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Stee 7 T TREERTEWEEREE T Ichikawa and Sasaki (2003) 12 & 2 & B N OE A A\ AICH:
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EBEL, AYEa—ZDT 1 AT LA DRI
NFEEEL, NFNT 4 AT LA EITREN
LU0, HHENVEHE R ERZPEIELNG
WINVERET LT, ZORE, HEICE XL T
DA DT 4 ATLATE, Ny TT4F®
RS ORIREIZ H B & DD, T E &%
BEHENZTENHLNMTEST: (E2),

(2) KHRIBOFEE L FE & DRER

FHEAEICBWT, F&FRE LTEZ 20t
DFgE L 2EE DRI INETHEST N TY
TN EMNB, E 470 nm O LED Y&t
JRE U, 2R GEE 2 R Tz, £
DOFIEGHEE, B EROFEIZ > T7 IV I
TlE> 1B D R— LN TRF S, NFOD
EIRIC TEA S IRFE TN E K51 L,

YR EE 31, ND 74 V2 —5
BWIEND 7 1)UL (1/10 H % 0 IE 1/100)
L, Y LAMS 1/100,000 £ TO L
Yk LTz,

FERIEE3A-COEIBH T, 1/1000 LTI

FEROM IR SN, 1/10,000 T50% XTI F L, 1/100,000 TE 7% & KE MK F L, TRV

F2 OAVE1—Z2OEZZOF CEEAZH TWVSFOEE/NF

3A NEELESFREOBRERNRBROKT

F— LAV TR IFIEIRREE 0.05 ~ 0.005 p W/em? TH 5 Fz,

100 T

80 + | ~*1/1.000
© ~#-1/10,000
# 60 T | ==1/100,000
il
I 40 -

20 -

0 -

7 8 9 10 11 12 13 14 15
FHER

3B J3E 1/1,000, 1/10,000, 1/100,000 THFEHE

100
80 T
L
~ 60 -+
i§§$
40 T
Elly
20
0
AL
E3C
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1/8 1/64 1/512 1/1,000 1/10,000 1/10,000

R 430nm DEFE LED ZHRE LIIBEDRE & FERDER
{EFR3&EIE 0.05 ~ 0.005 p W/cm?

(3) LED XDFEBZFIA LIc&R DT

SYNRFOOHEITDNT
. BRUERER R
Mz HzEDD (Autrum
1959, Menzel et al. 1986),
FTEIAIICIT VW EZREL <
fRITE TRV, 2T Tl
FRMICHEL, BHE L
TOWEENHI S LWV-oTh
KW LED 2t & U Tt
Ei1olz, 375 (UV), 430(
). 525 (##)., 600nm (kg
~R) DAWERRET, £
nNeEnhzZEMEIF C£H)
T A WEDIET T
ZRRLIEGEDKIG (%
H) OFE, HB5VIEHE
NIz ZDRER, 375,
430nm T U 72 fdfk

TWETAFTENRZENITS, -

430nm DRI G L. Zh
PHNOBEEICRES> LK
LMo, LML 525,
600nm O BJEEMTHRMED
LR TIE, ZNEFh
525, 600nm ISt L7=dD
Kz, EHIEKREMO

100
B
w_
60
40_
20
oLe
0 375 430 525 600
100
A B
80
60
40
20
s T e 15 375 430 525 600 630 660 680

4 KE430nm & (B) KU 525nm (F) TEREF LIDEA0ERhR S
FREBICEERONERBH LIZBEDINER ()
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630,660,680nm ICEKIG LT (F4), THIEIVNRTH, D EBERE T RE. Bh5ARICH
F TDIRWEEEICHE > TODFAN TE RN 2R LTV,

COFAIREDIEINE LT, ZARPEEBZRICT 5 3FMOZAMN (SML) 1Zr U, 2 FELL oA B
BN, ZoREEOE, (|AHHDE) ICXVERLME LTHIITEZH, 1 HOZAM L il
LEWESEICIE, ANT3EENEREZ STV TEINSZHBAITERWVERET S LFIAND EEZ BN
% (E5), —/AHIROREEEED S 21 Tld. HEaOEREEaOEE. 2 BOEaOMRZT Tkl D
L DORHIEDNTWERNT &Ik b iz, UL LK, S UNFIREOWT 7T FOERF /)
TIATRADBEOEZEATHN, ELERAL TV X IIKERA RV, ARROEIE. LED DX SICH
HTHRNEL TV R DT TRELS KRGS DS AR MV RS L TED 00 EREL TWa DI T,
T2 ZIE UV BRSPS 2 0EZEFICHT AT & T E MCRFEUCEICRA TS, NFIEOMI AT
W3 ATREPEDS RO,

[ERRDIER BN
PHABREDKES

300 400 500 600

375 430 525 600

B5 ZYNFOERBICFET S 3BORMEODNRE (b)) &
ATBERDNTREMT (FE) LI\ FORRRICHT BEEZLELEED
AT AR

(4) X7 7AN—FABT v A RICLBRMDEREDRER

BOIMBE ATV THREEE T, ATHE IR ETHE S8 3 X 0 2EERNEN & OFE RN
HENTWS (Letzkus et al. 2008), LA U Letzkus 5 0D /515 TIEEE Y TRWAIOHRZ XA > THEEL
HZLTULE > TW0a s, HHEBORICAADOIRITHERIO 2 Y TTOD R TWawy, 22 T4
BIFE L2 T 7 A N—Z R L AT OBICBRE U ORIl (HE LED @ 430nm) 2525057 v A%
TOELTEDIN 21T > T2,

ZORER, FwA&lal & Uiz 15 [ HOSMETF RO ZRFEMN, HIRT 81%. £HTIE 60% (MiHTIX 82%)
Lz, HE (p<0.05) IKHROHFNEHRPE N> Tz 1 REHBOT X b T, HAIRTEAFI L
TARIFHEIRCHREICKIG L, ETRAMT Lk ETHRICKIS LT (812 p<0.01D) (E6),

T, At LED ORFAT. AW AUT U725 S 38R (1.5M 2 3 AT . EOSAEE OM BHEK)
L. AEEEZNFIRME SHCBED T THE TE 2 BN BN L A, TNOZEHDITHA
5N%C & EHERTE - GRi&inl e Uz 20 MIHOZEMNIRE T, 2N ZEN 42% B LT 0 %) 7272 LT,
i HICEIRRCH B2 RElc & TA, @AlEE DAL L TOIRD 5 B 40%DE DIFRISLTLE o7,

100 mR(n=40) V!

80 -+~
g 60 EEE(n=54)" -
M
by 40 +
i £ (n=55) "1

20 +

0
1 5 10 15

AfTE%

H6 HELARTREMTLILIBEOFERDELN (*: p<0.05)

EHICHIREERICG A 2RO EZZA ., fieH. K2iOREDHAEDE DR ORI Z
BZ 5% 2R BT Th Rz 5 A 50737 2 L2 K51 U, BRIEZH Z % AlRerEidHF
FRL72). T95 Ltk L DREDHAGDREZEHTE ST LML,

e X, ALHEHOMATDETE, ZOEAZFEMNITREGNC LT AT, THUTKISLT
LS fdfkidniah o7,

CNLDRRNE, IVUNRTFDELADOHFERD S5 AN ENSHRZXH L TRA S EhZHLTVWS L
WA CE e bng, Lh LIzt > ThHEEZBERE LTI L TWaENICDOV TR, Thb
DFEFN ST TRHERE LT I3 A 550, TR, JikDT « AT LA Zffi> T & SR NG
INEZ B LD EIARFEN S,
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QORBIREHIEE LTDF VY AEEEBRER/LG T LICKBTHDORIENE(L

IYUNFIE, FEICH S & ZICDRONTF IV A THRZHNS, BLIZTOT EICEHL, S YNF
MED XS ICH B DO BT UGz fIH U, OISR ZTT> T 500
DWW 2 5 Tz,

PREQEMN I BERHCE S IC AN 282 [HIERRRE ) LIPSRCLicd s (B7), RTHICnEzT Il
F—RBTOERHET S L THEEEND, HERFEREL. 29 ENIERERND SRITOTIVF—%)
R FEETLEID, AT ENRXBEMGZICEETERD, L, HERRERERICED X S KR
HINEZEN TV EMiE. TNE THFTHID R,

HIERRS R E RO £ TOHBOME RN L T, SUNRFIEOESIC» > THIEET % L X3
E. ZROEZHEBLTVE T EMNHEMI A>Tz (EAAHEIHRE p = 0.72; Harano et al. 2013), %7z,
BRI D X AFFBIC K > TIRES NG EERZ & L IRz ho 5% (X2 BE%) & 97T
ICEHG AR L TV IBX D EERICZVERRIR L THIE L, RERBREZRTIC Lz > T hED &
HTWwalebbhok (B8), XYASHHE, HEDOBEINBNEDHZIZA BT, TONWHRZE L
CICHG 2T, SIBICEETE RN L H D, X ABHMIEE, 25 Wk (B CT# 7z flifa
THIENTERY) TERETEDZRIEZZDIFI>TVEDTH5, £z, AR ZERSC &I

E7 A IYNFOEE, REO—HHMHEBEEEDRRICESIHDT. RABIDHREDFDEDNEZRIFCES
B. ATDEHIGITE > TER IV N\FZBFHR T Bcdlcx—I LIl ?

(37) (21) (20) (19) (23) (49)
A 25 - B 4 -

o Follower {44)

w

20 4 eDancer(54)

N

-

Crop content at departure (L)
o
@ Q

Crop content at departure (L)

Dance \C

follower

=}
o v = ;1N U oV n
1 1

0o 0.5 1.0 15 20 25 30 1 2 3 4 5 1-5h

Waggle-run duration (sec) foraging

No. of foragingtrip to feeder
8 A. 2 BHRE/NF (Follower) & 2> Z/\F (Dancer) BhHEERSICE > TO K BRIZEDEDEN

iR Y ETESE (Waggle-run duration) (&, 4> AHICEES{L S NIEBISE COERMEZ Y

B. HEERRRICKDHENBHEEDRD (EB5DKE Harano etal. 2013)

&Ko T, HEOF LOEEHRZHES T 5720 Tldal, EG0RREHOLENRZE=2—LTHED, %«
ERNCEMRETE 2 L ZIC3, S HICHHEFREERZ D S 82 LOMREHF TV S,

)i IVYNFIREIMA T, e EERET 2, {ERZRE L TV 2 o MR ERZ T L7z L T
5. BREOLG LIXRRLHRZG. TOYRG, BRERHCHA, HERERERDGRICEZ < RE
REZMATERD L oTc, SVNFIE, fEkZ2®E e I b, BIICH RIS T LD THEA
Fiblis, CO [DEE] ELTHWONZEDDEL EL—HN, WS RbEHEh TV A dic, iR
R BV ERE DY 5 L N2 2> T3 T ez NLEG TRIER ZRE S ¥ 553205 (K9) &,
BRI O D SRR LTz (B110), E5IC, FBMAEMORIISTCT, W SHb T DOERETED
BEZHFHHILTWS T EEHSMMc L (E11),

A T 10, @9 (9 @8 @) (@) B 3 s,
o g .|
g 8 :

a s 44
@ 6 - b L
3 b b b —
© g 3
- 4— ‘=
f = a 5
[ - 2
"E o©
) 2 A 2
o Dance 5 14
o follower <
e 0 . . - ; : 5
(&) o 0
1 2 3 4 5 g 0
[&]

Ne.of foraguginio tesaer Dry weight of soybean-flour load

(mg/load)

9 A. KBTEHFERORERERICL 2 HERBRHEEDZEL, TEREREERY, BREBG L. BHEEHEMNT 2
B. fXATEX (Soybeanflour) ZiREE LIzl DIREEE & IBEFFOEXFEEEDREKR. ZORAIEMNZRFLIRS LAEER
DNEDLTVWRTEDLS, BERDEEDRETFLELTEL>TVR T LTINS
(EB5MDXE Harano etal. 2013)

® kiR
,‘i - ® TiREEHE
14 :.
Wm 12 4 o e : o ®
g w0 o, z
K 8 - .. ° ‘.. @ “g..
g 6 - ® e .o. o‘. °
ﬁ 4 1 * .. o T - : .
;EK 2 4 e o ° o L) ° o
H O ‘ .‘ -. T 2 e T 1
0 1 2 3
FLAR Y TR (sec)

10 TEEREES > At ETEMEREE 4 > RO HERTEHER DR
TEMEEEE IS R DBICA DG EEZRN SR/HBHL TV S8,
TERRERL VL ZDEBRNETENRS5NS
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FRSHENCH O FHkEHT I
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MERE
SYNFRBELGEERNZHE. BMEHRTEZRT. 2006 FIcIET / LIERSLFHAE
N, DFEMFOHFEETIVEME LTEHEETN TV S, KHAKRETIE IV /I\F DR
BEDDFEBERASHMICTEHILZENE L. MR TOETFRIRMEN. B FOMERNT
[CHRELGHEROBARE. S CREGEFOIEY 17« v I/ GEERE DM Z5HE- - RiE L,

YRS

O YNF ORI H T B ECTFRIZREN
EARAREBE (FiTAZER)
fERARIES (AR

QI YNFADBIGFENEDRERE
ERKREBE (FMIE)
FRAHE (EITRAZTRT)

BIYNFDIEIIRTAYIR
ELRREBE (FMHIEE)
EEREH (REHZERD

O YNF ORI EH T ZECFRIZMEN

SYNFRIENTERREN 2R D R THERICaAI 2= —varke D NS, au=—2ke L
TR THRD E NTBAEIE R E ATV S, W& ANF ST 25, mES¥ERICA->TBD, P
BOLENMEARDYHEADR L (BR) G EDHENOHREZIY L, EEOMANRE 2175 . FRETTHITlE
FFELWEFRSAIZ X VASETIRELD 2758, SYNFHEDENTIEHRUERE DR AIRICHHE N
%o BRETTENCIEHENOMRICLEAR, SERERLENEREI NS EICBEEL, I YNFOEREEI NI
BT B ORI > THET %, & TAN, KIS - 72iEh b O E B 5 IRk L CHILTHET %
LRSI OFENE L HET NS, (MR BROFEEET OFGEITHE AN S O] 5 h OFEA B E s
BB LT3 T &R 3 BIKROEISR TH 5,

BAGRNIREM T O > T ¢ THEEHSE CERR 15~19 4E) 1BV T, S YNF O EHREH DFEIC
B 59 28InF 2 2 HINT, @HONT LIREEE LIoNFOMNER FREZ< A 707 LAk
THERL (E 1), FREESHEIC X D REBEME T 2851 & LT, slit homolog 1, Major Royal Jelly Protein
1 &1 (mrjpl) , Major Royal Jelly Protein 7 & 1{x T (mrjp7 ) 7% £ % A& L 7z (Hojo et al. 2009), Slit
homolog 1 (XM ED Tz 25 71 X2 ANTFTh 5 Slit LARNHFAMEZE D, Slit ld 2 Y/ F
Ao B HREIC £ 7169 %A%, Slit homolog 1 1& 2 Y NFLUANDERTIERDOM> TV, iz, MRJP
BIETEIYNFIEEGTBIE TR TH S, MRIP B ENFPYRICEZ 5N 0—VILEY —lcGFhn
BFXER ANV ETH S, MRIPs IZBEWRNTF O FHEHIR THET 5 EAHSN TV SN, X1 7a7
LA O#iRE MRJP1 & MRIP7 DR TEFREH L TWE T L2 2L DTH 5,

- SRS HNHE W

FRENEHND

°® 0
L B L L N B B
LR B L L L

coceeenrsee

1 A7 LAEICE DI YINFHRF/ JIEOEGTFHIREN
IREEEDE LT@E/\F D cDNA % Cy5( 77 ). RATEE LIBE/\FD DNA %= Cy3(#x) TiE# LT

257 A 127 B b 107 ¢ .
20- 2 B 1.0 08 b

i )

& 15- il 06

% a 0.6+

B 104 a oA 0.4+ ab
0.5 0.2- 0.2+ -
0 T T T 1 0 = T [II T T ;‘ 1 0 /M T T T 1

188 SEEF 986 iREEE 18# SE# 98H REE 188 5BHF 986 REEE

2 BENFORRTD slit homolog 1(R). mrjp 1(B) KT mrjp 7 (C) DFHIRE
B-actin |C33 9 ZAEMMGHEIREL T (FIHE = 1ZERE. N=5)
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C T T, slit homolog 1, mrjpl 35 X T mrjp7 OFeB7Z2 €& PCRIETHMT L. F#H L OBEZ X H5ICFL
<KETLTe (B2), £9. XA 707 LA OMR 2R T B0, BWANTH 7N TF LRREEE L
TARICDNT 3 DDBEIETORBEZER L, A7 07 LA TONT & —HT 2R E2Gz. RNT,
i & N F OINEN 1 S FEBOZAL 2R & T A, slit homolog 1 DFEBIRIEIULE LFH L, EHOI N
FTIHE PN LTz, BEBNE—7 LRZRHHIE I Y NF OMOREEICHIET 2R K- L THD,
Slit homolog 1 & A 2V AR T & L TOMKREZ £ DT LARME N7z (Kagami et al. 2010), mrjpl &
slit homolog 1 & L7z 78I/ %— > %7k LTz (Hojo et al. 2010), mrjp7 IZAHEHIC & & R WFEEEN I L 72,
MRJP1 %> MRJP7 BIRICHBNT ED X S Grez 59 2 NI RHTH 20, FHEEIDFEDEZE RS Z
DEDICHEGELTWVWE EEZENS, I YNNFO MRJP B#aTRHE. #EEMICIEZ S ORRIRFEINT
W3 Yellow BIZ TRED 1 DT5 yellow-e3 S BIGFEEICKDAELTZEHEEINT VDS, YavdauNn
I Tlid. Yellow-e3 MKDIGEICHGT 2T EARBENTED ., 2 YNFD MRIP HIKICBWTE EEX
e D L. DML+ 0B & TH D, mrps 1FIVNFOEWHERICEE RS T
AL UTCBIETRETH O IRICHBI ZBREZ R LN S, — /I TYRRLENF O L UTORE LD
BRED IS Ko Icko Tz L HEREI NS,

Q@I YNFADELCTFENEDFZE

2006 FFIZ I YNF DT/ LDEGEENTLRE, XY NTF O FAEYPAN RIS IENICREE L DDH
%, LU, FIVAY 2w JiER EBIG FEREZ T T 5 72D DTS RT3 E N TWE
Vo FIUVRY =T SYNFEEHRT S 1 D07 T u—F L LT, BRYAIVADOBERNZFHALT
ZENF OYIRICHAGEIE T2 8 A L, Retafk DNA LA 2 X2 HENEZBNS, NFan
TAIWVAIGHARRTIEF a VHORHIERT 5RBR Y AIVATH S, MoREMICEERZE 5,
Z ORBMRNDOBEFEAN Z—L LTHHEINTWVWS, BAWGF I VAT 22w 7 « SYNFOE
HUCNF 2T A )V AZFIHTE 20 7Z2KGEET %728, Green Fluorescent Protein (GFP) Z¥Hd % /3F o
O ANV AZHRBL ., L EINF OGS 172 BEE LTz,

Cytomegalovirus immediate-early gene promoter @ K it IC. Aequorea coerulescens 1 K @ GFP gene
(A4cGFPI) & SV40 @ poly(A) signal Z DG WENF 2 0T A JVARY Z—7efF8 L, I b T HO—H
Spodoptera frugiperda DYEANA T Y A VAR F 2 UTc, VAV AZERT 2 E 3 Fid, %2 H
DNtz TS5 ATy 78O NTERICBHE U THENTER L, ib%IEIBRENT 34°COA FaX
— X THHE L,

LLEI ST OUFINEAT 5 HIMT. k% 2 HH QOIS 1 x 10° 721 1 x 10° IFU O A )V A 72 Hefd
L7zo 1 x 10° IFU O A )V AZ R Ui 51k, MOMN B OB UMb Lish > 720, 1 x 10°
[FU 72 Hefl U7l 513075 < & S AVTBIBRRIZIER i AL UL A & GFP D> 7 )L L 6 iz (B
3)oGFP D J'F UG HRE U 7 IGER IS I RIS AFAE L & 7 HIVODIERIFEE S N iah 5 Tz, 2D T L,
Bl U7y A )V AR LT NT OBKICTERT B0, Hr LT A VAR IR L TERDIER (CZRERY
T2HTLRBEVT EZREL TS, RHIEEZ i L TNIBORRGURINZ RS Lic & T A WIFHC K LT,
FRERIC XD 5NT . CGFP D 7 FIVIEIRIFRTIZFICBE 5Tz (Tkeda et al. 2011), BUIRICH
WCENF 20T AZIVYNFO I VATV 2=y JICHHTEC ER#LNEEZLNZD, VAV
AMBERL THIEHGRBAIUETE D XA Z—DMFET BT L. TAIVAD REGIC K 5 BB
TERENS, UANWAZHE U TINRITERTESXIICTSHET, FIVAY v ZICRHTES

ME LN,

INF 20T A)VARY Z—FINRITIGER ) 2 Rm S e o Te b, BRIAICIZER S 2 2 e b, BEIAA
DML TEAR. EHATO 2 A8 RNA OFEBIC X % RNAL LIS X 28 FHEEERATICRII TE 3 L £ 2
5N%, WHNCEA LISOIGRIZ FOIE R B 78I 5 C &3, WiisG PCRIEICK DR LT (B14), fg
AR CHEBIT %8s 7O HICIX, vitellogenin % insulin-like signaling pathway Z K3 % s 7z &, H)X
INFELFNFDH—Z PGS 2 BKEBIZFAEENTHE D T D OBE FORBREMRITIC S
HEN5Z LM N5,

3 GFPEIBRN\F 1OV IVAZEELcLZE/N\FiE
NEBFREDEER TIFREERIC DI+ GFP DV T FIVHARS5NS (A, B). BESREREILIzET A,
ERREICDHZ T HIVHR SN (C D). IIELSIEY T HILDREENEh oz (EF).
FICRET 37 FIVIEIREICTE LTRERAERIC K 2

Inoculation PBS GFP

RT - + - + M

B oo
gfp

el - & - —200bp

4 TENFHRRICEHFS GFP DFIF
1% 2 BEORENFHOREDIC 1x 109 IFU DA )V AE#EZE L, ek 2 BEIC
BERAED S RNA Z4iH L cDNA Z &A% L e, SHERXICIE phosphate-buffered serine(PBS) Z7E57 L 1z,
FAE LTz DNA &858 & LT, gfp & B-actin % PCR THEIE L 1=

FREVEFHND - FERGEHNH I W
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BIYNFDIEIIXRTAYIR

VAR, WHFLEE T ECIEIE RIS DNA D X FIUERE Ak OERMiZ EDTY Y 2T 1 v 7 EnFiEE.
PN S L TWA T ENPESICENDDH B, L L., EEHEEIIO DNA X F)IUEDEYP AN ERIXIE
EAEDLDSTVEY, YavudavunNIRvhA akEDETIVERTIE DNA F XA F UL b, 2
WYNF R EDBEMHERTIEZESRE L TRET LAFISNIC DNA DX FHIULEND, I V/NF TESHRIEIC
RNAi {£C DNA A F ) ULEEE D FEBIZ I % LB E NF RN FNFALT BT &0, HDKHTD AF
IEZSEEINCPIHE T 2 L XHRENME T 5 2 e R ENME SN TE D, DNA AF)UALDHIZEDHT LI
WER5 e LTHEHENDDH S, T Ty I YNFOTERRARDZEENOZ L T Y 2 2T 1 v Vi
BT HIRAEOBREHS M T %728, DNA O A F LD 7217 - 72,

2 WINF D DNA XA F)Ukid, WHELBHEFARICDNA EDC (b)) &G (7 =) iz CpG
IR LFAF RO CICAFIVENMIINENS, TNE T, 2 VNF D DNA AF)UEICBET 2 e/ Tif%EidE
ERERL, AFIEENS CpG YA M EFLEBOBE FHOERIESNTVWAE T ThHolz, RAET.
INAYPIVT 7 A b« =T TV AETIVNT OBIADBEIE T DX FIULDEIZHRE LTz, NAYILT 7
Ak =7 AL, DNA ZEAFES b)Y L (sodium bisulfite) THUEET % &, JEAF)LEY b
VYR TTUIICEBMEND D AFIULENEY Y VETDEREZTI RN L RIS LI ETH %,
INATIVT 7 A MR U7z DNA 2808 & UT PCR THIRT % &, FEAF VLY b U BETKRT IV
BFIVELUTHEEING, —J7, AFIUEY b VIEY b O FEEI NS, PCREYZ 7 0—=
YT UTHEBDO 70— NS DWW TRERY Z2HE L. % CpG ¥ MEIC C/T k2B 52 & T, TOY
A FDAFIACORREZMRNTT 2T ENTE S,

BAADOBIE IS DOV TR EIT o T iR, WX V7 ED 1 DTHEZNFH A 110 7%23— RT3
BIET (hex110) WA F LT NZBUAD CpG Y1 b HZ T ENHEMIE T, ZT T HENFL
L FINFT hex110 DFBIgZ / —H Ty b« AT V) XA = 3 235 & WG Y8 =1 PCR 1L Tl
NIz & T A, hex110 DFEERIIHHRIA & b, BRUAH—A MEITHREZS 2 ehRENT (E5),

A Adult B
fat body Larva

cycles
20 23 25 30

8 c &
£ 8 £
6§ o6
248 =

Queen

(kb)

