructional ability in the cube-copying
test, the points of connection and plane-orientation errors were

GRO @ Springer

evaluated. A point of connection was defined as a point at
which three lines met to form a vertex, hence subjects could
score up to eight points, since eight points of connection are
present in a cube. Each plane with two pairs of parallel lines
was evaluated in terms of the number of lines and the extent to
which they were parallel. No plane-error points were scored if
the cube was copied accurately [20]. We selected brief neuro-
psychological tests that could be performed within 1 h in order
to reduce the burden on patients in the preoperative or post-
operative therapeutic stage. As for the duration of patients’
follow-up, we carried out of the assessment within 6 months
after resection of the tumor. Patient R2 with a huge
schwannoma showed transient neurological symptoms related
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to the IVth nerve. The double vision by such nerve injury
influenced cognitive performance, so we followed up the pa-
tient until recovery of its symptom.

Event-Related fMRI Study
Subjects

Twelve patients with right cerebellar tumors (mean age 46.9+
13.3 years, range 17—66 years; 3 males, 9 females), 7 patients
with left cerebellar tumors (mean age 53.3+10.1 years, range
3869 years; 2 males, 5 females), and 30 normal healthy vol-
unteers (mean age 24.0+5.2 years, range 22-35 years; 21
males, 9 females) were enrolled in this study (Table 1). The
normal healthy volunteers that participated in the fMRI study
were different from those included in the neuropsychological
analysis. Standard values in each generation of the correct
response rate in fMRI behavioral task were not established.
Therefore, to estimate a normal value of the correct response
rate, we recruited healthy young subject. None of these pa-
tients had any signs or history of neurological or psychologi-
cal diseases. This study was approved by the ethical commit-
tee of the University of the Ryukyus with written informed
consent obtained from all participants. Subjects were all right-
handed according to the Edinburgh Handedness Laterality
Index, with a median score of 100 (range 80—100).

Experimental Paradigm

The fMRI behavioral paradigm used was a rapid event-related
fMRI design [14, 21, 22] based on an explicit three-alternative
forced choice task including novel (new), repeated (same),
and lure (similar) stimuli consisting of color photographs of
common objects. A fully randomized functional run consisted
of 108 total trials, 16 lure sets, 16 repeat sets, and 44 unrelated
novel items (foils) (Fig. 2). Forty-four foil trials, 16 trials first
presented from repeat sets, and 16 trials first presented from
lure sets were presented as the new stimuli. The same stimuli
were 16 trials, which are second presented from repeat sets.
The lure stimuli were 16 trials which are second presented
from similar sets. Each stimulus was presented for 2,500 ms
with a 01,000 ms interstimulus interval to prevent adaptive
stimulus responses. The number of trials separating similar
and identical pairs was randomly varied from 10 to 40 trials.
Several photographs were displayed to participants on a gog-
gles display during the session. If the photograph was first
presented in the session, participants were required to press
the red button indicating a new object. If the photograph had
been displayed before in the session, examinees were
instructed to press the blue button indicating a repeated object.
Finally, if they thought that the photograph was similar to, but
not the same as previous stimuli, they were required to press
the green button, indicating a similar but not identical object.

Responses and reaction times were recorded in a button box
(Current Designs, Inc., Philadelphia, Pennsylvania). Visual
stimuli were presented to the subjects using 800 x 600 resolu-
tion magnet-compatible goggles under computer control
(Resonance Technologies, Inc., Salem, Massachusetts) using
Presentation® software (Neurobehavioral Systems, Inc.,
Austin, Texas).

MRI Data Acquisitions

Anatomical and functional images were obtained using a 3-T
MRI scanner (Discovery MR750; GE Medical System,
Waukesha, Wisconsin, USA) with a 32-channel head coil
and high-order manual shimming to the temporal lobes. The
array spatial sensitivity encoding technique (a parallel imag-
ing technique) was used to acquire imaging data by reducing
geometric distortion for echo planar imaging (EPI). The ana-
tomical three-dimensional (3D) spoiled gradient recalled echo
(SPGR) sequence was obtained with a high-resolution 1-mm
slice thickness (matrix size 256 %256, field of view 256x
256 mm, repetition time 6.9 ms, echo time 3 ms, flip angle
15°). T2*-weighted EPI sequence was used to measure BOLD
contrast (repetition time 1,500 ms, echo time 25 ms, flip angle
70°, matrix size 128% 128, field of view 192x192, in-plane
resolution 1.5x1.5 mmz, 23 slices, 3-mm thickness, 0-mm
space). A total of 303 volumes were collected over one session
during the experiment in a sequential ascending order. A high-
resolution T2 fast spin echo (T2 FSE) sequence (repetition
time 4,300 ms, echo time 92 ms, matrix size 512x512, field
of view 192x 192, in-plane resolution 0.375x0.375 mm?, 23
slices, 3-mm thickness, 0-mm space) was obtained for the co-
registration of 3D SPGR and EPI functional images. EPI func-
tional images and T2 FSE structural images were acquired in
an oblique coronal plane perpendicular to the long axis of the
hippocampus. Almost the entire hippocampus (head, body,
and tail) was included in the 23 slices. Functional images were
localized in the sagittal plane of the SPGR image to identify
the long axis of the hippocampus. Oblique coronal slices were
fitted to the principal longitudinal axis of the hippocampus
covering the entire bilateral medial temporal lobes. Firstly,
distortions of fMRI signals were corrected by array spatial
sensitivity encoding techniques, which were used to improve
temporal and spatial resolution and reduce artifacts. Secondly,
higher order shims were employed to directly compensate for
local field distortions. These methods guaranteed homogene-
ity of the magnetic field.

Preprocessing and Estimations
Functional and structural MR images of the brain were
preprocessed using the methods of realignment, temporal cor-

relation, spatial normalization, and spatial smoothing. The da-
ta were analyzed using SPMS software (Wellcome Trust
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2500 ms

Start

Fig. 2 fMRI behavioral task. Images of single items were presented for
2,500 ms followed by a 0-1,000 ms interstimulus interval. Novel,
repeated, and similar lure items were randomly shuffled in the task.

Centre for Neuroimaging, University College London,
London, UK). The first five volumes in each data set were
removed to ensure that the signal reached a steady state. EPI
functional images were corrected to account for the differ-
ences in slice acquisition times by interpolating the voxel time
series using sinc interpolation and resampling the time series
using the center slice as the reference point. The EPI function-
al images were then corrected for motion artifacts by realign-
ment to the first volume. A mean EPI functional image was
constructed during realignment. Co-registration was per-
formed through two processes. Both the mean EPI functional
image and the motion-corrected EPI functional images were
co-registered to the T2 FSE structural image. The co-
registered T2 FSE structural image was then co-registered to
the structural SPGR image. Next, the registration points of the
anterior and posterior horns of the lateral ventricle, top surface
of the paracentral lobule, and bottom surface of the inferior
temporal gyrus were checked in the T2 FSE structural, struc-
tural SPGR, and EPI functional images. Before spatial nor-
malization, a parameter was produced by the segmentation
process from the structural SPGR image. The structural
SPGR image and EPI functional images were spatially nor-
malized (1x1x1 mm) using the Montreal Neurological
Institute space. Finally, the images were spatially smoothed
using a Gaussian kernel with a full width at a half maximum of
3 mm. To detect the brain activation associated with a specific
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Samples of lure

Okinawan bitter melon

)

Hibiscus

Upper left insets show three task buttons for new (red), lure (green),
and repeated (blue) stimuli. Lower right insets show examples of lure
pairs; Okinawa guardian lions and hibiscuses

task while simultaneously reducing noise, the size of the
smoothing kernel was kept at a recommended 2 to 3 times
the voxel size [23]. A high-pass filter regressor (200 s) was
included in the design matrix to exclude low-frequency
noise and artifacts. To identify the correct activation spots
of the brain, movement effects were discounted in a number
of rows (298) and columns (3 translations and 3 rotations).
For each subject, the three (new, lure, and repeated) regres-
sors were estimated by a general linear model calculated by
applying a canonical hemodynamic response function com-
bined with time and dispersion derivatives. To assess the
main effect of the lure images, as characterized by both
the hemodynamic response function and these derivatives,
an F-contrast obtained by the F test was required. Intra-
individual activation maps were calculated by F tests. We
calculated second-level group contrasts using a one-sample #
test for each regressor (new, lure, and same) from the re-
sponse of the canonical hemodynamic function. Differences
in the intensities of the activation between task conditions
were confirmed by a voxel-level threshold of p<0.001 un-
corrected, and a cluster-level threshold of FWE (family-wise
error)-corrected p<0.05. We extracted the average percent
signal change values of the regions of interest (ROIs) from
the anatomically defined AAL ROI atlas [24] and
established 3D MRI atlases [25-27] for each subject and
type of task stimuli using the MarsBar toolbox [28].
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Global Brain Connectivity Analysis
Subjects

Twelve patients with right cerebellar tumors (mean age 46.9+
13.3 years, range 17—66 years; 3 males, 9 females), 7 patients
with left cerebellar tumors (mean age 53.3+10.1 years, range
38-69 years; 2 males, 5 females), and 15 right-handed healthy
volunteers (mean age 27.6+6.5 years, range 2044 years; 5
males, 10 females) were enrolled in this study. The normal
healthy volunteers participating in the resting-state fMRI
study were different from those included in the neuropsycho-
logical analysis and the event-related fMRI experiment. No
participants had any signs or history of neurological or psy-
chological diseases. This research was approved by the ethical
committee of the University of the Ryukyus, and written in-
formed consent was obtained from all participants.

Acquisition of Resting-State fMRI Data

Functional and anatomical images were obtained using a GE
Discovery MR750 3.0 Tesla MRI scanner (GE Medical
System) with a 32-channel head coil. In order to minimize head
movement, the heads of each of the participants were fixed using
foam pads. In order to reduce geometric distortion in EPI, a
parallel imaging technique known as the array spatial sensitivity
encoding technique was used during imaging data acquisition.
T2*-weighted EPI images were used to measure BOLD contrast
(repetition time 2,000 ms, echo time 30 ms, flip angle 70°, matrix
size 64x64, field of view 256x256, in-plane resolution 4 x
4 mm, 42 slices, 4-mm thickness, 0-mm space). During EPI
image scanning, participants were instructed to remain motion-
less, remain awake, relax with their eyes closed, and to try not to
think about anything in particular. A total of 150 volumes were
collected over one session in a sequential ascending manner (plus
5 initial discarded volumes). An anatomical three-dimensional
spoiled gradient recalled echo (3D SPGR) sequence was obtain-
ed with high-resolution 1-mm slice thickness (matrix size 256 x
256, field of view 256 %256 mm, repetition time 6.9 ms, echo
time 3 ms, flip angle 15°). A high-resolution T2 fast spin echo
(T2 FSE) sequence (repetition time 4,300 ms, echo time 92 ms,
matrix size 256 %256, field of view 192 %192, in-plane resolution
1.33x1.33 mm, 42 slices, 4-mm thickness, 0-mm space) was
obtained for the co-registration of 3D SPGR images and EPI
functional images. EPI functional and T2 FSE structural images
were acquired in an oblique axial transverse plane (tilted 30°
anterior relative to the intercommissural plane).

Preprocessing and Analysis of Resting-State fMRI Data
Following this step, fMRI preprocessing, analysis, and visual-

ization methods were conducted as implemented in SPM (8
package, http://www.fil.ion.ucl.ac.uk/spm8/) and the “conn”

toolbox (www.nitrc.org/projects/conn). Images were corrected
for slice acquisition time within each volume, motion corrected
with realignment to the first volume, spatially normalized to the
standard MNI EPI template, and spatially smoothed using a
Gaussian kernel with a full width at half maximum of 8§ mm.
3D SPGR images were co-registered with each mean EPI and
T2 FSE image, and averaged together to permit anatomical
localization of the functional connectivity at the group level.
The transformed structural images were segmented into gray
matter (GM), white matter (WM), and cerebrospinal fluid
(CSF) using a unified segmentation algorithm.

In addition to removing noise correlations present in WM
and CSF, the addition of six motion regressors (six realignment
parameters and first derivatives) controlled for correlations due
to movement. Data were filtered between 0.009 and 0.08 Hz.

Correlation Analysis with Global Brain Connectivity
and the Lure Task

A map of GBC was computed from resting-state fMRI data
using the “conn” toolbox (Www.nitrc.org/projects/conn) [29,
30]. In the “conn” toolbox, correlation maps were calculated
on the basis of seed-based correlation analysis using the AAL
ROI atlas [24]. When the population correlation coefficient is
zero, the distribution of correlation coefficient is consistent
with the normal distribution. However, normal distribution
of the correlation coefficient is lost when the correlation coef-
ficient approximates to 1 [31]. Each ROI’s correlation coeffi-
cient map was transformed by Fisher’s Z transformation to Z
value maps in order to normalize the correlation coefficient.

These Z value maps were averaged together across each
subject in order to calculate GBC values. For correlation anal-
ysis of the GBC and score of the lure task, GBC values were
extracted from the ROIs that were activated by the lure stim-
ulus in the event-related fMRI experiment. The Pearson prod-
uct-moment correlation coefficient was used to calculate cor-
relations between GBC values and the correct response rates
in the lure task. When the correlation coefficient was close to
+1, the » value indicated a proportional connection between
GBC values and the scores in the lure task (positive correla-
tion). Conversely, when the correlation coefficient was close
to —1, the » value showed an inverse proportion (negative
correlation). We estimated the strength of the correlation in
five categories: negligible correlation (0.00 to 0.30 or 0.00
to —0.30), low correlation (0.30 to 0.50 or —0.30 to —0.50),
moderate correlation (0.50 to 0.70 or —0.50 to —0.70), high
correlation (0.70 to 0.90 or —0.70 to —0.90), and very high
correlation (0.90 to 1.00 or —0.90 to —1.00) [32].

Statistical Analysis

The Kruskal-Wallis test for three independent samples or the
Mann—Whitney U test for two independent samples was used
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to evaluate statistical significance in the neuropsychological
assessments and fMRI behavioral tasks, since a normally dis-
tributed population could not be assumed. Preoperative and
postoperative neuropsychological data were compared using
the Wilcoxon signed rank test. Statistical significance was
accepted at p<0.05. The chi-square test was used to evaluate
the performance in the block design subtest, since only two
items of the block design subtest were evaluated as pass/fail.

Results

Preoperative Neuropsychological Profile of Patients
with Benign Cerebellar Tumors

The results of the neuropsychological test of DST (p<0.05),
forward span of DS (p<0.05), backward span of DS (p<0.01),
and total score of DS (p<0.05) among patients with cerebellar
tumors (n=27) indicated a significant impairment as com-
pared with the control group, which was further confirmed
using the Mann—Whitney U test. To examine whether the
profile of the impairments depended on the side of the lesion,
patients with right and left tumors were compared to the con-
trol group. Performance on neuropsychological tests including
MMSE, DST, forward span of DS, backward span of DS, total
score of DS, and cube-copying test significantly differed
across groups. Patients with right cerebellar tumors performed
significantly worse than the control group on DST (»p<0.001),
forward span of DS (p<0.010), backward of DS (p<0.001),
and total score of DS (p<0.05), as indicated by a post hoc
Mann—Whitney U test with Bonferroni correction (Table 3).
In contrast, there were no significant impairments in left-sided
tumors as compared to the control group (Table 3). A Mann—
Whitney U test was used to confirm that patients with right-
side tumors showed significantly lower scores on the MMSE
when compared with patients with left-side tumors (p<0.05)
(Table 3). No direct relationship was found between tumor
size and scores on neuropsychological assessments, with the
exception of the DST (r=-0.48, p<0.05). None of subjects
failed the fifth item of block design test. Chi-square analysis of
the performance of the ninth item on the block design subtest
revealed no significant difference between patients with right
or left cerebellar tumors and the control group.

Postoperative Neuropsychological Profile of Patients
with Benign Cerebellar Tumors

Since most neuropsychological tests showed a significant de-
cline in patients with right-sided tumors as compared with the
control group at the preoperative stage, 12 patients with right
cerebellar tumors were further tested 2 weeks to 18 months
after resection of the tumor in order to investigate whether
cognitive function became normalized after surgical
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decompression of the posterior lateral cerebellum. T1-
weighted MRI confirmed that the decompressed cerebellum,
especially lobule VI and Crus I had completely recovered after
treatment (Table 2 and Fig. 3). Comparison of preoperative
and postoperative neuropsychological tests revealed improve-
ments in the raw scores of DST from 8.33+3.20t0 8.92+3.23,
DS forward span from 6.08+1.16 to 6.25+1.60, DS backward
span from 4.08+0.90 to 4.58+1.73, and DS total score from
9.92+3.06 to 10.83+4.59. However, no significant difference
was found between neuropsychological assessments because
of the small sample size (Table 4).

Hippocampal Function

Analysis of the reaction times for new, lure, and repeated task
revealed no significant difference across groups (Fig. 4a—).
However, a significant decline was observed in the correct
response rates during lure tasks in patients with right cerebel-
lar tumors (1318 %; n=12, age 53.4+13.4 years) (P=
0.0003) compared with those of normal healthy volunteers
(46.3+3.3 %; n=30, age 24.0+5.2 years). Furthermore, no
difference was found between patients with right and left cer-
ebellar tumors (3018 %; n=7, age 53.3£10.1 years) (P=
0.25) (Fig. 4d-1).

BOLD Responses

We confirmed the BOLD signal activity in the right DG but
not left ones correlated to correct response rate of the lure task
rather than error one, nor other new and similar ones in normal
healthy volunteers. These results indicate a crucial contribu-
tion of right DG for the performance of pattern separation
ability (Fig. 5a, b). We therefore analyzed BOLD response
patterns in the right DG during lure tasks. In normal healthy
volunteers, the initial dip in the BOLD response occurred at
1.74£1.3 s (mean+£S.D.) in time course, followed by a fraction-
al increase in blood flow within 3.9+4.2 s. The subsequent
signal decrease was delayed by 8.3+5.1 s, and the % BOLD
change from that of the resting state was —0.19+0.27, follow-
ed by a slope to a plateau or peak value for long pulses (>20 s)
(Table 5 and Fig. 5c¢). Signal fluctuation or alteration of the
BOLD pattern was found in patients with cerebellar tumors. A
delayed latency of the initial positive peak (5.3£1.9 s) with a
large amplitude of % BOLD change (0.190+0.060) subse-
quently followed by an initial dip (2.1+0.9 s) was found in
patients with right cerebellar tumors (Table 5 and Fig. 5d). For
patients with left cerebellar tumors, we found a rapid initial
peak (3.3+1.4 s) without an initial dip, followed by a slope to
a plateau value with a large S.D. value ranging from —0.18 to
0.28, indicating signal fluctuations among examinees of this
group (Table 5 and Fig. 5e).
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Table 3  Results of neuropsychological assessment of patients with damage to the right or left cerebellar hemispheres

Test Cerebellar lesion Controls, n=23 P
Right, n=17 Left, n=11

Age, years 49.41 (13.99) 52.09 (9.48) 53.39 (14.05) n.s
Education, years 13.29 (1.90) 12.82 (2.04) 12.91 (2.39) n.s
Cerebellar lesion size, mL 8.99 (11.66) 9.65 (9.86) - n.s.
3MS 96.18 (4.37) 97.59 (2.52) 97.50 (2.14) ns.
MMSE 28.53 (2.00) T 29.73 (0.90) 29.13 (1.26) 0.034
WAIS-R Digit symbol test * 8.65 (3.57)* 11.64 (3.38) 12.04 (2.44) 0.015
WAIS-R Digit span test

Forward span 5.88 (1.05)* 6.45 (1.13) 6.86 (1.39) 0.025

Backward span 4.12 (0.86)* 4.64 (1.29) 543 (1.31) 0.006

Total score * 10.06 (2.70)* 11.55 (2.30) 12.08 (2.82) 0.048
TMT, s

Part A 36.94 (11.94) 34.82 (11.16) 30.74 (8.59) n.s

Part B 64.82 (22.74) 64.00 (26.20) 52.52 (19.61) n.s

Part B-A 27.88 (13.61) 29.18 (19.41) 21.78 (14.20) n.s
Stroop test, s

Reading (I) 24.94 (4.70) 22.00 (4.38) 22.78 (4.19) n.s

Naming (II) 33.24 (6.89) 30.64 (5.28) 30.35 (6.59) n.s

Interference (I1I) 58.41 (22.61) 48.09 (15.27) 48.04 (13.62) ns.