10~

Size marker

Worker
Queen
Worker
Queen
Worker
Queen
Worker
Queen

1‘ -
Hex 110

02—

p-actin

28S/18S rRNA m

5 BENFELENFICHITS hex110 DFEIBEDLE
(A /—H>7Ov b - NATVEA L= a VK B8R, SRATORRENBVH. REHATIHETT 2
(B) HBEEHEEH PCREIC K BT, TE/NFTORBEEDIZS>HEW

RNT hex110 DA F UL DR ZASMCT B 72, 8 DT YY) V72 GTRER 4 kbp D hex11015
FN 5 96 D4 CpG ¥+ D AF)IUbZfENT LTz (F6), &/ \F & FNF-OYh ek e kROl
Jhiftka Sl U7z DNA 28Rl e Uz, 25 DNA GURHE 1 A S L, FEBRKICOWT 3 ar=—I
k9 % 3 ftkz it e U TRV, ZOFE, 1) hex110 DA XA F UL 2=, I—A D
HEEOR L, SR & BCRIEIAROE IS K S FELE S TV B, BUERIEIARDIE 5 Bghdifiik & b & X F
JEBEED DR EMENICH 5 T &, 2) EDMNCLLENF LB ENF TAFIULEN RS ST A S DEE
T5C L. 3 M—FEHMXNTIERGES 0= —ICHKT B AR TAFIUED/ S 2 —F K<L T»
2k, RENHLMN LIRS (Ikeda et al. 2011), CTORERIE, IVNTFOREDBEILFICEHLTA
F I ZFERNC T U 7= OB TH %

A
kil ATG Exon 1 Exon 2 Exon 3
1 [ ¢ y—t 3 o0
CpG Island 1
it Exon 4 2 2 Exon 5 ~ ‘Exon 6‘ 2 Exon 7
1Y 7 A 7’ 1Y J Ay
Exon 8 TAA
3201 }—+¢ o 4437
CpG Island 2
B
E1E2E3 E4 In E5 InE6 E7 In E8
CpGisland1| | | ” ” | “ CpG island 2
. = d = - = y : -
Adult Worker ’ . [ : g - . - "
fat bod . _ L3 : Ll - - =
Y| Queen . li ‘- k]
Worker - e I
Larva
Queen o | - = =
Tt 22 % & €870 ™ 1
ATG 7 69 TAA
0 <20 <40<60 <80 5100
B

6 ZVINF hex110 DA FIULINZ—>
(R) 2V INF hex110 DIEiE, hex110 & 8 BD LYY VA EL LR 4 kbp DEEF T, 96 @D CpG 41 FEES
(B) hex110 @ CpG 1 FDAF )b, FRERXICDWT, 3 IOZ—HED 3 EEH S DNA it L.
hex110IZ&E N5 96 ADE CpG H A bDAFIULENAHIVT 74 b —J TV AETEF LT

hex110 D A F U LDfEHTIE, IV NFDBILTFDAFIUELDREZHEMNCT % L TIFEBLZMNTCH -
Fed. hex110 \EETHEAET 25T Tld RV S YNFOMENFIX, PUEL THE D HERICIE U THE
Mt FE 2 I8 %, NS OB ZNFII RO MR EORNOEHEEEY U, Pk 2 ~ 3 M
EERED L, EHIEEDORE 2175 £ 91CE 5 (A, BIITEIICHARETH TR, DX
THHRUEEMNREL L 725 T LICBE L T ERAT D SERENTFAOEREZIT S T AE - GlEREIE K
LM ETEZTENMENTVS, HAld, MERICHE S MEEREDIM |- & DNA X 7 )L OB Z it 3 5 7=
BT, BRNF ERREDNT ORKIC I % DNA A FIUEDIN 2 — 2 = fiffi LTz, 22T, 7/ L 9IA R
ICAFINIERIZ520) 5 BIZF 2T B 7zdic, RIS — T TV AZFIH Uiz, BRNF LRESFO
FNFENK 200 VEOFRD S INF / AGES 2R L, Z22HhSHH Lz DNA Z 313 )L 7 7 A Fid3ET
ML, chzedfle LT 27 2 —Rdd| 7%z Fv Tl L 7z PCR Y 72 Xt — 7 = > — HiSeq2000

- FRHEHNHIDE W
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Tt Lize BYNFOY TV SIE 147 BA, FRENFOY VT IU5E 2.46 HADY — R 2157,
INHDY— Rz IYNNFT J LY Ameld.5 FORE R —HT 2y E T L, % CpG ¥4 b
Yy BV T ENTE D) — RO C/T N SZDT A SO AF)IUELEZEH Uiz,

SYNFDT LY A XK 260 Mbp THJ 900 /5D CpG ¥ A F & &5, HTORSE, 7/ Lho4
CpG Y1 L DK 80% ICDWVT. AFIULDIRIEZ TS B 72D TR iakED T — 272135 T &N TE T,
12 D CpG YA M DWTAFIUEDEIERHANIzL T A, BRNFORTIX 42,172 D CpG 1 .,
BINF I TIE 55,784 D CpG YA "INy 7750 Y RNV EHNRTHEICAFIVEENT W, AF
EE NS CpG ¥ MILHEDKI 05% 1FE T, IVYNRFDT / LDNARIFEAERFIUELENT, K
—HBD CpG YA R I M AF )AL ZZ T B T EAVRE NIz, 7/ L BTGB G 78K & IR (s i
PAET B0 AFILEND CpG ¥ A F D7 L TONH TR T 5, 80% LU D CpG 1 FH%
BF RICRIELTWAR T EMNHSE MR- (R D Ko, BIZTFHNOEEMZL VY A2 ba iy
JTHRTHB L, AFIEENZ YA NI TV ¥ EICEWHEBIDEE TH > Tz,

AF)LAE CpG EinFH -
&t Exon Intron

BIRN\F 41172 22325 (54.2%) 11528 (28.0%) 7319 (17.8%)

REH/NF 95784 34832 (62.4%) 13334 (23.9%) 7618 (13.7%)
HRER

=1 BITAFINEENS CpG Y1 bDHTE
10AYUEDY—FITVR )= KRRy EVTENT CpG A MMTDWT,
ZIERE TNV 775 FLANVEEE L. Benjamini-Hochberg 7&IC & %
LEREMEEIT o>z (FDR<0.05)

KT, ERNF EFREADNTFTAF IVCHEDN 7T % CpG Y+ k7% Fisher O IEMEERBEIC X DML
Teo ZTORIR, TTAMEHD CpG Yo b THRNF LRENTF THEADRILE NI, —DOEEFWIC 2 i
UEOHEADHZYA D EENZ L HD, BInFHATHDS &, 439 HDOEIZFICHIE TAF IV
{LDOREN TS CpG T A FWFIEL T e, TNEDBIETD S B 214 fllFEW/NF TD X F )V LN
WV CpG VA M EE R, 164 HIFFREENTF T AFIUEROE CpG H A FZFA Tz, KD D 61 D
BRI, BRAF TORXFIUERDE T A b & FREVSF TAFIULRDESOY A FEIEL Tz,
SYNF - KSR 11,000 HOBEFAIFEL TV S EHEE SN TV, ABfFck D, BRAFE
FRESF TAF LD/ SR — VN E B BRI, BEIETD 5% A TH 5 T LAVRENT,

BIRNF EERENTF TRXAF ISR = DERIZZBIE . EDO KD EHREZ R > TV A 25 M
I 27OIEIE A > Y — (gene ontology, GO) f#tizir->7z (B7), £¥r#fi7at X (Biologial
Process). MO ZEZE (Cellular Component) 35X U5 T-#HE (Molecular Function) & DWW THN7z
LT A, T REEED GO T, armitage, haywire, Iswi, LOC100576404, LOC727008, LOC411250 7% &,
B D RS\ 2 52 5N\ —E 22— P9 28EFARIE N (58 2), FHZ LOC100576404
TiE. AFIALEDEILS CpG Y+ W 5 f7(E L. DNA X F)UEMN T DEIE T OEEHFEIC K E &
LTWB T EMWREENT, N AH—LRZL DB TOIE « BIRRO@ERZ2Hlf#Hld 2 LEZEZ 5N TV 5,
AN A —E% I— R T 285 7D A FIUERIC K > TIEEHTT 220, & 5ICZ0BE T HEYD FRoE
LFORBISGHET 2 LEZ BN,

Biological Process

T W

DNA metabolic process
structure morphogenesis
carbohydrate metabolic process
catabolic process

cell cycle

cell death

cell differentiation

cell proliferation

cellular protein modification
cytoskeleton organization
embryo development

ion transport

lipid metabolic process
protein transport
reproduction

response to stress

signal transduction
translation

>+Er
* wSem

3

CHENEEEERTER EENEE
STBHETH

Cellular Component

Molecular Function

7

Golgi apparatus

cell junction
chromosomal art
cytoskeletal part
endomenbrane system
integral to membrane
microtubule cytoskeleton
nucleoplasm part
plasma membrane
protein complex
spliceosomal complex

ATP binding

ATPase activity

DNA binding

GTP binding

GTPase activity

calcium ion binding

channel activity

chromatin binding

cytoskeletal protein binding
helicase activity

hydrolase activity

ion transmembrane transporter
oxidoreductase activity

protein dimerization activity
protein Ser/Thr kinase activity
translation initiation factor
transmembrane signaling receptor
ubiquitin-protein ligase activity
zinc ion binding
AFIUVEHZALT B CpG ¥+ b EESGEGTFOEETFA > bOY— (GO)

BRNF EREN\F O TAFIVELDRRENELS CpG 1 FEEG
439 {BD&EI=F* Blast to GO T#tr L1z

31



A W

27|
fiZ
ity

S|

HF-RS -

LUl

=]
fiZ
h

ik

S|

32

wEre o rp iR EETFEMOMRE
LOC726768 - 1 1 |probable ATP-dependent RNA helicase DDX17-like
LOCT26778 i 9 9 }p;ztlei crziNPAR;pllgf?kgefactor ATP-dependent RNA
LOC727008 2 - 2 |probable ATP-dependent RNA helicase DDX46-like
LOC100576404 - 5 5 |probable helicase with zinc finger domain-like
LOC411250 - 2 2 |RNA-dependent helicase p72
LOC551822 - 1 1 |ATP-dependent RNA helicase DDX42-like
LOC552515 2 - 2 |helicase at 25E ortholog
LOC725306 - 1 1 |helicase 89B ortholog

ive pre-mRNA-splicing factor ATP- nden

*(B) BRNF. (B RENF
®2 BRENFERENFTAFIVLOERELNRE BN A—CEIGF

Fie. BRNF LREDSF TRAFIULDIN 2 — U DNRG 2R FEO IR T & LT, WILEOER LT &
LTHIB NG Sirtuin (Sir2) OIVINF « REU—TDHWEE Nz, WIBE T Sir2 OFRBIRDO KD E
MIEESNRZE DT EMHREIN TS, Sir2 3 A U7 v FIUEEETH D, & X+ >— DNA HD
MG 2 Z LT85 T LIc X D Z L DRIETFORBNZHIET %, I V/NFD Sir2 D CpG YA kD XF )LD
IREER R THB L, 5 D0 Exon h 5% 2B 7DH 5 Exon JLHHD 2 DNERNFICB WO TEEIC A F )L
fLENTHED, TOEIETD alternative splicing ICBI5 L TWAATREMEA R E Nz (E8), §4xbb,

S

B)5F
% Methylation

=

i

I Exon === methylated CpG

IREE N F
% Methylation

&
<

[] Intron —— unmethylated CpG

* significant difference (<0.05)

8 Sirtuin (Sir-2) DiEEE CpG ¥ 1 FDAFIVL
Sir2 (& 5BDIT Y >V EEGERN 8kbp DELFTHB, E5 TV YV VDORIIDZDD
CpG A1 FDAFIVEDREEIIE. BRNFDIFSHRENFLVEEICHL

HIRNF LREDSF T, ORI S Sir2 2 VRV EMNEGRENDE EFEZBNS, Sir2 DAF )AL Z—
Ve FRBIRADOBHE, X CEETFEVNEMICIETHEZ NS T LT, BEHBYTO Sir2 OEE
fRETIESD 5N LTSNS,

DLRICANTz@ 0 | B ZNF OfF / IR TIEMEICFE S T DNA A FIUED/ S 2 — N LT B 2 &
WEMcENTe, TDXS BEAFINEDRFEISIMN TRENTBRIZS 5 H ? TORZRGELT 5721,
X5 e LT FHEERIC DWW T8 A F 10— Lt 217 5 Too  FIHEEARREE) & /S F- OFHIC B 2 N AR T, i
BT K o THDMARE U TOBEENZ(LT 2 BRIV E TH 5, BINF O FRHERRClE, SR EN
FICEZA B0 —Y)IVE) =D X ISTEBIDERENS, —F5. O/ NT O NHFR I ICE
ZNF VAT B T DI EIRER 2 BT %o

AR Sl U 7e DNA Z W T/ 2tk L RO 2170, BRATF NS 1.9 EY — B, R
NFE 0.6 ) — FOESN 2R TNEDY—FRZIVNF 7 /LRy EYT L, BRANAFTIE
34,022 %1 b, FEDNF T 10,232 Y1 S D AFIALERZ2Z1F % CpG VA M E[EE LTz, RENFT
DAF VLS A MR DR DE, KRS — 7 TV A THRENIZ) — R Db - 12 TH %,

T H R NF M, BREDNTF MG, B R NF NHEERR, SREDST FREERD 4 DO FERX T A F IV LD
JENHEREICHEES CpG U A MiEF LB, BRNFOM L IR NF ORGO Flg=>, NUHSERR A 1 o i
ICEEAR, i e NIHEARR COLIE T A FIALE D RE 5 1 FDBEEZICE D > T, H—2RETOLLED, =
DOIE TDENDRKENT ENE, SRERERIIC A TFIALD/SZ— VNI % T EMHEMCE 5Tz, £
Too BEE FIRSERRO LIS TIE. I THR< A FIUEEN TV E YA PHBEHFICE <M E N, il DNA DIF
IMEEICAFIMEENT VB T EHIRENT, TOT EIEFKTE FHEEERM LICT ¥y 2 27 0w 775
FIRED BRI Z ]I LTV B T L 2R LTV 200 E LNEL,

BWNF L RENF O NHGERR O LLEE Tld. 77 [HOBE 7h 5 G5EHT 120 D A FIUELED Fix %A
FORHE Nz, TN B DEIETO GO T OFERZE 10 1T, BICHANRT, 5 & x> 72857
BV DIRNTDIT GO Rt DFEEEIE B < 70, 1121 Biological Process Tldk. f{D GO TIEMEBEE NaH
57z RNA process £ term At w b L TW%, %7z, Molecular Function IZDWTHZ &, i Tid DNA
binding £\ 9 term MR T NFzH. FIHEER Cid DNA binding (37 5419°, RNA binding W Tk v b+
LT3, TNHDOKENSE, SRERRENATIEY 237 ¢ v ZEHEINEEL TV 5 T EAVREE Nz,

BRNAF figi > TIHEEAR 2,965 BRNAF
B m<TwmER 21 [ THEER
(41,1729 4k) Total 2,986 (34,0221 k)
> >
BR>FEE 419 BR>EE 19
BIR<{FEEH 355 BIR<{EEH 101
Total 774 Total 120
T I 2

fixi > TUHSEAR 562 EEENF
CIR<THREER 58 [  TUHIER
Total 620 (10,2324 1)

9 BRN\FORE TREERRES K UHREE/ \F DR & TIRFERD 4 DDRERX DL
BRBR TNV I ISR LNIVEWERIEAFIVEENTLS CpG U1 ME
ERXBTAFINEORENETRICRE S CpG ¥ METY
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Biological Process

|
Cellular Component

[
Molecular Function

||

RNA processing

localization

cellular protein modification
phosphorylation

regulation of transcription
signal transduction

nuclear part

Integral to membrane
Protein complex
ribonucleoprotein complex

ATP binding

RNA binding

protein binding
hydrolase activity
protein kinase activity
zinc ion binding

10 AFIUMEDE(LT B CpG T A b ZBCEEFOEGFS >~ AT — (GO)

BIR/NF LEENF O TRER T A FIVLDERELELE S CpG 1 FEET

77 fBDEIEF % Blast to GO TRt L1z
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(3 A 26-28 H. FEKZE. TEM)

B —. SR, ELAARIES. £X
KABE (2010) EAIAIIYNRFD
AMPA ZR/EY T 1=y NERETFD
B HACHESYMERFRE 54 [0
A= (3 B 26-28 H. TEKRZE. TEM)

ERKRBEE (2009) BHMMAEAIC
BT 2WEYHER BREAKRER
BMEEET S HILNAAY I —
WA VRV UL TEIFEEE LT
DHEYHER ERRYEE, (12
B 25 H. BfEAKXE. HEX)

R AREBEE (2009) ERDATES
BEITIHBRNEEMAE BAE
ELSEIE X ER 2009 £EAS (10
B 31 H. EJIXKZE, BIH™)

AR, A, &)1E—. Panuan
Chantawannakul, EXKIES. EX
AEE (2009) NF 20T ILA%E
FAELLIYNRFADEBLTFENE
D%, FNdEKRYarvroUR
YL (10 B 24 B, F)IIKZ, BTE)

HIFE—. mIIEF. MLEE5A
FNES., AREF. PR &L
ARIES. EAAKREE (2009) 10
Z—hSREELIEI VI TFDEEEE
I ERREGFRIROBT. E)IdL
KI3A4 YNV YRITL (108
24 H, EJIXZE, ETHH)

AT

R

\

>+CER
M R

FEFHFND

=]
fi#
iy

S|

35



A

N \
\ \
.‘

VT TADSHBELANIVDEE

i g

Ty

1\
T

< J\

MEAS
VT TADRABUEBREDLSBADZZALTRIEL. EDQXSITBERRRZITOTCVBH. FEZ
DFME TIEASNMCHE>TVEL, TOVFTADAEEDOZEELANIVOSHELNIVETD
ERZASHICTHIEZBNEL. T FDOBREASA RAZAVTEREERRZITV, FHl7T—
AHSERETIVEBEL. TROMRHEZER LT,

HYHZEE

OY 77 RIERIEDHI
NhebaE (TEHER)

@Fv MBEICHT BT T AR L ERRR
HERE (TFHER)
BHERE (RFHRRAT)
B (B RRZRAT)

®F v MBEDINZ—VOREEEET SV 218
BER (MR
HERE (TFHER)

(ot

36

O F 7 AERIEDOHEHEAE
i) REREIBBORFE L MR

1 DA D BUE TRER E N2 RIS HE C DS SO IE . MR O BB RO —DT
BB, TOVFTALNVTONEREIEERSZ in vioro DA TIRITE 2554k & UTHREORDOIIZLEE, #
BORMEMZEARICEAT 2 LWV FERHOSNTE 2, L L, TOHIETIE. g OYEHlN
Holee TNUIHLUTL—P—E—LIZK S uncaging IEFHMNEHETH S, —F. THETO uncaging
HETE MATA ADEK S RIBEHDH A TIMPOFIHE VKA Y M TR 2 T W TE a7z
D, BALOZ Rz HTRIMT 5 LM TERVWEEDRIEND > Too AWM TIRC 5 L@z i
RIB7eDICATD 2 HORZ B I E o7z, 1) MKOMERN T 26T L —Y —8iEi (LSM510-meta)
R—ZICLTL—Y—E—L (&4 UV) KU 27 (IR) L—¥'—) 12X % uncaging TEEADZ iz &
HTHETEZ X DICT 57291, beam-deflector & RIARDNERRUTZNZAY FA—)VT 572DV T
b (TmdI L) OFEZIToT. 2) EHIC ERLDBEIRICHBNT A A Vg EORUNMEBME TR T E %
&S ICHEMBEOIC AR L > X2 H U FE LT,

REHFEIC Y72 > T 3 AED 3B (2 WFZeRERE. 1 3% L HFBI¥%1T> 72, @ Princeton University,
Department of Molecular Biology (USA) @ERL2ERZE MR ERS 281 > % — B Carl Zeiss Microimaging
GmbH (Germany) #JHHO%EE DMEAER 2 2 il BEEIC B TEN 2R ORE (K1) BMEEN (L
BRZHD

1. ZERBD =8 D beam-deflector
2. Uncaging DN (UV) L—H—
3. AR (R) L—H— (AXL A XR)
4. HESRAIREL—Y—
(Ar L —*f— 1458, 477, 488, 514nm)
(GHeNe L —+'— : 543nm)
(RheNe L —H'— :633nm)
5. AF ¥ F— LIRS K UBEMER
6. EREIERET RIS

[

M1 BERZRAPEEOEY AT LEE

LA LEDS, EEORAD uncaging 77REEE . WL > X FOHOEHHREAR Yy FEDKE EH S
NICTIIE E Nz & O THRED uncaging I & 2 2EEANIRTE L O RAEIC KIS U TV R, EEROFEA (U
MR T A ZEARIL E) H SEAMEE(LICEIRIE S ZilEk LA 5 BT 0 s fRaez JlE U,
& 51T T O uncaging FIREEEE O HEE T [0 ORI O /1 iRRe S [FARIC B A IRIC K D RE i,

—75. uncaging FFIC W2 %75 % caged (LBWIC K 2 HEN R 72 Lkt 3 5 721 T v RIMRE
AT A ZREAROHEAIIA S M K OISV E R FRRC R 2 T W IS EM Zadik Lie (B2), Thick
5T, y -CNB caged glutamate & © MNI-caged glutamate D /iH &k O ZhHR K < 7V & 2 VB REZTEN

- B

FREFWHFO T . THE T NI
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copi J kTE3C LARENT, BIRER—HAO UV L—¥F—Y—
3 !_; ‘-L_ % ‘;_ L7 [F] — R ORI M IG5 & y -CNB caged glutamate ©
o m AR N ELER TR T DS UAVBIE E U7z Ad, MNI-caged
0 glutamate D SHEE D HEFES 2 FADBIRE Nz (M2 D%

i o Es = & J;E, NN LETFORAD,
- LIRSS L BB DR R EE LTS v MMREAMER S 1
\ S 20T IV > THINADBHRISE 0% 5 ity e ol i
Jh_h‘£E : uncaging i LI 5k — L LS o 55 5 > FHkic & b
e M - BRI R SR R LTz, TSI, 2 TR £ o T
. [ t (i L. UV L—¥"T MNI-caged glutamate ZJilifd L7z (&3 ),

s B o s [

SURMNR S AR N - S—

2me am B

2 27%&ED caged-glutamate DLLE

®3  Zv MNMTIVF Y THREIRZSE EORER S BRREOE R (ER) ICHBT 2BRRICEEE (GR)

LLEDFER K O ALLE T 1 MOMEMIE - BRRZGE o2 fz @il THBIM X g THh 2 e
RENTe (FM3HLE), TOIFERCIWT MNI-caged glutamate ZA%E# & [FIRFIC AT U CHIFE LI 51ET
BHRZERGEGHIC R AT —EIRE T H 2 Teo B3 DK I 7V F > THIRIOBHRZEE ORI E Z < ™ X
TV Vw795 LIk DR Z uncaging fIll € X7z,

E 5T, AIRA ik EOWNEIK T OMRERIZ fIREIC S 2 7elc, UV L—¥'—IC & % uncaging HIil
XD ESICEHVEMARRENE SN IR L—— (2HFL—Y—) ICXZREWMITA S K S ICEED
WRZTT > Tzo BEARHE B E PRI O 2R T A ZHEARZFIH Lz (36 R—Y FEEOEEBM),
MNI-caged glutamate % FRlD75IAIC K D Jf#5 U, IR uncaging Z2{77/&>7c & T A, EAEE U7l
O SERISDE DN, T OERMIGIIBHRIGERICHEES 2 7V 2 I VIBZEROEH LI L5 D
TH % LEZ LN RBEOZER D IEREE ST p m EE S TINE DT LREWHEIMGE N,
Fie, EDOENOHE TIE UV L—F—IC K % Z D uncaging FIIEHRE SN TV A, IR L—Y
— (2XFL—Y—) I &2 &2 5 uncaging FIIE F72ME TN TWEWV, A2 W TLURO 3 51

BRUEHHERD B Z DM 2 Hfh % 2 L2 HFEE Uiz, @ HICHEIRZER EOZ S2 8T L—Y—1Y
— KU illumination time (FEGRED) Z2ZLXEEN S EETHINT 57zdicxrn - Tu S Lok
FFZITO, RN DT TSI LTGEMU T, XKOEMA RAMZGA5TEMNTELLIIC L, C
NS K D L invivo TOHEFIIZ R Z B L 7 o2 IR L—Y—IC K D175 T LM A[RETH %, FIXI(H
4) IZBVTIET Y FRERAT A AEAT IV THIIIOBRRZEGE XS4 > FIC uncaging #liz 5 2 7= 4
A OMfEDN S DERKISZRL TS,

L

500 msec

4 7)bF 7 THEEHRZER R /NA Y RUZOEEORES 3 2 (EE)
HKLUB A% IR-uncaging uncaging fliI L CESNcERRE (AR

C DFIRFERIC K DIZIE 1D R 3A THHE 9 2 NI D uncaging AN s DRI O IR 6 R B 72
# 1msec LU T OIFFFE T IEMEICAREE TITA 5 T EAVRE NI, —RICHNIN/ -2 F5—IC K 575 TiE.
2 fHD 2 Z — ORERIHREIENC & - T T OREFOFFIHRDIRE SN, Bk TR ATREZ IR AD 1
msec L FAMG SN, ERLORRIC UV L—¥'—IC X %W uncaging Tid AOD (acousto-optical-deflector)
2R LY AT LIS & - T 2 s QRO IR 30 p s IC X TR S NG HES N TV S,
LU, RL—YP—E—LICEBHTRIOFRBFIATE A, AT70P 27 - THFELEEIL,
Z ORI Z H) 1msec &5 WM TRIBT E 2 ENAN TRIIDOEETH %,

iz, TOEBEODOEHIC, WEOFEW UV EFRROEWV IR L=V —ZFKICHWIIRTERSES T &
MAREZE L > AR Z2FE UTze LY XR2#id 2 2 L7 < UV IR L—H'—E —LIC K% uncaging
HHZTS TENTED (REEICBW TR LTV A1 4 OO 13RSI,

— RAEBRICE>TESNHAREM (1)

Z v MEEHEAMIE T OMEEERIIE®RG ED 2 F T A D X 71 = X 72 5T 3 T2 DI R
RZGEAD 2 AR (B 5A) 25 RIOEEZME > Tiro 7z, BAUEZEMEE D R—bel/ Sy F o
F Y THEIC KD BB T A%EN (EPSP) Zadfk Uiz, 2 AJje LCsmilis (3FATD Loghlif (1
FEANTD) ZekbRoSte Fosir (B 5B) LW XA I VI ZZEILERTHATe, ZNENORIKIC K% EPSP
(B 5C) kUZzhLOMFEENM (E5C2) &2 AAFRFRIFIC & % EPSP (] 5C3) DIl & ki 2 tt
U TAER (B 5C4), BRRZERICHE W TIERIE R > F T AANMEMTbNTHE D, S dEES F 7
AR 72 5| & I RTREMEAVRIR & Tz,
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20pm

Type1 Type2 Type3d FRec.

P

#7_7 10ms

2 11 -
7%\ Strong Weak Weak Proximal input
E%a 11 -
L Weak Strong Weak Distal input
X

)%

D

&

L2

D)

i

Mr

C w )

Linear summation

Strong stim.
i —
Weak stim.
I Nw‘“
3) (4)
Simultaneous stim. Comparison

] I I 2mV|_

100ms

5A  BEHAMIISERRNIRISEDRIMERL
5B  HPRZEGEAND 2 AADRET O RO
5C fRIAD SEERE Nz EPSP DIFFEINE & FERINE

— HERRICL > TESNIHEA (2)

HEIERIC BV T 7 AR, 2 QBB « 5 T AEMHNHIEZZ 0 T 5, FHCHiER
DFGEINED ¥ F T AR ZF DHDOFEEIC L 755 2 F T ABENREE, ZOAEMAN - 54
ESEDOIRIAN K E RN E B> TV BHETH %, TNE YT T AGENRENIZ, UFRD2DDA) Y
VHEZ BENBOY T T AR D OLEVEMHEROZ(L, @Y F S AGERZAKIC BT 52k, T
Tld. QORBHUZEDS BZFDAF U F v IV« HAXTA v 7 AR ZH T, L FHHEKIC X
BAEROLEME 21TV, T T AGENRZCH 5T 2 a[REM D & 2 EHPEN « 73 1R IR 72 H#E
TEUTze N7V > 4R & AT ER O BIIE TIR@Th S T LIS N TV 5,

Z v MR TRRE & 7V 2 THIBRMIC B % > F T RSENER O ERIIEIC B 59 % AMPA BISZA
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KF ¥ 2IVDOHAXT Ay 7 AL LUTUTE 6 DETIVERHA L., BIIKEDRPGEOMER 2K 2 T
& CEMBEED Y F T A%LER (EPSC &#8) Zkdiz, T T, Co~C2, 0, Co~C3~CT&, Z
NENAA > F v OVORIREE, BIIREE, PUKIEIREZ /R L TW05, FIRRERIE. ZNZENOMEELHICHE
S>TZIEL. keOcl & kelc2 i, 7IAZA DY F 7T AMBRIC BT B IREICKEFEL T 5,

kcoc1, kcicz kc2o . kocz
CO — C1 — C2 ¢ 0O < ll 574
kcico kcact koc2 kc7o
ke kescer kcaca| |kcacz kocsl kcso kcres| [kcscr
kcacs kcacs kcsce
03—' C4 o - C5 4 > C6
kcacs kcsca kcecs

6 NIV FIHREICHIT S 9-stateAMPA BUSRIADHA X T A v I R « ETIV

A EPSC
Glutamate Release B
0 5 10 15
1.2 0 L
— 2 F
z a1
5 L
E 0.6 ;,:4, 10 +
5 04 S e |
g 02 :g
0 20

(=]
o
=
P

time (ms)
time (ms)

7A  YFTRARERICEIT BT IR MRERLORREIZE 7B BREELDY T TIAER

| n I

Current(pd)

15

8 Paired Pulse Depression (PPD) D/ X 1 L—3 3 ViR

T AMBRIC BT 5 7V 2 X VRIS O RE 2 B cfoE L (B 7 A, EPSC (BlEE P+
TREF) (K 78B) ZRkdiz,

CONAFXTA VIR ETIVCK> TRD EPSC (BUEN: S F T A%EFR) M. BlohT IV -0k
MY I 2 L—v g 352N TENE,. TOETFINERIEL THUOFEFERICINS C N T
X%, TOF®HIC Paired Pulse Depression(PPD) 38X U7 = A b DWW TOERKIGE WD 2 FEfED

- BRI B

FEHFS < O, TR IS N\

e
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FERCTYIal—ya oAt ERIELE (H8),

COHEKIC X BFEHEN S, Imsec TImM OBEEOTIVEIVEEET T YA K 77 kST LD
LG OREIC 20msec OIFREEIIE T 5 2 7o ISR & [AROFERNME SN, o T, TOhARTAY
AT IEROFEBFERICEATES LA RENT,

CONARTA I AETIVERIHL T, ¥ 7 AEMIE (LTD) M6 C 5B EERKEZ Rz /3F
A= BRI U T FERFSHN S LTD ANL T - 72 % EPSC ORERIFGEICIZZ(ED RN & D, T DML
Z2 i 72 LD D EPSC DIRIF D Ak X8 2 S E B2 KD % & koc2 (BHIKAED S BIRREDHEEFD) &
kc2cd 7 = A b DES UTZBIRREN S 2 617 I = A S AEA L7 IRAEIRRE) O 2 DOHEEEEAD
BT B TEERERZ R LT3 T VR I N,

:
G, B
.
»
o
»
-
o
-
= %= o = =

et

oA FIVFVIMBE2¥%FL—%—uncaging 9B U+ FRERGCER

4 DN D% F TOFEFERIE T X TEINFRL — P —2 i 5 7z uncaging HITH B M. KORIHENEL L,
WUNEZ R T & % 2 7 L—Y'—IC X % uncaging FIIEEEBRZ1T> 720 EOAICET 2 7 )L+ Tille
DOHIfEA FIC 31 % AMPA B2k 7% 2 61 L—5'— TR L 72RO B EE L O BERKISIE. =iz
— AR TS B & T DRFERUE 6.34msec, KE E1d 20pA THH. E9BIT/RS T OMIENHAEL
BRSNS T T AEFORFRRGA S FIEF L B>z, TOMBKD, 27 L—Y—ic k> THEME
TN IVF 2 TN - MIFARED AMPA BISZ34KIE, B 6 TRENTZAA T A v I A%Fi>Tn5a T
EHREEN T,

ATOY 7 N THEEINEETE A% uncaging TE 22EEIE, UHHNE U T 7 ALEZ I ZITERK
THILENTE, DNCHmzYZEL TR,

O UV L—Y—=KU IR L—H—IC K2 [ EARDHBAATRE, < UC K > T uncaging #lHDIHTAISA 7 &

A I UTBAENE Y F T AR E OB T 0 R a—)UIC K B Y T ARG [ T4 LA TTHE,
@ FBHFORFEIEFRZ %) 1 msec & WD FOKFFIEIFRICERETRE, CHEBHRRTRHRONEZN—F 727D

PERIIRYUETH D 2 N2 T E Tz,

@ EE p m BRTH—Z31 > L)L OMUINEB ORI A AT HE,

@ BRUEHER AR DEARERZ R MU A—&E EDRIIAE S 2152 C & DVATHE,

® in vitro FEARICHW T in vivo DIRRE L [ARRIR X A F 2w V5 3y F T AR )72 i IIChin 2 % 2 & hvA]
AEIC 7R D T2,
S%ULED K S I F A4 DR R OARREE % IV TE  OEMHNIERZ1TS T ENAREIC IR 5 Tz,

i) 7)Y INA I —mDREEFE DERHVIAZE

BHMEDORETH 27 IVINA X —RDFHFFEZ 7 2 a4 2 287 Filkik (APP) ORI 5 &
2T AIERIGER T O 2 DO SEERINCE R Lic, EHICEIRT - X287 3y U —JHlHET
VS = a0 — 1V OMERGRIIR S #OE T2 —RINCEI D 2 2GR E T IV 2 MERT % C L 2idA T,
HERNDT I T iK% > 737 (APP) R DAL A RO GRS O M MG 2 148 U CHA/ER- 2
IEREICHERI G ZICIEIRIED D 55 (10 ), —AEHERIC K BMEDNRETH 5. —/1. TIVIYNAR
—IRDFFEANZALE LT I0A F B (A B) &M nACh ZZEMRDHEAEH > F T A eED Y
F—=Iw JEMIZENRBENT WS, TNOHZTT 2 EICKD T ILYINA R —JRDIIENTE D X /1=
A L7 —EBfRIH T & % ATREMEDY RO,

AW, TV NA < —iRFEIEERE 2 [EXVERAIER & TRIRGRINGE] Ko THHdT 2Lz

HNE LTWa, AEBOERKE LT, APP OREENTHS7 I KB (A B) DEMMTZDHD A
B & nACh ZZARDHBNERICZDO—KNH 5 LHMEEN TS, CORBICHELRZH T, LLTFD 2 filckk
RS TR ZIT A B 1AM Z2 7R LTz, O APP AAEHEAE O P € 7L O KX U APP AAHIEHEIC &
%A BERDBREOMI @ZFO/RICKS A B & nACh ZEIKDHAAFH OZERDRIH, < OWF%E% L,
TO2EBBECHFT TIND T E 2B LTz, () BERETIVOMEL () TOREELZT7)L & BXUERIM
FhR & DLk, RO NIFERN S, aV F—Tw VBT K 2 > F T AIEBRIGER R O i ) O 7
IV INA R — IR FEIERENE & DOPSEZ N5 T LD ATRETH %,
FECOMBEICELZR D fih 2 HOWIEEIC K b HEFRSC (N. Kasoboy, H. Kojima et al. JEEE transactions on
Autonomous Mental Development, (2011)) R E LTz, £z, NEDTTICHEL TV HESEHY - b
PG R 2 58 (H._Kojima, Springer Handbook of Bio- and Neuroinformatics, (2013)) —fR{t T N7z5H R im
RGES T v 7 —2E7 )L (probabilistic Computational Neurogenetic Model, pCNGM & i) 7238 Hy
TEB AN ZR LT,

R /\

. .a7n
Cholinergic ;) “ ¢

Inflammation/
Cytokines

system IL-1B TNFa

10 7204 FRiBFEREREIEE IR

TIVINA—J{DOMIICIE, 2 < DRI THADERETTENDH 2, AL 2 DOREN D 5,

O MEM PSR & TEIRERIIRZE ] O 2 DO 2 R XA ARG LN TWiEh > Tz, @3 F

T ARG - ZERL NV TOFRIEA = ALOfRIZHINE LTHD . MMOBEED T F 7 EE - ZARIKL
N)V T DR E DI 25 LWL 172 F7E T Z 2 ATREMEDY & 0,

INE TICES B - L2 R 23 (H. Kojima, Springer Handbook of Bio- and Neuroinformatics,

(2013)) —fUbE MR FEERI MR T3 v F 7 —27 €7 )L (probabilistic Computational Neurogenetic

- S B

FRIMWHFO T 2. THFB T NI\
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Model, pCNGM & I8) 28I TEZ 352 R L TE e, 9%, 7ILIYNAR—ROFERD—DEEZ 5N
T2 APP DL A BERIHIICH B2 NI T EHRZH 5T B eoic, REHBROEHIREEEE
TIVBH L, T OMGERNEE T IV 72 IO TEES o F 7 RN 5 £ QBRI T A—2 23T
A PRA RS IR & HUMGET T & 5 BTV (pCNGM) ICHEIR T %, S 5IC A B LM nACh 2 IRDH AN
W% in vitro 824 (777 V) 732 X FT T)VIRREIRAFEBR. A5 A AR E) 72 W To B S A B2 I 73 figeh
XD ETIV (pCNCM) & KSR Z Lt U, o F TR BEI Y F =2 ZEHOBIRN 57 )V NA
N —IRTEERNE 2 I 5T % C L ZilH B,

iii) fel & DDBIRDEERF T

PEREBOFE L L BICMOWE 23T ERREZHML K5 LT 2ENEE > TETWVD, FITHKD
HEICZZ L OHENEDDEE > TETWV S, TORNO K, LRE#Z L OREE ZOYERR & &
ZH6NZMWMOEE L UTHARRAMNCHEL X5 L9 2R BTN T 0D, RIFFETIELLTD 2 55z H
&9 %,

CNHLRNEMZMORETH 2 THREYY) EARREORARFITHZ ] ZRAEE LT
HIARIZO S THRL K S &35 ATH B, LML, TOREE, fmzr—-5icFsc i3, BEET
DJELHPRI S ENSHWT L TH LWO T, TORMEDY Tu—FOFEIg 2 X THEET 5 L 28—
DHIEET %,

THIC, MOMREICEIT 2HEELRMEE LT 17407 BdHs, THUCBE LTI VUNFOTTE) & DR
TEHINTWVS, TOMEZESICHIATSZ EZ2ROBMNET %,

CO RIS T TICZ  OMFEEDEL DREBERERZT>TETVEDT, ¥3IN50EED
BREME LTz FRHC T NS OO T £ ELMEOHEME (BRI, HHOE, DEYONT
5D OFEZZ2BULIEh O L TNE, ROEZHBLBONEIEZ SZHEEL, ThZ2RESE S, DITIC
Wit Z A T E 25159 %,

(1) Rva—RE N Ao 7 HEROME :

RO —ZXOFE L TWS = DORE : Q)L—H & « Rya— R E @00 E O B AR R BRI I
B LUWHRR RS 20805 % &9 % F5RD izt Uiz,

RYBE—ZXENAT T OFEET 2 N O EFROM & 2 BANICH > T0 55 L U THFIRINGD [F 22—
TV V| Ol E EAEBEEINCHGT U,

(2) kLA 7)VEtORE

HERYIERAN IR E R LD 8T AL LT, MO I3 NEsEH R o T3 & LTHERTZ
BLVIEXZEREL TS,

(3) v RDOEFRDLER DIRES

Neural Correlate Consciousness (NCC) # 9 C LICEAZBE., IFICHE RN THON S RO
ARO[ AR BN 2 A TV B
(4) T —ILDLDBER DG}

D EFRO B ORI, P20 E OO MG TH O #hiRAEYIHIC K > TOHfiE
BHTZ2LRBLTWVS,

(5) IXF ¥ ¥ T OMIEADIRHEHIIC X 55,
Rk 7 AV T IREAARTH 2 L DEZRIBA, THLICEEEET 20 & UTHEEEZH T T\ 5,

DL EOMICHE Z NA ToFEE . TV 2 — LA F TV V[ [ X ZT)V T2y b IR Iy I - Uy
P TT7 Y REd VA [T b Fr == [FAFZX-R=Y T [FZR /=T )],
(Varya—x0777Y  [h=)be /=Ly bFUR—=a ) [EARE—ER], TREFEM, THET.
NaEEM, RIHK) TH %,

AWROBRRE LT, 20134E9 A, I 77 BIHALNERRE ) OREY VRIT L Tz LT
WBOD L DEMOBREFET S| ZLL RO A VN—TITWVRREEZHE Uz, AME (TSR - E¥
HELY 2—) A (VY =— a2 a— YA T2 ARG Gt Q7B R EE (R
JIRE) . AHRIEA GLIRABEREE)

ZDTT AT Y b 2LIFIORT,

DGR, DR TS - (iR OR I TREINE T ETREL G- TS, MEPZOEERHNE,
DIz LIz BH—RIC T EFESKEEEZ DALz B 2N A A LE T 52 & ThB, TODEE
PR EDFEE T UL DIRAI A EICIR > TLE S DA I M MR TIZO L DO ORI HE TN T
WaE I bND, IabE, LElE ZR—#d .00 —F (Mind-Brain identity theory) T& %,
LWL, DETHEDERIZEENZZDIEA S LOHR ] DIOIEINC K> T MEAHEINhD ] 5o
TXODEA Iy DIERNTZT TIRD VDDA S, ZoZ 8., MM 7ZT 58ERDN, T L
M4BIERICBE 9 2 EARIEZIEIRIC LIz R, MRPAICIKIL L 7 0P 2 2 BT 2 2 L3 TERV K S I
bbb, RKVVRITLTE, DIKBEHRZSD THRIVE L, DI & MREOBIRIEIC DV CHERRT %0

OV YRIY LK > THBRMRERZ DN > TED K S I DDE & 2E Z T O mENS
bNlce REOE OV 7REICEHL TR, TNEIYNFOEDD O M 2RT 8 DFX K]
L OBE R Lo TN TOMRIC XD RO FTAEMEENTZDT, 5IEHEMH 21T, FHTICX
YU—RXDH 2 DFEE ZTDIER LEZ SNHHEHAMOF ZREE T2,

@F v MBEICHF BT T AR L ERERR
i) BE CA1BICBIT BRI 724 IV JERFTBUANDT7 £ FIVOY) VR

SRR S OMER (R L7 7R ENTERTSENC K210 (b 720 R ORIz E -
THEL. FCBETERATERRZNSDR LT v T AT EHMREIREENSD by 2T VA0
HHRAEDEEN TN 5,

135 CAl FICHENT, RELT Yy TRIOA 1L UT CAS B XUMNTNS VF T AANIND S, &
Fe b TR R INCE, HEEEO Y AEEIE = - DSORGB 0. FOTF T AFHEED 5
MHENZ 7 2F)Lay I KB slow EPSP MR TN TV 5,

F1ORFE, Wi T ARSINE 7259 EPSP (Excitatory Post-synaptic plasticity : B> ) 7 2% EBAL)
LBy F T AZ a— 1 YISO BRIRZER 2 W69 % BPAP (Back-propagating Action Potential : j¥
CIRTEBEND O AV (EHEZEA O K&D, ¥ F T A E%kOR A #1752 % STDP (Spike Timing
Dependent Plasticity : A/34 7 XA X 2 FHKAFIERTEME) D5 E N TH D (Bi and Poo, 1998), Th b
ET Y RTA MBI BEHAGUHDO AN AL LTHEHEN TV,

ULDOUARNLT Y TANE N TZT Y AN E LSS NEZN VI FRHRIEEAEREINT
WEV, ZTTTARZETIE. by TSET UERNR N LT v TERICE Z 28 8CEH U, W% CAL fEi
KB BERAEDAN=ALZS TDPOTH b )b VTN,
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Top-down

St. Oriens®I|;Z IJ Bottom-up
Schatter®ll;
I
BECAIZa2—AY
1

<FEAE> (E11 21
2 ~ 3 MDD Wister Rat " Sl UizigH R 2 X
400 p mICAT A AL, ACSFYAWLT 1 BFEIALEE (K
FEh, FoN—IIRET D, N F IV
I X D CAL I Pyramidal & DMk /Sy F
w2 A L. Ml EN 2 bRl & & BT
AERIMEAEEE I %, £z, EPSP ZBINIT % 7z
WICEXHREH B M Schaffer fIFICFIAT %, &
5ic, V) AMEEE= 2 — o Y AR UNENE T &
FIV ) VR E B % 728 Oriens JE I 7 &R
WA T %, HiE % —>id, Schaffer filf;
T EPSP i i < 78w FEMIC K 27 AKHlH L
DT YT RAIVT7% A t=12msec (Positive
Timing). A t=20msec (Negative Timing) & L T
5Hz T 16 BRI 2175 (STDP #Ffd 71 k2
W)o X7V Y TRIFIEADN S 10 BRI by 7%
v > A43& LT Oriens J& ~\ 40Hz

Positive Timing D % 0.5sec [HH| O #2170, slow
2 4 4mv EPSP DVl T & 2 RAEICT B, %
/k\ s — LTCanD —HoRigE AT % i
L ° - iy S L% 30 AT k-
% gy o Soweesp 150 SR (20 BRIFE) IC & % EPSP
8200 | *M 2ol || B smomsTEL, ZRETH
7] o
s 100”9@%‘1 ---------- é,’ % E
L” 1 2 &
% ©_ 10 20 30 0 Control sowgpsp M mEEE> (BIT2ZHY
Time (min) 3V MBS 2 — 1 A DFIf
gative Timing F L& BT HFILTY VIIAE R B
1 3 SQ—nJ“V STDP D EIE, G2 Ihno Tz
_& /F\_sec 150 T (a¥ba—)b) KA EPSP O
300 — - a— ZALRDKE L5 % T & DR
< e © e, CRUCKD TEFLTY U
& 8 SF T RO RS B T &
%100 ) %50 5. MEE CAL BT kv 74

0 0 10 20 30
Time (min)

12

HHIEA LT v THERERE

. Cont

ii) B CA1 BHRZEEEIC S T B AT S HREDRRIT

FURE IR IC AL & SN B S5 CAL ik Z 05 & L, STDPICDW T, (AR THNIE. H %5
EPSP Z5 | &9 F T AR L . MO Z A IV T TERESNDD) S7TcDDZER-IM - K
W72y T AANNNS % L& FNFNDTF T ZAASIWMUTT D STDP I MIF 3 I DWW Cidkam L 720
BEIRZGEIC 1) B IEBENSE 2 2 RFEREHG 2 /73 W < Dd 500, AW TR EBEO MBI OIS H)
A W R r — )V CREBN 2L ZMET 2 T e M TE, v F 75 Tz N2 & 0 i xR0
2Ptz (VSD; voltage-sensitive dye) ZHWEA A=YV FiER M Lc, £leBHLOYFTAICE
\}% STDP ICs6 872 5 A 5 FBE LT, T ABRMIANFEA U I BT BRRISE AN 2 WA A/ 81 &
(bAP) ZEZ Tz, A

Control + EPSP-phase + |PSP-phase + Negative-phase

(w/o Proximal input) Proximal input Proximal input Proximal input
bAP inpuy
bAP bAP bAP bAP

PD input f.—
. T ipsp
DD input i i i i
\ + v v +

AT EPSP EPSP EPSP EPSP

Distal #° S
STDPe

B

160 1
140 1

-
N
o

-
(=]
o

Distal STDP, (%)
888 8

o

13 PD AAIlc &% DD-STDP MDFf#R
A: STDP 55EH BN 21 Lno DD AFID.bAP ASNCH T BIEFIE R 1 = > F'ld +5 ms (DD [ LTP Hi2E 2)
ICERE LTze ZHUTHIZ T, PD A% [ L (controh)] [+5ms] [+20 ms] [-5ms] & L. bAP - PD - DD
ARDXRT )V TREET> 2
B:PD ANDAER 21 = J|cikiZL T, DD ITHIF% STDP A L Lz, BE. DDITHEWTIE +5ms DR A
IVUTIELPHRRES (JFT7&RE) H.STDP FHERIMEEC PD ANEEXN 2 A I Y [+5ms] TR S &
ESIIELTPALERELIE(UZ 7)o —ATPDANZA I 7% [+20 ms] TMA B & LTPIERAD LTI (92 78),
PDANIZAZ VT % [-5ms] TMATHZEICIE. LTPICE tiFR5NEh T

R S OFFEE G - 32) H¥A S 2 S, ZNZNHERIY « ZZMICHN &> F T AR ZTTS 12
HOREEM 2 A (PD AJJ+DD AJD) &, ¥+ T AGMBEOFRNZFFHT % T2 ORIEM 1 A (bAP
AID. BEl 3 AOREEMZ VSD THRE LI AT A ZAEAICHI AL, PD AJJ - DD AJ1& bAP AJ1E D
MR 2A I THEZZXTY 7HE 7 a b 3Lz W T STDP Z#FE Lz, DL &, DD AJJL bAP
AR 2 A 2 LTI, AJIERIC LTP A aFE I N5 X4 2> 7 (Tsukada et al, 2005) I [E&E
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LTzo ZOFER (E13), PD AJ17Z17H9 . DD AJ1& bAP AJJDOXRT Y > JHiliic & % STDP A& T,
Tsukada 5 (2005) O L AEIC Y F 7 ARE IR I NG, Uil LT, PD ALZEIA Tz
PD + DD, bAP ANIC X BXRT V) V7 HMEliTolze A, VT TASEEPD ANDEA IV TITHRIFEL
TZEL Uz, TORMIE, bAP DBLIRZERZ a3 288, PD ANIC KBV F T AENMNEEET S EEZ D
N%M,. PD AJ1& bAP ASJORIE A A 2 2 K> TEREZHE %22, ZDT LN DD ICHIF %S STDP
DRE S ZHFFT AN RENT: (F14), ThSDRERIE. ZBD Y F T AANDMAHET 55 84
DYFTXICEBIT S STDP Ik, DT FTAANTEDANZA IV TICEX> TR ENS T L BZRET 5 E
DTH53, EIZFKHC, TNiE STDPICHBWTEEHAENMAEL, TNIEBZ 52 % F T AAITL bAP
DXTV T RAIVTICE ST, Wil - MEDOXTT AR D 5 T L I3FFEITNERNTH S, TD
T &id. STDP ICRHY 2 My s KU R MR R A ORISR L, B BIBEZ 525 58DTHD.,
Hebb A[¥1%35 K O STDP 7245k U 7z RERHEE RIOFE 2 R T 5 L B2 BN,

w/o PD input 4: bAP stim. AFIF (%)