HI-IT 25.18 (18.46) 17.45 (12.19) 17.70 (8.19) ns.
Cube-copying test

Point of connection 7.00 (1.97) 7.45 (1.04) 8.00 0.011

Plane-drawing errors 0.41 (1.00) 0.45 (0.82) 0 n.s

Values are mean (standard deviation). # denotes scaled score (mean = 10, standard deviation = 3). P indicates a significant difference after Kruskal-Wallis
test or Mann—Whitney U test; * indicates a significant decline compared to controls (post hoc Mann—Whitney U test with Bonferroni correction,
p<0.05); T denotes a significant decline compared to patients with left lesions (post hoc Mann—Whitney U test with Bonferroni correction, p<0.05)

n.s. not significant, 3MS modified mini-mental state examination, MMSE mini-mental state examination, 7MT Trail Making Test

Correlation Analysis with Brain Activation and Lure Task

We began by detecting important regions for memory systems
on the basis of the activation maps gathered from 30 healthy
participants during the performance of a lure task involving
pattern separation, which is an important human memory
function of hippocampal circuits (Table 6). Next, we evaluated
whether neural activity measured by local BOLD signal
changes correlated to accurate response rates in the lure task
across examinees, indicating a functional role of the regions
instead of individual differences between examinees (Fig. 6a—
1). The source ROIs were defined as the right DG, left anterior
middle cingulate cortex (aMCC), and bilateral cerebellar lob-
ule VI including Crus I, based on the correlation analysis of
BOLD responses and percentage of correct responses in the
lure task (Fig. 7a, c, e). Correct identification of source ROIs
was confirmed by established 3D MRI atlases (Fig. 7b, d, f)
[24-27]. Subdivisions of the rostral cingulate cortex, hippo-
campus, and cerebellum were painted on an individual struc-
tural SPGR image using FSLview in the FMRIB Software

Library v5.0 (FMRIB Analysis Group, University of
Oxford, Oxford, UK). The parameters of the GBC were ex-
tracted from the source ROIs above.

Correlation with GBC and Pattern Separation

For the GBC measure, we assessed standard resting-state
fMRI data, and tested whether the right DG, left aMCC, and
bilateral cerebellar lobule VI including Crus I had high GBC
with the rest of the brain. The range of GBC values was from
—2.1 to 1.9 in the normal control group, while patients with
left and right cerebellar tumors showed more narrow ranges,
from —0.09 to 0.07, and —0.07 to 0.11, respectively. The
Pearson product-moment correlation coefficient was used to
assess correlations between the GBC parameters of the four
source ROIs and the percentage of correct responses in the
lure task. The control subjects (n=15) showed moderate pos-
itive correlations with the GBC of the right cerebellar lobule
VI, including Crus I (»=0.65, p<0.01), right hippocampal DG
(r=0.62, p<0.01), and left aMCC (r=0.56, p<0.05) (Fig. 8a),
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Fig. 3 Panels of pre- and postoperative gadolinium-enhanced T1-
weighted MRI of cases R2, R6, R7, R10, R11, R12, R13, R16, R17,
R18, R20, and R21 (from fop to bottom). Rows show axial and coronal
images before the operation, and axial and coronal images after the
operation (from left to right). Since Case R16 is subject to asthma, T1-
weighted MRI was performed without contrast medium

though no significant correlation was found in the left cere-
bellar lobule VI including Crus I (»=0.0001, p>0.05). We
found that GBC connectivity correlated to correct response
rates during lure tasks was limited to three regions including
the right cerebellar hemisphere (lobule VI/Crus I), left aMMC,
and right hippocampal DG. Herein, we raised the hypothesis
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that these three regions might play a crucial role in the human
memory system, since rs-fMRI connectivity not only correlat-
ed to established structural connectivity, but also reflected
well-known functional networks [33, 34]. Thus, GBCs in
the right cerebellar hemisphere (lobule VI/Crus I), left
aMMC, and right hippocampal DG were considered as the
essential intrinsic connectivity of human cognition, statistical-
ly. In patients with left cerebellar tumors (n=7), high positive
correlations were found in the right cerebellar lobule VI in-
cluding Crus I (r=0.76, p<0.05), right DG (r=0.72, p<0.05),
and left aMCC (r=0.81, p<0.01) (Fig. 8b), while the left
cerebellar lobule VI including Crus I showed an extremely
negative correlation (r=—0.96, p<0.001). In patients with
right cerebellar tumors (n=12), significant alteration of corre-
lations were found in the right cerebellar lobule VI including
Crus I (moderate negative correlation; »=—0.64, p<0.05) and
left cerebellar lobule VI including Crus I (high negative cor-
relation; »=—0.74, p<0.01), but no correlation was found in
the right DG (r=-0.04, p>0.05) or aMCC (r=—0.11, p>0.05)
(Fig. 8c). These results might collectively indicate an impor-
tant cerebellar contribution to pattern separation.

Discussion

We examined functional involvement of the posterior lateral
cerebellum and its functional relationships with the hippocam-
pus and the prefrontal cortex including anterior mid-cingulate
cortex. Previous studies have investigated patients with cere-
bellar lesions such as tumors, strokes, and degenerative dis-
eases, which frequently damage normal brain tissues. Our
study evaluated patients with benign cerebellar tumors, be-
cause these lesions do not extensively destroy the surrounding
normal brain tissues, so that neuropsychological assessment
before and after treatment could clarify the functional involve-
ment of the decompressed area. Human cerebellar cognitive
function has been extensively studied in relation to the pre-
frontal cerebral cortex, but few studies have evaluated the
correlation between hippocampal function and the cerebellar
neocortex. Therefore, the present study also analyzed the
functional activity of the posterior lateral cerebellum in rela-
tion to the hippocampus and anterior mid-cingulate cortex.

Functional Involvement of the Posterior Lateral
Cerebellum

To the best of our knowledge, the present study presents the
first examination of the cognitive profiles of patients with
benign cerebellar tumors that compress the posterior lateral
cerebellum. Neuropsychological assessments indicated that
patients with right cerebellar tumors showed impairments in
working memory and psychomotor speed when compared
with age-matched healthy controls. Patients with right
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Table 4  Neuropsychological assessment of 12 patients with right cerebellar tumors at the preoperative stage and postoperative stage

Test Preoperative assessment Postoperative assessment P
3MS 96.28 (4.99) 97.88 (2.59) ns.
MMSE 29.17 (1.11) 29.25 (1.76) ns.
WAIS-R Digit symbol test * 8.33 (3.20) 8.92 (3.23) ns.
WAIS-R Digit span test
Forward span 6.08 (1.16) 6.25 (1.60) ns.
Backward span 4.08 (0.90) 4.58 (1.73) n.s.
Total score * 9.92 (3.06) 10.83 (4.59) n.s.
TMT, s
Part A 33.58 (10.74) 36.50 (17.20) ns.
Part B 59.50 (23.33) 59.92 (23.91) ns.
Part B-A 25.92 (13.85) 23.42 (11.75) ns.
Stroop test, s
Reading (I) 24.75 (2.30) 25.17 (3.79) n.s.
Naming (II) 32.42 (4.64) 33.83 (7.76) ns.
Interference (11I) 52.58 (18.92) 49.25 (14.64) n.s.
HI-IT 20.17 (16.08) 15.42 (9.24) ns.
Cube-copying test
Point of connection 7.33 (1.79) 7.92 (0.29) n.s.
Plane-drawing errors 0.33 (0.89) 0 n.s.
Values are mean (standard deviation). * denotes a scaled score (mean=10, standard deviation=3). n.s. denotes not significant after a Wilcoxon singed
rank test
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Fig. 4 Pattern separation task examined by fMRI. a—c. Reaction times
(RT) for new (a), lure (b), and repeated (c) tasks. Control indicates normal
healthy volunteers (n=30); RC, patients with right cerebellar tumors (n=
12); LC, patients with left cerebellar tumors (n=7). Bars indicate mean;
Dots, scores of individual cases. d—f. Percentage of correct response to

new, lure, and repeated tasks in normal healthy volunteers (d), patients
with right cerebellar tumors (e), and patients with left cerebellar tumors
(f). *** in e indicates significant decrease compared to control (»p<0.001,
Mann—Whitney U test)
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Fig. 5 BOLD response by pattern separation task. a—b. Bar graph
showing BOLD responses in the right and left DG for correct and error
responses of the new, lure, and same tasks in normal healthy volunteers.
Correct responses in the lure task were increased during activation of the
right DG more so than correct and error responses in other tasks (7=30)
(two-way ANOVA, F=4.52, p<0.001, multiple comparisons two-sided
test with Bonferroni-corrected critical p<0.05) (a). There was no
significant difference in % BOLD change in the left DG caused by
responses and/or tasks (two-way ANOVA, F=1.79, p=0.13) (b). y-axis

cerebellar tumors also showed lower scores in MMSE than
patients with left-sided tumors. We tried to interpret these
cognitive declines with the view that the cerebellum contrib-
utes to intrinsic functional connectivity. The laterality and dis-
ease dominancy of cerebellar tumors may therefore be impor-
tant. With regard to crossed cerebello-cerebral connections,
patients with right-sided cerebellar lesion showed impair-
ments in verbal tasks, whereas patients with left-sided tumors
showed deficits in spatial tasks [35, 36]. Several studies have
suggested a similar laterality in cognitive symptoms [37-39],
and imaging studies have elucidated cerebellar topography

Time (seconds)

Time (seconds)

indicates the magnitude of the % BOLD change. * denotes a significant
increase compared to other conditions (p<0.05). Graphs showing the
average BOLD curve for the lure task in normal healthy volunteers (c,
n=30), that of patients with right cerebellar tumors (d, »=12), and that of
patients with left cerebellar tumors (e, n=7). The black line shows the
average BOLD curve and the gray line shows standard deviation. The x-
axis represents time course (s) of the percentage of BOLD change. The y-
axis represents the magnitude of % BOLD change, or the percentage
BOLD signal change from the resting to stimulus condition

and lateralization effects [40, 41]. Imaging studies [40, 41]
have shown that activation peaks in language tasks were
lateralized to the right lobule VI and lobule VII. In contrast,
spatial processing showed greater left hemisphere activation,
predominantly in lobule VI [40] and lobule VII [41].
Consistent with these imaging and clinical findings, Wang
et al. [42, 43] reported cerebellar symmetry in relation to ce-
rebral intrinsic functional connectivity. They indicated a right-
lateralized cerebellar network including crus I/II and a portion
of lobule VI, which couples to a left-lateralized cerebral net-
work involving the inferior frontal gyrus, superior temporal

Table 5 Latency and amplitude of BOLD in the lure task in normal healthy subjects and patients with cerebellar tumors

Peak Mean (SD) latency (second) Mean (SD) amplitude (% BOLD change)
Normal (n=30) RC (n=12) LC (n=7) Normal (n=30) RC (n=12) LC (n=7)
N1 1.7 (1.3) 2.1(0.9) 0.2 (1.1) —0.039 (0.165) —0.074 (0.070) 0.000 (0.000)
N2 83 (5.1) None None —0.191 (0.272) None None
P1 3942 53 (1.9) 33(14) 0.074 (0.292) 0.190 (0.060) 0.140 (0.140)

RC indicates patients with right cerebellar tumors; LC, patients with left cerebellar tumors. The first negative peak is defined as N1, second negative peak

as N2, and first positive peak as P1. None indicates the absence of a peak
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Table 6  Significant whole-brain activations for the lure task
Region Cluster size Peak of T value Peak coordinates

x v z
Rt. cerebellar lobule VI/Crus 1 10,064 13.18 -32 —47 -33
Lt. cerebellar lobule VI/Crus 1 8,572 12.96 35 =54 -22
Lt. lateral prefrontal cortex 12,393 12.25 57 10 29
Lt. caudate nucleus 4,885 11.45 13 6 11
Lt. middle cingulate gyrus 19,034 11.07 3 11 42
Rt. lateral prefrontal cortex 8,725 10.74 —49 9 25
Rt. caudate nucleus 5,150 8.73 -13 11 2
Rt. hippocampus including DG 1,859 8.51 —20 -36 -6
Rt. middle frontal gyrus 1,927 7.32 -33 2 55

Voxel-level threshold at p<0.001 uncorrected, corrected for multiple comparisons (family-wise error) to p<0.05 using a cluster threshold

Rt right, Lt left, DG dentate gyrus

gyrus, and temporal pole in the cerebral cortex. These regions
include traditional language areas in the cerebral cortex, such
that the cerebellar regions are commonly activated by
language-related tasks. In our study, patients with right cere-
bellar tumors showed lower scores on the MMSE than pa-
tients with left-side tumors. Language processing is the main
cognitive demand of the MMSE. Compression of the portions
of the right lobule VI and Crus I connected with language
areas alters the right-lateralized cerebellar network that sup-
ports language processing, which may lead to MMSE scores
in patients with right cerebellar tumors. In the working mem-
ory test, lesion studies revealed that the inferior cerebellum
was associated with performance on digit span test [13, 44].
There are laterality differences within the inferior lobe of cer-
ebellum. The left inferior lobe of cerebellum is associated with
the processing of aural information, whereas the right inferior
lobe is involved in visual information [12]. Damage to left
inferior cerebellar lobule VIII has been shown to reduce audi-
tory digit span [44]. However, Ravizza et al. [13] revealed that
performance on the auditory digit span test was unaffected by
laterality of the damaged cerebellar hemisphere. Inconsistent
with previous studies, the present study shows that patients
with right-sided tumors exhibited impairment in the perfor-
mance of the digit span test when compared with normal
healthy volunteers. Chen and Desmond [11] hypothesized
two cerebro-cerebellar networks for verbal working memory:
the frontal/superior cerebellar network involving the right cer-
ebellar lobule VI, Crus I, and Broca’s area, which is associated
with articulatory rehearsal; and the parietal/inferior cerebellar
network involving the right cerebellar lobule VIIB and inferi-
or parietal lobe, which is related to maintenance/storage of
information. In the present study, impairment on working
memory in patients with right-sided tumors might be related
to some change in the neural bases for processing verbal
working memory caused by tumor compression in the right

superior and inferior cerebellum. We also found that psycho-
motor speed was disturbed in patients with right cerebellar
tumors compared with control subjects. DST is a psychomotor
performance test thought to be affected by various cognitive
demands, such as motor skill, attention, and visuomotor coor-
dination [18]. Fronto-parietal cortical networks are related to
performance on the DST, and these activations reflect the pro-
cesses of visual searching and updating of working memory
[45]. Since patients with right cerebellar tumors also exhibited
impairment of working memory, the intrinsic functional con-
nectivity between the left fronto-parietal network coupled
with the right cerebellar hemisphere might be altered by com-
pression. We suspected that the cognitive impairments of pa-
tients with right cerebellar tumors were related to alteration of
cerebellar contributions to intrinsic functional connectivity. A
huge tumor may secondary compress the dentate nucleus of
the human cerebellar nuclei as well as direct compression of
posterior lateral cerebellum. The nucleus conjuncted with neo-
cortex and reported an important role for human learning and
cognition [46].

We found an improvement in the raw scores of some of the
neuropsychological tests after surgical intervention associated
with anatomical normalization of the lateral posterior cerebel-
lum. At the postoperative stage of neuropsychological estima-
tion, some patients with no improvements in psychomotor
speed showed transient neurological symptoms related to the
IVth or VIth cranial nerve function. Double vision might be a
factor in preventing optimal performance. However, follow-
up neuropsychological assessments in patients with cerebellar
lesions have been limited [39, 47]. These previous findings
[39, 47, 48] might suggest that the cerebellum can recover
from pathological insult by changing the relationships of ce-
rebral connectivity. Further studies are required to identify the
detailed mechanisms behind the restoration of cognitive func-
tion following treatment of cerebellar lesions.
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Fig. 6 Regions related to pattern separation ability. Graph (a to i)
showing correlation of percentage of correct responses of the lure task
and that of BOLD signals in control subjects (#=30). Hippocampus
including dentate gyrus (DG) (a), right cerebellar lobule VI including
Crus I (lobule VI/Crus I) (b), left lobule VI/Crus I (¢), right lateral
prefrontal cortex (d), left lateral prefrontal cortex (e), right middle
frontal cortex (f), left middle cingulate gyrus (g), right basal ganglia (h),
and left caudate nucleus (i). The percentage of correct responses in the
lure task was significantly correlated with BOLD signals in right DG (a),
right lobule VI/Crus I (b), left lobule VI/Crus I (c), and left middle

Hippocampal Memory Function in Patients
with Cerebellar Tumors

The involvement of the cerebellum in non-declarative memo-
ry has been previously investigated. Patients with focal cere-
bellar lesions showed impaired motor sequencing [10]. Such
investigations provide evidence for a cerebellar contribution
to procedural learning and support the idea that the cerebellum
is an important anatomical component for competent skill
acquisition. However, it is still unclear whether cerebellar

GRO @ Springer

cingulate cortex (g). No significant relationships were observed in the
percentage of BOLD signals in the right and left lateral prefrontal
cortex, right middle frontal cortex, right basal ganglia, and left caudate
nucleus. The r value indicates the correlation coefficient of the Pearson
product-moment (a—i). The p value indicates the significance level of the
correlation coefficient. When the p value is lower than 0.05, the
significance of correlation coefficient is accepted. x-axis represents the
magnitude of % BOLD change that represents the rate of BOLD signal
from stimulus to resting condition. y-axis represents the correct response
rate in the lure task

lesions influence hippocampal episodic memory. On the other
hand, the role of the hippocampus in episodic memory has
been extensively studied, and the DG subregion of the hippo-
campus is well known as a substrate for cognition [49].
Pattern separation is a function of the DG that transforms
similar experiences or events into discrete, non-overlapping
representations. The DG and its projections into the CA3 sub-
region have been shown to be involved in pattern separation
[14]. fMRI was used to observe the process of pattern separa-
tion by scanning normal subjects during an incidental
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Fig. 7 Identification of source ROIs in the activation maps and
topographical schemas in healthy subjects. a—f. Identification of source
ROIs in the activation maps during a lure task from healthy subjects (n=
30, voxel-level threshold at p<0.001 uncorrected, corrected for multiple
comparisons (family-wise error) to p<0.05 using a cluster threshold) (a,
¢, and e). Each transparent color indicates the subdivisions of the rostral
cingulate cortex (b), right hippocampus (d), and cerebellum (f). The color
maps were painted according to references [24-27], and are explained in
details in the text. b, transparent red, yellow, green, and blue, indicate the
pMCC, posterior mid-cingulate cortex; aMCC, anterior mid-cingulate
cortex; pgACC, pregenual anterior cingulate cortex; sgACC, subgenual

encoding task using pictures of common objects. The present
fMRI study used a similar experimental paradigm to examine
hippocampal memory function involvement in pattern separa-
tion in patients with cerebellar tumors. The BOLD response
showed that the latency of the positive peak was significantly
increased in patients with right cerebellar tumors, and these
patients showed increases in the positive peak without any
second negative peak. Logothetis et al. [50] reported a linear
relationship between BOLD signals and neural activity. In ad-
dition, the BOLD signal was shown to represent the proportion
of the cerebral blood flow (CBF) and the cerebral metabolic
rate of oxygen (CMRO,) [51]. The factor of gain in the positive
response was interpreted as either a reduction in CBF or an
increase in CMRO, [52]. Increases in BOLD responses are
influenced by hemodynamics and metabolism based on the
magnitude of neural response. However, the factor that exerts
influence on the increase in positive BOLD responses has not
yet been elucidated. Moreover, the physiological significance
of the post-stimulus undershoot was interpreted as a normal
decline to the resting state of neural activity [50, 53], and re-
ductions in the second negative peak may reflect alteration of
the neural responses in patients with right cerebellar tumors.