_ _ (bAPinputonly) | 4 PDstim. g5 o 03
Line-scan image

............ - 2 20 40
_________ Time (ms)

+PD input
(EPSP-phase)

-

200 pm

PD DD "
! |

0.3 * PDinput

shott . oo . : i |
i **‘;,:f.ﬁwm HH e N ST SN N
:i?o.?%ﬁ ++++++ H‘ * ﬂ "%Dir:]p_m
g%mﬁﬁm+m HWHH Hhty -
2 b

b
L
Al W ! Wz: st

-------------
T T T T
0 50 100 150 200 250 300 350 400 450

Distance (um)

-20 0 20 40
4 4 Time (ms)

14 Y TAAAICL B, BHRZEEITR O T bAP D
MRMADRNICE DGO T, BERZEENEEIT B bAP % VSD A X =TIV Jlc &> Cafb Lz,
BAIEIRY HIcE> T hAP IFEERL TV (BE) A\ ZOBPTHENZ A>T [+5ms] D
PD ANZEMA S & ZDIRIEIFIEAL. DD £ ML (B, WLTHENL2 A>T [+20 ms)
DPDANZMAS L. TOEREBIGRD LIz (BEF).
E'FLifﬁHiH@%Eb‘B@EE%’ELZﬁT% bAP ANBED VSD &7 FILERLTWS

(B 1 bAP ANIDF#, IR 1 PD ANIDI TRt bAP AH +PD A] [+5msl. &R 1 bAP AS1+PD AF7 [+20 ms])

i) BEEAEIRRAMRIC ST BEHMRESIRELD A THRE
PRER IET DR T DR IR 2L D 3 I B NS H U CIRFZERINIC S5 5 AW ED K S ICMBEN TS

DIEFIRD BISTEET > r— > TR U TR A T 7o BHIRZE S H5Hﬂ®29®ﬁhk

EEAINC K % EPSP INBEDFIEIEIC DV TR S 2 7 HICHFZEREINIC B 75 B Rz it LTz, BAARRICIE. 7

e £ 72 S KIS UTHMRIGEISIR > Te A1 8 2 RO DGRND AN Z Rl 2 A 2 2 TR Z DD L,
ZFORDISEZRFIM UM LTze £z, ZOROD T AN Z A LEHHNB Tz DICHFEHRER 2175 Tz,

AW T 2 FEEHO XY Jil Line B (53 I 5372 B5 W T2 BRIRZSEICIR - 72030 & Branch # (2 &AD
DB % 2 feflE) ZiiLe (15,

Line Branch
S Ss
S12 | I
—)t
=
Bs S IN 1% #2
N B BEOR
E.[ 5 ouT
Sz Sa3 S12

1=0,5,10 [ms]
& 15

FIHIDIT, 2 ATIORIRFRIFIIC K > THEL L7t EPSP IC350) 2 IERRE 251 L 72 Line 37z K¢
MEFE T = 0 ms THI SN SE CHEE (5, 10,20 p m) i L7za. 2 sih 5 /e 7 1a\o Fhfk 7z i
RLTEAN - HIBRICAERERZZIRSNED >Tce TNE ORED BIENRHRZGE D S fIfdAND > 7277
ANDRE R O A K - TaAtd Nz EPSP I3AyE TH > 7% (X 16), —J5 T, Branch fili#%x
RFIRIRE 1 = O ms T 5 [H UBEEE (5, 10, 20, 30 p m) NfEL7ZHE. 5 pm & 10 p m ORI
HEECIIAREANER SN, CTOIEMEMIEHAZE L TV ERLITNE BTz, TND OREFIX /I8 55
MHD57F: 10 p m LN TD ATID EPSP A FIRFC IS AT A S LIRS N D T W RE 5 C
EWIRENT, ZOATIEGIE DI RGEIC K > TS Nz (B17), T 51, MIfafk & 7y i o Bhk

ZEH U, JESRIE M O BB A7 1% % Branch FILTEHI L7z, 9% & hN% EPSP IC ¥ w’(@h&i%’?ﬁéﬁb‘
B E NIz, HIFAD SR K TOREBEN DR &8 100 p m BN TR E N IR ED IR &
7z (18), BREIFERGHIEIC 351 2 BHIRZGR ) I8 Sl NSRS & i HRZSE TIXIAL i L THD .
BENESTIEAIS—ATH S T ENWMEEN TV (Claiborne et al. 1990), &> T. ZDFERA 5N EPSP

T— 2 MEEESSHA S, F UCBNEE D B « Phishikget .
D AN E OBL ISR 21T > TO B TR E 2 5N 5, -
* *

1 4 = 1 -
o W Siz

k] o
=4 O Sos

0 -1 T T 1

5 10 20 ol

5 10 20 30

Stimulation distance (d;, d», d3) [um] Stimulation distance (dy, ds) [am]

X 16 17
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50

1.5
+*

s | sptesdy
<4

1

0-5 L] L] L 1

0 50 100 150 200
Branching—point distance (d,) [llm]
X 18
A B dy,da=10pum C  dy,da=20pm

*
/ control L—

_,_/ \_, * *

J"\__ffﬁ - 1 -
o

Ni+APS

50 ms 0 - 0 -
control APS Ni  Ni+APS control  APS Ni Ni+APS5

19

B1%IC EPSP OIFMEINE D) F A A = XL 25N T S72dic, 2 D7 > 2 d= X k7% ACSF
NINA oo BRI FISBARIEN: Ca2+ F v X IVITIRIE L. NMDA F v 3 )V DEEIIEMN 2> 1o (]
19) iRz T D2 L. Wk uIRE ORI 7 I8 f 80 Tld. BRIRZSEICIR S T [FlIRE AT IS ARIE IS/
ANMEbD O DI S FHEEEADFEKEA NI HEAMMBE L 2E X D REM5b2 T ehbhoiz, 2L T,
FUFFISENARIFN: Ca® F v RIVDEETH L T L EHLMNIC Uiz, FLld. T OIERIEED tIRENC
BOWCT, RYT 47740 — RN\ IR A OERHRHIERE LTS F TAATI DA U CHEELMH &
ERELTVWEEEZ S,

iv) BHREDFICKVRBREFICECZREZREES ) 71 ORE

BT D ET IV Z RO IS EHE TN R L. L ZDREZRESTHT ENTES, T
DEAEDH LOHEZ A T TERAIRORIETH 5, DX EMANETIVOIBITIEINF DS DA - L
7y TOMRIZF TEL, by T XY VOEREMAET 208N DH 5, TERDMRICE > TRELY v 71E

MO PAEAF LT ET VDK A /1 = X LIRS S BERIICE MR DS MICR > TETWE D,
TERAIKDE SN D HTz by T2 e 2 FBIT 2 A = A LIS 28 Z L A L R0,
CTTRET Y TRXIVOERE LT, WM - SO SR 1SS CEHEER (RELT Y
THER) HENOBHICEH L, RO HICEDRIMNTE T IVO H OB EZ ATREIC ST 2 A h = X 7%
B3, £72%5 LEBEHNERE. EAERMOII 22—y g VTHEREREREERSLTEY., MNETIV
OHCHMICEZA 23322 —2a OB UTIAR TN TES, RELT v Ty TR
LVINTORROMEERZ A F I 7 AEBREFHHOWAENSHEMCT ST ET, A3 2= —
v a VORMANMRBEEEZ RS A E LTV, BRI TebEy MNERFICBI 2R MLT v 7 - by
TR ANEROMENEM | 2Nz, Tabb, BILVEY FOBEHEEICBWT, BHEICKZRNLT v
TR & BT IC KB EERD by T2 ERNOCHENER T 2 Z2ifiNs 2 &2 N E Uiz,
<HE5> (20 B8

I-1I .,
I1I-1V
V-VI °.,“
» CR. UR
o ODMAZEAE)
[ MGv ] [ MGm ]—-»
............... : US(ERRIH)

FEE 1 CRGEZR)
CS(8) US(BEMM)

& 20

EIVEw MTH U TEM#IE (Conditioned Stimulus, CS) I #fi. #ES&%111# (Unconditioned Stimulus,
US) (Wi @D ESXHNIEZ V2 M SR T 2175 Tee T ORBMSEIFTIIIC K D EEREFICAET 5 7]
R ZEIC DWW TEEHIEZ VW2 2 DOFBRIC K D #NTz, £, Hlies & i e BEHNRIC X %57
BT Ty IV CS % (12 kHz) & &IV TR Non-CS # (4,8,16 kHz) 1k}
T HMEHEEOINEZIICDOVTIHNT, Z ORI, CS BZIIR LI EICRD . ST RICISE D
BRDHERR I Nz, — /. BHETIERL, MENOBLXHINIC K > Th, HEEH LEFIC T 2 R
HEIN2D0TERVDEWS BN S, Bz R Il EBXRIEIE 2 5 2 158 ORI INE 2
Tz,
<KEREEZS> (2188
fE & LT, ST amcid 2 < Rs Nah o Toili i B SURIERIC 0 9 2 BER S O JSE ST RICBIINE
Nic, EHIC, CS & Ll BB 2 BRI ICE I &, BN R SNz, b DRERIEE, 2
WSt C & % EAURIBIC K 2 US 1A, RPkA, AiIKEEE 288 TR N7 2 F )L a1 > & GABA
MR END, FFIRHICHEREZED 1. 2 NS EERANSH 2, T CSHITHT HHEREAINCEKD

SE |

FRIEMHFO T ). THFBTIT NI\
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BRFORRBBANE (BREIYT)

c oI N

4 kHz 8 kHz 12 kHz 16 kHz

- s ee

14ms 16ms 20ms 30ms 20ms 24ms 30ms 40ms

3 = = \'1,.: X

. \ \. bi \ IR < A B )
f \‘: 8 f v\‘: R . PR * i
s T a9 . N e N oo 9

120ms 124ms 140 ms 200 ms

5688

M4 ms 120ms 140ms 180 ms

& 21

TG E LT #AMIIC BT, ALYy TANE USHRIC & 2 b v T XD ASDOFEIC & O EHlHD
HTHREHBIICENET 2 X 51CED . TOMR, RIS U7 BER RO IS E el & Rl
HICHBEANHENZEDEEZENS,

RO AR BRI & vl TR N A BRI K B 2 TSR T =211 o T2,
fiRE LT, ST HLOMEETIE, 7w Fra v 7 UTAREREE OISEDATH > Teh. 2 R5%
AT LT TR, BERE EAURERIC B ISEN R 6Nz, T, ¥V — ROV 77 2R
TEDTHBEEZS. HDVIE, MEPRATD, BMTATDI2H2R%E L, HEHD AT = X L7z
LNV CHALT BRI LIc L EEZA B NS,

HEHETYR avsERAWN-ES A FHIZEST,
EEER- - B -AHERERICECAAEMELELFHATCHAT-. EE S

4
&
A nas

JFE+ Yo+ Fovkiawy

FHFTEE FEETHA

X 22

EBRER: F-X-TvhavIcib2REHMTT

50 ms 90 ms 260 ms

X 23

v) B85 CA3 FORCHBNG Y — 2 ETROERICET 558K I aL—Y 3>

LRI D BN & LTS NAiEIE, 3 DD M (DG, CA3, CAD) »57&0D., KT CA3 &
PR 2R DR MG L 5> TV, BEOMPEEIE S — 2V XL EMHIN S 8 Hz hED R
BEHEOICE > THETENS T DS NTED . —& Y XL LEHOMRIES) & OBIRZIHSMMIT S
T e, BEHRLBE OISV TEETH 2, k. — 2V XALBIBERATRBILTWE EEXS
NV, T8RO Ty FO CAl MHEHIIE Nz —2 ) A LRETE E U TS O B#Fmic s -
TEREL. ENTHRBL T RN ENREEN TV S, £fEd 22— XTI OREA N Z X LIS
P TREWVD, RSS2 R DS CA3 IS B 2452 R DS B DIZIB N Z DA D 1 DDRA]
REMEE L TR EN TV 5,

Z TT. AWZETIE CA3 ORI ZE R L, SERHIE & MIHIPET eI 572 % CA3 DEHRE T )L Z 1S
L. CA3 THRmME 2Dy — 2 ) X LETIDH ORI AR TE 2 2 2R L, TNET, #REH
NADZIRA 7 2 A X 2 FIHRAFE LT ATERINC K % CA3 DR AE D2 K > T EHIR (Edsm)
DOHETTIM H CAHERNIC B E NS T &b Tz, AL T, HIfIPENTERMIEDREE D T TEW,
TR MG 2D 2 & T HMRRICAE R E NS o — 2D RN Z D L 25T
Lle (B24), BOHIHIPEOERIS ZHF D77 M FsmW IR T 2 DA MICIMMcET 5 T LN TE X
WEEZSNSH, TORIE L I3FES 2IMHITEOEIR B TR 9 B HRmTEOE TR AV ER E Nz,
F2BE, CA3 TG E N TV 2 ST IERES 2 R DD O-LM MTEfiffaid, >~ —2 ) XLOREH T
b BMHEHTIAICREOERZRFOC LN 5, AUZEORMIRIE CA3 DEBNEHR L —HLTVE, ZD
Te&, ARWFEOMRIZIES CA3 MafEd 52— 2V XLOFRERTH S 2RISR L, EHICBED
TEIRLINE T OEITIICHED EFHBIEN TR T L2 RmB LTV 5,

(@) BEIREITTR (A TFZERET D) (b) EERMETR (ERENDIERE)

50 % L 50+, g = : H

L

30

20037
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BB (2011) i85 CA1 BHAERE DSz
BAIINE ; HEHRE % Vo fRAT.
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DS RYET =7 LANIVOEEFER

HERE
VFTADFBHEENZ—EWVWS I 7ABLANILLS, #laky bT—7ICHIFBEE
EREWSIII7ALGLANIVTES TRIEY AT LOREEZHH# e, o YIVDITEIHIRD
BEORREAL TBFZOREEFNEERZBIE L. FEREOEHANLEEZHM;

BHYHRE
D3 v +OBEIEDBTHERRR
RERR (RRIEEAZRA)
HRE (TR
QEREMICE VS BTHFBE L URIEOTEME
FHAIE (BA S HRZRRT)
QROFBRENE S
BHA (BRIEEAZER)
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@® Zv bDOBEICEDLZITENEERER
(B IDIREDBEICHIT S = 1 — 0OV iEENIDMER]

S IEELE - AEICB G T 2B TH O . FHCITEN 2 — R F 1R U 7B AR HRIC 351 2 1D IR
i (FE¥EE0) ICEBEREEIZ Rz T EWRBEN TS, L L, BEO= 2 —1 VGBI ZE# 0E N
WEZMENE L GGiT=a—u ), EFEOMWTWA i, BEEE R ERARERICK > TERELE
fichz T ENMBENTWS, FEHOMRIEENIC X 5l EBEDEREIRZHZ 5 DICIE, HERADZ
2 EHE AT, SR EROBEYIRAHEINAAI R L7525, £ TARMIE TR, /—XAR—7 iz
ZeRIEAE SR i (delayed spatial alternation task) Z{ER L7z (& 1A ; Takahashi et al., 2009a,
2009b), T DFHEI., / — A R— 7 KOt (FBREEE PSR E UT2E 8 2 cm B D7US, B R 22 S A B T GR
—F 7)) ZUTHRIGE UTHRIET %, MIHNIZNOWNARICRE LTeRt > 2 Hniz,) 7% 1 # kR
EEBTLICK>TOLI D LR (fixation) 277 U CTAGDBERITENZENE XS ICTH 1
LTH%, TOM®, b R R E AT & SRRER ORI T &, ZBhDIEMER
BOZITODITIE, FESIFEEGMRNNE (TEIRMODEYY) 21T EICRFFT 2 080 H %, AffsE
TIREY, COFEHMICE T 21E 0= 2 — 1 G2 RElIC gl Uiz, #8RkD =y M3, 1240
AR 2 A PRI BRDIA G BRI TR O B HTTE FOIRREIC W T, S i OMEEE) (=2
— 0 GBI X OJRFTKE (local field potential; LFP)) Z5dEk L7z,

= LRtrials C
RL trials

A

"LEFT-TO-RIGHT" trial
START

M ‘;5" FIXATION
REWARD

DELAY

ala

LR:1
e _ RIGHT

T - R LR:3 u CHOICE 2 3 0 1 2 3 2 -
K AL LR Time (s)
LEFT R LR5 E
a AL

Firing rate (spike/s)
o 8
Normalized firing rate

O
m

CHOICE

Q o 1 . 200 8Hz 4 PRE ° ’.‘i;
REWARD 33 EARLY 508 39
DELAY > 51 m £ : —wE Lo g
> Tofp FE POST 2 T g
- o
FIXATION § g ] ;.04 g )
START [¢] o ©02 >
0 0 - F 9 L6
"RIGHT-TO-LEFT" trial -04-02 0 0.2 04 5 10 15 20 25 30 PRE EARLY LATE POST & PRE EARLY LATE POST

Time (s) Frequency (Hz)
1 ZERSEEBIEAARISEREE & fixation (OEIRENTE S DEIEEE)
A) / —AR—7EIC K BRERREED RN
B) IEY — NkEMOH B = 2 —0O5EEIDMH (0~ 1 #H fixation)
OIEY—NREFEEDHZZ1—OVEBDESFHE AT S L (n=28)
D)B T/rLfcZa2—0O >0 fixation FOFAELAOBESHEBEE R M Z L
E) fixation g1 CA1 MR TEEEk LTz LFP D/INT—ZARY b IVRE
(EARLY, LATE I3 fixation D&M 0.5 #, PRE, POST I fixation M=+ 0.5 ##11%)
F) > —2E30/I\T—
G) BXBEDFHRE KL

ZORER, WBED 3 > F T AMREEEOHIIEICH 725 CAL fEIIC I T, fixation FHSERIYICHE B
[ EREGZ o —n iEENREI N (F1B), /o, b0 a—ny @AM oficik
TV — RIRIEME (ERBRERISHEIC BT, RISAHE N T % 70 fixation &, EXERT S
17O fixation & O CIEESEEIC A% R IWED) ZRTZA TIMAET S T L eERE Nz (18, O,
NSO a—a YR ENT LIcK D, FEHRRIC BT 2 (EERRNR RO MRENE. B rHh

PASN N APV s == |

—
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T 5= a—ny (GfiZa—nY) ERARZSMIENICK > TRIEENTO S AR R E NI,
CORTREPEI, MRS DBUEIC K o T2 A 5 RS ERE D IEE R O A AEIRIN EY L 238 R OT TEI S5
HEL—HIBLDTH 5,

A Preferred sequence Non-preferred sequence B o Preferred sequence
360 10 90 o Non-preferred sequence
_ —_ e o
]
g 180 g g 0 .88.82000000" (]
g 3 g e 00
e o S 5 s 90 o o
o F B oo a0 00
s (1]
© - + -180 ® 0%
é’ -180 é) - g °
-360 & 0 270 -, T T T ]
- -05 0 05 1 15
Spike/bin

Time (s) Time (s) Time (s)

2 BEERICHIT B 21— VIEBOMEY T
A) IEY—MEEFEEERLEZ1—OYVESHT —2OEEFHT—2ILHT 5.
RANZAZIVTELFPADY —ZRDMUEEDBEFRE (n=24, 0°HY—2KDIL)
B) 0.1 ¥R T & DFGEBNIAE

(B2 lLIREEICR 5N CAl Z2—OVEBDAEY 7 1)

R, fixation FO= 2 —m EH & LFPICR 6N S —2 U XL (E1D, E) ORFRMEZfTL. LIT
D& S i ZFE R LTz (Takahashi et al, in press), %3, CAl SEMAHNNIE. fixation FIAAEALIC (& [HIFH
EoffufE cRE NS > — 2ol (200 °ISHY) IChifiay 79 5% CriBiEM 2R E ST 50,
1 D fixation B HIC7E 2 L — X PEDOATIEHT X512 dT 2 (i T b)), TOBGEHLT
280 LT, BETEHTICRONZGT= 2 — 0V ONMHEARS (G 2 —n > OiEEfEEK (place
field) %< FANEET BEIC, FEKZ A I VT —ZFEONMED LT ORIEL TITE, RIKIICH
360° MitHMHIHET 2 HE) MHILN TS, LAL, T4Uucxf LT fixation FONMAHZA LXK 180°Ic & EF
STWV%, 1BPHADOEZEOD fixation IZDWTEH, [AERD 180° DAiMHT 7 kA fixation HICHERE E N7z T
EMD. TOBRE, ROTEFHHFICHT 7B RUE E BE U 7BIR TH BN E A BN 5,

T HICHKFEN R E LT, TOMMEY T PRTEY — MR Z/RT T EDRBIT 5N S, F2AICE,
fixation FHOJEENHAE 2 T ¥ — FMKEFIIC CIARJSIREIC BT 217ERMDENICE > T) ZkEE5
Za—B DOV T, X0 EL OIEEENZRETE ST —r VA% preferred & —7 > A, fi1}57% non-
preferred >—7 > X & LT, fixation HONAHT 7 s OHEMMMEN (population trend) Z#&/RL TV 3,
95 &, fifH 7 M preferred & —7 A TR BEZICHERE E N2 D, non-preferred > —7  AIZDWNT
& — 2o hitEE v 7 UGB E A fixation AR OIZIE 2K D7z > T L TV B T b h 3
(2B &2, TOXSEMHEL . TERDNMFAHFITIERENEh > TRETH %,

LLED XS 1c, BETEITR & # iR CAL SO = 2 — 1 ViE# & o — 2 ik & OBIRMEIC IR, Bl e
LI, ZLOMEMBHRINZ, TNHD AN ALDE— N Eh SEHRTRETH 2 M EMT D
T, SROKVFMEHRADBETH S,

[CAT S CEHAIE N B A IR DER]

FIEIRREIC I 20> 7 PR OBT Z g d 57007 Ta—F 00 D& LT, [FAHRIC CAL
BNEDX S BHEZSAN 2RI TOBONZMET B 5END 5, BHEICIE. AL T EH 5D AT 72
RENTSZUT . Z D% CA3. CAl ZRH UL TRANE VENLESZT T2 0bd 5 32 F T AR L,

WLNET I JED 5 CAL NEEEANIMED BN SN TS (F3), EEOEHIER-DHIHIZER 5 |
CA3 5D AT 30 ~ 40Hz O LLARE B 72 4T > < EEDMES> T D, BMNEFH 5D A JJIcid 60 ~
90Hz DEJE 75 H > WHMES T0B T EMIFALMCE> TV 5, (> T. TNHDA V<Al LFP O X
AFIVARPZ BT LT, CAL FEENZIT TOB ANESOZELEHHES 5 T LD ATREE 155,

AWFFEC fixation DA > <iitEl LFP 72 fifehft U7z, @Jai AT > <13 fixation FAREIZICIR ST — 7%
AU, ZTOBBELTWL T L, Z LU TRERA > <X fixation BIIAZICIR LIS/ 8T —& &8, fixation 1
BICE— TR L, Z D% fixation W5 179 % F TEWVEEHMERF LIz&Ic, 2T 2T e 2H ALK
(4 A ; Takahashi et al., in press).

F 7z, fixation HODH > DFE BT OV T — R X B2 EFOFE et LIz T A, @l
WA =<k EARRE TR E N2 > — 2o fifia Y 7§ 3B T/RT—NEE D, TR Ewicik
JERE AT > =E T — 2 ORITHHE y 7 LT — N E K 2D EREE iz (B4 B ;5 Takahashi et al, in
press)o it> T, MW A < ZHES NN S DA & R > <215 CA3 5D AJ1iE. CAl
THKICBOTHK T 2MHTIRDATN TS T EMNHE MRS Tz,

EC(lll)

High gamma

CA3 DG

3 CAT SEIEIND S e DDHREIR IR
(EC: RAEF ; DG : B&IR[E] ; SP : #EARSE ; SO : L&/E | SR URfE / SLM : iR D7)

>
w

-
o
o

1

-
n
o

Power (a.u.)
Frequency (Hz)
Power (a.u.)

Frequency (Hz)
©
o

D
o

w
o

Time (s) Theta phase (Cycle)

H4 FREHARO CA1 MREBICBIT 2 AV IBENT—DEA1FIU R
A INT—ART rS L (05HZIBT EIC t=— 1.5~ 425 |CEEN D/ —TiZ#A4L)
B) AV<&E/NT—DY—2ZRATOY b, FHITOT— 214 fixation BARFRITR
EEWY—HEOBDNRRICESESICERL, Y—2EDOMuiEE e L TERR.
XHIC 8 Hz DY — 2D ETRY

(B ILREDBEICH T HERUEETIV]
Z v bOBETEIZRIES B & @A YD EE S T ED SN D SIBEANDE S A8 &
BT EMENENS (B58), COLZCHH/ANEERSNTL ZMHME LTE, MHEINEOMEE (HlZ

DN —J7 ¢ NOSERE B
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ERTETTEFOE AT D OFEOR TIC B ERCENIE DS 2 55, RN &5 ORRHEEHS 2
EETEHE. TNOOEHIZNIRE, CA3, CAl DITXRTOWBHEMICESN TR EEZLbNS, ZTL
T, NS DONWEHRIGHEHBNES, K CA3 — 2 —a Y OBAH AL > TR E N % B G ER O
Fov 8T 2B L, RICE SN ETENCHERER (fixation DRFEEDO TR, UTTERT BN
EHIRER L) BREET ZHEENEHETDOVTVRAREENE X 5%, TOX S BEHRUEE T VI,
fixation D HHELIFFIC 72 > C CA3 0 & D )5iRIE 72 KW B K& A > < by CAL f CiE % (2L T2
D237 —(Z fixation £ 1 & [FAIRFIC 2BICIRE T %) BHROMINE L TEZYZEDTHS EEZ B,

Wi T 7= fixation D= 2 —a UGN 5NNt 7 b & £ 72, fixation BIERHC RN E kD
ATIDEOEREH T H % > — R DINChifia w7 Uiz 4, fixation $241C1d CA3 75 D AN HVH
WEEIHFTH B Y — A ORI T Y 7 LRiEEINEeBIT 2 RE 7z (RI5B), TOHKIECAl D=a—
O AR FTEEAND AT DA A v F2RKMU TIEI XA I T2y T N ERT 2R T 28 DIEH,
MRS, COZa—uaEEFOMHY T McldZ Y — FMKEMEDA D > T2 2 LICHET 2080 H %, DOF
D, BLEZ 2 —OVEHIONHEY 7 SRR ATIDOAA v F 2 KR LT 28N ESTH 2 &3,
LA TETO CA1 SEAMIEAD S Z51TICBNT DL I BAMHY 7 FZRLT LN ERNETH B
DICH LT, AR TOT =2, FEDOTERIORITTIINMY 7 R RE R0V Tz, JERICHERE
MEMEZRBT 25D LR> TV, LIEN> T, Za—aVGEIONMMY 7 MEfEMIC CAL T O A
NECDFE I Z T T2HETH SN EDD, ZORAHZALICIE, FZa—arH0IFZF0%E
HMMER LTS Za—1Y « X U —7 ORERENGZEEINRKE FEEL TV AITREENEZ B Nb,
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Abstract Upon leaving the hive, foragers carry a small
amount of honey, which they subsequently consume to
generate energy for flight. We investigated the relationship
between waggle-phase duration and crop volume in foragers
(both dancers and dance followers) leaving the hive. Our
findings indicate that these variables were positively corre-
lated in the two types of bee, suggesting that they were able
to adjust the amount of food that they carry depending on
the distance to a food source. We also found that dance
followers left the hive with a larger amount of honey than
dancers. We suggest two possible explanations: (1) dance
followers have less information about the location of the
food source than dancers, who have a better knowledge of
the surrounding area; or (2) honeybees lack a precise cali-
bration method for estimating energy needs from waggle-
run duration. The effect of foraging experience was con-
firmed: bees decreased their honey load at departure with
repeated trips to a sugar-syrup feeder. Honeybees showed a
different pattern of change when the feeder provided soy-
bean flour as a pollen substitute, possibly because honey-
bees use honey not only as an energy source but also as
“glue” to form “balls” of pollen on their hind legs. Based on
our observations that followers of sugar-syrup foragers carry
a different amount of honey in their crop than followers of
soybean-followers, we suggest that waggle dancers also
convey information concerning food type.
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Introduction

Flying animals consume much energy (Peters 1983).
Honeybee foragers fly great distances from their hive even
though they have limited energy reserves, such as fat and
glycogen (Panzenbock and Crailsheim 1996). As an energy
source, honeybee foragers take small amounts of honey
from nestmates through trophallaxis shortly before leaving
the hive (von Frisch 1967). The honey is stored in the crop
(honey stomach) and is consumed to provide energy during
a foraging trip (Gmeinbauer and Crailsheim 1993). Males
leaving the hive on a mating flight (Free 1957) and workers
preparing to leave in a swarm (Combs 1972) are also known
to fill their crops with honey.

Although a large honey load enables a worker to fly a long
distance, there may be costs associated with carrying the load.
For example, increased body weight due to the honey load
might increase flight energy cost (Wolf et al. 1989;
Feuerbacher et al. 2003; but also see Balderrama et al. 1992;
Moffatt 2000). A large honey load might also reduce maneu-
verability and agility, and consequently increase predation
risk. These costs have been reported in birds in association
with fat accumulation (Witter and Cuthill 1993). In addition,
there may be additional costs specific to bees. Since bees
transport liquid loads (nectar and water) in the crop, carrying
honey limits space for these loads. Visscher et al. (1996)
argued that this is why water-collecting bees carry only a little
fuel when leaving the hive.

Considering these costs, the amount of honey loaded be-
fore departing the nest should be regulated in an adaptive
fashion. Beutler (1950, 1951) investigated the relationship
between the crop contents of foragers leaving the nest and
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the distances to their food sources. She found that foragers
collecting sugar syrup at a distant feeder left the nest with
larger amounts of honey than those foraging at a feeder
nearby, suggesting that bees adjust their fuel load as a function
of the expected energy requirement of a foraging trip.

It is well known that honeybees communicate the loca-
tions of food sources to nestmates by means of dance
communication (von Frisch 1967). The distance and direc-
tion to a food source are expressed in the duration and
direction, respectively, of the waggle run in waggle dances.
Nestmates can obtain this information by following the
dances (von Frisch 1967; Michelsen et al. 1992; Riley et
al. 2005). Therefore, it is possible that dance followers, that
is, potential recruits, determine the amount of fuel needed
based on the dance information, as previously mentioned by
Beutler (1950).

Conversely, dance followers may be expected to have a
larger honey load than dancers because waggle dances indi-
cate only the approximate location of a food source. Followers
may therefore require more energy to find the food source than
dancers that have already leamnt the route from the hive. Esch
and Bastian (1970) reported that indeed recruits need more
time to reach a feeder than dancers. Other studies have shown
that the dance language contains a certain amount of intrinsic
inaccuracy in terms of the indication of distance and direction
to a food source (von Frisch 1967; De Marco et al. 2008). This
inaccuracy in the encoding of spatial information is, at least
partially, due to a sensory constraint in dancers (Tanner and
Visscher 2010). The waggle dance recruits bees to a relatively
wide area of 25-100 m in radius around a food source (von
Frisch 1967; Gould 1975a, b, 1976; Towne and Gould 1988).
The fact that a considerable proportion of followers fail to find
a food source (Seeley 1983; Biesmeijer and Seeley 2005)
also suggests that dance information does not provide suffi-
cient guidance to a food source and that recruits need to search
the target after arriving at the general area indicated by
the dance.

To examine whether foragers use distance information in
waggle dances to determine the amount of fuel loaded at
departure and how this determination is influenced by foraging
experience, we investigated the relationship between waggle-
run duration and crop contents at departure from the nest in
both dancers and dance followers. We also evaluated the effect
of foraging experience in another experiment in which bees
were allowed to visit an identical feeder multiple times.

Honeybees collect not only nectar but also pollen as food.
Typically, individual workers tend to collect either—but not
both—of these substances (Free 1960). Beutler (1950)
showed that pollen foragers carried a greater amount of honey
than did sugar-syrup foragers working on feeders and
explained this finding by arguing that pollen foragers need
additional honey for collecting pollen. Pollen foragers typi-
cally regurgitate a bit of honey or nectar and then mix it with
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collected pollen to ensure that the grains are sufficiently sticky
to form pollen balls (Hodges 1952). If Beutler’s argument is
correct, pollen foragers may adjust the amount of honey
carried at departure differently from nectar foragers because
the honey will be used for an additional purpose, not just for
fuel. In our study, we compared the regulation of honey crop
content at departure between foragers collecting a pollen
substitute and those collecting sugar syrup.

Methods
Bees and hive

A colony of honeybee Apis mellifera L. housed in a glass-
walled observation hive was used for our experiments
(Fig.1a). The colony consisted of a queen and 3,000—4,000
worker bees with two frames of comb. Each frame
contained a large area of brood in the center, both sealed
and open cells of honey in the periphery, and pollen stores in
a belt-like zone between these two areas. The conditions
were maintained as above during observation in some ex-
periments, but brood and food stores gradually decreased in
the other experiments carried out in a flight cage. In the
latter experiments, the colony was fed 500 ml of 50 % sugar
syrup using a feeder placed at the entrance of the hive and
with a patty of pollen substitute (Feed Bee; Bee Processing
Enterprises Ltd., Canton ON, Canada) placed in the hive
about once every 2 weeks. The hive was placed in an air-
conditioned (27+2 °C) room.

The hive was connected either to the field or to an outdoor
flight cage (3.7x3.7%2.4 m; Fig. 1b) with a transparent cor-
ridor (9.5%33x3 cm) made of polyvinyl chloride except for
the wooden floor. The corridor was equipped with a sampling
apparatus to catch workers returning to or leaving the hive
(Fig. 1a, c). The sampling apparatus consisted of three tube-
like chambers that were open at both ends. These were placed
at the middle of the corridor so bees had to pass through one of
them when exiting or entering the hive. Bees were captured by
closing the chamber with two pieces of plastic board after they
had entered the chamber (Fig.1c).

Bees returning from foraging were guided to one side of
the lower frame by a wedge-shaped wooden block placed in
the entrance of the hive (Seeley 1995) so that one observer
could observe all of the dances performed. An area of comb
adjacent to the entrance (“dance floor””) was covered with a
nylon screen (1820 cm, 4.2 mesh; Fig.1a) through which
the bees were marked by the observer as described below.

Marking bees

The thoraces of bees performing a waggle dance or those
following a dance were marked with a small amount of
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Fig. 1 Experimental apparatus.
a Horizontal view of
experimental colony housed in
a two-frame observation hive:

al nylon screen covering dance
floor, a2 sampling apparatus, a3
colony entrance. b Vertical

[Hive] Flight cage

2.8 m

view of experimental set-up in a

flight cage. ¢ Sampling
apparatus. Departing bees were

Feeder

confined in a chamber by
inserting two pieces of plastic
board vertically. Each chamber
can be used separately. d Crop
exposed by separating thorax
and abdomen. e Sugar-syrup
feeder. f Soybean-flour feeder

colored chalk powder using a fine paint brush (no. 0; Sakura
Co. Ltd., Tokyo, Japan) inserted through the nylon screen
covering the dance floor. We adopted this method to mini-
mize disturbance to the bee upon marking. In many studies
(e.g., von Frisch 1967; Seeley 1995), bees were marked with
artists’ paint. However, while such markings have advan-
tages in terms of visibility and persistency, the method
sometimes induces intensive self-grooming that interrupts
bee behavior, including dance following. Bees marked with
chalk powder seldom show this undesirable response.
Markings with chalk powder tend to persist for only a few
hours, but this length of time was adequate for our purpose.

Measurement of crop contents

Marked bees leaving the hive were captured using the sam-
pling apparatus and fixed on a dissection dish by an insect pin.
Each bee’s abdomen was gently pulled from the thorax using
tweezers to expose the crop (Fig. 1d). The content of the crop
was then quantified in a 50-pL microsyringe (Hamilton,
Reno, NE). When the contents were too small to be collected,
even though a small amount of liquid was seen in the crop, the
quantity was considered to be 0.25 pL since the quantification
limit of this method was 0.5 uL.

Relationship between waggle-run duration and crop contents
To examine the effects of distance to a food source on the

amount of honey in a forager’s crop upon departure, we
investigated the relationship between waggle-run duration

=

in the dances performed (N=54) or followed (N=44) by
bees and the crop contents of these bees as they left the
hive. The experiment was carried out from late June to early
August, 2011 with a colony in which bees were allowed to
forage freely in the field. The duration of the waggle run in
waggle dances was recorded with a digital voice recorder
(model ICR-PS401RM; Sanyo, Tokyo, Japan). Three to six
waggle runs were recorded per dance, and the average
duration was calculated from the record. We focused only
on dances performed without pollen loads.

Dance followers were sampled only when they went to
the hive entrance within 3 min after following a dance. A
dance was usually followed by several bees. We sampled the
bee that most actively followed a given dance.

Determination of crop contents in relation to foraging
experience in a flight cage

To investigate the effect of foraging experience on the crop
content of bees departing for foraging, we allowed bees to
visit a feeder multiple times before we measured the crop
contents. In this series of experiments, an observation hive
was connected to a flight cage, and bees were prevented
from foraging on natural food sources. The experiments
were carried out from September to November, 2010.

A sugar-syrup feeder (Fig. le) was placed in the flight
cage on a table that was 2.8 m distant from the entrance of
the observation hive and 1.2 m above the ground (Fig. 1b).
The feeder consisted of a plastic board (12x12% 0.2 cm), a
piece of polyvinyl chloride screen (diameter 9.5 cm,

@ Springer

(-] =&EE |

73



(-] =&EE N

74

1172

Behav Ecol Sociobiol (2013) 67:1169-1178

thickness 2 mm, mesh size 5) placed on the board, and a
glass vessel (diameter 7.5 cm, height 6 cm) which was filled
with 40 % sucrose solution and placed upside down on the
screen. Bees fed on the sugar syrup that leaked from the gap
formed by the screen between the glass vessel and the
plastic board (Fig.1e).

To recruit the first bee to the feeder, a cotton ball soaked in
sugar syrup was initially placed at the entrance of the hive;
once bees were sucking the syrup, the cotton ball (with bees)
was moved to the feeder. Some of these “priming” bees began
to commute between the feeder and the hive and subsequently
recruited other bees. When some of the bees had been trained
to visit the feeder in previous days, they appeared at the feeder
and recruited other bees a short time after the feeder was
provided in the morning of the experimental day. In the
absence of these priming or previously trained bees, the feeder
was often not found for several hours. We did not use the
priming or previously trained bees for analysis.

When bees arrived at a feeder, we marked each one on the
thorax and/or abdomen with different colors of acrylic paint
(Acryla Gouache; Holbein Works Ltd., Osaka, Japan) for
individual identification. These bees were captured on depar-
ture from the hive after they had visited the feeder one to four
times and sacrificed for the determination of crop contents
(19-23 bees each). Only a small number of bees (<10) were
allowed to forage at any one time to avoid crowding at the
feeder. In addition, a few bees were allowed to forage contin-
uously so that naive bees were always being recruited to the
feeder. Excess bees arriving at the feeder were captured and
not allowed to return to the colony. When unmarked bees were
going to leave the hive after following a waggle dance, they
were sampled as followers; crop content was measured in 37
followers. These bees were considered to be making their first
trip to a feeder; it was always certain that these bees had never
visited the feeder before being captured because (1) the feeder
was provided only during an observation period and (2) all
bees that had previously visited a feeder were marked. We also
determined the crop contents at departure after bees were
allowed to forage on the feeder continuously for 1-5 h. In
this experiment, multiple bees were allowed to visit the
feeder at the same time and marked with paint upon the
first visit. Measurement of crop content was started 1 h
after the last bee was marked and ended within 5 h after
the first bee appeared at the feeder. Most of these bees
were not individually identified, but some were in order to
record the number and rate of their visits during the
foraging period. Forty-nine bees were sampled for the
measurement of crop content.

In other experiments, dry soybean flour (CanDo Co. Ltd.,
Tokyo, Japan) was provided in a Petri dish (diameter 9 cm,
height 1.5 cm) placed on a plastic board (Fig. 1f) to compare
honey crop contents at departure between bees collecting
this material and those collecting the sucrose solution.
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Soybean flour is commonly substituted for pollen in bee-
keeping practice. Sampling of bees and determination of
crop contents were carried out (N=21-49 each) as described
in the experiments with a sugar-syrup feeder. The experi-
ment was repeated twice in different weeks using the same
colony. The amount of remaining honey in the bees’ crops
was also measured when foragers returned to the hive after
collecting soybean flour to estimate the consumption of
honey during a foraging trip. In addition, the size of
soybean-flour loads collected by those bees was measured
by weighing the loads after drying at 100 °C overnight.

Crop contents in followers depending on the food type
collected by dancers

To test whether dance followers regulate the amount of
honey load at departure depending on the food type collect-
ed by the dancers that they followed, both sugar-syrup and
soybean-flour feeders were placed 20 cm apart on a table at
the same time. Bees visiting one of the two feeders were
marked with paint of different colors to identify which food
they were collecting. Most bees solely foraged on one
feeder, and bees that changed feeders were eliminated from
the analysis. When these bees performed a waggle dance in
a hive, 40 or 50 followers were captured for determination
of crop contents upon departure. The contents were com-
pared between followers that paid attention to a sugar-syrup
forager (N=40) and those that watched a soybean-flour
forager (N=50).

Statistics

The degree of correlation between waggle-run duration and
honey crop content at departure from the hive was deter-
mined using Spearman’s correlation coefficient (r) for both
dancers and followers. After obtaining regression equations
for the data, fitness of the equations to plots was compared
between dancers and followers. Differences between actual
data and expected values based on the regressions were
calculated for crop contents as well as between the two
types of bees using Mann—Whitney’s U test. Analysis of
covariance (ANCOVA) was applied to test the difference in
crop contents between the two types of bees under consid-
eration on the effects of waggle-run duration.

The effect of the number of visits to a feeder on the size
of the honey load at departure from the hive was tested by
Steel-Dwass multiple comparison after Kruskal-Wallis test.
The Mann—Whitney U test was used to examine whether
dance followers adjusted their honey load size at departure
depending on the food type that a dancer had collected. We
adopted non-parametric methods because inequality of var-
iance was detected for some data sets. All statistical analyses
except for ANCOVA were carried out using Excel add-in
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software Ekuseru-Toukei ver. 2007 (SSRI Co. Ltd., Tokyo,
Japan). ANCOVA was conducted with JMP ver. 9.0.2 (SAS
Institute, Cary, NC). All statistical tests were performed at
the 5 % significance level.

Results

Correlations between waggle run durations and honey crop
contents

When bees were allowed to forage on flowers in the field,
dancers showed a positive correlation between the waggle-run
duration of their dances and the size of the crop content at
departure (Spearman’s rank correlation r,=0.74, N=54,
P<0.001; Fig. 2). A similar correlation was found in followers
which significantly increased the amount of honey taken from
the hive with increases in waggle-run duration in a dance that
they followed (,=0.58, N=44, P<0.001; Fig. 2). When the
amounts of crop content were compared between dancers and
followers taking into account the effects of waggle-run dura-
tion, the values were generally lower in the former than in the
latter (ANCOVA F, ¢5=23.26, N=54 and 44, respectively,
P<0.001).

From these data, regression equations were obtained as
y=1.5399x + 0.7879 in dancers and y=3.7244x + 2.3053 in
followers (P<0.001 each), where y=honey crop content upon
departure from the hive and x=waggle-run duration. When the
variances of the actual data from the expected value were
calculated for crop contents in the two bee groups, these were
statistically smaller in dancers [1.76+1.82 uL (mean + stan-
dard deviation, SD), N=54] than in followers (3.57+3.32 uL,
N=44) (Mann—Whitney U test Z=3.89, P<0.001), indicating
that the regression equation fit better in the former group.

25 1
O Follower (44)

20 - ® Dancer (54)

Crop content at departure (uL)

0.0 0.5 1.0 1.5 2.0 25 3.0

Waggle-run duration (sec)

Fig. 2 Relationships between waggle-run duration in a dance performed
or followed and crop contents in waggle dancers and followers upon
departure from the hive. Solid and dashed lines Regression lines for
dancers (y=1.5399x +0.7879, P<0.001) and followers (y =3.7244x +
2.3053, P<0.001), respectively, numbers in parenthesis sample size

Effects of foraging experience in sugar-syrup foragers

With repeated trips to the sugar-syrup feeder, bees decreased
their crop contents at departure (Kruskal-Wallis test Hs=
91.09, N=169, P<0.001; Fig. 3). A sharp decline was found
between the first and third trip, but the decline appeared to
continue after this point because the mean value had decreased
still further after 1-5 h of continuous foraging (Steel-Dwass
test P<0.01). In the continuous foraging experiment, bees
visited the feeder a mean of 11.2+2.8 times (N=16) during
the first hour, but we could not record the number of their
visits in the later period because we had to leave the feeder for
the measurement of crop contents (see Methods).

Effects of foraging experience in soybean-flour foragers

In the soybean-flour experiment, bees briefly landed on the
mound of soybean flour once at the soybean-flour feeder
and made balls of the soybean flour on their hind legs while
making hovering flights. The soybean-flour loads were
brought back to the hive and unloaded to a cell in a similar
fashion as observed in pollen foragers coming back from
flowers.

The crop content in bees leaving the hive after following
a waggle dance was smaller than that of other bees (Fig. 4).
It is possible that being marked with chalk powder disturbed
followers so that they did not receive a sufficient amount of
honey from nestmates. We tested this possibility by marking
experienced foragers on the dance floor with chalk. Bees

37) (21) (200 (19 (23) (49

4 -
=
= 3.5 -
o
g 3
S
o 2.5 -
°
% o
c
Q2 15 A
c
o
o 1 4
Q
o
G 057 pance \C
0 folloyver ‘ . . . .
1 2 3 4 5 1-5h

No. of foraging trip to feederforaglng

Fig. 3 Influence of foraging experience on size of honey load upon
departure from the hive in sugar-syrup foragers. Different letters on
plot indicate significant differences (Steel-Dwass test P<0.01). Error
bars Standard error of the mean (SEM), numbers in parenthesis
sample sizes
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leaving the nest for a second trip were marked with chalk
powder before they received honey from nestmates; this was
also done in followers. We detected no statistical difference
in crop contents at departure between second-trip foragers
marked with chalk and those without chalk marking (with
marking, 5.9+1.6 uL, N=29; without marking, 6.4£1.9 pL,
N=20; Mann—Whitney U test Z=0.47, P=0.64). The chalk-
marked second-trip foragers left the nest with statistically
significant larger amounts of honey than chalk-marked fol-
lowers (4.1+1.7 puL, N=30) (Steel-Dwass test P<0.01).
Therefore, the smaller crop content in followers was not
attributed to the handling effect of marking.

Honey crop contents in bees leaving for the soybean-
flour feeder changed depending on foraging experience,
but the pattern of change was different from that obtained
with sugar-syrup foragers (Fig. 4). After returning back
from their first successful trip, the bees left the hive with
an increased amount of honey in the crop (Steel-Dwass test
P<0.01; Fig. 4). The amount of honey load did not signif-
icantly change thereafter, even when the bees continuously
foraged for 1-5 h (P>0.05). This pattern was confirmed in a

a trial 1
10 - (28) (24) (28) (21) (28)
8 -
b
6 - b b b
-
= 4 a
o
£
8 | Dance
8 0 follolwer ‘ . ‘ . .
©
€ b trial 2
£ 10 -
§ 39)  (49) (29)
a 8 -
<
O 6 - /b .
b
4 - a
2 1 Dance
follower
0

1 2 3 4 5 15h
No. of foraging trip to feeder °©/29IN9

Fig. 4 Influence of foraging experience on size of honey load upon
departure from the hive in soybean-flour foragers. Different letters ac-
companying plots indicate significant differences by the Steel-Dwass test
(P<0.01). Error bars SEM, numbers in parenthesis Sample sizes
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replicated experiment (Fig. 4b). In the continuous foraging
experiment, bees visited the soybean-flour feeder 11.2+2.5
times (mean + SD, N=10) during the first 1 h.

Effects of food type that dancers collected on dance followers

When the results described above were compared between
sugar-syrup and soybean-flour foragers, the followers of
soybean-flour foragers appeared to load a larger amount of
honey at departure than sugar-syrup foragers (Mann—Whitney
U-test Z=3.51, N=37and 67, respectively, P<0.001; Figs. 3
and 4). This difference was confirmed in another experiment
in which the two feeders were provided during the same
period so that data were collected under the same conditions
(Z=3.46, P<0.001; Fig. 5).

Honey load remaining at arrival at the nest and size
of soybean-flour load

To estimate how much honey was consumed during a single
trip in soybean-flour foraging, crop contents were measured
in bees arriving at the hive. These bees still had 2.0+£1.3 uLL
(mean + SD, N=51) of honey in their crops. Because bees
foraging on soybean flour loaded 6.7+1.9 pL of honey at
departure (N=198, bees that had visited a feeder once or
more), we estimated that an average of 4.7 uL was used
during a round trip. In this measurement, bees returning
from the first successful trip were not sampled because they
left the hive with a smaller amount of honey than the others.

We also sampled loads of soybean flour from the bees’
hind legs upon arrival at the hive. Figure 6 shows a negative
correlation between dry weight of the load and amount of
remaining honey in their crop on arrival (Spearman’s rank
correlation r,=—0.51, N=35, P<0.01).

*k %

Crop content at departure (uL)
w

Sugar syrup Soybean flour
Food that dancer collected

Fig. 5 Influence of food type that dancers collected on size of the
honey load of the respective dance followers upon departure from the
hive. Error bars SEM, numbers in bars sample size. ***P <0.001 by
Mann—Whitney U test
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Fig. 6 Relationship between size of soybean-flour load and amount of
remaining crop content in returning bees. A regression line (y=—0.4767x
+3.9292; P<0.001) is shown in the figure

Discussion

The results of our study confirm those of Beutler (1950) that
foragers load a certain amount of honey at departure
depending on the distance to a food source. We further
found that the amount of honey loaded was influenced by
dance communication, foraging experience, and food type.
These results demonstrate that honey bees possess a com-
plicated and finely tuned mechanism through which they are
able to regulate the amount of honey loaded before depar-
ture from the hive.