Cf\ A l)tl
G/CA4 SUB
CA1/CA2 Ec“

Color bar of
T- value

anterior cingulate cortex, respectively. d, transparent red, yellow, green,
blue, light blue, and orange indicate the hippocampal dentate gyrus and
Cornu Ammonis 4 (DG/CA4); Cornu Ammonis 2 and 3 (CA2/CA3);
Cornu Ammonis 1 and 2 (CA1/CA2); subiculum (SUB); entorhinal
cortex (EC); and perirhinal cortex (PRC), respectively. f, Transparent
pink, orange, yellow, and green indicate the cerebellar vermis, and
bilateral lobule VI, Crus I, and Crus II, respectively. Anatomical
identification is specified in the text. Note that the aMCC in a, and DG/
CA4 in ¢, and lobule VI and/or Crus I in e were selectively activated. The
color bar indicates ¢ values (maximum 7=13.18, white represents the
highest value). R, the right hemisphere. L, the left hemisphere

The pattern of averaged BOLD responses did not illustrate
the initial dip and post-stimulus undershoot in patients with left
cerebellar tumors, which may have been masked by the initial
dip and post-stimulus undershoot such that it could not be rec-
ognized by means of the extended standard derivation of
BOLD responses. These results indicate fluctuations in the
large BOLD signals in patients with left cerebellar tumors,
though there was not much of a difference between patients
with left and right tumors in the size of the lesion and the
compressed portion of cerebellum. Further studies are required
to examine the causal mechanism of fluctuation in the BOLD
signals of patients with left cerebellar tumors.

These findings suggest that the cells surrounding a meta-
bolic disturbance area may have provided appropriate assis-
tance to the hippocampal circuitry. The assessment of hippo-
campal memory function indicated that patients with cerebel-
lar tumors showed selective inability in a lure task, which
reflects pattern separation inability and disturbance of the gen-
erating activity of young granule cells in the DG of the hippo-
campus. This inability was found in patients with both right
and left cerebellar tumors, although performances in the other
two tasks (new and same) were equal to those of normal
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Fig. 8 Correlation of GBC value and pattern separation ability. a—c.
Graphs showing correlation between the correct response rate in the
lure task and the GBC value in the right cerebellar lobule VI including
Crus I (lobule VI/Crus 1), left lobule VI/Crus 1, right dentate gyrus (DG),
and left anterior middle cingulate cortex (aMCC). a healthy subjects (n=

healthy volunteers. Taken together, these findings indicate that
the selective inability in the lure task was caused by cognitive
dysfunction and not by motor impairment in patients with
cerebellar tumors. Instead, cerebellar damage seems to affect
hippocampal DG functions.

Influence on Pattern Separation Function by Global Brain
Connectivity of Posterior Lateral Cerebellum

The fMRI examination of cognitive processing observed cere-
bellar activity in the convergent area of the posterior lateral
lobe, which also regulates smooth motor control. Activations
of posterior lateral cerebellum were previously proposed as the
internal model for new tools [7]. Our present GBC study dem-
onstrated that the value was altered in patients with cerebellar
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15). b patients with left cerebellar tumors (n=7). ¢ patients with right
cerebellar tumors (n=12). The r value, the correlation coefficient of the
Pearson product—-moment. The p value, the significance level of
correlation coefficient. x-axis, the value of GBC. y-axis, the percentage
of correct responses of lure task. Details are described in the text

tumors compared with the normal control group. Interestingly,
the left and right values of patients with cerebellar tumors con-
verged on a narrow window. It was reported that cerebellum,
cingulate cortex, and hippocampus have high GBC values that
are included in the top 10 % of GBC [29]. High GBC areas
have more connectivity with cortical and subcortical regions
[29]. The GBC values that were restricted within the narrow
window may represent a reduction in connectivity induced by
lesions to the posterior lateral cerebellum.

Our present study also showed that the right cerebellar
lobule VI/Curs 1, right DG, and left aMCC are important re-
gions for pattern separation. In particular, patients with right
cerebellar tumors showed a disruption in the correlation of
GBC to these areas associated with pattern separation func-
tion. High GBC areas are believed to integrate cortical and
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subcortical activity and act as global hubs influencing cogni-
tive control [29, 30]. According to resting-state fMRI analysis,
it was reported that the posterior cerebellum has a functional
connection with the prefrontal cortex, involving the anterior
cingulate cortex for cognitive functions [8, 9]. Reduction in
the GBC of patients with right cerebellar tumors not only
elicited functional dissociation of the right and left lobule
VI/Curs 1 from pattern separation ability but also affected
the anterior mid-cingulate cortex and hippocampus. In light
ofthese observations, global connectivity of the right posterior
lateral cerebellum may play an important role in pattern sep-
aration as well as cognitive functions.

Interaction between the hippocampus and cerebellum oc-
curs in the spatial domain [54]. Cerebellar impairment leads to
dysfunction of the spatial cord as recorded by place cells in the
CAL1 hippocampus using L7-PKCI mice in which protein ki-
nase C-dependent long-term depression at the parallel fiber-
Purkinje cell synapses is blocked. Consequently, the cerebel-
lum assists navigation by participating in the building of the
hippocampal spatial map. Hippocampal-cerebellar interac-
tions occur during spatio-temporal prediction [55]. Patients
with right cerebellar tumors showed a high rate of error in
the lure task, as was indicated by fMRI. Just as the cerebellum
contributes to the fine tuning of coordination in skilled motor
sequences in motor control, it also contributes to cognition by
facilitating the precise discrimination of overlapping or similar
experiences among episodic memories. Newly generated
young neurons have been shown to facilitate pattern separa-
tion in the hippocampus [49]. Whether cognitive decline and
disability in pattern separation in patients with cerebellar dis-
ease only reflect functional changes in new neurons or are
instead associated with a decrease in hippocampal
neurogenesis is an interesting question that requires further
investigation.

Conclusions

The present findings show that compression of the posterior
lateral cerebellum causes impairment of cognitive function.
Surgical decompression of the cerebellum facilitated cognitive
recovery. The fMRI study demonstrated global connectivity
between the Crus I, aMCC, and hippocampus during analysis
of hippocampal memory function. The posterior lateral cere-
bellum acts as a global hub, cooperating with the hippocam-
pus and anterior mid-cingulate cortex to facilitate pattern sep-
aration ability.
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We investigated the fused protein of solute carrier family 44 choline transporter member 1 (SLC44A1) and
protein kinase C alpha (PRKCA) in three patients with papillary glioneuronal tumors (PGNT). PGNT and
rosette-forming glioneuronal tumors (RGNT) are recently identified, unusual glioneuronal tumor variants
which were categorized as novel tumor entities in the 2007 World Health Organization classification
system. The molecular background of these tumors remains poorly understood due to the paucity of
studies. The SLC44A1-PRKCA fusion was recently detected in three cases of PGNT. We invesitgated for
the SLC44A1-PRKCA fusion protein in the three PGNT patients and a further two with RGNT using
fluorescence in situ hybridization. Two out of the three PGNT patients had a fused signal (paired
red-green signal) representing a rearrangement on chromosomes 9 and 17. A normal signal pattern
was observed in the third PGNT patient. Neither of the two RGNT patients demonstrated a fused signal.
This suggests that the SLC44A1-PRKCA fusion is a characteristic alteration in PGNT but not RGNT.
Therefore, it is a potential biomarker of PGNT. The paired red-green signal that was observed in the
PGNT patients implies the presence of a different breakpoint than that previously reported in the 9q31
and 1724 genes.
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1. Introduction this tumor [2,3]. RGNT display uniform neurocytes that form neu-

rocytic rosettes and/or perivascular pseudorosettes. The glial

Glioneuronal tumors of the central nervous system are rare low
grade tumors that consist of glial and neuronal cells at varying
stages of differentiation. Papillary glioneuronal tumors (PGNT)
and rosette-forming glioneuronal tumors (RGNT) have been
recently identified as unusual glioneuronal tumor variants, and
were categorized as novel tumor entities in the 2007 World
Health Organization (WHO) classification system [1]. PGNT are
characterized by a prominent pseudopapillary structure composed
of small glial cells arranged around hyalinized blood vessels along
with sheets or focal collections of synaptophysin-positive neuro-
cytes. Oligodendroglia-like cells (OLC) expressing oligodendrocyte
transcription factor (Olig2) are also sometimes present in parts of
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tumor component in RGNT resembles pilocytic astrocytoma. OLC
have also been detected in inter-rosette spaces. Therefore, the
histopathology of RGNT shares common features with PGNT.

In spite of the morphological features of the glial elements,
none of the reported PGNT and RGNT patients have had a 1p19q
codeletion, KIAA-BRAF fusion, or BRAF V600OE mutation [4-7]. The
molecular features and histogenesis of these glioneuronal tumors
have not yet been elucidated in detail. Bridge et al. recently
described a solute carrier family 44 choline transporter member
1 (SLC44A1)-protein kinase C alpha (PRKCA) fusion as the defining
genetic alteration in PGNT. They observed it in all three of their
PGNT patients, and investigated it with fluorescence in situ
hybridization (FISH) [8]. Although they suggested that this genetic
alteration was the defining molecular feature and may be respon-
sible for the pathogenesis of PGNT, the analysis of a larger number
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of PGNT patients is needed. In RGNT, the phosphatidylinosi
tol-4,5-bisphosphate 3-kinase catalytic subunit alpha and fibrob-
last growth factor receptor 1 mutations that are predominantly
seen in glial tumors have recently been demonstrated [7,9].
However, the SLC44A1-PRKCA fusion has not been analyzed in this
tumor type. Therefore, the aim of the present study was to confirm
the FISH findings from the previously reported PGNT patients, and
to investigate this fusion in another type of glioneuronal tumor,
RGNT.

2. Materials and methods
2.1. Tumor samples

Formalin fixed paraffin embedded (FFPE) tissue samples from
three PGNT and two RGNT patients were obtained from the follow-
ing institutions: Department of Neurosurgery, Ryukyu University,
Japan; Department of Pathology, Kyoto City Hospital, Japan;
Department of Neurosurgery, Oita University Hospital, Japan;
Department of Neurosurgery, Koshigaya Municipal Hospital;
Department of Neuropathology, Huashan Hospital, China. All of
the samples were from primarily developed intracranial tumors
and were diagnosed on the basis of the 2007 WHO Classification
[1]. All clinical samples were analyzed according to a protocol
approved by the Medical Ethics Committee of Gunma University
(based on the principles detailed in the Declaration of Helsinki).
All patient information associated with this study was obtained
in a deidentified format.

2.2. FISH

A dual color interphase FISH analysis was performed on
5 micron thick FFPE tissue sections, using previously published
probes and methods [8,10]. Briefly, following deparaffinization

-

and pretreatment, the sections were incubated in 0.35% pepsin/0.01
normal hydrochloric acid for 30 min, and then in 0.1% nonionic
polyoxyethylene surfactant 40/2 x standard sodium citrate for
30 min. DNA was denatured using 70% formamide/2 x standard
sodium citrate for 5 min at 75°C. An 8 pl aliquot mixture of two
labeled probes was applied to the glass slide with a cover slip.
The latter probe was prepared from bacterial artificial chromo-
somes (RP11-1036114 for PRKCA, RP11-9507 for SLC44A1;
GenoTechs, Tsukuba, Japan) using a DNA purification kit (Qiagen
Plasmid Kit Midi; Qiagen, Germantown, MD, USA) and labeled using
Spectrum Green or Spectrum Orange (Vysis Nick Translation Kit;
Abbott Laboratories, Abbott Park, IL, USA). The samples were inter-
mittently irradiated at intervals of 3 s on and 2 s off (42°C; 300 W)
for 2 h using a microwave processor, and then incubated for 3
nights. 4,6-diamidino-2-phenylindole (DAPI I; 1,000 ng/ml; Vysis;
Abbott Laboratories) was used for nuclear counterstaining. The sig-
nals were evaluated in more than 200 non-overlapping intact nuclei
of the tumor cells. A previous study detected a dual fusion signal in
>68% of tumor cells in all the PGNT samples [8]. Based on this find-
ing, we intentionally defined >60% of the neoplastic cells per tissue
section as positive for a dual fusion signal.

3. Results

The microscopic examination revealed a distinctive pseudopap-
illary morphology with hyalinized vessels and glial cells character-
ized by round nuclei and scant cytoplasm in all three PGNT
samples. The neuronal cells were scattered in the interpapillary
area and were strongly immunostained by synaptophysin.
Differently sized neuronal cells, including ganglion and ganglioid
cells, were occasionally noted in each sample. Olig2-positive cells
were observed around the pseudopapillary structure (Fig. 1A-D).
Both RGNT samples displayed typical neurocytic rosettes with cen-
tral fibrillary stroma that were immunoreactive to synaptophysin.

Fig. 1. Representative morphological and immunohistochemical features from tumor sections of papillary glioneuronal tumors (PGNT; A-D) and rosette-forming
glioneuronal tumors (RGNT; E-H). PGNT showing a pseudopapillary structure (A; hematoxylin and eosin [H&E] staining) circumscribed by glial fibrillary acidic protein
(GFAP)-positive astrocytic cells (B) and scattered neuronal cells, highlighted by synaptophysin immunostaining (C). Oligodendrocyte transcription factor (Olig2)-positive cells
were present among blood vessels (D). RGNT consisted of astrocytic tumor cells (E; H&E staining) expressing GFAP (F) and neurocytes forming rosettes with a synaptophysin-
positive neuropil core (G). Rosette-forming cells expressed Olig2 (H). The scale bar in part A represents the following scales for each image: 100 pm (A); 25 pm (C); 50 pm (B,

D-H).
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Fig. 2. Fluorescence in situ hybridization (FISH) images of papillary glioneuronal
tumors (PGNT) and rosette-forming glioneuronal tumors (RGNT). A FISH analysis
for protein kinase C alpha (PRKCA; green) and solute carrier family 44 choline
transporter member 1 (SLC44A1; red) probes showed a fused signal pattern (paired
red-green signal) in PGNT (A; arrow) and a normal, unfused signal pattern in RGNT

(B).

The neurocytic tumor cells had small round nuclei that were
stained by Olig2, and scant cytoplasm. The glial component of
RGNT was dominated by spindle astroglial cells resembling pilo-
cytic astrocytomas (Fig. 1E-H). All the PGNT and RGNT samples
had Rosenthal fibers and eosinophilic granular bodies, and both
lacked necrosis and mitotic activity in the tumor cells.

With the dual color probe, the normal cell nuclei showed sepa-
rate red and green signals (two of each). Two out of three PGNT
samples showed one fused signal (paired red-green) representing
the rearrangement of chromosomes 9 and 17. However, neither
displayed a completely fused yellow signal (Fig. 2A). A normal sig-
nal pattern was observed in the third PGNT sample. On the other
hand, neither of the two RGNT samples demonstrated a fused sig-
nal (Fig. 2B).

4. Discussion

A novel translocation between chromosomes 9 and 17 was
recently described in three PGNT patients [8]. FISH data revealed
two juxtaposed red-green signals, indicating breakpoints in the
9931 and 17q24 genes, and a sequence analysis of the reverse tran-
scription polymerase chain reaction-generated transcript identi-
fied the fusion point in SLC44A1 exon 15 and PRKCA exon 9.
PRKCA is a member of a family of serine and threonine-specific pro-
tein kinases that contain the BRAF gene, which is involved in
tumor-promoting signaling pathways [11]. SLC44A1 has a role in
sodium-independent choline transport and is widely expressed
throughout the nervous system in both neurons and oligodendro-
cytes [12]. The deregulation of PRKCA and/or high activity of the
SLC44A1 promoter were previously proposed to be involved in
the tumorigenesis of PGNT [8].

In our study, the fusion of chromosomes 9 and 17 was con-
firmed in two PGNT tissue samples by FISH, using one of the two
probe sets described by Bridge et al. [8]. The FISH analysis with
the other probe set did not result in an informative fluorescence
signal. One of the PGNT samples did not show the SLC44A1-
PRKCA fusion. In addition, in our samples, the fusion signals were
a paired red-green signal but not an overlapping yellow signal,
which may indicate different breakpoints than those that were
previously reported within the chromosomal regions 9q31 and
17q24. A sequence analysis previously identified two different

breakpoints on the SLC44A1 gene [8]. Further analysis is needed
to identify the localization of the different breakpoints and inves-
tigate the PGNT that didn’t have this fusion. We were unable to
perform this analysis due to the small size of the surgical
specimens.

PGNT and RGNT are characterized by a biphasic pattern with
neuronal and glial components. The neuronal component is mainly
comprised of neurocytes, similar to the central neurocytoma. In
both PGNT and RGNT, OLC are a characteristic feature and have
recently been suggested to derive from common progenitor cells
with the neurocytes [10]. Therefore, the cellular characteristics of
the neuronal component in RGNT bear some similarities to those
of the neuronal components in PGNT. The SLC44A1-PRKCA fusion
may be histopathologically associated with papillary formation,
which is a characteristic of PGNT but not RGNT.

In summary, PGNT and RGNT have recently been categorized as
unusual variants of glioneuronal tumors, with molecular features
that remain poorly understood. We verified the existence of the
recently identified SLC44A1-PRKCA fusion in two out of our three
PGNT patients. The fusion was not present in either of the RGNT
patients, which adds support to its potential as a biomarker for
PGNT.
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BACKGROUND AND PURPOSE

v-Oryzanol, derived from unrefined rice, attenuated the preference for dietary fat in mice, by decreasing hypothalamic
endoplasmic reticulum stress. However, no peripheral mechanisms, whereby y-oryzanol could ameliorate glucose
dyshomeostasis were explored. Dopamine D, receptor signalling locally attenuates insulin secretion in pancreatic islets,
presumably via decreased levels of intracellular cAMP. We therefore hypothesized that y-oryzanol would improve high-fat diet
(HFD)-induced dysfunction of islets through the suppression of local D, receptor signalling.

EXPERIMENTAL APPROACH

Glucose metabolism and regulation of molecules involved in D, receptor signalling in pancreatic islets were investigated in
male C57BL/6) mice, fed HFD and treated with y-oryzanol . In isolated murine islets and the beta cell line, MIN6 , the effects
of y-oryzanol on glucose-stimulated insulin secretion (GSIS) was analysed using siRNA for D, receptors and a variety of
compounds which alter D, receptor signalling.