One question is whether the amount of honey loaded
corresponds to the energy expended in flight to the food
source. A regression obtained for dancers (Fig. 2) predicts
that dancers showing a waggle run for 1.3 s, which indicates
a distance of 1 km from the hive to the food source in our
bee strain (M. Sasaki, unpublished data), have a honey load
of 2.8 uL at departure. Assuming that the concentration of
honey is 20-80 % (Gary 1992; Seeley 1995), the sugar
content of the load is calculated to be 0.5-2.2 mg.
According to an estimation by Visscher et al. (1996) based
on Gmeinbauer and Crailsheim (1993), workers can fly
2 km on 1 mg of sugar. Therefore, bees can fly 1-4.5 km
with 2.8 pL of honey. When the waggle-run duration in-
creased by 1 s, which corresponds to an increase in flight
distance of 1,087 m (M. Sasaki, unpublished data), dancers
increased the crop load by approximately 1.5 pL of honey
(Fig. 2). Following the estimation described above, the
additional honey increases the distance to which the bees
can fly by 0.6-2.4 km. Although the concentration of honey
that foragers load at departure was not closely investigated,
it would appear from our results that dancers adjust their
crop loads in relation to the energy requirement in the
foraging trip.

Do dance followers determine the amount of honey load
at departure based on dance information?

The crop contents of dance followers leaving a hive were
positively correlated with the respective waggle-run dura-
tions of the dances that they followed. This relationship may
reflect a determination of the amount of fuel load based on
dance information. Although this explanation appears to be
reasonable because followers can use the dance information
to locate the advertised food source (von Frisch 1967;
Michelsen et al. 1992; Riley et al. 2005), our results might
exaggerate the effect of dance communication on the regu-
lation of honey load in followers. In our study, we did not
control the foraging experience of dance followers, and
when dancers advertised food sources by dancing, some
followers may have already visited the sources. In this case,
followers attending the dancer could adjust their crop load
size without any reference to the information provided by
the dance on location because a flower scent carried by
dancers would be sufficient to re-activate them to visit a
previously visited food source based on their navigational
memory (Reinhard et al. 2004).

It is known that some followers ignore dance information
and that they visit a previously visited food source other
than an advertised site under certain conditions (von Frisch
1968; Griiter et al. 2008). These bees may load a quantity of
fuel based on their own memory independent of the distance
indicated by dances. In our results, however, the sizes of
crop loads correlated well with waggle-run durations in the
dances that had been followed. We sampled the most active
followers among many followers attending to a dancer. This
method might have helped us to avoid sampling bees that
would ignore dance information because bees that have
followed waggle runs many times (and so appear to be
especially active in dance following) tend to use dance
information (Wray et al. 2011).

When discussing how followers determine the size of a
honey load by referencing dance information, we should
note that waggle dances do not convey explicit information
on energy needs for a foraging trip. Srinivasan et al. (2000)
demonstrated that the waggle-run duration encodes amounts
of optic flow in the route, but not absolute distances, to a
food source. Since the rate of optic flow per unit distance
varies depending on the visual features of the ground en
route to the food source (Esch et al. 2001), waggle-run
durations do not always show a certain correlation with
energy needs for flight. How followers estimate the energy
needs and determine the amounts of fuel required based on
waggle-run duration is still an open question. One possible
strategy of followers is to fill the crop with the maximum
amount of fuel when they are activated to visit unfamiliar
food source by waggle dances. Although in our study the
crop content was generally correlated with waggle-run
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duration in followers, the dataset does contain a number of
extreme outliers with large crop contents. If we assume that
these outliers only represent naive followers (followers that
had not visited a food source indicated by the dance), the
presence of these outliers could be explained by this hy-
pothesis. Another hypothesis is that naive followers use a
gross calibration method, which may be innate or produced
by averaging optic-flow rate under the specific circum-
stances, to estimate energy needs based on waggle-run du-
ration. The calibration would subsequently be modified to
match the actual energy expenditure after making flights to
the food source. If this is the case, dancers are expected to
estimate the energy needs more precisely than followers. In
accordance with this prediction, the variance of the plot of
the respective regressions was statistically smaller in
dancers than in followers (Fig. 2; also see Results). These
hypotheses should be examined closely in future studies.

The effects of foraging experience

Followers had larger amounts of honey at departure than
dancers. We demonstrated that this difference resulted from
a difference in foraging experience between the two groups
of bees by showing a gradual decrease in crop contents at
departure as bees repeatedly visited a syrup feeder.
Consistent with these results, Brandstetter et al. (1988)
reported that the total sugar content of a bee’s whole body
(including the crop) was larger in foragers that visited a
feeder only 6-12 times relative to those that had foraged
there for 2—5 days. These data suggest that foragers change
the amount of fuel taken from the nest depending on their
information state.

Followers may leave the nest with additional fuel for
searching flights because waggle dances only indicate the
approximate location of a food source. Once they find a food
source and leamn the route from the hive, they would reduce
the fuel loaded at the nest. However, this is not the only
explanation for a decline in load size at departure with forag-
ing experience. Followers may load a lot of fuel because they
do not have a precise calibration method to estimate energy
needs from waggle-run duration. Upon making several flights,
they may decrease fuel to actual needs. However, there are no
data to exclude either hypothesis at present.

Difference between nectar and pollen foragers

In our study, bees collecting soybean flour were characterized
by a large honey load at departure. This result is consistent
with the findings of Beutler (1950), who observed larger
amounts of honey in departing pollen foragers than in
departing sugar-syrup foragers. In our study, bees needed to
take some honey from the hive to make balls of collected
soybean flour because our feeder did not provide any liquid
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food. The need for “glue honey” should be a major cause of
the increase of honey load at departure in soybean-flour
foragers, as suggested by Beutler (1950). A possible increase
in the metabolic rate due to a burden of soybean-flour load
during a return trip is unlikely to account for the increased
honey load in soybean-flour foragers because this load was
estimated to increase only by 10 % compared with that of
nectar foragers (Feuerbacher et al. 2003) and the feeder was
located very close to the hive in our experiment.

Assuming that foragers did not consume honey during a
foraging trip to the feeder in our experiments, the amount of
glue honey used to make a pair of soybean-flour balls was
estimated to be approximately 5 uL on average—that is,
70 % of the total honey load taken from the hive. However,
the honey remaining in their crops at arrival at the hive was
negatively correlated with the size of the soybean-flour
loads, and the bees that returned with large loads had used
up almost all of the honey that they had brought (6.7 pL on
average). Considering these results, soybean-flour foragers
would appear to have had a sufficient amount of honey for
making the largest possible pollen balls but that some bees
returned to the hive before collecting this much food,
suggesting that honey load is not always the limiting factor
in pollen collecting.

Soybean-flour foragers did not decrease the honey load at
departure over a course of consecutive foraging trips, unlike
sugar-syrup foragers. An increase was found after bees
visited a feeder once, but no significant change was ob-
served in subsequent foraging trips. These honeybees may
have learned the actual requirement for glue honey during
the first visit and loaded this amount of honey before sub-
sequent departures. Whether pollen foragers working on
flowers also show this increase is unknown, but our results
suggest that foraging experience differently influences the
amount of honey taken when it is used for glue versus fuel.

The regulation of honey load at departure, including a
response to the distance to a food source, is little understood
in pollen foragers. The amount might be affected by the
availability of nectar on pollen-source plants because bees
could use nectar collected from the flowers as glue for
pollen loads. Honeybees, however, often forage on flowers
providing pollen without nectar (Shuel 1992). Parker (1926)
suggested that pollen foragers working on such flowers take
larger amounts of honey from the hive than those working
on flowers that also provide nectar, although this tendency
was not observed by Beutler (1950). Thus, the regulation of
honey load at departure might be more complicated in
pollen foragers than in nectar foragers.

Do waggle dancers convey information on food type?

In our study, followers left the hive with significantly larger
amounts of honey when a waggle dance was performed by
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soybean-flour foragers than by sugar-syrup foragers. This
difference suggests that waggle dancers convey information
on food type because the followers had never visited any
feeder. This may not be surprising because pollen foragers
usually perform waggle dances with pollen loads on their
hind legs, whereas nectar foragers do not. Diaz et al. (2007)
reported differences in dance-following behavior depending
on the presence or absence of pollen loads on dancers. It is
also known that recruits tend to collect the same type of food
as has been collected by dancers that they follow (Lindauer
1953). These observations agree with our point of view that
followers can learn which type of food is available at a food
source through a dance.

The results of our study show that the size of the honey load
at departure changed depending on various factors, such as the
distance to the food source, the type of food to be collected,
and the informational state of the foragers. These findings
support the hypothesis that a honey load taken from the hive
is associated with certain costs and that bees have evolved to
optimize foraging efficiency by regulating the size of the
honey load. It remains unclear which costs are produced by
the honey load. An increase of energy requirement for flight
seems to be one cost, but Balderrama et al. (1992) and
Moffat (2000) suggest that the amount of nectar load does
not affect metabolic cost in honeybees. Both the costs and the
benefits of the honey load need to be determined if the
ecological significance of the regulation of honey load at
departure is to be elucidated.
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Abstract — The potential uses of baculovirus as a gene vector to queen honeybees were examined in this study.
We used a green fluorescent protein-expressing baculovirus with wild-type envelope and two pseudotype
viruses of which one overexpressed GP64 and the other expressed a virion protein of a honeybee virus on the
envelope. After injection of these baculoviruses into queen pupae, infection was detected in the fat bodies, but
not in the ovaries. Pupae injected with a titer of 110 infectious units survived to eclose, and the infection was
also detected in the fat bodies of adult queen honeybees, suggesting that baculoviruses can transiently express
genes in the fat bodies, and therefore, can be used for further analysis of gene functions. In addition, although
the viruses examined in this study failed to express the reporter gene in the ovaries, the infection in the fat
bodies suggests that baculoviruses could be potentially useful for transgenesis, if appropriately developed.

honeybee / virus vector / gene transfer / transgenesis / pseudotype

1. INTRODUCTION

Insect transgenesis is important for studies on
gene functions and is essential in the establish-
ment of useful transgenic insects. For stable
transgenesis to occur, exogenous genes must be
introduced into germ line cells. A common
method to introduce an exogenous gene into the
genomes of insect germ line cells is embryonic
microinjection of two plasmids: a helper plasmid
carrying a transposase gene originating from a
transposon such as P element or piggyBac and a
donor plasmid carrying the gene of interest
inserted between a set of recognition sites of

Corresponding author: T. Sasaki,
tsasaki@lab.tamagawa.ac.jp
Manuscript editor: Monique Gauthier

the transposase (reviewed by Handler 2001;
Kimura 2001; Handler 2002). Using this tech-
nique, transgenic lines have been established in
various insect species, including Drosophila
melanogaster (Rubin and Spradling 1982),
Bombyx mori (Tamura et al. 2000), Adedes
aegypti (Coates et al. 1998; Jasinskiene et al.
1998), Anopheles gambiae (Grossman et al.
2001), Culex quinquefasciatus (Allen et al.
2001), Tribolium castaneum (Berghammer et al.
1999), Ceratitis capitata (Loukeris et al. 1995),
Athalia rosae (Sumitani et al. 2003), and
Bicyclus anynana (Marcus et al. 2004). In
addition to embryonic microinjection, exogenous
genes can also be introduced into cells by
utilizing the infection ability of certain viruses,
such as the baculovirus Autographa californica
nucleopolyhedrovirus (AcNPV), whose natural
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host is the alfalfa looper moth, A. californica.
The AcNPV genome is a double-stranded DNA
that is maintained extrachromosomally in host
cells. Successful gene transduction into germ line
cells has been performed using two recombinant
AcNPVs: a helper virus carrying a transposase
gene and a donor virus carrying the gene of
interest within the recognition sites (Yamamoto
et al. 2004; Kawashima et al. 2007).

The European honeybee, Apis mellifera L., is
a beneficial insect that provides useful products
and mediates the pollination of agricultural
plants. The honeybee is also an interesting
model organism for basic biology to explore
the insect sociality and brain function because it
has a sophisticated eusociality and exhibits high
abilities of learning, memory, and communica-
tion. Several molecular biological studies can be
performed using the honeybee. The whole
genome sequence of the honeybee has been
determined (Honeybee Genome Sequencing
Consortium 2006), and microarrays are avail-
able for genome-wide expression analyses. In
addition, RNA interference (RNA1) is useful in
determining gene functions of honeybees
(Amdam et al. 2003; Nunes and Simdes 2009).
However, a method to produce transgenic
honeybees has not been established. This is
partly because the honeybee larvae are naturally
grown in hives and cared for by workers and
handling of eggs or larvae in the laboratory is
laborious, even though possible (Robinson et al.
2000; Aase et al. 2005; Patel et al. 2007;
Kucharski et al. 2008). To date, only transient
expressions of exogenous genes have been
reported for the honeybee using techniques such
as electroporation of adult brain cells (Kunieda
and Kubo 2004), instrumental insemination of
sperm mixed with a plasmid (Robinson et al.
2000), and injection of an AcNPV vector into
worker larvae and pupae (Ando et al. 2007).

Wild-type baculovirus forms two types of
virions: occlusion-derived and budded virions
of which the latter is utilized as a gene vector.
The budded virion is surrounded by a phospho-
lipid bilayer (envelope) that contains membrane
proteins. The major envelope protein, GP64, is
critical for attachment to host cells, induction of

endocytosis, membrane fusion and budding of
the virus (Volkman and Goldsmith 1985; Blissard
and Wenz 1992; Hefferon et al. 1999; Oomens
and Blissard 1999). The infectivity of a baculo-
virus can be manipulated by modifying GP64,
e.g., overexpression of this protein drastically
increases the infection of baculovirus to mamma-
lian cells (Tani et al. 2001, 2003). The infectivity
to mammalian cells can also be enhanced by
displaying a virion protein of a mammalian virus
outside the envelope as a fusion protein with
GP64; this technique is referred to as the surface
display method (Boublik et al. 1995; Ernst et al.
2006; Matilainen et al. 20006).

One approach that can be used to obtain a
transgenic honeybee line is to integrate an
exogenous gene into the gonads of individuals
with reproductive potential. In this study, we
examined the ability of a baculovirus to infect
queen honeybees and evaluated its ability to
transiently express genes in queen honeybee
tissues especially in the ovaries, which is an
essential process for mediating the integration
of an exogenous gene into the genome using a
helper/donor system. To achieve these objec-
tives, we used queen pupae with actively
developing ovaries and examined the following:
(a) infectivity of the baculovirus into queen
pupae and its effect on host viability and (b)
whether the tropism of this virus to the ovaries
is increased by GP64 overexpression or the
surface display of a virion protein of the
honeybee deformed wing virus (DWYV). We
injected a baculovirus with wild-type envelope
and two pseudotype viruses into queen pupae
and detected the infection of these viruses in the
fat bodies, but not in the ovaries. The potential
uses of baculoviruses as gene transfer vectors
for queen honeybees are discussed.

2. MATERIALS AND METHODS

2.1. Preparation of recombinant
baculoviruses

First, plasmids containing the insertion sequences
shown in Figure la were prepared. A green fluores-
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cent protein (GFP) expression cassette was amplified
by a polymerase chain reaction (PCR) from the
pAcGFP1-C1 plasmid (Clontech, Palo Alto, CA,
USA) and ligated into the pENTR/D-TOPO plasmid
(Invitrogen, Carlsbad, CA, USA) to obtain pENTR/
WT/GFP. The polyhedrin promoter (Ppy), gp64
coding sequence, and SV40 poly(A) signal were
amplified by PCR and inserted into pPENTR/WT/GFP
to obtain the pENTR/64+/GFP plasmid. PCR-
amplified Ppy, gp64 signal peptide sequence, coding
sequence of DWV virion protein 1 (VPI; see below),
and gp64 mature protein sequence were ligated to
form a VP1 surface display cassette. This cassette
was subsequently inserted into the pENTR/WT/GFP
to construct a pENTR/VP1/GFP plasmid.

Second, recombinant baculoviruses (AcNPV)
designated WT/GFP, 64+/GFP, and VP1/GFP were
prepared using these constructed plasmids and the
BaculoDirect Baculovirus Expression System (Invi-
trogen) according to the manufacturer’s recommen-
dations. The plasmids were recombined with
baculovirus genomic DNA using LR clonase II
(Invitrogen) to replace the polyhedrin coding
sequence of the baculovirus genome with the
insertion sequences of the plasmids. Subsequently,

a
WT/GFP

64+/GFP

the recombinant virus DNA was transfected into Sf9
cells (Invitrogen), an AcNPV-permissive insect cell
line derived from Spodoptera frugiperda. Viral
virions that budded from the cultured cells were
concentrated by centrifugation of the culture media
at 144,000xg for 1 h (Tani et al. 2001) and
resuspended in phosphate-buffered saline (PBS;
137 mM NacCl, 8.1 mM Na,HPO,, 2.68 mM KCl,
1.47 mM KH,PO,, pH 7.5). Titers of the viral
solutions were determined as infectious unit (IFU)
using the BacPAK Baculovirus Rapid Titer Kit
(Clontech).

2.2. Isolation of DWV VPI

Total RNA was extracted from an adult worker
honeybee with deformed wings using the Total RNA
Isolation System (Promega, Madison, WI, USA).
First-strand cDNA was synthesized using SuperScript
III (Invitrogen) and a gene-specific primer
DWV_VP1 Smal R (5-TCC CCC GGG TTC TGG
AAT AGC CTC AAT AAA-3"). The full-length
c¢cDNA of DWV VPI (accession no. AY292384;
Lanzi et al. 2006) was amplified using the primers
DWV_VP1 Kpnl F (5-CGG GGT ACC GAT AAT

64+/GFP virus
VP1/GFP virus

Uninfected
WT/GFP virus

" 100 kDa

VP1/GFP

—E>|gp54 SP]DWV ‘\.’Pllrnature gpid

Figure 1. Baculovirus vectors inoculated into queen honeybees. a Structures of insertion sequences used.
WT/GFP carries a GFP expression cassette comprising a cytomegalovirus immediate-early gene promoter
(Pcmy), Aequorea coerulescens GFP gene (AcGFPI) and SV40 poly(A) signal. The GP64 overexpression
cassette in 64+/GFP consists of the polyhedrin promoter (Ppy), gp64 coding sequence, and SV40 poly(A)
signal. VP1/GFP has the deformed wing virus (DWV) VPI coding sequence in the 64+/GFP cassette between
the GP64 signal peptide sequence (SP) and GP64 mature protein sequence. b Western blot analysis of Sf9 cells
infected with recombinant baculoviruses. Sf9 cells were subjected to Western blot analysis using an anti-GP64
monoclonal antibody at 3 days after infection with recombinant baculoviruses.
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CCT TCT TAT CAA CAA-3') and DWV_VP1_
Smal R. The PCR product was cloned and
sequenced to confirm its identity.

2.3. Western blot analysis

SO cells were infected with the recombinant
viruses (see above) at a multiplicity of infection of
0.4, and 1 mL of each cell culture was collected by
centrifugation 3 days after infection. Cells were lysed
with 100 pL of an SDS-PAGE sample buffer (50 mM
Tris—HC], 2% SDS, 6% -mercaptoethanol, 12%
glycerol, 0.025% bromophenol blue, pH 6.8) and boiled.
A 0.1-pL aliquot of each protein sample was subjected
to Western blot analysis. Western blotting was per-
formed according to the method of Towbin et al. (1979)
with modifications. The blotted membrane was incu-
bated with an anti-GP64 monoclonal antibody (Cosmo
Bio, Tokyo, Japan) and subsequently with a horseradish
peroxidase-conjugated, affinity-purified goat anti-
mouse IgG2b antibody (Cosmo Bio). Immunoreacted
bands were detected using a VersaDoc Imaging System
(Bio-Rad Laboratories, Hercules, CA, USA).

2.4. Rearing of queen pupae and virus
injection

Queen honeybees were reared by transferring 1st
instar larvae to artificial plastic queen cell cups. Queen
larvae undergo four larval molts at approximately 24-
h intervals. Following the last larval molt, the queen cell
is sealed and the queen larva completes pupation about
3 days after the cell is sealed (Laidlaw and Page
1997). Pupal development in the queen honeybee
takes about 5 days. To inoculate the virus, queen
pupae were collected 4 days after the cells had been
sealed (8-9 days after the transfer of the larvae to the
queen cell cups) and injected with the viral solutions
into the abdominal region using a 33-G needle
(TERUMO, Tokyo, Japan). The injected queen pupae
were placed on a filter paper in a 6-well plate and kept
in an incubator at 33°C and 70% relative humidity.

2.5. Analysis of reporter gene expression
in adult fat bodies

Transcription of gfp was assessed in the fat bodies
of adult queen honeybees injected with WT/GFP at

the pupal stage. Abdominal carcasses (integument
and subjacent fat body) were collected by removing
the entire digestive system and the ovaries from
queen honeybees at 2448 h after eclosion. These
carcasses were used as the source of fat bodies
(Bitondi et al. 2006). Total RNAs were extracted
using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) and reverse-transcribed (RT) using SuperScript
IIT and oligo(dT),o primer (Invitrogen). A partial 400-
bp gfp sequence was PCR-amplified using the
primers 5-GCA GTG CTT CTC ACG CTA C-3'
and 5'-CAG GTA GTG GTT ATC GGG C-3'. A 181-
bp fragment of a [-actin sequence (AB023025) was
amplified using primers 5-AGG AAT GGA AGC
TTG CGG TA-3' and 5'-AAT TTT CAT GGT GGA
TGG TGC-3" (Chen et al. 2005a) and used as a
positive control. PCR cycle conditions were as
follows: 94°C for 5 min followed by 25 cycles of
94°C for 30 s, 56°C for 30 s and 72°C for 1 min, and
72°C for 5 min. The PCR products were cloned and
sequenced to confirm their identities.

3. RESULTS

3.1. Inoculation of baculovirus into queen
pupae

To examine the infectivity of the baculovirus in
the queen honeybee, we prepared a recombinant
baculovirus (WT/GFP) that carried gfp under the
regulation of the cytomegalovirus immediate-
early promoter (Pcny; Figure la, top panel).
Pcwmv is known to promote gene expression in
worker honeybees (Kunieda and Kubo 2004).
Before injecting the WT/GFP virus into queen
honeybees, we injected a baculovirus without gfp
into worker pupae to confirm that the virus
without gfp did not induce significant fluores-
cence (data not shown). When the WT/GFP
virus vector was inoculated into the abdomen of
queen pupae at a titer of 1x10° IFU, fluores-
cence was detected around the injected site in all
injected pupae within 3 days after inoculation.
The fluorescence was limited to the injection site
without extending much into the surrounding
tissues (Figure 2a—d; Table I); this observation
was consistent with observations of worker
pupae reported by Ando et al. (2007).
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On dissecting the abdomens of the pupae, we
did not detect infection in the ovaries
(Figure 2q-t). Instead, strong fluorescence was
observed in the fat bodies (Figure 2i-1). Punc-
tate fluorescence was observed in the removed
ovaries, but this fluorescence was probably
from the remnant fat body cells attached to the
ovaries (Figure 2q-t). All individuals injected
with the virus vector at 1x10° IFU eclosed to
adult queens, in which fluorescence was
detected in the fat bodies, but not in the ovaries
(Table I; Figure 3a—d, i-l). Transcription of gfp

in the fat bodies of adult queen honeybees was
confirmed by an RT-PCR assay of adult queen
honeybees at 24-48 h after eclosion (Figure 4).
When the virus was injected at a higher titer
(1x10° IFU), fluorescence was observed in a
wider region compared with that observed on
injection at 1x10° IFU (Figure 2a-d, Sla—d).
However, there was still no observable fluores-
cence in the ovaries (Figure S1i-1). At 1x10°
IFU, only approximately half of the individuals
survived to eclose (Table I), and the wings of
the eclosed adults were noticeably shrunken

PBS WT/GFP 64+/GFP VP1/GFP
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Figure 2. Queen pupae at 3 days after inoculation with baculovirus vectors at a titer of 1x10° IFU. Queen
pupae were injected with PBS (a, b, i, j, q, r), WI/GFP virus (¢, d, k, 1, s, t), 64+/GFP virus (e, f, m, n, u, v),
or VP1/GFP virus (g, h, o, p, w, X). Arrow heads indicate the injected points. a—h Outward appearances of
injected pupae. i—p Internal views of the dissected abdominal region. q—x Removed ovaries from injected
pupae. Punctate signals on the ovaries indicated by the arrows were not derived from the ovaries but from the
remnant fat body cells attached to the ovaries. Bars indicate a scale of 5 mm.
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Table 1. Eclosion rates and fluorescence in queen honeybees abdominally injected with baculovirus vectors at
the pupal stage.

Injection Infectious units Eclosion (%) Fluorescence (%)
In the pupal stage After eclosion
PBS 0 8/8 (100) 0/9 (0) 0/8 (0)
WT/GFP 1.0x10° 7/7 (100) 8/8 (100) 7/7 (100)
1.0x10° 5/9 (56) 10/10 (100) 5/5 (100)
64+/GFP 1.0x10° 7/7 (100) 8/8 (100) 7/7 (100)
1.0x10° 5/9 (56) 10/10 (100) 5/5 (100)
VP1/GFP 1.0x10° 7/7 (100) 8/8 (100) 7/7 (100)
1.0x10° 4/9 (44) 10/10 (100) 4/4 (100)

(data not shown). Thus, inoculation at this titer
seems to be harmful to queen pupae.