© 2015 The British Pharmacological Society British Journal of Pharmacology (2015) 172 4519-4534 4519
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KEY RESULTS

In islets, y-oryzanol enhanced GSIS via the activation of the cCAMP/PKA pathway. Expression of molecules involved in D,
receptor signalling was increased in islets from HFD-fed mice, which were reciprocally decreased by y-oryzanol. Experiments
with siRNA for D, receptors and D, receptor ligands in vitro suggest that y-oryzanol suppressed D, receptor signalling and

augmented GSIS.
CONCLUSIONS AND IMPLICATIONS

v-Oryzanol exhibited unique anti-diabetic properties. The unexpected effects of y-oryzanol on D, receptor signalling in islets
may provide a novel; natural food-based, approach to anti-diabetic therapy.

Abbreviations

[Ca?1;, cytosolic Ca?* concentration; CCK-8, cholecystokinin-octapeptide; DAT, dopamine transporter; GLP-1,
glucagon-like peptide 1; GSIS, glucose-stimulated insulin secretion; GTT, glucose tolerance test; HFD, high-fat diet; IHC,
immunohistochemical; siRNA, small interfering RNA; TH, L-tyrosine hydroxylase; VMAT2, vesicular monoamine

transporter 2

Tables of Links

TARGETS

TH, tyrosine hydroxylase

GPCRs* cAMP Haloperidol
Dopamine D, receptor CCK-8, cholecystokinin-octapeptide Insulin

GPR119 L-DOPA Oleoylethanolamide
GPR120 GLP-1, glucagon-like peptide 1 Palmitic acid
Transporters® Glucagon Quinpirole

DAT, dopamine transporter GW 9508 Somatostatin
VMAT2, vesicular monoamine transporter 2 H-89

Enzymes®

PKA

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“>Alexander et al., 2013a,b,c).

Introduction

Dopamine is a major catecholamine neurotransmitter that
controls a wide range of biological processes important in
neurological, cardiovascular and metabolic homeostasis. Pre-
vious reports have demonstrated that in patients with Par-
kinson’s disease, glucose metabolism was markedly impaired
by treatment with L-DOPA, a dopamine precursor, in a dose-
dependent manner (Sirtori et al., 1972; Marsden and Parkes,
1977). Importantly, molecules involved in dopamine receptor
signalling are expressed in both murine and human pancre-
atic islets (Rubi et al., 2005; Simpson et al., 2012). Notably, a
recent study on isolated pancreatic islets from humans dem-
onstrated that pancreatic islet-derived dopamine did attenu-
ate insulin secretion in an autocrine or paracrine fashion via
its receptors (Simpson et al., 2012). In particular, studies in
dopamine D, receptor knockout mice suggest a critical role
of dopaminergic suppression in function and replication
of pancreatic beta cells during development in mice
(Garcia-Tornadu et al., 2010).

It is well recognized that two distinct signalling pathways
contribute to the control of insulin secretion from pancreatic
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beta cells, namely the ATP-sensitive K* channel-dependent
pathway (triggering pathway) and the cAMP/PKA pathway
(amplifying pathway) (Henquin, 2000; Kahn efal., 2006).
Two major incretin hormones, glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic polypeptide,
are crucial regulators for glucose-stimulated insulin secretion
(GSIS) through an increase in intracellular cAMP level,
thereby activating the cAMP/PKA pathway. On the other
hand, dopamine is known to substantially decrease intracel-
lular cAMP level mainly via D, receptors in striatum and
pituitary gland in the brain in rats, pigs and humans (Missale
et al., 1998; Vallone et al., 2000).

Based on the notion that chronic feeding with a high fat
diet (HFD) causes dysfunction of pancreatic islets and results
in whole body glucose dysmetabolism (Giacca et al., 2011),
we hypothesized that dopamine receptor signalling would be
activated locally in pancreatic islets from HFD-fed mice,
thereby causing dyshomeostasis of islet functions, at least
partly, through a decrease in intracellular cAMP level. On the
other hand, it has been shown that expression of genes
involved in D, receptor signalling in the brain reward system
(e.g. striatum, ventral tegmental area) was considerably
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decreased in HFD-induced obese rodents, resulting in pro-
found addiction to fatty foods (Li et al., 2009; Johnson and
Kenny, 2010). This finding suggested that decreased local
synthesis of dopamine in the brain could be relevant to this
deviation in feeding behaviour.

v-Oryzanol, derived from unrefined rice, is a unique bio-
active substance, consisiting of a mixture of ferulic acid esters
with phytosterols or triterpene alcohols (Lerma-Garcia et al.,
2009; Kozuka etal., 2013). An earlier study in humans
demonstrated that replacement of white rice by brown rice
reduced the incidence of type 2 diabetes mellitus (Sun et al.,
2010). Based on this report and our interventional trial assess-
ing the metabolically beneficial impact of brown rice on
pre-diabetic obese humans (Sun et al., 2010; Shimabukuro
et al., 2014), we recently reported in mouse experiments that
y-oryzanol acted directly on the hypothalamus and attenu-
ated preference for dietary fat by decreasing hypothalamic
endoplasmic reticulum (ER) stress, thereby ameliorating HFD-
induced obesity (Kozuka ef al., 2012). We also demonstrated
that long-term administration of y-oryzanol considerably
ameliorated HFD-induced glucose dyshomeostasis, indepen-
dently of body weight and food intake (Kozuka et al., 2012).
Moreover, although y-oryzanol (3.2 mg-g' body weight)
given orally to mice was distributed predominantly to the
brain (83.8 mg per 100 g tissue); it also accumulated particu-
larly in the pancreas (3.5 mg per 100 g tissue) 1h after
supplementation (Kozuka etal., 2015). However, the full
mechanism whereby y-oryzanol ameliorates glucose dysme-
tabolism throughout the body remained to be elucidated.

In rats, y-oryzanol increased the dopamine content of the
medial basal hypothalamus (leiri ef al., 1982). This effect was
suppressed by an inhibitor of L-tyrosine hydroxylase (TH),
the rate-limiting enzyme in dopamine synthesis (leiri et al.,
1982), suggesting a potential interaction of fy-oryzanol
between dopamine metabolism and signalling via dopamine
receptors. Based on all these findings, we tested if y-oryzanol
would improve dysfunction of pancreatic islets through the
inhibition of D, receptor signalling in murine experimental
models.

Methods

Animals
All animal care and experimental procedures were approved
by the Animal Experiment Ethics Committee of the Univer-
sity of the Ryukyus (Nos. 5352, 5718 and 5943). All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 204 animals were used in the experiments described here.
Eight-week-old male C57BL/6] mice obtained from
Charles River Laboratories Japan, Inc. (Kanagawa, Japan) were
housed at 24°C under a 12 h/12 h light/dark cycle. The mice
were allowed free access to food and water.

Administration of y-oryzanol

v-Oryzanol (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) was dissolved in 0.5% methyl cellulose solution.
v-Oryzanol (20, 80 or 320 ug-g™' body weight) was delivered
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into the stomach by a gavage needle every day during feeding
with a HFD (Western Diet; Research Diets Inc., New Brun-
swick, NJ, USA) for 13 weeks. HFD and HFD containing 0.4%
y-oryzanol were manufactured as pellets by Research Diets
(Research Diets Inc.). Daily intake of y-oryzanol by mice, as
estimated by mean food intake, was approximately 320 ug-g™*
body weight. The doses of y-oryzanol were determined as
described (Kozuka et al., 2012).

Metabolic parameters

Whole blood was taken from the tail vein and blood glucose
was measured using an automatic glucometer (Medisafe Mini;
Terumo, Tokyo, Japan). Occasional blood samples were taken
from the retro-orbital venous plexuses or tail vein. Plasma
insulin, glucagon and active GLP-1 levels were measured
using eLisa Kits (Shibayagi Co. Ltd., Gunma, Japan; Wako Pure
Chemical Industries, Ltd.; and Morinaga Institute of Biologi-
cal Science, Inc., Tokyo, Japan). For glucose tolerance tests
(GTTs), mice were intraperitoneally injected with 2.0 g-kg™
glucose after an 18 h fast. Blood glucose levels were measured
at the indicated times.

Sub-diaphragmatic vagotomy

Sub-diaphragmatic vagotomy, or sham surgery, was per-
formed as described earlier (Miyamoto et al., 2012) and mice
were used for experiments 2 weeks after the surgery. To test
the success of the vagotomy, we assessed the satiety induced
by CCK-8 (Bachem, Bubendorf, Switzerland), which is medi-
ated by the abdominal vagus nerves (Smith efal., 1981;
1985). Sham-treated and vagotomized mice were injected i.p.
with PBS or 8 ug-kg! CCK-8 after an 18 h fast.

Immunohistochemical (IHC) analyses

The pancreas was carefully dissected and fixed in 4% para-
formaldehyde, embedded in paraffin and sectioned. The
paraffin-embedded sections were stained with haematoxylin
and eosin or immunostained for insulin (A0654; Dako Japan,
Tokyo, Japan), glucagon (A0565; Dako Japan), somatostatin
(AB5495; Merck Millipore, Billerica, MA), dopamine trans-
porter (DAT) (AB1591P; Merck Millipore) and TH (AB152;
Merck Millipore). The mean size and ratio of glucagon-
positive o-cells, DAT-positive and TH-positive cell areas to the
total islet area were calculated based on >100 islets per group
using Photoshop (Adobe, San Jose, CA, USA).

Isolation of pancreatic islets and assessment
of insulin/glucagon secretion

Pancreatic islets were isolated from mice by collagenase diges-
tion (Liberase TL; Roche Diagnostics GmbH, Mannheim,
Germany) and purified on a Histopaque gradient (Histopaque
1077; Sigma-Aldrich, St Louis, MO, USA) as described by
Zmuda et al., (2011). Insulin secretion from isolated islets and
from a murine pancreatic beta cell line, MING6 cells, (Miyazaki
et al., 1990), was measured as described earlier (Wei et al.,
2005). Briefly, the islets were incubated with or without
y-oryzanol (0.2, 2 or 20 ug-mL™"), forskolin (10 mM), Rp-8-Br-
cAMPS (10 uM), H-89 (10 uM), haloperidol (1, 10 uM; Wako
Pure Chemical Industries, Ltd.), a D, receptor antagonist,
10 uM L-DOPA, a dopamine precursor, or S uM quinpirole,
a potent D, receptor agonist (Sigma-Aldrich), for 1 h, and
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stimulated with glucose for an additional 1 h with or without
y-oryzanol, haloperidol, L-DOPA or quinpirole. The doses of
each compound were decided as described (Simpson et al.,
2012). MING6 cells and an o-cell line (o-TC cells) were seeded
at a density of 2.0 x 10° cellssmL™" on 24-well plates. After
48 h of culture, MING6 cells were incubated with Krebs-Ringer
bicarbonate buffer (KRB; composition; 119 mM NaCl, 4.74
mM KC], 2.54 mM CacCl,, 1.19 mM MgCl,, 1.19 mM KH,PO,,
25 mM NaHCO;, 0.5 % BSA, 25 mM HEPES, pH 7.4.) contain-
ing 2.5 mM glucose for 2 h, subsequently incubated in KRB
with or without y-oryzanol (0.2, 2 or 10 ug-mL™") for 1 h. The
cells were also incubated with a series of insulin secretagogues
with or without y-oryzanol for 2 h. o-TC cells were incubated
with KRB containing 16.7 mM glucose for 1 h, subsequently
incubated with or without palmitic acid (0.25 or 0.5 mM;
Sigma-Aldrich), y-oryzanol (2 or 10 ug-mL™") or haloperidol
(10 uM) for 2 h. Insulin or glucagon secretion was normalized
by cellular protein content. Levels of cAMP and PKA activity
were determined by the cyclic AMP EIA Kit (Cayman Chemi-
cal, Ann Arbor, MI, USA) and PKA kinase activity kit (Enzo
Life Sciences, Farmingdale, NY, USA) respectively. To measure
insulin content of islets, 10 islets were placed in 1 mL of
acid-ethanol (90 mM HCI in 70% ethanol). Insulin was
extracted overnight at —20°C after sonication, as previously
described (Ariyama et al., 2008). The acid-ethanol extract was
neutralized with 1M Tris (pH 7.5) and insulin levels were
measured using an ELISA Kit.

Measurement of cytosolic Ca** concentration
([Ca*]) in isolated islets

[Ca*]; in isolated islets was measured by fura-2 micro-
fluorometry as described (Nakata et al., 2010). Briefly, islets
on coverslips were incubated with 1uM fura-2/
acetoxymethylester (Dojin Chemical Co., Kumamoto, Japan)
for 1 h at 37°C in KRB containing 2.8 mM glucose with or
without y-oryzanol or haloperidol. Islets were subsequently
mounted in a chamber and superfused at a rate of 1 mL-min™!
at 37°C in KRB with or without y-oryzanol or haloperidol.
Fluorescence following excitation at 340 nm (F340) and that
at 380 nm (F380) was measured, and [Ca*]; was expressed by
the ratio (F340/F380).

RNA interference

The small interfering RNA (siRNA) for D, receptors (the Drd2
gene) and a control scrambled siRNA were designed and pur-
chased from Sigma-Aldrich. Pancreatic islets and MING6 cells
were transfected with each siRNA using Lipofectamine RNAi/
MAX (Life technologies, Tokyo, Japan) according to the
manufacturer’s protocol. Insulin secretion from MING6 cells
was normalized against cellular DNA content.

Agonist activity assay

Recruitment of B-arrestin to GPCRs, induced by y-oryzanol
was tested by the PathHunter -Arrestin Assay obtained from
DiscoveRx (Fremont, CA, USA). Luminescence was analysed
with Envision (PerkinElmer, Waltham, MA, USA) and % activ-
ity was expressed as the relative luminescence units of 10 uM
v-oryzanol in comparison with that of each positive ligand.
Antagonist activity (% inhibition) was measured against
approximately ECg, concentrations of agonists. Duplicate
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data were obtained. The Z-factor, a parameter of quality
control in high throughput screening assays (Zhang et al.,
1999), was determined by the following equation: Z-factor =
1 — 3(SDsample + SDcontror)/|MeaNgample — MeaNcontrol]. SDsample and
SDeontrot Tefer to standard deviation of sample and positive
control regions respectively.

Western blotting

Western blotting was performed as described (Tanaka ef al.,
2007) with antibodies against D, receptors (AB5084P; Merck
Millipore), DAT, TH and B-actin (ab6276; Abcam, Cambridge,
MA, USA).

Quantitative real-time PCR

Gene expression was examined as described (Kozuka et al.,
2012). Total RNA was extracted using Trizol reagent (Life
technologies) and cDNA was synthesized using an iScript™
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Quantita-
tive real-time PCR was performed using a StepOnePlus™ Real-
Time PCR System and Fast SYBR Green Master Mix (Life
Technologies). The mRNA levels were normalized against
Rni18s (18S rRNA). The primer sets used for the quantitative
real-time PCR analyses are summarized in Table 1.

Table 1

The primer sets used for quantitative real-time PCR analysis

GenBank
Gene Accession No. Primer (5-3')

Drd2 (D2R) NM_010077 fCCA TTG TCT GGG TCC

TGT CC

r GTG GGT ACA GTT GCC
CTT GA

f GCA GTG GTC ATG CCA
GTT CAC TAT CAG

r CCT GTT GTG TTG AAA
CCA AAG AGG AGA GG

f GCA CTA CTT CTT CTC
CTC CT

r CCT GAA GTC TTT ACT
CCCTICC

f CCC TAC CAA GAT CAA
ACCTAC C

r GAG CGC ATG CAG TAG
TAA GA

f GTC TGT CTA TGG GAG
TGT GTAT

r GGG TAC GGC TGG
ACATTATT

fTTC TGG CCA ACG GTC
TAG ACA AC

r CCA GTG GTC TTG GTG
TGC TGA

Drd3 (D3R) NM_007877

Slc6a3 (DAT)  NM_010020

Th (TH) NM_009377

Slc18a2 NM_172523
(VMAT2)

Rn18s NR_003278
(185 rRNA)

Forward and reverse primers are designated by f and r respec-
tively. D2R, dopamine D, receptor; D3R, dopamine Ds receptor.
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y-Oryzanol enhances GSIS in mice. (A-C, E, F) Mice on a chow diet were treated with a single oral dose of y-oryzanol (320 ug-g™"). The
concentrations and AUCs of blood glucose (A, E), plasma insulin (B, F) and plasma active GLP-1 (C) during ipGTTs (n = 8) are shown. Chow-fed
mice (A-C) and vagotomized mice (Vag) (E, F) were analysed. (D) Satiety effects of CCK-8 were tested in sham-treated mice (Sham) and
vagotomized mice (Vag). Sub-diaphragmatic vagotomy abolished the satiety effect of CCK-8. *P < 0.05, **P < 0.01 versus unoperated or
sham-operated mice treated with vehicle (Vehicle or Sham-Veh). TP < 0.01 versus vehicle-treated vagotomized mice (Vag-Veh). Data are

expressed as means = SEM.

Data analysis

Data are expressed as the mean + SEM from »n independent
experiments. One-way ANOVA and repeated-measures ANOVA
followed by multiple comparison tests (Bonferroni/Dunn
method) were used where applicable. Student’s t-test was used
to analyse the differences between two groups. Differences
were considered significant at P < 0.0S.

Results

¥-Oryzanol acts directly on pancreatic islets
and enhances GSIS in vivo

As a first step in exploring the effects of y-oryzanol on GSIS in
chow-fed mice, the effects of a single oral dose of y-oryzanol
(320 ug-g' body weight) on blood glucose and insulin levels
were examined during i.p. GTTs (ipGTTs). y-Oryzanol aug-
mented GSIS and significantly enhanced glucose tolerance
even in normal mice (Figure 1A,B). y-Oryzanol showed a trend
towards a decrease in the plasma GLP-1 level, but the change
was not statistically significant (P =0.11) (Figure 1C). To see if
y-oryzanol would enhance GSIS independently of GLP-1
receptors, we evaluated, using PathHunter B-arrestin assays,

the agonist activities of y-oryzanol on GLP-1 receptors and on
two other GPCRs, GPR119 and GPR120, both of which
potently stimulate GLP-1 secretion from intestine (Hirasawa
et al., 2005; Chu et al., 2007; Lauffer et al., 2009). y-Oryzanol
did not show agonist activities on these GPCRs [0% of
exendin-4, a potent GLP-1 receptor agonist, Z-factor (a param-
eter of quality control in high throughput screening assays)
(Zhang et al., 1999) was 0.81; 9% of oleoylethanolamide, a
potent GPR119 agonist, Z-factor was 0.41; —2% of GW 9508, a
potent GPR120 agonist, Z-factor was 0.75 respectively].

To exclude the possibility that y-oryzanol augments GSIS
via a central mechanism, we carried out sub-diaphragmatic
vagotomy in mice. Cholecystokinin-octapeptide (CCK-8)
reduced the food intake in 1h by 63% in sham-operated
mice, while sub-diaphragmatic vagotomy abolished the
satiety effect of CCK-8 (Figure 1D), indicating that the
vagotomy was successful. In both sham-operated and vagoto-
mized mice, a single oral dose of y-oryzanol significantly
lowered the blood glucose levels and the AUC of glucose
during ipGTTs (Figure 1E). Noticeably, in both sham-operated
and vagotomized mice, 7y-oryzanol markedly increased
plasma insulin levels and the AUC of insulin during ipGTTs
(Figure 1F). These results suggest that fy-oryzanol acted
directly on the pancreatic islets to enhance GSIS.
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¥-Oryzanol enhances GSIS through activation
of the cAMP/PKA pathway via the
suppression of D, receptor signalling

In both isolated murine islets and MING6 cells, y-oryzanol
markedly enhanced GSIS in a dose-dependent fashion
(Figure 2A,E). Furthermore, in both cellular systems,
y-oryzanol significantly increased intracellular cAMP levels
and PKA activity (Figure 2B,C,EG). Similarly, augmentation
of PKA activity by y-oryzanol was abolished by H-89, a PKA
inhibitor (Figure 2C,G). To explore the underlying mecha-
nism, isolated murine islets and MING6 cells were exposed to
(i) forskolin, which increases intracellular cAMP level; (ii)
Rp-8-Br-cAMPS, a cAMP antagonist; or (iii) H-89 respectively.
In both cellular systems, y-oryzanol augmented forskolin-
enhanced insulin secretion (Figure 2D,H), while both Rp-8-
Br-cAMPS and H-89 abolished such stimulatory effects of
v-oryzanol on GSIS (Figure 2I-K). These findings suggest that
y-oryzanol reinforces GSIS via the cAMP/PKA amplifying
pathway in pancreatic islets.

On the other hand, haloperidol, a D, receptor antagonist,
significantly enhanced GSIS (Figure 3A) through the eleva-
tion of intracellular cAMP (Figure 3B) but y-oryzanol showed
no additive effect with haloperidol (Figure 3C,D), supporting
the notion that y-oryzanol increased intracellular cAMP levels
and enhanced GSIS through suppression of D, receptor sig-
nalling. Furthermore, both L-DOPA, a dopamine precursor,
and quinpirole, a potent D, receptor agonist, abolished
y-oryzanol-induced enhancement of GSIS (Figure 3E-G). Of
note, the inhibition by L-DOPA and quinpirole was
concentration-dependent (Figure 3F,G). To further confirm
the involvement of D, receptor signalling in enhancing GSIS
by y-oryzanol, Drd2 was silenced in vitro by incubating the
tissues or cells with specific siRNA for 2 days. In both pan-
creatic islets and MING6 cells treated with Drd2 siRNA, the
expression of Drd2 was attenuated by 71.4 £ 0.1% and 69.5
0.1% compared with scrambled siRNA-treated cells respec-
tively (Figure 3H,K). There were no significant changes in the
expression of Drd3 (dopamine D; receptor) in both systems
(Figure 3H,K). Either y-oryzanol or haloperidol enhanced
GSIS accompanied by the elevation of intracellular cAMP
level in cells treated with the scrambled siRNA. In contrast, in
Drd2 siRNA-treated cells, y-oryzanol and haloperidol did not
increase GSIS and intracellular cAMP level (Figure 31]J,L).
These results suggest that y-oryzanol augments GSIS via the
suppression of D, receptor signalling in pancreatic beta cells.
Of note, data from the PathHunter B-arrestin assays suggested
that there was no significant agonist or antagonist activities
of y-oryzanol for any of the dopamine receptors (Table 2).

y—Ogyzanol increases insulin biosynthesis and
[Ca™]; in islets

Elevation of intracellular cAMP enhances the biosynthesis of
insulin (Fehmann and Habener, 1992) and insulin secretion
induced by increased [Ca*]; in the presence of insulinotropic
glucose concentrations (Yada etal., 1993). We therefore
assessed the effect of y-oryzanol and haloperidol on the bio-
synthesis of insulin and its secretion in response to increased
[Ca*]; in murine-isolated islets. Both y-oryzanol and halop-
eridol significantly increased intracellular insulin contents
and the [Ca®]; response (Figure 4). Of note, both y-oryzanol
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and haloperidol enhanced the first phase of [Ca*]; responses
to high glucose (Figure 4B,C). These results also reinforce the
notion that y-oryzanol increases intracellular cAMP levels and
subsequently enhances GSIS through suppression of D, recep-
tor signalling.

1-Oryzanol suppresses D, receptor signalling
in pancreatic islets from HFD-fed mice
Following treatment of y-oryzanol (320 ug-g' per body
weight per day) for 13 weeks, glucose level in mice on a HFD
was 1280 + 50 mg-L', which was significantly decreased
compared with those in mice on the HFD alone (1570 +
80 mg-L!, P < 0.01). Body weight in mice fed HFD with
y-oryzanol was 31.7 £ 0.8 g, which was comparable to that in
mice fed HFD alone (30.4 £ 1.2 g). Areas of islet cells stained
with antibody to TH, the rate-limiting enzyme of dopamine
synthesis (Figure 5A), and antibody to DAT, which mediates
dopamine uptake (Figure 5B), were increased in pancreatic
islets from HFD-fed mice, whereas the stained areas were
markedly decreased after treatment with y-oryzanol. Conse-
quently, the ratio of TH-positive or DAT-positive cell areas to
the total islet area was significantly increased in HFD-fed
mice, and was substantially decreased by the treatment with
v-oryzanol (Figure 5C,D). IHC analyses suggested that TH was
localized in beta cells, while DAT was not confined to a-cells,
beta cells or §-cells (Figure 6).

We assessed protein and mRNA expression levels of genes
involved in D, receptor signalling including D, receptors
(Drd2), TH (Th), DAT (Slc6a3) and the vesicular monoamine
transporter type 2 (VMAT2; Slc18a2), which transports dopa-
mine into vesicles. In pancreatic islets from HFD-fed mice,
the mRNA levels of Drd2, Th and Slc6a3 were considerably
elevated, while that of Slc18a2, also known as a functional
marker of insulin production (Harris ef al., 2008), was mark-
edly decreased (Figure SE-H). Importantly, administration of
y-oryzanol depressed the mRNA levels of these genes
(Figure SE-H). In parallel with mRNA levels, protein levels of
D, receptors, TH and DAT were concomitantly decreased by
y-oryzanol (Figure SI-L).

1-Oryzanol decreases glucagon secretion from
murine islets

v-Oryzanol significantly decreased glucagon levels in plasma
of HFD-fed mice (Figure 7A) and in media of isolated islet
cultures (Figure 7B). To test the possibility that y-oryzanol
directly acted on a-cells, a murine a-cell line, o-TC cells, was
treated with y-oryzanol. As shown in Figure 7C, glucagon
secretion from o-TC cells was reduced, concentration-
dependently, by glucose. It should be noted that mRNA level
of Drd2 in o-TC cells was extremely low, compared with those
in isolated islets and MING6 cells, while that of Drd3 was about
the same in the three types of cells (Figure 7D,E). In o-TC
cells, y-oryzanol and haloperidol did not affect glucagon
secretion in both basal and palmitate-stimulated conditions
(Figure 7F,G). IHC analyses of pancreatic islets from mice on
a HFD demonstrated that y-oryzanol augmented the intensity
of insulin staining, while attenuating the average size of
pancreatic islets, as well as the ratio of a-cells to the total islet
area (Figure 7H-J). These results raised the possibility that
y-oryzanol reduced the increased secretion of glucagon via
mechanisms independent of o-cells.
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v-Oryzanol enhances GSIS through activation of the cAMP/PKA pathway in murine isolated islets and MIN6 cells. Murine isolated islets (A-D, 1)
and MING6 cells (E-H, ], K) were treated with the indicated concentrations of y-oryzanol (Orz; 0.2, 2, 10 or 20 ug-mL™). (A, E) Insulin secretion
was assessed following 25 mM glucose treated in murine-isolated islets (n = 10) (A) and MING6 cells (n = 8) (E). (B, C, F, G) y-Oryzanol (Orz; 0.2
or 2 ug-mL™") increased intracellular cAMP levels (B, F) and PKA activity (C, G) following 25 mM glucose in islets (n = 12) (B, C) and MIN6 cells
(n=28) (F, G). (D, H) Effects of y-oryzanol (Orz; 0.2 or 2 ug-mL™") on insulin secretion enhanced by 10 uM forskolin in islets (n = 10) (D) and MIN6
cells following 2.5 mM glucose (n = 8) (H). (I-K) GSIS by 25 mM glucose was suppressed by 10 uM Rp-8-Br-cAMPS or 10 uM H-89 in islets (n =
10) (1) and MING cells (n = 8) (J, K) treated with y-oryzanol (Orz; 2 ug-mL™). Islets used in each experiment were isolated from eight mice, and
they were pooled and divided into indicated number of groups. *P < 0.05, **P < 0.01 versus vehicle (Veh)-treated islets. TP < 0.01 versus cells
treated with vehicle (Veh) and y-oryzanol (2 pg-mL™). n.s., not significant. Data are expressed as means + SEM.
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Figure 3

v-Oryzanol enhances GSIS through the suppression of D, receptor signalling in murine isolated islets and MING6 cells. (A, B) Haloperidol (1, 10 uM)
increased insulin secretion (A) and intracellular cAMP levels (B) in isolated islets following 25 mM glucose (n = 12). (C, D) y-Oryzanol (Orz;
2 ug-mL™) and haloperidol (10 uM) had no additive effect on insulin secretion (n = 12) (C) and intracellular cAMP levels (n = 24) (D) in isolated
islets following 25 mM glucose. Islets used in each experiment were isolated from six mice, and they were pooled and divided into indicated
number of groups. (E) Insulin secretion enhanced by the indicated concentrations of y-oryzanol (Orz; 0.2 or 2 pg-mL™") was suppressed by 10 uM
L-DOPA or 5 uM quinpirole and in isolated islets (n = 10; islets isolated from 12 mice were pooled and divided into indicated number of groups).
(F, G) Insulin secretion in isolated islets treated with y-oryzanol (Orz; 2 ug-mL™") was suppressed by the indicated concentrations of L-DOPA (0.1,
1, 10 or 100 uM) (F) or quinpirole (0.05, 0.5, 5 or 50 uM) (G) (n = 10-14; islets isolated from eight mice were pooled and divided into indicated
number of groups). *P < 0.05, **P < 0.01 versus islets treated with vehicle (Veh). P < 0.05, P < 0.01 versus islets treated with vehicle (Veh) and
v-oryzanol. (H-L) Isolated pancreatic islets (H-]) and MING6 cells (K, L) were treated with Drd2 siRNA. (H, K) Level of mRNA expression for Drd2
and Drd3. The levels were normalized against those of Rn718s. **P < 0.01 versus scrambled siRNA-transfected islets or cells (Scr). (I, L) Insulin
secretion in siRNA-treated islets (1) and MING6 cells (L) was not enhanced by y-oryzanol (Orz; 2 ug-mL™") or haloperidol (10 uM) (n = 15-20). (J)
y-Oryzanol (Orz; 2 pg-mL™") and haloperidol (Halo; 10 uM) had no effect on intracellular cAMP levels in siRNA-treated islets (n = 10). Islets isolated
from eight mice were pooled and divided into indicated number of groups. **P < 0.01 versus scrambled siRNA-transfected islets treated with
vehicle (Veh). n.s., not significant. Amount of insulin secretion from MIN6 cells was normalized against the cellular protein content. Data are
expressed as means = SEM.
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Table 2

Impact of y-oryzanol on islet dopamine signal

Agonist or antagonist activities of y-oryzanol for dopamine receptors (DRD1-DRD5)

Antagonist

Agonist
% Activity
DRD1 0 0.73
DRD2L 1 0.79
DRD2S 2 0.81
DRD3 13 0.48
DRD4 1 0.86
DRD5 -2 0.75

% Inhibition

10 0.84
=5 0.81
5 0.91
=13 0.79
-2 0.77
9 0.87

Percentage of activity in y-oryzanol for each dopamine receptor was calculated relative to the basal or maximal agonist values of dopamine.
Percentage of inhibition by y-oryzanol for each dopamine receptor was calculated relative to the basal or ECgo values for dopamine (antagonist
activity). GPCR targets: DRD1, dopamine D, receptor; DRD2L, long form of the dopamine D, receptor; DRD2S, short form of the dopamine
D, receptor; DRD3, dopamine D; receptor; DRD4, dopamine D, receptor; DRD5, dopamine Ds receptor.

Discussion and conclusions

The major findings in the present study are summarized by
the scheme shown in Figure 8. Here, we have demonstrated
that, in mice, y-oryzanol acted directly on pancreatic islets
and enhanced GSIS in vivo and in vitro (Figures 1 and 2). Such
a reinforcement of GSIS by y-oryzanol was mediated by the
local activation of the cAMP/PKA amplifying pathway
(Figures 2 and 4). Along with chemical agonists for a variety
of fatty acid receptors, cAMP/PKA amplifying pathways in
pancreatic beta cells are promising drug targets for the treat-
ment of type 2 diabetes (Drucker, 2006; Rayasam et al., 2007;
Ohishi and Yoshida, 2012). In this context, y-oryzanol may be
potentially useful as an alternative or a partner of combina-
tion therapies with incretin-related drugs.

To our knowledge, the present study is the first to dem-
onstrate that protein and mRNA expression of molecules
involved in D, receptor signalling was considerably elevated
in pancreatic islets from mice fed on a HFD. Moreover, sup-
plementation with y-oryzanol corrected the dysregulation of
these molecules in vivo (Figure 5). As increased signal trans-
duction by D, receptors in pancreatic beta cells suppresses
the secretion of insulin (Rubi et al., 2005; Simpson et al.,
2012), such an effect of y-oryzanol may be beneficial for
individuals with glucose intolerance and type 2 diabetes. To
date, how transcription of Drd2 is regulated is largely unde-
fined. It is possible that consensus element of NF-«xB in the
promoter region of Drd2 (Bontempi et al., 2007) is related to
the HFD-induced dysregulation of D, receptors in isolated
islets. Apart from the direct action of y-oryzanol on pancre-
atic islets, it is also possible that improvement of hypergly-
caemia per se may influence the expression of molecules
involved in D, receptor signalling. In this context, further
studies are necessary to elucidate fully the molecular mecha-
nisms involved.

Intriguingly, in HFD-induced obese rodents, expression of
genes involved in D, receptor signalling in the brain reward
system (e.g. striatum, ventral tegmental area) was clearly
decreased, resulting in a profound addiction to fatty foods (Li

et al., 2009; Johnson and Kenny, 2010). Furthermore, recent
studies in rodents demonstrated that HFD-induced decre-
ment in D, receptor expression in the brain reward system
was closely associated with the hyper-methylation in the
promoter region of the Drd2 gene (Vucetic efal., 2012).
Studies are ongoing in our laboratory to investigate whether
there is HFD-induced epigenetic dysregulation of the D,
receptor signalling in pancreatic islets or beta cells.

In isolated islets and MING6 cells, experiments with RNA
interference for Drd2 and with exogenous D, receptor
ligands demonstrated that y-oryzanol augmented GSIS via
the suppression of D, receptor signalling (Figure 3).
Enhancement of GSIS by y-oryzanol was suppressed by
L-DOPA (Figure 3E,F), while y-oryzanol has neither agonist
nor antagonist activities at D, receptors (Table 2). These
findings suggest that y-oryzanol has inhibitory effects on
local dopamine synthesis.

In the pathophysiology of diabetes mellitus, exaggerated
secretion of glucagon from pancreatic o-cells contributes to
the vicious cycle of glucose dyshomeostasis (Holst, 2007). We
demonstrated that y-oryzanol substantially ameliorated the
exaggerated secretion of glucagon in both HFD-fed mice and
murine-isolated islets (Figure 7). As D, receptors are confined
to beta cells in pancreatic islets in mice (Rubi et al., 2005), our
data raise the possibility that y-oryzanol would not directly
affect glucagon secretion from a-cells. To support this notion,
we demonstrated in an o-cell line, o-TC cells, that y-oryzanol
and haloperidol did not affect glucagon secretion in either
basal or palmitate-stimulated conditions (Figure 7F,G). The
secretion of glucagon is known to be regulated by the central
and peripheral nervous system as well as intra-islet paracrine
factors including insulin, GABA and somatostatin (Ishihara
et al., 2003; Kawamori et al., 2009; Walker et al., 2011). For
instance, postprandial glucagon release is strongly suppressed
by GLP-1 and the effect of GLP-1 is mediated, at least partly,
by somatostatin (Holst, 2007; Seino etal., 2010). In this
context, our results raise the possibility that y-oryzanol
may reduce increased secretion of glucagon via o-cell-
independent, intra-islet paracrine factors.
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v-Oryzanol increases intracellular insulin contents and [Ca*"]; in murine isolated islets. (A) y-Oryzanol (Orz; 0.2, 2 or 20 ug-mL™") and haloperidol
(Halo; 10 uM) increased intracellular insulin contents (n = 14). (B, C) The representative [Ca*]; responses to 8.3 mM glucose in islets incubated
with y-oryzanol or haloperidol. Both 2 ug-mL™" y-oryzanol (B) and 10 uM haloperidol (C) potentiated the first-phase [Ca*"]; response to 8.3 mM
glucose in murine single islet. The peak amplitude of [Ca?']; responses was significantly enhanced by y-oryzanol (Orz; 0.2, 0.5 or 2 ug-mL™") (B)
(Veh,n=8,0rz0.2,n=12,0rz0.5, n=5, Orz 2, n = 3; islets isolated from three mice were pooled and divided into indicated number of groups)
and haloperidol (C) (Veh, n=12, Halo, n=10; islets isolated from two mice were pooled and divided into indicated number of groups). *P < 0.05,
**P < 0.01 versus vehicle (Veh)-treated islets. Data are expressed as means = SEM.

Regarding the effects of y-oryzanol on food intake in mice,
we previously reported that y-oryzanol did not affect the total
amount of food intake (chow: 16.8 + 0.5 g per week, HFD:
16.4 = 0.4 g per week, HFD + y-oryzanol: 16.2 + 0.5 g per

4528 British Journal of Pharmacology (2015) 172 4519-4534

week). However, y-oryzanol does reduce the preference for
fatty foods in mice (Kozuka etal., 2012). Based on these
findings, in the current experimental settings, the insulino-
tropic effects of y-oryzanol on pancreatic islets should be
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Figure 5

Y-Oryzanol suppresses the expression of molecules involved in D, receptor signalling in murine pancreatic islets from mice fed HFD. (A, B) IHC
analyses of pancreatic islets from HFD-fed mice treated with y-oryzanol (Orz). Paraffin-embedded sections were stained with anti-TH (A) or
anti-DAT (B) antibodies. Scale bar, 20 pm; magnification, x400. (C, D) The ratios of TH-positive (C) and DAT-positive (D) cell area to the total islet
area were attenuated by the treatment with y-oryzanol in HFD-fed mice (chow, n= 6, HFD-Veh, n=8, HFD-Orz, n=8). **P < 0.01 versus chow-fed
mice. TP < 0.05, /P < 0.01 versus vehicle (Veh)-treated HFD-fed mice. (E-H) Expression levels of Drd2 (E), Th (F), Slc6a3 (DAT) (G) and Sic18a2
(VMAT2) (H) mRNAs in pancreatic islets from HFD-fed mice were decreased by y-oryzanol (Orz; 320 ug-g~' per body weight per day) (n = 6). The
mRNA levels were determined by real-time PCR. The levels were normalized by those of Rn78s (18S rRNA). (I-L) Protein levels of D, receptors (l),
TH (J) and DAT (K) in pancreatic islets from HFD-fed mice were decreased by y-oryzanol (n = 6). Protein levels were determined by Western
blotting. The values were normalized against those of B-actin protein. *P < 0.05, **P < 0.01 versus chow-fed mice. TP < 0.05 versus vehicle
(Veh)-treated HFD-fed mice. Data are expressed as means + SEM.
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Figure 6

TH was localized in beta cells, whereas DAT was not confined to a-cells, beta cells or 3-cells. IHC analyses of pancreatic islets from HFD-fed mice.
Paraffin-embedded sections were co-stained with anti-TH (red) and anti-insulin (green) (A), anti-DAT (red) and anti-insulin (green) (B), or anti-DAT
(red) and anti-glucagon (green) (C) antibodies. Scale bar, 5 um; magnification, x600. (D) Serial paraffin-embedded sections were stained with
anti-DAT and anti-somatostatin antibodies. Scale bar, 20 um; magnification, x400.

largely attributed to its direct mechanism. Moreover, as
demonstrated in Figure 1, oral administration of y-oryzanol
to mice fed chow diet did not increase plasma GLP-1
level. The results of B-arrestin assays also support the notion
that y-oryzanol did not act as a ligand for GLP-1 receptor.
Notably, secretion of GLP-1 is controlled strongly by a
vagal nerve-mediated central mechanism (Drucker, 2006).
However, even in vagotomized mice, y-oryzanol markedly
increased the plasma insulin levels during ipGTTs (Figure 1).
These data suggest that y-oryzanol acts directly on pancreatic

4530 British Journal of Pharmacology (2015) 172 4519-4534

islets and enhances GSIS independently of GLP-1 receptor
signalling. Furthermore, we recently demonstrated that
y-oryzanol protects beta cells against ER stress-induced apop-
tosis in HFD-fed mice (Kozuka et al., 2015). Taken together,
y-oryzanol exhibited metabolically beneficial effects on
glucose homeostasis in a GLP-1 independent, unique insuli-
notropic manner.