3.2. Injection of pseudotype baculovirus
vectors into queen pupae

Expecting that GP64 overexpression might
enhance baculovirus tropism in honeybee ova-
ries, we prepared a pseudotype baculovirus
vector (64+/GFP) that contained an additional
gp64 coding sequence under the regulation of
the strong polyhedrin promoter (Figure la,
middle panel). As another strategy to alter the
infectivity of the baculovirus, we also prepared
a pseudotype baculovirus (VP1/GFP) that dis-
played the VP1 of DWV as a fusion protein
with GP64 on the surface of the baculovirus
envelope (Figure la, bottom panel). DWV is
known to infect various tissues of worker
honeybees (Yue and Genersch 2005; Lanzi et
al. 2006), most prominently in the pupal stage
(Chen et al. 2005a), and also infect queen
honeybees (Chen et al. 2005b; Williams et al.
2009). Insect picorna-like viruses including
DWYV resemble the mammalian picornaviruses,
i.e., both have a single-stranded RNA as the
genome and the form, an icosahedral capsid
composed of four types of wvirion proteins
(VP1-VP4; Lanzi et al. 2006). Since the host
cell binding site is located on VP1 in mamma-
lian picornaviruses (Fox et al. 1989; Colston
and Racaniello 1994; Tate et al. 1999; Liljas et

al. 2002; Estrozi et al. 2008), we hypothesized
that the host cell-interacting site of DWYV is also
on VPI1.

To confirm the GP64 overexpression and
expression of the GP64-VP1 fusion protein, we
analyzed the total proteins from Sf9 cells, with
which the virus vectors were produced, by
Western blot analysis using an anti-GP64
monoclonal antibody. The signal for GP64 was
detected in 64+/GFP virus-infected cells at a
level far higher than that in WT/GFP virus-
infected cells. A band of approximately
100 kDa (the size expected for the fusion
protein of GP64 and DWV VP1) was detected
from VP1/GFP virus-infected cells in addition
to endogenous GP64 (Figure 1b).

We injected these pseudotype baculoviruses
into the abdominal regions of queen pupae at
1x10° IFU and detected fluorescence in all
pupae within 3 days of inoculation (Table I;
Figure 2a, b, e—h). Dissection of the abdomen
showed that the fat bodies emit significant
fluorescence (Figure 2i, j, m—p), but the ovaries
did not (Figure 2q, r, u—x). All injected
individuals eclosed to adult queen honeybees
(Table I), in which fluorescence was detected in
the fat bodies (Figure 3a, b, e-h), but not in the
ovaries (Figure 31, j, m—p). Even when the viral
titer was increased to 1x10° IFU, no fluores-
cence was detected in the ovaries, and approx-
imately half of the injected pupae died just
before metamorphosis (Figure S1i, i, m—p;
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Figure 3. GFP expression in adult queen honeybees inoculated with baculovirus vectors at a titer of 1 x 10° IFU
at the pupal stage. The queen honeybees were injected with PBS (a, b, i, j), WT/GFP virus (¢, d, k, 1), 64+/GFP
virus (e, f, m, n), or VP1/GFP virus (g, h, o, p). a—h Internal views of the dissected abdominal region. i—p
Removed ovaries from adult queen honeybees. Arrows indicate punctate signals derived from the remnant fat
body cells attached to the ovaries. Bars indicate a scale of 5 mm.

Table I). These observations suggest that neither 4. DISCUSSION

GP64 overexpression nor a surface display of

DWYV VPI1 can effectively enhance baculovirus We examined the ability of three recombinant
tropism in the ovaries. baculoviruses to induce exogenous gene expres-

Inoculation PBS WT/GFP
RT - + - + M
==
- === — 400 bp
gfp
e=ms
o
p-actin o

e == — 200 bp

Figure 4. RT-PCR used to assess GFP expression in the fat bodies of adult queen honeybees. The queen
honeybees were infected with WT/GFP at 1x10° IFU or PBS at the pupal stage, and their fat bodies were
collected at 24—48 h after the final ecdysis. Bands of expected size were amplified from cDNA synthesized
with reverse transcriptase (RT+), but not from negative controls (RT-).
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sion in queen honeybees. In all cases, no
significant gene expression was detected in the
ovaries, but the virus vectors did express GFP in
the fat bodies (Figures 2, 3, and S1). Some
genes expressed in the fat body, such as
vitellogenin and factors of insulin-like signaling
pathway, have been suggested to be involved in
caste differentiation (Seehuus et al. 2006;
Corona et al. 2007). The baculovirus would
be a useful tool for the analyses on such
interesting genes. Baculovirus could be used
to express double-stranded RNA and induce
RNAI in loss-of-function experiments and to
overexpress exogenous genes in gain-of-
function experiments.

After inoculation of the viruses, the GFP-
positive region remained near the injected site
and did not extend much into the surrounding
tissues (Figures 2 and 3): this observation was
consistent with observations of worker pupae by
Ando et al. (2007). It suggests that inoculated
viruses can be transduced into host cells, but
they cannot spread further through secondary
infection. New infectious virions seem to be
rarely produced in honeybees. This property is
preferable for the use of baculovirus as a gene
transfer vector. In fact, baculovirus is consid-
ered to be an attractive candidate for a gene
transfer vector in humans, partly because it does
not cause secondary infection in mammalian
cells (reviewed in Yu-Chen 2005).

We demonstrated that inoculations to pupae
at 1x10° IFU caused gene transduction and
allowed all injected pupae to eclose (Figure 2;
Table I). We assume that the toxicity of
baculovirus to honeybee pupae is relatively
low probably due to the low ability to cause
secondary infection. To utilize the baculovirus
as a gene vector for honeybee transgenesis, an
inoculation titer at which the queen honeybees
are infected and survive must be used. The
results of this study suggest that baculovirus has
a titer that meets this necessary condition and
hence, imply that methods using baculoviruses
could be potentially useful for stable trans-
genesis if the virus is appropriately constructed
such that the virus can efficiently infect and
induce exogenous genes in the ovaries.

In contrast to the fat bodies, no significant
fluorescence was detected in the ovaries. The
viruses used might be unable to infect the
ovaries or the infection levels might be, if any,
very low. Although we attempted to alter the
infectivity of baculovirus by overexpression of
GP64 and a surface display of DWV VP1, both
modifications appeared not effective. We used
DWV VPI1 because the surface display of a
partial sequence of a mammalian picornavirus
VP1 was reported to increase the infectivity of
baculovirus in mammalian cells (Ernst et al.
2006; Matilainen et al. 2006). One possible
explanation of the results obtained in this study
is that the host-binding site of DWV might
reside in virion proteins other than VPI.
Although insect picorna-like viruses and mam-
malian picornaviruses have similar constitu-
tions, including their sizes and icosahedral
structures of the four types of virion proteins,
the amino acid sequences of VP1 are distinct
between the two virus groups. In addition,
crystal structures of VP1 from insect picorna-
like viruses and picornaviruses are somewhat
different (Tate et al. 1999; Liljas et al. 2002;
Estrozi et al. 2008). Therefore, surface displays
of other virion proteins (VP2—VP4) might
effectively alter virus tropism in honeybee
ovaries. Another interpretation for the failure
to detect the GFP signal from the ovaries may
be that the reporter gene was not expressed,
despite the fact that the virus infected the
ovaries. The CMV promoter that functions in
the fat bodies might not functions in the ovaries.
It might be worth using other promoters to
study this possibility.

The queen honeybee is polyandrous and
mates with males at so-called “drone congrega-
tion areas” in nature. However, instrumental
insemination of virgin queen honeybees with
sperm is a standard procedure (Laidlaw 1977,
Harbo 1985), and honeybee colonies can be
maintained in an indoor flight room for several
generations (Robinson et al. 2000). Once a
method for germ line transformation is devel-
oped, transgenic honeybees could be produced,
which will contribute to molecular biological
studies of honeybees.
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Transduction de vecteurs baculovirus sur des
reines d’abeilles, Apis mellifera.

abeille / vecteur de virus / transfert de géne /
transgenése / pseudotype

Zusammenfassung — Der Einsatz von
Baculovirus-Vektoren zur Transduktion bei
Koniginnen der Honibiene, Apis mellifera. Die
europdische Honigbiene, Apis mellifera L., ist ein
Modell fiir Studien iiber Sozialitit bei Insekten.
Verschiedene molekularbiologische Ansitze kdnnen
an der Honigbioene verfolgt werden. Das Genom ist
komplett sequenziert und Mikroarrays sind verfligbar
fiir genomumfassende Expressionsstudien. Des wei-
teren besteht die Moglichkeit, RNA-Interferenz
(RNAi) fiir Untersuchungen iiber Genfunktionen
einzusetzen. Eine Methode zur Herstellung trans-
gener Honigbienen ist jedoch noch nicht etabliert.
Wir untersuchten hier die Moglichkeit, ob sich
Baculoviren zur Herstellung transgener Honigbienen
eignen. Baculovirus-Vektoren werden bereits erfol-
greich in der Produktion transgener Insekten, wie
zum Beispiel des Seidenspinners, eingesetzt. Wir
stellten ein Baculovirus her, das ein griin fluoreszier-
endes Protein (GFP) als Reportergen enthélt (Abb. 1)
und inokulierten dieses in das Abdomen von Puppen.
Fluoreszenz war in der Umgebung des Injektionsorts
bereits innerhalb von drei Tagen detektierbar (Abb.
2). Nach Dissektion des Abdomens der Puppen
fanden wir dass das GFP-Gen zwar im Fettkorper,
jedoch nicht in den Ovarien exprimiert war (Table [;
Abb. 2, S1). Alle mit einem Baculovirus-Titer von
1x10° Infektionseinheiten inokulierten Puppen
entwickelten sich zu adulten Koniginnen, in denen
die Fluoreszenz nach wie vor im Fettkorper, jedoch

nicht in den Ovarien zu finden war (Table I; Abb. 3
und 4). Um den Infektionsgrad des Virus zu erhdhen
und das Zielgen in den Ovarien zu exprimieren,
stellten wir zwei andere Baculoviren her (Abb. 1).
Ein Virus iiberexprimierte GB64, ein Protein, das fiir
die Anheftung und das Eindringen des Virus in
Wirtszellen von Bedeutung ist. Das andere Virus
enthielt ein Kapselprotein des Fliigeldeformations-
Virus (DWV), das Honigbienen natiirlicherweise
befillt. Nach Injektion dieser Viren zeigte sich, dass
auch diese Viren vorzugsweisen den Fettkorper,
befielen, jedoch nicht in die Ovarien eingedrungen
waren (Table I; Abb. 2, 3, und S1).

Die Ergebnisse dieser Studie weisen darauf hin, dass
Baculoviren fiir Untersuchungen von Genfunktionen
in Fettkorperzellen geeignet sein konnen. Obwohl
keines der drei Baculoviren die Expression des
GFP-Reportergens in den Ovarien ermdglichte,
besteht dennoch die Moglichkeit, Baculoviren fiir
potentiell stabile Transgenesis bei Honigbienen
einzusetzen, wenn sie so modifiziert werden kénnen,
dass sie effizient die Expression exogener Gene in
den Ovarien induzieren.

Honigbiene / Virusvektor / Gentransfer / Trans-
genesis / Pseudotypus
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Abstract. We predicted the rate constants of AMPA receptor channels kinetics
models of neural cells which could induce the change in efficacy of synaptic
transmission by computer simulation. Excitatory postsynaptic currents (EPSCs)
were reconstructed by computer calculation with the proposed kinetics models.
Moreover, electrical responses were measured from the cells by using 2-photon
laser uncaging. It was shown that the properties of the evoked current responses
by photolysis and those obtained from spontaneous synaptic currents have the
similar properties which indicates that the present AMPA receptor channel
models mediate the evoked responses by laser photolysis We investigated and
proposed the possible rate constants, which could explain the changes in the
EPSCs amplitude during LTP/LTD without changing the waveform, and cor-
responding physiological elements to them. Moreover, it is suggested that the
present method based on kinetics models could be used for the investigation of
other experiments evoked by laser photolysis.

1 Introduction

One of the most important synaptic receptor channels, AMPA receptor has been in-
vestigated in order to characterize the excitatory synaptic transmission and its plastici-
ty in the central nervous system. Moreover, it has been suggested that changes in the
efficacy of synaptic transmission such as long-term potentiation (LTP) and long-term
depression (L'TD), which are thought to be elementary mechanisms and substrates of
learning and memory, are partly due to modifications and/or trafficking AMPA recep-
tor channels in the postsynaptic membrane at the synapses. These kinetic models of
receptor channels constructed from experiments have described precisely the physio-
logical observations especially obtained by patch clamp technique. We estimated the
rate constants in the kinetics models of AMPA receptor channels that might contri-
bute to the enhancement and reduction of EPSC amplitudes during LTP and LTD by
examining the computer generated EPSCs under an experimental constraint. At first
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the computer-generated EPSCs were reconstructed from the kinetics models proposed
by other groups. They used the experimental results obtained from the membrane
patches (in out-side out patch configuration) of both Pyramidal and Purkinje cells. We
have recorded spontaneous miniature EPSCc and current responses activated by ultra-
violet and 2 photon laser photolysis from the somata of neurons. The detailed analysis
of the spontaneous (and/or miniature) EPSCs and laser-evoked current responses
showed that they have the same properties and are mediated by the same types of
AMPA receptor channels. We investigated and proposed the possible parameters from
computer simulations that could explain the changes in the EPSCs waveform during
LTP/LTD and also its corresponding biological factors. It was shown that the present
method could be used for the investigation of synaptic plasticity in the central nervous
system.

2 Model and Experimental Method
2.1 Computer Simulation of Synaptic Current Based on Kinetics Model

2.1.1 AMPA Receptor Channel Kinetics Model Obtained from CA3 Pyramidal
Cell

The model has to predict the experimentally obtained ensemble current responses of
outside-out patches to fast glutamate molecule applications (2). The model (figure 1)
that we finally adopted assumes fast desensitization upon agonist binding before and
after opening of the channel (4), where C, is the unliganded closed state, C; is the
singly and C, is doubly liganded closed states, respectively. Cs;, C, and Cs are desensi-
tized, closed states, and O is the doubly lignaded open state. ¢ denotes the concentra-
tion of the glutamate molecules at the synaptic cleft and the vicinity of the receptor
channels in the post-synaptic membrane. The rate constants used in the present simu-
lation are not shown (10).
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Fig. 1.

2.1.2 AMPA Receptor Channel Kinetics Model from Purkinje Cell

Kinetics models for AMPA receptor channels in cerebellum have been proposed from
many laboratories (3, 8). A reaction scheme employed in the present study for
the synapse between parallel fiber and Purkinje cell was basically the same as those
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proposed previously by Hausser and Roth (5). The model has a total nine states,
where C, is the unliganded closed state, C; is the singly liganded closed state, and C,
is the doubly liganded closed state (¢ denotes glutamate concentration). C; to C; are
desensitized (closed) states, with C; being singly liganded and C4 to C; doubly li-
ganded. O is doubly liganded open (conducting) state. The initial estimates for the
rate constants in this model were the values in table 2 of Jonas et al. (7) together with
estimates for the rate concerning to Cy and C;.
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Fig. 2.

2.2 Design of the System for Photolysis

The present system for uncaging is originally designed in combination with a conven-
tional confocal laser microscopy (LSMS510 Meta, Carl-Zeiss, Jena, Germany)
equipped with several visible wavelength laser. Ultraviolet (UV) light source for
photolysis in the system is a commercial model (Enterprise II model 653, Coherent,
CA) of an argon gas laser (351 and 364 nm, 80 mW) attached to the output exit of UV
laser controls the output power of the ultraviolet laser beam. The preliminary experi-
ment by using the present system were given in the previous paper.

2.3 Cerebellar Rat Slices, Hippocampal Neurons in Culture and Uncaging of
MNI-Caged-L-Glutamate

Wistar rats (12-19 day old) were anaesthetized by diethylether and rapidly decapi-
tated. Transverse cerebellar slices (270-300um thickness) were cut in ice-cold ACSF
(artificial cerebro-spinal fluid solution) using a vibrating slicer. They were moved to
the recording chamber which was continuously perfused by normal ACFS at a rate of
2 ml/mim bubbled with 95% O, and 5% CO,. Patch pipettes were pulled from borosi-
licate glass tubing having a DC resistance of 4-7 MQ. The internal solution had the
composition of methanesulfonic acid (133 mM) based one. MNI-caged —L-glutamate
was delivered to regions of cells for uncaging through a fine tube. Hippocmpal pyra-
midal cells in culture were prepared by the protocol described elsewhere (9). The
cultured cells were identified by Nomarski microscope inspection before use for expe-
riments and transferred to a chamber which is continuously perfused with Tyrode
solution. The internal solution of patch electrodes for recording had composition of
CsCl (140mM) based one.
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3 Results

3.1 EPSC Reconstructions from the AMPA/Kainate Receptor Channel Kinetics
Model

The waveforms of the EPSCs reconstructed by these two kinetics models were inves-
tigated for LTP and LTD observed in CA1 pyramidal cell (Scheme 1) and cerebellar
Purkinje cell (Scheme 2), respectively. The time course of transmitter release from the
presynaptic terminal, which is represented by the concentration of glutamate mole-
cules in the synaptic cleft, were given as two kinetics model (step -function (1.0 mM,
1.0 msec) and a-function (Fig. 3A, C)(3).
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With these conditions and parameters, the reconstructed EPSC of pyramidal cell
has a fast rise time less than 0.5 msec and a decay of single exponential function with
time constant of 1.15 msec (T = 1.15 msec) which is shown in Fig. 3B and D. For
simplicity, the profile of the concentration of transmitters at the synaptic cleft was
assumed to be a step-function of which duration and amplitude are 1.0 msec and 1.0
mM, respectively. (Fig. 3A)

The reconstructed EPSC has the waveform of Fig. 3D for a-function and 3B for
step function, respectively. The results suggests that two waveforms from the present
two types of profiles of transmitter concentration give the same time course of EPSC
and thus the simple step-like concentration change in the synaptic cleft is acceptable
for transmitter release mechanism from the presynaptic terminal. Moreover, this as-
sumption was also applicable for the EPSCs reproduced from the Purkinje cell type
kinetics model of scheme 2 in Fig. 2 (result is not shown).
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Next we have to test
whether the present models =

could explain other sets of ]‘ /
!

— —

experimental results or not.
Fig. 4 illustrates the com- w
puter generated paired-pulse
stimulation in which two f
sequential transmitter pulses = ’ |'|
were applied to a larger out- ‘Il
side out patches by using
piezo driven theta tube. The — w= |
result suggested that simula- E = a0 i s 25 S e
tion of the paired pulse Time(ms)

application of the glutamate
molecules showed the de-
pression of second current
response that was already measured by patch-clamp experiment. The same kind of
verification of the Purkinje cell kinetics model was also carried out. (data are not
shown).

Current(pA)

Fig. 4.

3.2 Change in Efficacy of Synaptic Strength and Rate Constants of Kinetics
Models

From the experiments (whole-cell current recording), it has been reported that the
waveforms of EPSCs before and during LTP/LTD have no change in their time
course (rise time and decay time constant) except their amplitude. These three para-
meters determine uniquely the waveform of EPSC. Thus, we estimated the rate con-
stants of the kinetics models that increase (for LTP) and decrease (for LTD) the
amplitude of EPSCs without changing their time courses. The results of the estimation
with 7-state model for LTP were listed in graph 5 which shows the change of three
parameters (rise timert,,, decay timets.., amplitude) by shifting a rate constants
(CQC], C]C() CtC.) to
the 10 Xlarger, and
0.1 X smaller value
than control one
without change in
other all rate con-
stants. Under the
experimental con-
dition, when the
rate constant Kcjcz
was increased 10 X
larger than control
value, the rise time
changes to 95% of
control value, de-
cay time to 104%,
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amplitude to 170%. The kcicp determines the binding speed of second agonist
cule to AMPA receptor channel which has been already singly occupied and is closed
state and thus increase in this rate constant means that once the receptor is singly
occupied state, the second agonist molecule is easily bind to the receptor. It is con-
cluded from the present calculation based on the 7-states kinetics model that the rate
constant ki would increase due to unknown mechanisms such as phospholyration
etc after a treatment which causes LTP and that this change in rate constant leads to
the enhancement of the amplitude of synaptic current (EPSC) during LTP (1). In
order to find the parameter that may cause LTD in Purkinje cell, the same estimation
was conducted with the kinetics model proposed for AMPA receptor channels in the
Purkinje cell membrane. The obtained results suggested that simultaneous modifica-
tion of both k.,.4 (the rate constant of the transition from the state of the receptor hav-
ing two agonists to desensitization state) and ko, (the rate constant of the transition
from the open state to the closed state) induces the reduction of the EPSC amplitude
during LTD of cerebellar Purkinje cell (data is not shown).

3.3 Responses by Laser Photolysis and AMPA/Kainite Receptor Channel
Kinetics Model

We measured the current responses from the soma of Purkinje cells by uncaging of
MNI-caged glutamate using IR laser beam, which is focused (diameter of 3~5 um) on
a dentritic trees and soma of the cells. Figure 6A shows the location of the
Purkinje cell soma on which the 2-photon (720 nm) laser beam was focused. The laser
evoked current response measured from pipette accessed to the soma is shown in
Figure 6B.

sl A oy | ey iy g
/

Fig. 6.

The decay time constant of the evoked response is 6.34 msec with 20 pA peak am-
plitude. Figure 6C is a typical example of a spontaneous miniature EPSC recorded
from the soma of the same Purkinje cell. The decay phase of this miniature EPSC is
fitted by a single exponential function having the decay time constant of 6.17 msec.
Both recorded currents have the same decay phases that are well fitted by a single
exponential function and the value of the time constants are almost equal. Together
with pharmacological experiments (data is not shown), it is suggested that the current
responses evoked by 2-photon laser uncaging are mediated by AMPA receptor chan-
nel which have the kinetic scheme shown in the previous section.
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4 Conclusions and Summary

Firstly, by computer simulation, we reconstructed the synaptic currents (EPSC) from
the proposed AMPA receptor channel kinetics model. Furthermore, we predicted the
possible rate constants that could induce synaptic plasticity such as hippocampal LTP
and cerebellar LTD. It was suggested from the present calculation that, for example,
the rate constant kcjc, in the kinetics model of pyramidal cells increases the speed of
the second binding of agonist to receptor, which indicates that the change in affinity
of glutamates to receptors partly causes LTP of hippocampus. The present method
using reconstructed EPSC based on receptor channel kinetics model makes it possible
to predict the physiological and molecular biological factors which are responsible for
the synaptic plasticity. Secondary, the current responses measured by 2-photon laser
uncaging have the same kinetics properties with those of the EPSCs recorder from the
cells in slice preparations. Thus, the 2-photon laser photolysis can be widely applica-
ble as a method for the stable and controllable simulation of fine areas of the neurons.
Furthermore, the similar type of AMPA receptor channels models used in the present
analysis mediate the evoked current responses by photolysis under voltage-clamp
condition.
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CHOLINERGIC MODULATION ON SPIKE TIMING-DEPENDENT
PLASTICITY IN HIPPOCAMPAL CA1 NETWORK
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Abstract—Cholinergic inputs from the medial septum are
projected to pyramidal neurons in the hippocampal CA1 re-
gion and release acetylcholine (ACh) from their terminals.
The cholinergic inputs are considered to be integrated with
sensory inputs and to play a crucial role in learning and
memory. Meanwhile, it has been reported that the relative
timing between pre- and post-synaptic spiking determines
the direction and extent of synaptic changes in a critical
temporal window, a process known as spike timing-depen-
dent plasticity (STDP). Positive timing where excitatory post-
synaptic potential (EPSP) precedes the postsynaptic action
potential induces long-term potentiation (LTP) while negative
timing where EPSP follows the action potential induces long-
term depression (LTD). To investigate the influence of mus-
carinic activation by cholinergic inputs on synaptic plasticity,
STDP-inducing stimuli were applied during the muscarinic
induction of a slow EPSP followed by repetitive stimulation in
the stratum oriens. As a result, LTP was facilitated and LTD
was abolished by the muscarinic activation. Furthermore,
interestingly, LTP was also facilitated and LTD was switched
to LTP with an increase in ACh concentration following ap-
plication of the cholinesterase inhibitor eserine. These re-
sults indicate that the orientation of plasticity was shifted for
potentiation by muscarinic activation. On the other hand, the
application of excess ACh concentration completely sup-
pressed STDP, LTP and LTD. In addition, STDP was sup-
pressed in the presence of atropine, a muscarinic ACh recep-
tor antagonist. Taken together, the findings suggest that syn-
aptic plasticity modulation depends on the amount of
cholinergic inputs. The modulation of synaptic plasticity by
muscarinic activation might be an important stage in the
integration of top-down and bottom-up information in hip-
pocampal CA1 neurons. © 2011 IBRO. Published by Elsevier
Ltd. All rights reserved.

Key words: acetylcholine, hippocampus, muscarinic recep-
tor, slow EPSP, STDP.

The cholinergic system is deeply involved in cognitive pro-
cessing, playing an important role in learning and memory
(Blokland, 1995; Parent and Baxter, 2004). Sensory stimuli

*Corresponding author. Tel: +81-42-739-8432; fax: +81-42-739-8858.
E-mail address: aihara@eng.tamagawa.ac.jp (T. Aihara).
Abbreviations: Ach, acetylcholine; aCSF, artificial cerebrospinal fluid;
CCh, carbachol; EPSP, excitatory postsynaptic potential; LTD, long-
term depression; LTP, long-term potentiation; mAChR, muscarinic
acetylcholine receptors; NMDA-R, NMDA receptor; STDP, spike-tim-
ing dependent plasticity.

such as visual, auditory, and tactile inputs increase acetyl-
choline (ACh) release in the hippocampus (Inglis and Fibiger,
1995), where it is considered that these inputs are integrated.