The present study unveiled the mechanism, at least in
part, whereby y-oryzanol protects pancreatic islets against
HFD-induced dysfunction and augments GSIS via the
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Figure 7

v-Oryzanol ameliorates increased secretion of glucagon in HFD-fed mice and from murine isolated islets. (A) Plasma glucagon levels in HFD-fed
mice treated with the indicated doses of y-oryzanol (Orz) after a 4 h fast (20, 80 or 320 ug-g™' per body weight per day; n = 6). (B) Glucagon
secretion in isolated pancreatic islets was decreased by y-oryzanol (Orz; 0.2 or 2 ug-mL™) following the exposure to 25 mM glucose (n = 10; islets
isolated from three mice were pooled and divided into indicated number of groups). (C) Glucagon secretion was stimulated by indicated
concentrations of glucose (0, 1, 5, 10 and 25 mM). Amount of glucagon secretion was normalized against the cellular protein content. (D, E)
Expression level of Drd2 and Drd3 in isolated islets, MIN6 and o.-TC cells. Levels of mMRNA expression for Drd2 (D) and Drd3 (E) in three types of
cells (n = 12). The mRNA levels were determined by real-time PCR. The levels were normalized against those of Rn18s. **P < 0.01 versus islets,
P < 0.01 versus MING6 cells. (F, G) In o-TC cells treated with y-oryzanol (Orz; 2 or 10 ug-mL™") or haloperidol (10 uM), glucagon secretion was
assessed following 5 mM glucose (F) or palmitate (0.25 and 0.5 mM following 16.7 mM glucose (G). *P < 0.05, **P < 0.01 versus HFD-fed mice,
islets, or o-TC cells treated with vehicle (Veh). (H) IHC analyses of isolated pancreatic islets from HFD-fed mice treated with y-oryzanol (Orz;
320 pg-g~'-day™). Serial paraffin-embedded sections were stained with haematoxylin and eosin (H&E) (upper panel) or anti-insulin (middle panel),
anti-glucagon (lower panel) antibodies. Scale bar, 50 um; magnification, x200. (I, J) The mean sizes of islets (I) and ratios of glucagon-positive
o-cell areas to the total islet area (J) were calculated (n = 6-8). *P < 0.05, **P < 0.01 versus chow-fed mice. TP < 0.01 versus HFD-fed mice treated
with vehicle (Veh). Data are expressed as means + SEM.
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Figure 8

Scheme illustrating the effects of y-oryzanol on pancreatic islets in
mice. In pancreatic islets and beta cells, y-oryzanol suppresses D,
receptor signalling, at least partly via the inhibition of local dopamine
synthesis, leading to an increase in the intracellular cAMP level.
Consequently, GSIS is augmented via the cAMP/PKA pathway
(amplifying pathway). On the other hand, y-oryzanol ameliorates
exaggerated secretion of glucagon from pancreatic o-cells, not via
the direct action on o-cells, but presumably via some intra-islet
paracrine factors.

attenuation of local D, receptor signalling in mice. This series
of unexpected actions of y-oryzanol may lead to a novel,
natural food-based preventive treatment for type 2 diabetes.
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Recent epidemiological studies have demonstrated that coffee drinking is associated with reduced
mortality of cardiovascular disease. However, its precise mechanisms remain to be clarified. In this study,
we examined whether single ingestion of caffeine contained in a cup of coffee improves microvascular
function in healthy subjects.

A double-blind, placebo-controlled, crossover study was performed in 27 healthy volunteers. A cup of
either caffeinated or decaffeinated coffee was drunk by the subjects, and reactive hyperemia of finger
blood flow was assessed by laser Doppler flowmetry. In an interval of more than 2 days, the same
experimental protocol was repeated with another coffee in a crossover manner. Caffeinated coffee intake
slightly but significantly elevated blood pressure and decreased finger blood flow as compared with
decaffeinated coffee intake. There was no significant difference in heart rate between caffeinated and
decaffeinated coffee intake. Importantly, caffeinated coffee intake significantly enhanced post-occlusive
reactive hyperemia of finger blood flow, an index of microvascular endothelial function, compared with
decaffeinated coffee intake.

These results provide the first evidence that caffeine contained in a cup of coffee enhances micro-
vascular function in healthy individuals.

© 2015 Japanese Pharmacological Society. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

consumption is associated with reduced mortality of cardiovascular
disease (5). Moreover, a meta-analysis of 23 prospective studies has

Coffee is the most widely consumed beverage in the world (1).
Coffee contains a variety of pharmacologically active ingredients,
and it has long been argued whether coffee drinking is beneficial or
harmful for cardiovascular disease (2—4). Recently, a large cohort
study, in which more than 400,000 participants were prospectively
followed up for 13 years, has demonstrated that coffee
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provided quantitative evidence that coffee intake is inversely
related to cardiovascular disease mortality (6). These findings
suggest the beneficial cardiovascular actions of coffee. However, its
precise mechanisms remain to be elucidated.

The vascular endothelium synthesizes and releases several
vasodilating substances, such as prostacyclin, nitric oxide, and
endothelium-derived hyperpolarizing factors (EDHF). Evaluation of
endothelial function has been shown to provide important prog-
nostic information in patients with cardiovascular disease, as evi-
denced by the facts that the severity of endothelial dysfunction can
predict future cardiovascular events (7, 8) and that improvement of
endothelial function by pharmacological interventions reduces the
risk of cardiovascular disease. Acute effects of caffeine, a major

1347-8613/© 2015 Japanese Pharmacological Society. Production and hosting by Elsevier B.V. All rights reserved.
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pharmacologically active ingredient of coffee, on human endothe-
lial function of large conduit arteries have been examined in several
previous studies by using ultrasound-based measurement of
brachial artery diameter during post-occlusive reactive hyperemia.
However, the results of those studies are quite inconsistent (9—13).
It is generally accepted that flow-dependent dilation of conduit
arteries is mediated primarily by nitric oxide (14), while in the
microcirculation EDHF rather than nitric oxide have been suggested
to play a major role in the reactive hyperemic response (15).
Microvessels, but not large arteries, regulate tissue blood blow and
systemic blood pressure, and thereby play a key role in the circu-
latory system. However, no study has ever addressed the effect of
caffeine on microvascular function.

Based on the above background, we examined in this study the
effect of single ingestion of a cup of caffeinated and decaffeinated
coffee on finger microvascular function in healthy subjects by laser
Doppler flowmetry.

2. Methods
2.1. Subjects

We recruited twenty-seven healthy subjects (13 men and 14
women; 22—-30 years old [mean age, 23.7 + 2.2]; mean body
weight, 58.4 + 15.1 kg; mean height, 162.9 + 9.6 cm) in our uni-
versity, and the subjects who wanted to take part in the study
voluntarily were investigated. Subjects taking any medication or
smokers were excluded from the study, and the experiments were
performed when the subjects were well conditioned. All volunteers
were asked to abstain from caffeine-contained beverages at least
12 h before the study. All subjects gave written informed consent,
and invasive experiments including blood sampling were approved
by the Clinical Trial Ethics Committee of the University of the
Ryukyus, according to the declaration of Helsinki and the ethical
standard.

2.2. Study design

A double-blind, placebo-controlled, crossover study was per-
formed. All participants were examined on two separate days in a
quiet temperature-controlled room. Instant coffee of 2 g with or
without caffeine (Taster's Choice™, Nestlé, Vevey, Switzerland)
was prepared with 150 ml hot water. Neither sugar nor milk was
added. A cup of the caffeinated or decaffeinated coffee was
ingested in each subject. Hemodynamic variables and reactive
hyperemic response were measured before and every 15 min
after coffee intake. In a pilot study, we were not able to continue
this experiment more than 75 min because some subjects com-
plained of strong pain due to repeated cuff-compression or a
fixed position of the test arm. Thus, we set the experiment time
for 75 min. In an interval of more than 2 days, the same exper-
imental protocol was repeated with another coffee in a crossover
manner. Blood pressures were measured at the brachial artery
using a sphygmomanometer (BP-103i, Nihon Colin, Komaki,
Japan). A manchette was placed around the right upper arm, and
a mean value of three measurements was used for the statistical
analyses. Heart rate was obtained from the sphygmomanometer.
The subjects were in a sitting position throughout the
experiments.

2.3. Assessment of microvascular function
Finger blood flow was measured by a laser Doppler flowmeter

(ALF21, Advance, Tokyo, Japan). A flow-probe (type C) was placed at
the tip of the left index finger or thumb. Blood flow was calculated

by measuring Doppler shifts derived from moving erythrocytes per
photon and the mean photon frequency. As the number of Doppler
shifts is proportional to the erythrocyte volume and velocity, blood
flow is the product of linearized volume and velocity (16). Post-
occlusive reactive hyperemia of finger blood flow was assessed as
an index of microvascular endothelial function. A cuff was placed
on the left upper arm, and reactive hyperemia of finger blood flow
was induced by inflating a cuff for 1 min in order to interrupt
arterial blood flow and then deflating it. Peak hyperemic flow was
defined as the highest blood flow immediately after cuff deflation.
Reactive hyperemia was calculated according to the following
equation:

Reactive hyperemia (%) = [(peak hyperemic flow — resting
flow)/resting flow] x 100

2.4. Measurement of caffeine and catecholamine levels

Venous blood samples were collected before and 30 min after
coffee ingestion in five volunteers. The plasma caffeine levels and
caffeine contents in decaffeinated and caffeinated coffee were
analyzed by high performance liquid chromatography (HPLC; LC-
10AD, Shimadzu, Kyoto, Japan) (17). Plasma catecholamine levels
were measured by SRL Inc. (Tokyo, Japan) using the HPLC method.

2.5. Statistical analysis

Statistical analyses were performed by a two-way ANOVA fol-
lowed by a Bonferoni/Dunn post hoc test. When paired or unpaired
data were compared, a paired or unpaired Student's t-test,
respectively, was applied. The computer software StatView-] 5.0
(SAS Institute Japan Ltd, Tokyo, Japan) was used for the statistical
analyses. A value of P < 0.05 was considered to be statistically
significant. Results are expressed as mean + SD.

Reproducibility of laser Doppler flowmetry was expressed as
within-subject coefficients of variability. In our laboratory, the
intra-day variability for finger blood flow was 6.3% (range: 0—27.1%)
and that for reactive hyperemia assessed by laser Doppler flow-
metry was 21.6% (0—54.2%), and the day-to-day variability for
finger blood flow was 26.2% (0—76.1%) and that for reactive hy-
peremia was 33.7% (0—102%). According to the previous studies, the
coefficient of variance < 35% can be deemed acceptable (18).

3. Results

3.1. Caffeine content in decaffeinated and caffeinated coffee and
plasma caffeine levels before and after coffee intake

Caffeine content in decaffeinated vs. caffeinated coffee was
markedly different (1.37 + 0.09 vs. 54.5 + 3.4 mg, respectively)
(Fig. 1A). Before coffee intake, plasma caffeine levels were identical
between subjects with decaffeinated and caffeinated coffee intake.
However, 30 min after coffee intake, plasma caffeine levels were
markedly increased in the subjects with caffeinated coffee intake
(from 0.75 + 0.85 to 1.57 + 1.30 ug/ml, P < 0.05), but not in those
with decaffeinated coffee intake (from 0.76 + 0.57 to 0.77 + 0.60 pg/
ml) (Fig. 1B).

3.2. Effects of caffeinated coffee intake on blood pressure and finger
blood flow

Before coffee intake, there were no significant differences in
baseline hemodynamic variables (i.e., systolic, diastolic, and mean
blood pressures, finger blood flow, vascular resistance, or heart
rate) in the subjects with decaffeinated and caffeinated coffee
intake (Table 1). However, caffeinated coffee intake, but not



K. Noguchi et al. / Journal of Pharmacological Sciences 127 (2015) 217—222 219

60

40

20

Caffeine content (mg/cup)

O decaffeinated
3 4 caffeinated

Plasma caffeine (ug/ml)

Decaffeinated Caffeinated

Coffee

Before After
Coffee intake

Fig. 1. Caffeine contents in a cup of decaffeinated and caffeinated coffee (A) and plasma caffeine levels before and 30 min after single intake of caffeinated and decaffeinated coffee
(B). Data are expressed as mean + SD. *P < 0.05 between before and after coffee intake by a paired t-test.

decaffeinated coffee intake, caused slight but significant elevations
of systolic, diastolic and mean blood pressures by maximally 2.7, 3.2
and 2.8 mmHg, respectively (each P < 0.01, Fig. 2). Furthermore,
caffeinated coffee intake significantly reduced finger blood flow (as
assessed by laser-Doppler flowmetry, P < 0.01, Fig. 3A) and signif-
icantly increased vascular resistance of the finger vascular bed
when compared with decaffeinated coffee intake (P < 0.01, Fig. 3B).
On the other hand, there was no significant difference in heart rate
in the subjects with decaffeinated and caffeinate coffee intake
(Fig. 3Q).

3.3. Effects of caffeinated coffee intake on reactive hyperemia of
finger blood flow

Before coffee intake, post-occlusive reactive hyperemia of finger
blood flow, an index of microvascular endothelial function, were
comparable between the subjects with decaffeinated and caffein-
ated coffee (8.7 + 4.3 and 10.0 + 3.4 ml/min/100 g, respectively).
However, caffeinated coffee intake significantly enhanced post-
occlusive reactive hyperemia of finger blood as compared with
decaffeinated coffee intake (P < 0.01, Fig. 4).

3.4. Plasma catecholamine levels

Plasma norepinephrine levels did not significantly differ be-
tween the subjects with decaffeinated and caffeinated coffee intake
at baseline (336 + 132 vs. 317 + 165 pg/ml) and at 30 min after the
intake (271 + 95 vs. 272 + 125 pg/ml). Plasma epinephrine levels
also did not significantly alter between the subjects with decaf-
feinated and caffeinated coffee intake at baseline (35.8 + 12.5 vs.
33.3 + 18.5 pg/ml) and at 30 min after the intake (32.0 + 11.2 vs.
25.8 + 13.5 pg/ml). The respective plasma catecholamine levels did
not significantly change before and after coffee intake.

Table 1

Baseline characteristics in subjects with decaffeinated and caffeinated coffee intake.
Variables Decaffeinated  Caffeinated P value
Systolic BP (mmHg) 1049 + 124 106.2 +11.2 0.346
Diastolic BP (mmHg) 58.0 + 8.3 59.1 + 6.6 0.297
Mean BP (mmHg) 73.6 + 8.8 748 + 7.6 0.264
Finger blood flow (ml/min/100 g) 236 +77 233+79 0.916
Vascular resistance (unit) 343 +1.15 367+163 0.543
Reactive hyperemia (%) 40.8 + 254 50.3 +27.1 0.125
Heart rate (bpm) 746 + 9.4 743 + 8.6 0.815

BP = blood pressure, Vascular resistance = vascular resistance of the finger vascular
bed (finger blood flow/mean BP), Reactive hyperemia (%) = 100 x (post-occlusive
increase in finger blood flow)/(baseline finger blood flow).

4. Discussion

To the best of our knowledge, this is the first study examining
the acute effect of caffeine on endothelial function in the human
finger cutaneous microcirculation. The present study demonstrates
that an intake of caffeine contained in a cup of coffee may cause a
favorable effect on microvascular endothelial function assessed by a
noninvasive laser Doppler flowmetry method in Japanese young
healthy subjects.

4.1. Pressor effect of caffeine

In the present study, the plasma caffeine concentration after
caffeinated coffee intake attained 1.6 ug/ml. This concentration of
caffeine has been shown to act as an antagonist of adenosine A1/Aza
receptors (19, 20). As adenosine causes vasodilation in most
vascular beds (21), caffeine would induce an increase in vascular
resistance. Thus, slight but significant rises in blood pressure
observed after caffeinated coffee intake in the present study may, in
part, be caused by an increase in basal vascular tone derived from
the adenosine antagonism of caffeine, as found by an early study
(22). In addition, a direct stimulatory effect of caffeine on myocar-
dial contractility (23) might be involved in a significant increase in
blood pressure seen after caffeinated coffee intake.

4.2. Effect of caffeine on microvascular function

The present finding that caffeine ingestion, even at a small dose
(54.5 mg = less than 1 mg/kg), improves microvascular endothelial
function is consistent with a previous study (24) using venous oc-
clusion plethysmography demonstrating that the acute adminis-
tration of caffeine at an extremely large dose (300 mg) augments
vasodilator responses of forearm vessels to intra-arterial infusion of
the endothelium-dependent agonist acetylcholine.

In contrast to our study, however, two previous reports using
ultrasound-based measurement of brachial artery diameter during
post-occlusive reactive hyperemia demonstrated that caffeinated
coffee ingestion impaired endothelial function in healthy volun-
teers (9, 12). In addition, two other studies showed that acutely
administered caffeine had no effect on endothelial function
assessed by the brachial artery vasoreactivity measurement (10,
11). Although the reason for conflicting with our data cannot be
fully explained at present, it seems plausible that the difference in
the type of vessels used for assessing vascular function was mainly
involved. Laser Doppler flowmetry employed in the present study
measures microvascular function in cutaneous arterioles and cap-
illaries, whereas the ultrasound-based measurement of brachial
artery diameter reflects ‘macrovascular’ function in large conduit



220 K. Noguchi et al. / Journal of Pharmacological Sciences 127 (2015) 217—222

A
-O- decaffeinated
130 4 & caffeinated
D 120 -
T
£
£ 110/
o
m
£ 100 -
3]
S
[
>
»n 90 1
80 ; ; ; ; ; .
0 15 30 45 60 75
Time (min)
B
80 -
°
I 70/
S
E
o
m 60
L
©°
o4
7]
S 50
D .
40 ; ; ; ; ; ;
0 15 30 45 60 75
Time (min)
100 -
— 90 -
=)
T
£
80 -
E
o :I ek
m
c 70
©
[}
=
60 -
50 ; ; ; ; ; .
0 15 30 45 60 75
Time (min)

Fig. 2. Effects of caffeinated and decaffeinated coffee intake on systolic (A), diastolic
(B) and mean (C) blood pressures (BP). Data are expressed as mean + SD. **P < 0.01
between caffeine (—) and caffeine (+) by ANOVA.

arteries. Indeed, some previous studies have described that brachial
artery responses to reactive hyperemia do not correlate with
microvascular function as measured by agonist infusion studies or
laser Doppler flowmetry (25, 26). It is generally considered that
flow-dependent dilation of conduit arteries is mediated primarily
by nitric oxide (14). By contrast, contribution of nitric oxide to post-
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Fig. 3. Effects of caffeinated and decaffeinated coffee intake on finger blood flow (A),
vascular resistance of the finger vascular bed (B), and heart rate (C). Data are expressed
as mean + SD. **P < 0.01 between caffeine (—) and caffeine (+) by ANOVA.

occlusive reactive hyperemia in microvessels appears minimal (27,
28). Instead, EDHF may have a major role in the reactive hyperemic
response in the microcirculation (15). Although the nature and
mechanisms of EDHF remain uncertain, EDHF response has been
proposed to be divided into two broad categories as follows: the
first (classical) EDHF pathway is associated with endothelial cell
hyperpolarization due to the opening of endothelial calcium-
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Fig. 4. Effect of caffeinated and decaffeinated coffee intake on post-occlusive reactive
hyperemia of finger blood flow. Reactive hyperemia was calculated according to the
following equation: reactive hyperemia (%) = [(peak hyperemic flow — resting flow)/
resting flow] x 100. Data are expressed as mean + SD. **P < 0.01 between caffeine (—)
and caffeine (+) by ANOVA.

activated K"-channels, and the second EDHF pathway does not
require endothelial hyperpolarization but involves the endothelial
release of factors that hyperpolarize vascular smooth muscle cells
by opening various myocyte K*-channels such as calcium-activated
K*-channels (29). Experimental studies with animal and human
vessels have demonstrated that the activation of vascular smooth
muscle Ca®*-activated K™ channels probably contributes to the
EDHF component of reactive hyperemia in microvessels (30, 31).
Thus, microvascular endothelial function assessed by laser Doppler
flowmetry may reflect the bioavailability of endothelium-
dependent hyperpolarization via the activation of Ca?*-activated
K* channels in the endothelium and/or vascular smooth muscles.

4.3. Possible mechanisms involved in the beneficial effect of caffeine
on microvascular function

In addition to the action on adenosine receptors, caffeine has
been known to have a variety of pharmacological properties,
including inhibition of phosphodiesterase (32), and calcium release
from intracellular calcium stores via ryanodine-sensitive calcium
channels (33). Interestingly, several electrophysiological experi-
ments have displayed that caffeine at concentrations ranging from
107% to 1073 M evokes calcium-dependent hyperpolarization in
endothelial cells and vascular smooth muscle cells as a result of
increased outward K* current (34—36). These data suggest that
caffeine-induced release of calcium from intracellular calcium
stores elicits the activation of calcium-activated K*-channels in
these cells. Considering that EDHF, unlike nitric oxide, has a major
role in microvascular reactive hyperemia, it is possible that caffeine
has the potential to augment the reactive hyperemic response of
microvessels through amplifying hyperpolarization caused by
EDHF. This may explain a favorable effect of caffeine on microvas-
cular endothelial function in the present study, because the plasma
concentration of caffeine was estimated to be nearly 107> M
(Fig. 1B). It is intriguing that previous experiments in rats have
shown that treatment with blockers of calcium-activated K*-
channels dose not affect baseline blood pressure or vascular
conductance but attenuates vasodilator responses of resistance
vessels produced by endothelium-dependent vasodilators such as
acetylcholine (37, 38). These findings indicate that calcium-
activated K*-channels contribute little to the regulation of basal
blood pressure but participate in responses to endothelial

stimulation, and may be related to the present results that caffeine
intake produced enhancement of microvascular endothelial func-
tion in spite of the occurrence of a slight increase in baseline blood
pressure.

Several clinical studies (13, 39—41) have shown that caffeine
exerts acute beneficial metabolic effects such as increased con-
centrations of adiponectin, a marker of anti-inflammatory and
insulin-sensitizing effects (42). In addition, a cross-sectional study
has reported that coffee consumption is inversely associated with a
plasma marker of inflammation (C-reactive protein) and that of
endothelial dysfunction (E-selectin) (43). Thus, these preferable
properties of caffeine, besides the effect on endothelial function,
may partly account for the beneficial cardiovascular effect of long-
term coffee consumption.

4.4. Study limitations

Our study has some potential limitations to be considered. First,
the number of subjects examined in this study may have been so
small as to provide conclusive proof, although statistically signifi-
cant effects were found. Second, the long-term effects of caffeine
ingestion on endothelial function remain unknown. Third, we did
not ask female subjects about the menstrual cycle, and it is thus
unknown to what extent its phases affected the finger blood flow
response. Finally, assessment of microvascular function was per-
formed solely in Japanese healthy young volunteers. We have not
yet elucidated whether or not caffeinated coffee intake ameliorates
microvascular endothelial function not only in healthy subjects but
also in patients with cardiovascular disease. These issues remain to
be examined in future studies.

5. Conclusion

Our double-blind, placebo-controlled, crossover study has
demonstrated, for the first time, that caffeine at the amount con-
tained in a cup of coffee may cause improvement of microvascular
endothelial function in healthy subjects.
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v-Oryzanol Protects Pancreatic p-Cells Against
Endoplasmic Reticulum Stress in Male Mice

Chisayo Kozuka, Sumito Sunagawa, Rei Ueda, Moritake Higa, Hideaki Tanaka,
Chigusa Shimizu-Okabe, Shogo Ishiuchi, Chitoshi Takayama,

Masayuki Matsushita, Masato Tsutsui, Jun-ichi Miyazaki, Seiichi Oyadomari,
Michio Shimabukuro, and Hiroaki Masuzaki

Division of Endocrinology, Diabetes and Metabolism, Hematology, Rheumatology (Second Department
of Internal Medicine) (C.K., S.S., R.U., M.H., H.T., M.S., H.M.), Graduate School of Medicine, University
of the Ryukyus, Okinawa 903-0215, Japan; The Diabetes and Life-Style Related Disease Center (M.H.),
Tomishiro Central Hospital, Okinawa 901-0243, Japan; Tanaka Clinic (H.T.), Okinawa 901-0244, Japan;
Department of Molecular Anatomy (C.S.-O., C.T.), Graduate School of Medicine, University of the
Ryukyus, Okinawa 903-0215, Japan; Department of Neurosurgery (S.1.), Graduate School of Medicine,
University of the Ryukyus, Okinawa 903-0215, Japan; Department of Molecular and Cellular Physiology
(M.M.), Graduate School of Medicine, University of the Ryukyus, Okinawa 903-0215, Japan; Department
of Pharmacology (M.T.), Graduate School of Medicine, University of the Ryukyus, Okinawa 903-0215,
Japan; Division of Stem Cell Regulation Research (J.-i.M.), Osaka University Graduate School of
Medicine, Osaka 565-0871, Japan; Institute for Genome Research (S.0.), University of Tokushima,
Tokushima 770-8506, Japan; and Department of Cardio-Diabetes Medicine (M.S.), University of
Tokushima Graduate School of Health Biosciences, Tokushima 770-8503, Japan

Endoplasmic reticulum (ER) stress is profoundly involved in dysfunction of g-cells under high-fat
diet and hyperglycemia. Our recent study in mice showed that y-oryzanol, a unique component of
brown rice, acts as a chemical chaperone in the hypothalamus and improves feeding behavior and
diet-induced dysmetabolism. However, the entire mechanism whereby y-oryzanol improves glu-
cose metabolism throughout the body still remains unclear. In this context, we tested whether
y-oryzanol reduces ER stress and improves function and survival of pancreatic g-cells using murine
B-cell line MING6. In MING6 cells with augmented ER stress by tunicamycin, y-oryzanol decreased
exaggerated expression of ER stress-related genes and phosphorylation of eukaryotic initiation
factor-2q, resulting in restoration of glucose-stimulated insulin secretion and prevention of apo-
ptosis. In islets from high-fat diet-fed diabetic mice, oral administration of y-oryzanol improved
glucose-stimulated insulin secretion on following reduction of exaggerated ER stress and apopto-
sis. Furthermore, we examined the impact of y-oryzanol on low-dose streptozotocin-induced di-
abetic mice, where exaggerated ER stress and resultant apoptosis in B-cells were observed. Also in
this model, y-oryzanol attenuated mRNA level of genes involved in ER stress and apoptotic sig-
naling in islets, leading to amelioration of glucose dysmetabolism. Taken together, our findings
demonstrate that y-oryzanol directly ameliorates ER stress-induced g-cell dysfunction and subse-
quent apoptosis, highlighting usefulness of y-oryzanol for the treatment of diabetes mellitus.
(Endocrinology 156: 1242-1250, 2015)

ISSN Print 0013-7227 ISSN Online 1945-7
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society

170 Abbreviations: Bcl2, B cell leukemia/lymphoma 2; CAD, caspase-activated DNase; Casp3,
caspase-3; Cdkn1a, cyclin-dependent kinase inhibitor 1A; Chop, CCAAT/enhancer-bind-
ing protein-homologous protein; elF2a, eukaryotic initiation factor-2e; ER, endoplasmic

Received September 9, 2014. Accepted January 9, 2015. reticulum; ERdj4, ER resident DNAJ 4; GLP-1, glucagon-like peptide-1; GSIS, glucose-

First Published Online January 16, 2015

1242 endo.endojournals.org

RIGHTS LI N Kiy

stimulated insulin secretion; HFD, high-fat diet; IHC, immunohistochemical; 4-PBA, 4-phe-
nylbutyrate; PCNA, proliferating cell nuclear antigen; PI, propidium iodide; PKA, protein
kinase A; Rn18s, 18S rRNA; STZ, streptozotocin; XbpTs, spliced form of X box binding
protein 1.
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-Oryzanol is a unique bioactive substance exclusively

and abundantly found in brown rice (1), comprising of
a mixture of ferulic acid esters with phytosterols or trit-
erpene alcohols (2). We recently reported that y-oryzanol
decreases endoplasmic reticulum (ER) stress in hypothal-
amus and attenuates the preference for dietary fat, thereby
ameliorating high-fat diet (HFD)-induced obesity in mice
(3). In accordance with this finding, our recent clinical
studies highlight metabolically beneficial impact of brown
rice on prediabetic obese humans (4). However, the entire
mechanism whereby brown rice prevents type 2 diabetes
still remains obscure.

In subjects with type 2 diabetes, exaggerated ER stress
in pancreatic islets is linked to progressive B-cell dysfunc-
tion and resultant apoptosis (5). Recent studies clarified
the importance of IL-18 and nucleotide-binding oligomer-
aization domein like receptor family, pyrin domain-con-
taining 3 inflammasome in ER stress-induced apoptosis in
B-cell (6, 7). In response to unfolded proteins, 3 kinds of
ER transmembrane proteins, including protein kinase R-
like ER kinase, activating transcription factor-6, and in-
ositol-requiring enzyme-1, are initially activated (8). Be-
sides inositol-requiring enzyme-1a, protein kinase R-like
ER kinase/eukaryotic initiation factor-2« (elF2«) signal-
ing strongly augments active form of IL-1 via activation
of nucleotide-binding oligomeraization domein like recep-
tor family, pyrin domain-containing 3 inflammasome,
and expression level of I/1b, leading to apoptosis (7). Of
note, an antidiabetic incretin hormone, glucagon-like pep-
tide-1 (GLP-1) protects B-cells against ER stress-induced
apoptosis via the cAMP/protein kinase A (PKA) pathway
(9). These findings led us to hypothesize that y-oryzanol
would protect B-cells against ER stress-induced apoptosis.
Notably, exendin-4, a long-acting GLP-1 agonist, also ame-
liorates glucose intolerance in diabetic rats via the prolifer-
ation of B-cells (10). In this context, using murine pancreatic
B-cell line MING6 (11) as well as HFD- or streptozotocin
(STZ)-induced diabetic murine models, we tested whether
v-oryzanol would improve dysfunction of pancreatic islets
through reduction of ER stress and enhancement of B-cell
proliferation.

Materials and Methods

Animals

Eight-week-old male C57BL/6] mice obtained from Charles
River Laboratories Japan, Inc were housed at 24°C under a 12-
hour light, 12-hour dark cycle. The mice were allowed free access
to food and water. Body weights were measured weekly. All
animal experiments were approved by the Animal Experiment
Ethics Committee of the University of the Ryukyus (No. 5352,
5718).
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Administration of y-oryzanol

v-Oryzanol (Wako Pure Chemical Industries, Ltd) was orally
administrated as described (3). Briefly, y-oryzanol was dissolved
in 0.5% methyl cellulose solution. y-oryzanol (20, 80, or 320
ug/g body weight) was delivered into the stomach by a gavage
needle every day during feeding with a HFD (Western Diet; Re-
search Diets, Inc) for 13 weeks. For perform immunohistochem-
ical (IHC) analyses, mice were treated for 6 months. The doses
of y-oryzanol used were as described (3).

Metabolic parameters

Blood samples were taken from the retro-orbital venous plex-
uses. Plasma insulin and proinsulin levels were measured using
ELISA kits (Shibayagi Co, Ltd and Morinaga Institute of Bio-
logical Science, Inc). For oral glucose tolerance tests, the mice
were orally administrated with 2.0 g/kg body weight glucose
after an 18-hour fast. Blood glucose levels were measured at the
indicated times.

Treatment of STZ

To create a model of augmented ER stress in pancreatic B-cells
(12, 13), mice were single injected with low-dose STZ (100 ug/g
body weight ip; Sigma-Aldrich) after 4 hours of fasting. y-Oryza-
nol (320 ug/g body weight~' d ') was orally administrated daily
for 14 days 1 day before the treatment of STZ.

Assessment of tissue distribution of y-oryzanol

At 1 hour after the single oral administration of y-oryzanol
(3.2 mg/g body weight), tissues were sampled, and their total
lipids were extracted according to the procedure of Folch and
Lebaron (14). Tissue contents of y-oryzanol were quantified by
HPLC (LC-20AT, SPD-20AV; Shimadzu) with UV detection at
315 nm using XBridge C18 column (particle size 5 wm; Waters).

Isolation of pancreatic islets and assessment of
insulin secretion

Pancreatic islets were isolated from mice by collagenase di-
gestion (Liberase TL; Roche Diagnostics GmbH) and purified on
a Histopaque gradient (Histopaque 1077; Sigma-Aldrich) as de-
scribed (15). Amount of insulin secretion from MING6 cells, a
representative murine pancreatic B-cell line (11), were seeded at
a density of 2.0 X 10° cells/mL on 24-well plates. After 48 hours
of culture, the cells were incubated with Krebs-Ringer bicarbon-
ate buffer containing 2.5mM glucose for 2 hours, subsequently
incubated in Krebs-Ringer bicarbonate buffer with or without
v-oryzanol (0.2, 2, or 10 ug/mL) for 1 hour. Insulin secretion was
normalized by cellular protein content.

Assessment of cell viability and apoptosis

MING cells were treated with tunicamycin and y-oryzanol for
24 hours. Cell viability was evaluated by a colorimetric proce-
dure with Cell Count Reagent SF (Nacalai Tesque, Inc). To assess
the extent of apoptosis, cells were stained with Hoechst 33342
and propidium iodide (PI). Morphological changes of the nuclei
were observed under a fluorescence microscope. Caspase-3 ac-
tivity was determined by Caspase-Glo 3/7 Assay (Promega) at 24
hours after the treatment.
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Luciferase reporter assay
The potential chaperone activity of ferulic acid was inves-
tigated as described (3).

Western blotting

Western blotting was performed as described (16) with an-
tibodies against elF2a and phospho-elF2a (9722 and 9721; Cell
Signaling Technology) (17) (see Table 1). Protein extracted from
MING cells treated with or without tunicamycin were used a
positive or negative control, respectively.

Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
and cDNA was synthesized using an iScript cDNA Synthesis kit
(Bio-Rad). Quantitative real-time PCR was performed using a
StepOnePlus Real-Time PCR System, Fast SYBR Green Master
Mix and TagMan Fast Advanced Master Mix (Applied Biosys-
tems). The mRNA levels were normalized by 18S rRNA (R#n138s).
Primers used were summarized in Supplemental Table 1.

IHC analyses

The dissected pancreas was fixed in 4% paraformaldehyde, em-
bedded in paraffin, and sectioned. The sections were immunostained
for insulin (N1542; Dako Japan), phospho-elF2q, cleaved caspase-3
(9661; Cell Signaling Technology), and proliferating cell nuclear anti-
gen (PCNA) (13110; Cell Signaling Technology) (18) (see Table 1). The
ratios of insulin-positive and cleaved caspase-3-positive area to the total

islet area were calculated based on more than 65 islets per group using
Photoshop (Adobe).

Statistical analysis

Data are expressed as the mean = SEM. One-way ANOVA,
repeated-measures ANOVA, and repeated-measures ANOVA
followed by multiple comparison tests (Bonferroni/Dunn
method) were used where applicable. Student’s ¢ test was used
to analyze the differences between 2 groups. Differences were
considered significant at P < .0S.

Results

Tissue distribution of y-oryzanol after oral
administration in mice

Based on a previous report showing that orally ad-
ministrated y-oryzanol was rapidly absorbed from the

Endocrinology, April 2015, 156(4):1242-1250

intestine and reached a maximum plasma concentration
in less than or equal to 1 hour (2), tissue contents of
v-oryzanol were assessed at 1 hour after single oral ad-
ministration of y-oryzanol (3.2 mg/g body weight). As
reported (2), y-oryzanol was distributed dominantly in the
brain, whereas y-oryzanol was also accumulated consid-
erably in pancreas comparable with kidney and adipose
tissue (Figure 1A). On the other hand, little accumulation of
y-oryzanol was observed in liver (Figure 1A). Considering
that metabolites of y-oryzanol were distributed mainly in
liver (2), it is likely that y-oryzanol is metabolized by liver.

v-Oryzanol ameliorates ER stress-induced p-cell
dysfunction both in vitro and in vivo

To examine the possible effect of y-oryzanol on ER stress
in B-cells, we assessed the expression levels of ER stress-
responsive genes, including Ddit3 (CCAAT/enhancer-
binding protein-homologous protein [Chop]), Dnajb9 (ER
resident DNAJ 4 [ERdj4]), and spliced form of X box bind-
ing protein 1 (Xbp1s). In islets, nRNAs of ER stress-re-
sponsive genes were substantially increased after 13 weeks
of HFD feeding (Figure 1B). Noticeably, oral administra-
tion of y-oryzanol significantly decreased the expression
levels of ER stress-responsive genes in islets from HFD-fed mice
(Figure 1B). Also in MING cells, increment of expression of these
genes induced by tunicamycin was reversed by the supplemen-
tation of y-oryzanol (Figure 1C). Similarly, phosphorylation of
elF2a in response to ER stress was markedly reduced by
y-oryzanol in pancreatic 3-cells both in vivo (Figure 1D) and in
vitro (Figure 1E). y-Oryzanol also decreased mRNA level of
II1b in islets from HFD-fed mice and tunicamycin-treated
MING cells (Figure 1, B and C). As reported (19), glucose-stim-
ulated insulin secretion (GSIS) was significantly decreased in
MING cells treated with tunicamycin (Figure 1F). In contrast,
both y-oryzanol and 4-phenylbutyrate (4-PBA), a potent chem-
ical chaperone, restored GSIS even in tunicamycin-treated cells
(Figure 1F).

In addition, to explore whether ferulic acid, a partial
structure of y-oryzanol, would also decrease ER stress, we
examined its possible effect on the activities of reporter

Table 1. Antibodies Used for Western Blots and IHC Analyses

Peptide/ Antigen Manufacturer, Catalog Number, Species Raised in;

Protein Sequence and/or Name of Individual Monoclonal or Dilution

Target (If Known) Name of Antibody Providing the Antibody Polyclonal Used

Insulin Guinea pig antiinsulin - Dako Japan, N1542 Guinea pig polyclonal  1:3 (IHC)

elF2a elF2a Antibody Cell Signaling Technology, 9722 Rabbit polyclonal 1:500 (WB)

Phospho-elF2« Phospho-elF2« Cell Signaling Technology, 9721 Rabbit polyclonal 1:500 (WB),
(Ser51) (Ser51) antibody 1:500 (IHC)

Cleaved Cleaved caspase-3 Cell Signaling Technology, 9661 Rabbit polyclonal 1:1000 (IHC)
caspase-3 (Asp175) antibody

PCNA PCNA (D3H8P) Cell Signaling Technology, 13110  Rabbit monoclonal 1:200 (IHC)

XP rabbit mAb
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Figure 1. y-Oryzanol (Orz) ameliorates ER stress-induced B-cell dysfunction. A, Tissue contents of
Orz (mg/100 g tissue) were examined at 1 hour after single oral administration of Orz (3.2 mg/g body
weight) in C57BL/6J mice (n = 10-70; 3 independent experiments). Epi, epididymal fat; SQ, sc fat;
Mes, mesenteric fat; BAT, brown adipose tissue. HFD-fed mice were treated with Orz (320 ug/g body
weight™" d~") for 13 weeks, and pancreatic islets were isolated. MING cells were treated with
tunicamycin (0.5 ug/mL) and Orz (0.2 or 2 ug/mL) or 4-PBA (PBA) (5mM) for 24 hours. B and C,
Expression levels of ER stress-responsive genes such as Chop, ERdj4, Xbp1s, and /l1b in pancreatic
islets from HFD-fed mice (B) (n = 6) and tunicamycin-treated MIN6 cells (C) (n = 10). The levels were
determined by real-time PCR and normalized by those of Rn718s. D and E, Phosphorylation (Ser51) of
elF2a (p-elF2a) in pancreatic islets from HFD-fed mice (D) and tunicamycin-treated MING cells (E) (n =
6). F, Effects of Orz on GSIS in tunicamycin-treated MING cells. Data are expressed as mean =+ SEM.
*, P < .05; ** P < .01, vs chow-fed mice or control cells (Cont); T, P < .05; t1, P < .01, vs vehicle-
treated HFD-fed mice or cells treated with tunicamycin and vehicle (Veh).

genes carrying ER stress-responsive cis-acting elements
such as ER stress-responsive elements and unfolded pro-
tein response element upstream of the luciferase gene.
Consequently, ferulic acid did not suppress the tunicamy-
cin-induced activation of the cis-acting elements in lu-
ciferase reporter assays in human embryonic kidney 293
cells (Supplemental Figure 1), suggesting the importance
of full-structure of y-oryzanol as a chemical chaperone.

v-Oryzanol ameliorates ER stress-induced
apoptosis in B-cells

To further investigate whether y-oryzanol prevents ER
stress-induced apoptosis in B-cells, MING6 cells were stained
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with Hoechst 33342 and PI. Although
the number of apoptotic cells (PI-neg-
ative cells with chromatin condensa-
tion) was increased by replenishing tu-
nicamycin, y-oryzanol ameliorated
the ER stress-induced apoptosis in tu-
nicamycin-treated MING cells (Figure
2, A and B). y-Oryzanol also reduced
the caspase-3 activity in tunicamy-
cin-treated MING cells (Figure 2C).
To explore antiapoptotic potential
of y-oryzanol in vivo, expression
levels of apoptosis-related genes,
including caspase-3 (Casp3), B cell
leukemia/lymphoma 2 (Bcl2), and
Dffb (caspase-activated DNase
[CAD]), were examined. In islets
from HFD-fed mice, mRNA levels
of apoptosis-related genes were
substantially decreased by the
treatment with y-oryzanol (Figure
2D). Observed changes in mRNA
levels were reproduced in tunica-
mycin-treated MING cells (Supple-
mental Figure 2). IHC analyses also
showed that positive cells for phos-
pho-elF2a (ER stress marker), cleaved
caspase-3 (apoptosis marker), or
PCNA (proliferative marker) were in-
creased in HFD-fed mice, whereas the
changes were restored by the treat-
ment of y-oryzanol (Figure 2, E and
H). The quantification of cleaved
caspase-3-positive area to total is-
let area as well as cleaved caspase-
3-positive B-cell area to total B-cell
area further reinforced the notion
above (Figure 2, G and I). More-
over, y-oryzanol augmented the in-
tensity of insulin staining and in-

creased the ratio of insulin-positive area to total islet
area in mice on a HFD (Figure 2, E and F). In HFD-fed
mice, y-oryzanol dose dependently lowered plasma in-
sulinlevel (vehicle, 511 = 73 pg/mL; y-oryzanol 20 ug/g
body weight ' d~', 358 + 58 pg/mL; y-oryzanol 80
ugl/g body weight™! d~' 351 + 100 pg/mL; and
v-oryzanol 320 ug/g body weight ' d ™', 262 + 34 pg/
mL, 18-h fasting) and the proinsulin/insulin ratio, a
marker of B-cell function (20) (Figure 2]J), further sup-
porting the notion that y-oryzanol protects B-cells
against ER stress in vivo.
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nuclear morphological changes visualized by staining with Hoechst 33342 and PI (A), viability (B), and caspase-3 activity (C) in tunicamycin-treated MIN6
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embedded pancreatic sections were costained with antiinsulin (green) and anticleaved caspase-3 (red) antibodies. Scale bar, 20 um; magnification, X600.
I, The ratio of cleaved caspase-3-positive B-cell area to total B-cell area was calculated (n = 3; 108118 islets). J, Proinsulin/insulin ratio in Orz-treated
HFD-fed mice (20, 80, or 320 ug/g body weight™' d~"; n = 6). Data are expressed as mean + SEM. *, P < .05; **, P < .01, vs chow-fed mice or control
cells (Cont); , P < .05; t1, P < .01, vs vehicle-treated HFD-fed mice or cells treated with tunicamycin and vehicle (Veh).
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v-Oryzanol ameliorates B-cell dysfunction and

apoptosis in STZ-treated mice
Toendorse the protective effects of y-oryzanol on B-cell
in vivo, we administrated y-oryzanol orally to low-dose
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STZ-induced diabetic mice. Treatment of low-dose STZ
induces the partial destruction of pancreatic B-cell and
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Figure 3. y-Oryzanol ameliorates B-cell dysfunction and apoptosis in STZ-treated mice. A-C, Effects
of y-oryzanol (320 ug/g body weight™" d~") on plasma insulin levels (A) (n = 7) and blood glucose
levels (B) (n = 7) after a 4-h fasting were measured at 2 weeks after the STZ treatment. Blood glucose
levels and the AUC of blood glucose during the oral glucose tolerance test (C) (n = 7). D, IHC
analyses of pancreatic islets from STZ-treated mice treated with y-oryzanol. Serial paraffin-embedded
sections were stained with antiinsulin, antiphospho-elF2«, cleaved caspase-3, PCNA antibodies. Scale
bar, 20 wm; magnification, X400. E and F, The ratios of insulin-positive area (E) and cleaved caspase-
3-positive area (F) to the total islet area were calculated (n = 2; 84-111 islets). G, Paraffin-embedded
pancreatic sections were costained with antiinsulin (green) and anticleaved caspase-3 (red) antibodies.
Scale bar, 20 um; magnification, X600. (H) The ratio of cleaved caspase-3-positive B-cell area to total
B-cell area was calculated (n = 2; 66116 islets). (1) Expression levels of mRNA for Chop, ERdj4,
XbpTs, Casp3, Bcl2, and Dffb (CAD) in pancreatic islets from STZ-treated mice (n = 5). The mRNA
levels were determined by real-time PCR and normalized by those of Rn78s. Data are expressed as
mean + SEM. *, P < .05; **, P < .01, vs chow-fed or control (Cont) mice; T, P < .05; t1, P < .01, vs
STZ mice treated with vehicle (Veh).
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insulinopenia (12), leading to exaggerated ER stress in
B-cell by increased demand of insulin (21). In low-dose

STZ-treated mice, fasting plasma in-
sulin level was significantly decreased
(Figure 3A), resulting in the elevation
of fasting blood glucose levels (Figure
3B). In this model, y-oryzanol signifi-
cantly ameliorated glucose dysme-
tabolism (Figure 3, A-C) and aug-
mented considerably plasma insulin
levels (Figure 3A). IHC analyses by an-
tibody against insulin revealed that in-
sulin-positive B-cell area was consid-
erably decreased in islets of STZ-
treated mice, whereas the decrement
was restored by y-oryzanol (Figure 3,
D andE). Inislets of STZ-treated mice,
intensity of phospho-elF2a
cleaved caspase-3-positive cells were
also increased, indicating that ER
stress and resultant apoptosis were
augmented by the treatment of STZ
(Figure 3, D and G). The cleaved
caspase-3-positice area to total islet
area as well as cleaved caspase-3-pos-
itive B-cell area to total B-cell area fur-
ther reinforced the notion above (Fig-
ure 3, F and H). Of note, phospho-
elF2a, cleaved caspase-3, and PCNA
were colocalized in B-cells (Supple-
mental Figure 3). In this experimental
setting, y-oryzanol increased insulin-
positive area and decreased the inten-
sities of phospho-elF2a and cleaved
caspase-3-positive area in islets (Fig-
ure 3, D-H), whereas y-oryzanol did
not increase PCNA-positive prolifer-
ating cells (Figure 3D). Expression
levels of genes involved in ER stress
signaling and apoptosis were signifi-
cantly decreased by y-oryzanol in is-
lets from STZ-treated mice (Figure 3I).

and

v-Oryzanol has no effect on gene
expression related to B-cell
survival and proliferation in HFD-
or STZ-induced diabetic mice
Toexplore the potential of y-oryza-
nol on B-cell survival and prolifera-
tion, we assessed the expression levels
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of genes related to B-cell survival and proliferation, including
pancreatic and duodenal homeobox 1, v-maf mu-
sculoaponeurotic fibrosarcoma oncogene family, protein A,
neurogenin 3, Ins1, Ins2, and cyclin-dependent kinase inhib-
itor 1A (22) in islets from HFD-fed mice and STZ-treated
diabetic mice. In HFD-fed mice, mRNA levels of these
genes showed a trend to increase, whereas the trend was
cancelled by y-oryzanol (Figure 4A). Also in STZ-
treated mice, y-oryzanol did not increase the expression
levels of these genes (Figure 4B). In tunicamycin-treated
MING cells, there was no change in mRNA levels of
these genes (Supplemental Figure 4).

Discussion

In the present study, we demonstrated that y-oryzanol
ameliorated ER stress-induced B-cell apoptosis and glu-
cose intolerance in both HFD-fed mice and STZ-treated
mice (Figures 1-3 and Supplemental Figure 3). Also in
MING cells, tunicamycin-induced ER stress and after ap-
optosis were restored by y-oryzanol (Figures 1 and 2 and
Supplemental Figure 2). On the other hand, y-oryzanol
did not show apparent effects on B-cell survival and pro-
liferation both in vivo and in vitro (Figure 4 and Supple-
mental Figure 4), suggesting that y-oryzanol ameliorates
B-cell function mainly via reduction of ER stress-induced

Endocrinology, April 2015, 156(4):1242-1250

apoptosis. ER stress plays a critical role in regulating func-
tion of B-cells and in the pathophysiology of type 2 dia-
betes (5, 23). Excess free fatty acid, chronic inflammation,
and hyperglycaemia are known to provoke ER stress in
B-cells, leading to suppression of insulin biosynthesis, im-
paired GSIS, and resultant apoptosis (23). Even without
apparent reduction of B-cell mass, isolated pancreatic is-
lets from HFD-fed mice showed a pronounced aggrava-
tion of GSIS (24). We recently demonstrated that y-oryza-
nol acts as a chemical chaperone in primary murine
neuronal cells (3). In the present study, we demonstrated
that y-oryzanol reduced ER stress also in pancreatic
B-cells, thereby improving GSIS and preventing apoptosis
from B-cells both in vivo and in vitro (Figures 1-3 and
Supplemental Figures 2 and 3). These data suggest that
v-oryzanol has therapeutic potential for the prevention
and treatment of type 2 diabetes. Importantly, ferulic acid,
a partial structure of y-oryzanol, did not exhibit the chap-
erone activity in luciferase reporter assays (Supplemental
Figure 1). These findings reinforce the significance of full
structure of y-oryzanol in its variety of biological actions.

A series of previous studies showed that elevation of
intracellular cAMP by GLP-1, forskolin, and 3-isobutyl-
1-methyl xanthine prevent B-cells from apoptosis (9, 25,
26). For example, B-cell apoptosis induced by palmitate,
a potent inducer of ER stress, is rescued by GLP-1 through

A
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Figure 4. Effect of y-oryzanol on expression levels of genes related to B-cell survival and proliferation factors in diabetic mice. Expression
levels of MRNA for pancreatic and duodenal homeobox 1 (Pdx7), v-maf musculoaponeurotic fibrosarcoma oncogene family, protein A
(Mafa), neurogenin 3 (Ngn3), Ins1, Ins2, and cyclin-dependent kinase inhibitor 1A (Cdkn7a) in pancreatic islets from y-oryzanol-treated HFD-
fed (A) (n = 6) or STZ-treated mice (B) (n = 5). The mRNA levels were determined by real-time PCR and normalized by those of Rn78s. Data
are expressed as mean + SEM. *, P < .05; **, P < .01, vs chow-fed or control (Cont) mice; t, P < .05; tt1, P < .01, vs HFD-fed or STZ mice

treated with vehicle (Veh).
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activation of the cAMP/PKA pathway in rat B-cell line,
RINmSF (9). On the other hand, via the decrease in in-
tracellular cAMP level, dopamine provokes apoptosis in
various types of neuronal and lactotrope cells (27, 28). We
recently found that y-oryzanol enhances GSIS through ac-
tivation of the cAMP/PKA pathway by suppression of do-
pamine D2 receptor signaling (C. Kozuka, S. Sunagawa,
R. Ueda, M. Higa, Y. Ohshiro, H. Tanaka, C. Shimizu-
Okabe, C. Takayama, M. Matsushita, M. Tsutsui, S.
Ishiuchi, M. Nakata, T. Yada, J. Miyazaki, S. Oyadomari,
M. Shimabukuro, and H. Masuzaki, unpublished data).
To our knowledge, the present study is the first demon-
stration that y-oryzanol directly improves the survival and
function of murine pancreatic islets in a similar manner to
GLP-1. Experiments to explore the potential target mol-
ecule for y-oryzanol are underway in our laboratory.

The present study unveiled the enigma on the molecular
mechanism whereby y-oryzanol protects pancreatic islets
in a diabetic status. Because the phenotype of ER stress-
based genetic models of diabetes such as Akita mice is
extremely severe (29, 30), we used HFD- and STZ-induced
diabetic mice. We think it critical to assess the impact of
y-oryzanol on glucose metabolism in models relevant to
life style-related human diseases. Our novel findings that
y-oryzanol acts as a potent ER stress eraser in pancreatic
B-cells may open a fresh avenue for natural food-based
approaches toward the prevention and treatment of type
2 diabetes in humans.
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Abstract

Glioblastoma cells release and exploit glutamate for proliferation and migration by autocrine or paracrine loops
through Ca?*-permeable - -amino-3-hydroxy-5-methyl-4-isoxazolepropionate -type glutamate receptors (CP-AMPAR).
Here we show the molecular mechanism behind glioblastoma cells expressing CP-AMPAR, and refer to its role for
gliomagenesis.
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Table. 1 The size of four AMPA receptor subunits including GluA1,GluA2, GluA3, and GluA4 are similar in
approximate 900 amino acids, and they share high amino acid sequence identity. Importantly, receptor
permeability for calcium is depend upon a transmembrane portion of the AMPA receptor GluAZ2 subunit
called Q/Rsite. A glutamine residue (Q; CGA) in M2 is encoded in the genes for GluRA1, A3, and GluA4,
however, GluA2 contains an arginine (R; CGG) at this position termed the Q/R site indicating by voxel in
the figure. This codon change due to the adenosine (A)-to-guanosine (G) alteration is generated by site-
directed nuclear RNA editing, and mature brain contained abundant edited form of GluA2, and the
unedited immature GluA2namely GluA2(Q) was present in fetal brain. A point mutagenesis at the Q/R
site from guanosine (G)-to-adenosine (A) transformed GluA2(R) to GluA2(Q), which in contrast induces

high calcium permeability.

Amino acid sequences of the M2 segments of

AMPA receptor subunits.

GluA1l NE-FGIFNSLWFSLGAF
GluA2 NE-FGIFNSLWFSLGAF
GluA3 NE-FGIFNSLWFSLGAF
GluA4 NE-FGIFNSLWFSLGAF

QQGC-DIS
RQGC-DIS
QQGC-DIS
QQGC-DIS

Q/f{ site
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Fig. 1 Effects of manipulation of AMPA receptors on tumor growth. @, Effects of various treatments on

growth rate of tumors grafted into the subcutaneous tissue of nude mice: injection of PBS (vehicle
as control for application of YM872, a non-competitive AMPAR antagonist, inverted triangles);
expression of GluA2(Q) (open squares); injection of AxCALNLGIuA2 without AxCANCre
(vector as control for expression of GluA2 and GluA2(Q), filled circles); expression of GluA2(Q)
plus application of YM872 (open triangles); expression of GluA2 (filled diamonds); application of
YM&72 (filled squares); and expression of GluA2 plus application of YM&72 (filled triangles). For
each treatment, 12 animals were used. Each plot represents the mean * sem. (n = 12) of the
tumor volume. b, Plots of tumor volumes measured 22 days after inoculation. For each treatment,
raw data obtained from 12 animals are plotted. * indicates significant difference at p<0.001 relative
to control (either vehicle or vector). c-f, Histology of tumor tissues treated with the vehicle (c¢)
and YM&72 (d), and of those to which the GluR2 gene was delivered (e, f). ¢, d and e, HE
staining. f Immunostaining with anti-GluA2 antibody. g-h, HE staining (g) and immunostaining
with anti-GluA2 antibody (k) in tumor tissues to which the GluA2(Q) gene was delivered. i, HE
staining of tumor tissues expressing GluA2(Q) and treated with YM872. j, HE staining of tumor
tissues expressing GluA2 and treated with YM872. The tissues in c¢-j were taken 22 days after
tumor inoculation. Scale bar in 7 50 um for ¢-j. Note in a@ & b, GluR2 equally means GIuA2.
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Fig. 2 Effects of GluAZ2 expression on tumor transplantation. a-c, Histopathology of the tumor formed

by transplantation of cultured glioblastoma cells into the nude mouse.

The tumor was

characterized by pleomorphism (a), necrosis with pseudopalisading (b), and microvascular
proliferation (¢). v’ indicates tumor vessels (HE staining). d, Tumor formation at 9 days after
transplantation of 2 X 10° cultured glioblastoma cells into the subcortical area of the nude
mouse cerebrum. The cultured cells had been infected with AxCAGFP and AxCALNLGIuA2
each at MOI 5 for expression of GFP (green) two days before transplantation, and stained by
PI(red). e, Higher magnification view of the boxed area in d. f, Cells at 14 days after
transplantation of 2 X 10° cultured glioblastoma cells. The cultured cells had been infected with
AxCAGFP and AxCALNLGIuR2 together with AxCANCre each at MOI 5 for expression of
both GFP and GluR2 two days before transplantation. g, Higher magnification view of the boxed
area in f. Note apoptotic nuclear morphology caused by expression of GluR2. Scale bar in g

represents 50 um for a, e and g, 100 um for b, 75 um for ¢, 1500 um for d, and 1000 um for f.
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