ACh is considered to be a versatile modulator of vari-
ous brain activities and functions (Ovsepian, 2008), and it
has been shown to enhance cognitive functions such as
learning and memory (Blokland, 1995). Cholinergic neu-
rons are distributed mainly in the medial septum, diagonal
band of Broca, and the nucleus basalis of Meynert and
project to the cerebral cortex and limbic system (Butcher et
al., 1993; Mesulam, 1990). The cholinergic neurons pro-
jecting to the hippocampus originate from the medial sep-
tum. They project to the CA1 pyramidal neurons and in-
terneurons via the fimbria (Nicoll, 1985). Stimulating the
medial septum or applying carbachol (CCh) in the hip-
pocampus generates a theta rhythm (Buzsaki et al., 1986;
Huerta and Lisman, 1993). Stimulation of the cholinergic
neurons projecting to the hippocampus specifically re-
leases ACh and enhances long-term potentiation (LTP)
(Ovsepian et al., 2004; Nakao et al., 2003). Sensory inputs
enhance the release of ACh in the hippocampus (Inglis
and Fibiger, 1995) and the magnitude of change in ACh
release is positively correlated with spatial memory perfor-
mance (Fadda et al., 2000). However, ACh seems to be
more involved in attentional processes than in learning and
memory processes (Blokland, 1995).

Spike timing-dependent plasticity (STDP), one of the pro-
tocols used to induce synaptic plasticity, is characterized by
temporal coincidence of the excitatory postsynaptic potential
(EPSP) induced by electrical stimulation of the CA3-CA1
Schaffer collaterals and a back-propagating action potential
(BPAP) from postsynaptic neuron firing (Magee and John-
ston, 1997; Bi and Poo, 1998; Nishiyama et al., 2000). Stim-
ulation of presynaptic terminals following a BPAP from the
postsynaptic neuron induces LTP, while the opposite timing
induces long-term depression (LTD). Therefore, STDP is a
protocol that can induce both LTP and LTD in the same
synapse by changing the relative timing of spikes.

Repetitive stimulation of cholinergic axons projecting to
the hippocampus at 40 Hz for 0.5 s was reported to induce
a short (2 s) inhibitory postsynaptic potential (IPSP) and
then a consequent small (1 mV) and long-lasting (60 s)
EPSP, called “slow EPSP” (Cole and Nicoll, 1984). Shinoe
et al. (2005) reported that a long EPSP activated musca-
rinic acetylcholine receptors (MAChR) through repetitive
stimulation of cholinergic neurons, and ACh released in
hippocampal slices enhanced LTP induced by tetanic stim-
ulation. Tetanic stimulation is a sequence of relatively
strong stimulations and therefore is rarely found under
moderate conditions. Adams et al. (2004) observed the
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influence of cholinergic inputs on the induction of LTP
using a mAChR agonist, carbachol (CCh), and the STDP
protocol. No LTP enhancement was observed, which is
contrary to the finding of Shinoe et al. (2005). Hence, it is
not clear how mAChR activated by cholinergic inputs in-
fluences LTP induction or how cholinergic inputs influence
the induction of LTD.

In the present study, in order to evaluate synaptic
plasticity with the activation of mMAChR through cholinergic
inputs, the STDP protocol was applied either with a slow
EPSP induced by muscarinic activation following electrical
stimulation of the oriens or with a change in ACh concen-
tration following application of eserine, a cholinesterase
inhibitor. As a result, the effect of ACh on the plasticity
induced by the STDP protocol was shown. Furthermore,
the effect of mMACh activation on synaptic plasticity was
investigated in detail by controlling the concentration of
ACh. The influence of muscarinic activation not only on
LTP but also on LTD was estimated using the STDP
protocol, and we demonstrate that synaptic plasticity in the
CA1 area is modulated by mACh activation depending on
the amount of cholinergic inputs.

EXPERIMENTAL PROCEDURES
Preparations and patch-clamp recording

All procedures were approved by the Tamagawa University Animal
Care and Use Committee. All effects were made to minimize the
number of animals used and their suffering. Hippocampal slices (400
um in thickness) were prepared from Wistar rats (2—4 weeks old)
according to the standard procedure reported by Tsukada et al.
(2005). Prior to recording, slices were incubated in artificial cerebro-
spinal fluid (aCSF) containing (in mM) 124 NaCl, 2 MgSO,, 5 KCl,
1.25 NaH,PQ,, 3.1 CaCl,, 22 NaHCO,, and 11 glucose, bubbled
with 95% O, and 5% CO, for at least 60 min at room temperature
(25 °C). The hippocampal CA3 region was surgically removed from
individual slices to prevent potential recurrent inputs. Slices were
then placed in a recording chamber superfused with the aCSF at
room temperature. Submerged slices were viewed with a computer-
controlled display camera (Hamamatsu, Japan). Whole cell patch
clamp recordings using an electrical amplifier (CEZ-2400; Nihonko-
hden, Tokyo, Japan) were made from the soma of CA1 pyramidal
neurons. A recording electrode was pulled at a resistance of 4—8
MQ. The internal solution of the electrode contained (in mM) 120
KMeSO4, 20 KCI, 10 HEPES, 10 EGTA, 4.0 Mg2 ATP, 0.3 Tris
guanosine 5’'-triphosphate, 14 phosphocreatine, and 4 NaCl (pH
7.25 with KOH). The starting voltage for recording neurons was —50
mV or less (—53.2+0.32 mV). The membrane potential was kept at
—60=+1 mV by somatic current injection unless otherwise specified.
Picrotoxin at 25 uM (Sigma, St. Louis, USA) was added to aCSF in
order to block a GABA,-R—related response. Atropine (1 uM) and
eserine (0.6, 2, and 20 M) (Sigma) were also added when necessary.

Electrical stimulation

Extracellular stimulation of Schaffer collaterals was performed for
a duration of 50-100 us at 10 nA using a stimulating electrode
(glass pipette filled with aCSF and glued to a silver rod) to induce
EPSPs (Fig. 1A). The elicited EPSPs were adjusted to an ampli-
tude of 2—4 mV as a baseline. A modified version of the STDP
protocol of Nishiyama et al. (2000) was used. An action potential
was induced by a 2-2.5 nA current injection with a duration of 2
ms to the soma. In STDP protocols, positive timing is defined as
an EPSP preceding the postsynaptic action potential (positive
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Fig. 1. Experimental procedure and stimulation pattern. (A) Sche-
matic drawing of the rat hippocampal slice. One stimulating electrode
was placed extracellulary in the Schaffer collaterals and another was
placed in the stratum oriens. Whole cell patch clamp was made for
current injection and recording of CA1 pyramidal neurons. (B) The two
STDP-inducing protocols used in the study: the positive timing protocol
(top), in which stimulation of the Schaffer collaterals was applied prior
to the postsynaptic action potential, that is, at positive timing (At=+12
ms); and the negative timing protocol (bottom), in which stimulation of
the Schaffer collaterals was applied after the postsynaptic action po-
tential, that is, at negative timing (At=—22 ms). Each STDP protocol
was applied at 5 Hz for 16 s. (C) Stimulation pattern used to investigate
the effect of ACh release on STDP induction. The STDP protocol was
applied at 10 s after the onset of repetitive stimulation (40 Hz for 0.5 s)
in the stratum oriens.

timing protocol: At=12 ms), while negative timing is defined as an
EPSP following an action potential (negative timing protocol:
At=-22 ms) (Fig. 1B). In both cases, stimuli were applied at 5 Hz
for 16 s. To induce the release of ACh, another stimulating elec-
trode was placed in the stratum oriens for stimulation at 40 Hz for
0.5 s with 80—-300 us at 80 V (Cole and Nicoll, 1984; Shinoe et al.,
2005) (Fig. 1A, C). In order to elucidate the effect of ACh on
STDP, STDP was induced 10 s after the stimulation in the stratum
oriens (Fig. 1C) because the peak latency of a slow EPSP is
around 10 s. EPSP (0.05 Hz) was induced by applying stimulation
in the stratum radiatum before and after the stimulation to induce
STDP. At 2-min intervals, 100 mM NMDA (Sigma) was applied by
current-balanced micro-ionophoresis (100 nA) in the stratum ra-
diatum for a duration of 500 ms.

Data acquisition and analysis

Recording data were sampled at 20 kHz and stored on a personal
computer using Clampex 9.0 software (Molecular Devices, Sunny-
vale, USA). An EPSP slope in the first 4—5 ms of the trace was
calculated by Clampfit 9.0 software (Molecular Devices, Sunny-
vale, USA). Three slope data every 20 s were averaged and
shown as one data point in the graphs. The data points are
presented as means=SEM. The magnitude of plasticity was de-
fined as (averaged EPSP slopes obtained from 20 to 30 min after
STDP-inducing stimulus)/(averaged baseline EPSP slopes).
ANOVA followed by Fisher's PLSD test was used in statistical
analysis (P<0.05).

RESULTS

Cole and Nicoll (1984) showed that the electrical stimula-
tion in the stratum oriens at 40 Hz for 0.5 s induced a slow
EPSP, which caused the activation of mAChR through the
release of ACh from the synaptic terminals originating from
the medial septum. To achieve a slow EPSP in the present
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Fig. 2. Influence of endogenous ACh on pyramidal cells. (A) Slow
EPSP elicited by repetitive stimulation. Slow EPSPs due to the excit-
ability of the pyramidal cell were elicited by the release of endogenous
ACh following repetitive stimulation of the oriens. Representative
traces show typical examples of slow EPSPs in the absence (top) and
presence (middle) of 2 uM eserine, and the presence of 1 uM atropine
(bottom). Membrane potential was maintained at —53 mV. (B) Sum-
mary of slow EPSP amplitudes. Peak amplitudes in the absence
(control) and presence of eserine and in the presence of atropine were
measured. * P<0.05, ** P<0.01, one-way ANOVA, Fisher's PLSD
test.

study, strong repetitive stimulation was applied to the stra-
tum oriens in the CA1 area. A representative EPSP trace is
shown in Fig. 2A (top panel). The mean peak amplitude of
slow EPSPs induced under the control condition was
0.73=0.11 mV (n=4; Fig. 2B). With the bath application of
2 uM eserine, a cholinesterase inhibitor, the peak ampli-
tude of slow EPSPs was strongly increased (Fig. 2A, mid-
dle panel) to 2.02+0.17 mV (n=8, P<0.01 vs. control; Fig.
2B). On the other hand, in the presence of 1 uM atropine,
a nonselective mMAChR antagonist, the mean peak ampli-
tude of slow EPSPs was drastically decreased (Fig. 2A,
lower panel) to 0.10+0.007 mV (n=4, P<0.05 vs. control;
P<0.01 vs. eserine; Fig. 2B). From these results, we con-
clude that slow EPSPs were induced by the activation of
mAChR under our experimental conditions.

Influence of mMAChR activation on STDP

First, to investigate the influence of physiologically re-
leased ACh on the induction of STDP, the positive timing
protocols were applied to CA1 pyramidal neurons with and
without slow EPSP induction following stimulation of the
cholinergic axons. Change of the EPSP slope was mea-
sured before and after the STDP-inducing stimulus as the
magnitude of STDP. In the positive timing protocol, as
shown in Fig. 3A, D, the resulting LTP that was induced
with slow EPSPs through the activation of mMAChR was
significantly enhanced (188.9+16.0%, n=>5, P<0.01; P<
0.05 vs. control) compared to the LTP that was induced in
the absence of slow EPSPs, that is, in the control condition
(134.9%5.0%, n=10, P<0.01). This result suggests that
the activation of mMAChR facilitates LTP induction in the
STDP protocol at positive timing. Next, in order to clarify

the dependence of ACh intensity on STDP induction, the
positive timing protocol was applied to CA1 pyramidal
neurons in the presence of different concentrations (0.6
and 2 uM) of the cholinesterase inhibitor eserine. When an
STDP-inducing stimulus was applied at positive timing,
LTP was induced in the presence of 0.6 uM eserine
(154.7+22.3%, n=6, P<0.05; P=0.425 vs. control), as
shown in Fig. 3B, D. Furthermore, the magnitude of LTP
was significantly increased in the presence of 2 uM eser-
ine (187.3116.2%, n=6, P<0.01; P<0.05 vs. control; Fig.
3C, D). These results show that LTP induction was facili-
tated further as the concentration of eserine increased,
suggesting a positive relation between the effect of STDP
facilitation and the concentration of ACh. In addition, to
determine whether synaptic transmission is modified or not
by application of only slow EPSP or eserine, the change in
EPSPs at the Schaffer collateral-CA1 pathway by applica-
tion of slow EPSP or eserine (0.6, 2 and 20 uM; Fig. 4A-E)
was examined. The EPSP slopes did not significantly differ
between those without slow EPSP induction or eserine
(slow EPSP: 105.8+2.4%, n=6, P=0.07; 0.6 uM: 96.4*
6.3%, n=6, P=0.60; 2 uM: 102.1+13.1%, n=7, P=0.86;
20 uM: 112.4+£11.2%, n=7, P=0.29; Fig. 4A-E).

On the other hand, when negative timing protocols
were applied to CA1 pyramidal neurons with and without
slow EPSP induction following the stimulation of cholin-
ergic axons, no significant synaptic plasticity was induced
with slow EPSP (95.2:15.9%, n=5, P=0.77; P<0.01 vs.
control; Fig. 5A, D) compared with the control condition
(39.62.9%, n=6, P<0.01). This result suggests that the
activation of mMAChR might cancel out the depression or
shift in the plasticity to the opposite direction of depression,
namely, the direction for potentiation. Furthermore, when
the negative timing protocol was applied, with the STDP-
inducing stimulus at negative timing, the LTD observed in
the control condition was abolished in the presence of 0.6
uM eserine (119.2£15.4%, n=5, P=0.13; P<0.01 vs.
control; Fig. 5B, D), while LTP was significantly induced in
the presence of 2 uM eserine (140.6+=13.9%, n=6,
P<0.05; P<0.01 vs. control; Fig. 5C, D). These results
indicate that synaptic plasticity was changed from LTD to
LTP depending on the concentration of eserine. The ori-
entation of plasticity appeared to shift toward potentiation
as the concentration of ACh increased.

Influence of excess ACh on STDP induction

Second, to clarify the modulation of STDP under high
concentrations of ACh, an STDP-inducing stimulus (5 Hz
for 16 s) was applied at positive or negative timing under
excess concentrations of ACh. These excess concentra-
tions were produced in two ways: either with additional
slow EPSPs which resulted in moderate potentiation of
STDP during eserine (2 uM) treatment or application of the
STDP-inducing stimulus under a high concentration of es-
erine (20 uM). In the positive timing protocol, with both
slow EPSPs and the presence of 2 uM eserine, STDP was
not significantly induced (86.9+9.1%, n=5, P=0.11; Fig.
6A, C), even though moderate induction of LTP was ob-
served in the presence of 2 uM eserine as shown in Fig.
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Fig. 3. Influence of AChR activation on STDP induced by the positive timing protocol. (A) Influence of slow EPSPs on STDP induction at positive
timing (At=12 ms). STDP, LTP induced by the positive timing protocol, was enhanced by the slow EPSPs. EPSP slopes in the absence (o: control)
and presence (®) of slow EPSPs are presented as percentages. EPSP traces were recorded at the time corresponding to the numbers indicated in
the time course of the EPSP slopes. (B, C) Influence of different concentrations of eserine, a cholinesterase inhibitor, on STDP at positive timing
(At=12 ms). Application of eserine inhibited cholinesterase, which led to an increase in ACh concentration. LTP induction was facilitated as the
concentration of eserine increased; ® (0.6 uM eserine) in (B) and ® (2 uM eserine) in (C). (D) Summary of slow EPSPs and the eserine effect on LTP,
STDP by the positive timing protocol. Mean changes in the magnitude of the EPSP slopes are shown for the control, with slow EPSPs, in the presence
of 0.6 uM eserine and presence of 2 uM eserine. * P<0.05, ** P<0.01, one-way ANOVA. Fisher's PLSD test; N.S., not significant.

3C (P<0.05 vs. slow EPSP+2 uM eserine). STDP was
also not significantly induced when an STDP-inducing
stimulus was applied at positive timing in the presence of
20 pM eserine (84.4+10.9%, n=7, P=0.10; P<0.05 vs. 2
uM eserine; Fig. 6B, C). Thus, STDP was not induced in
the presence of excess concentrations of eserine, which
suggests that the induction of STDP was obstructed by
excess ACh or that the direction of STDP induction was
changed away from that of potentiation.

On the other hand, in the negative timing protocol,
STDP was not significantly induced with both slow EPSPs
and the presence of 2 uM eserine (109.6=11.3%, n=5,
P=0.22; Fig. 7A, C), even though LTP was observed in the
presence of 2 uM eserine as shown in Fig. 5C (P<0.01 vs.
slow EPSP+2 uM eserine). When the negative timing
protocol was applied in the presence of 20 uM eserine,
LTD was induced (86.9+2.8%, n=5, P<0.01; P<0.05 vs.
2 uM eserine; Fig. 7B, C), which is in contrast to LTP that
was induced in the presence of 2 uM eserine.

These results indicate that STDP induced by the pos-
itive timing and negative timing protocols was abolished or
depressed in the presence of excess ACh.

STDP induction in the absence of mAChR activation

Third, to pharmacologically clarify the influence of
mMAChR activation on STDP induction, an STDP-induc-
ing stimulus was applied at positive or negative timing in
the presence of 1 uM atropine, a nonselective mMAChR
antagonist.

In the positive timing protocol, LTP induced in the
control (Fig. 3A) was abolished, while LTD was observed
with atropine application (81.7+6.7%, n=6, P<0.05;
P<0.01 vs. control; Fig. 8A, C). No synaptic plasticity was
observed with slow EPSPs in the presence of atropine
(90.5+6.2%, n=8, P=0.09; P<0.01 vs. slow EPSP; Fig.
8B, C), but LTP was induced with slow EPSPs in the
absence of atropine (Fig. 3A).
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Fig. 4. Influence of ACh on EPSP slopes. (A-D) EPSP slope comparison in the absence and presence of either slow EPSP or eserine, where m
indicates EPSP slope without slow EPSP or eserine treatment. ® indicates EPSP slope after slow EPSP in (A), in the presence of 0.6 uM eserine in
(B), 2 uM eserine in (C), and 20 uM eserine in (D). (E) Mean changes in the magnitude of the EPSP slope without the STDP protocol under each

condition.

In the negative timing protocol, STDP was not induced
in the presence of atropine (93.9+7.1%, n=5, P=0.4;
P<0.01 vs. control; Fig. 8D, F), but LTD was induced in the
control (Fig. 5A). STDP was also not induced with slow
EPSPs in the presence of atropine (92.3+4.2%, n=6,
P=0.08; P=0.90 vs. slow EPSP; Fig. 8E, F), the same as
in the case of STDP with slow EPSPs in the absence of
atropine (Fig. 5A).

Taken together, these results suggest that the activa-
tion of mMAChR is required for both LTP and LTD induced
by the STDP positive and negative timing protocols.

Finally, in order to clarify the influence of ACh on the
NMDA receptor (NMDA-R), 100 mM NMDA, an NMDA-R
agonist, was ionophoretically applied to the stratum radia-
tum in CA1 pyramidal neurons. The NMDA-R—evoked re-
sponse (100.0+0.04%, n=6) was enhanced in the pres-
ence of 2 uM eserine (171.4+0.05%, n=4, P<0.05 vs.
control; Fig. 9A, B). This enhancement was abolished by

the application of 1 uM atropine (98.7+0.01%, n=4,
P=0.58 vs. control; P<0.01 vs. 2 uM eserine; Fig. 9A, B).

DISCUSSION

In this study, to investigate the influence of muscarinic
activation on synaptic plasticity in hippocampal CA1 neu-
rons, STDP-inducing stimulation consisting of the evoked
firing activities of neurons was applied to hippocampal CA1
neurons during slow EPSPs, that is, depolarization, which
was caused by activation of mAChR resulting from the
release of ACh following repetitive electrical stimulation in
the stratum oriens (Nicoll, 1985). To begin with, it was
confirmed that slow EPSPs were elicited in our study (Fig.
2A, B). The amplitude of the slow EPSPs was increased in
the presence of the cholinesterase inhibitor eserine, and
was completely blocked by the nonselective mAChR an-
tagonist atropine (Fig. 2C). These results corresponded
with those of previous reports (Cole and Nicoll, 1984;
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Fig. 5. Influence of AChR activation on STDP induced by the negative timing protocol. (A) Influence of slow EPSPs on STDP induction at negative
timing (At=—22 ms). STDP, LTD induced by the negative timing protocol was abolished by the slow EPSPs. EPSP slopes in the absence (o: control)
and presence (®) of slow EPSPs are presented as percentages. EPSP traces were recorded at the time corresponding to numbers indicated in the
time course of EPSP slopes. (B, C) Influence of different concentrations of eserine on STDP at negative timing (At=—22 ms). STDP was abolished
in the presence of 0.6 uM eserine (® in B) and was changed to LTP in the presence of 2 uM eserine (® in C). (D) Summary of slow EPSPs and the
eserine effect on LTD, STDP by the negative timing protocol. Mean changes in magnitude of the EPSP slopes are shown for the control, with slow
EPSPs, and in the presence of 0.6 uM eserine and presence of 2 uM eserine. * P<0.05, ** P<0.01, one-way ANOVA, Fisher's PLSD test; N.S., not

significant.

Shinoe et al., 2005). In our study, although the amplitude
was smaller than that seen in the previous reports, a
similar tendency was confirmed. Therefore, in our experi-
ment, mMAChR was activated by repetitive synaptic stimu-
lation and resulted in the induction of slow EPSPs.

Shinoe et al. (2005) showed that LTP induced by te-
tanic stimulation was enhanced by slow EPSP which was
mediated by the activation of M1 mAChR. In our experi-
ment, STDP protocols were applied to elicit synaptic plas-
ticity. The stimuli were closer to moderate firings than
those which can be induced by tetanic stimulus in the
hippocampus. Furthermore, we could induce not only LTP
using the positive timing of pre- and post-synaptic spikes
(the positive timing protocol) but also LTD using negative
timing (the negative timing protocol) with the same number
and duration of stimuli. This is because, when homo-syn-
aptic stimulation is applied to induce LTD, the period of the
stimulation (1 Hz, 400~1000 pulses) exceeds the duration
of slow EPSPs (~60 s). Therefore, we investigated the
influence of activation of mAChR on both LTP and LTD
induced by the STDP protocols.

First, LTP was significantly enhanced in the presence
of slow EPSPs compared with LTP in the control condi-
tions without slow EPSPs (Fig. 3A, D). These results indi-
cate that the slow EPSPs, induced by the activation of
mAChR, facilitated LTP in the STDP induction protocol
with positive timing. LTP was also enhanced in the pres-
ence of eserine (0.6 uM and 2 uM), as shown in Fig. 3B-D.
The results suggest that, when cholinesterase is blocked
by eserine application, which prevents ACh from breaking
down, the resultant appropriate increase in ACh from cho-
linergic inputs in the STDP protocol leads to mAChR acti-
vation, thereby enhancing LTP. Shimoshige et al. (1997)
reported that the magnitude of LTP induced by tetanus
stimulation with different concentrations of exogenously
applied CCh, an agonist of mAChR, was significantly in-
creased compared with the control condition without CCh
application. In addition, in our study, no EPSP slope
changes were induced without the STDP induction proto-
col in the presence of slow EPSP or eserine. Thus, the
baseline of synaptic transmission was not changed by
mAChHR activation.
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Fig. 6. Influence of excess ACh on STDP induced by the positive timing protocol. (A, B) Influence of excess ACh on STDP at positive timing (At=12
ms). STDP was abolished by excess ACh both in the presence of slow EPSPs and additional 2 uM eserine (® in A) and in the presence of 20 uM
eserine (® in B). EPSP traces were recorded at the time corresponding to the numbers indicated in the time course of the EPSP slopes. (C) Summary
of the effect of excess ACh on STDP induced by the positive timing protocol. Mean changes in magnitude of the EPSP slopes are shown in the
presence of eserine at 2 uM (data from Fig. 3C), presence of 2 uM eserine with slow EPSPs and presence of 20 uM eserine. * P<0.05, ** P<0.01,

one-way ANOVA, Fisher's PLSD test; N.S., not significant.

We consider that LTP was enhanced due to the follow-
ing mechanism. It is generally known that the depolariza-
tion evoked by the STDP induction protocol releases the
blockade of Mg?" from the NMDA-R, which in turn in-
creases [Ca?*]; on the dendrite by an influx of Ca®" via the
NMDA-R (Nicoll and Malenka, 1995; Connor et al., 1994).
Nishiyama et al. (2000) reported that the sign (LTP or LTD)
of STDP was decided depending on the Ca®* influx.
Aihara et al. (2007) showed the high and low Ca®* influx
dynamics related to the promotion of the above two sys-
tems, respectively. These reports demonstrated that the
estimation for the relation between STDP and Ca®" influx
is consistent with the extended BCM rule (Bienenstock et
al., 1982; Artola et al., 1990; Tamura et al., 1992), in which
plasticity is shifted from LTD to LTP following the function
of the BCM rule, which presents as a plasticity change
from depression to potentiation depending on the cell ac-
tivity (the influx of Ca®* in present study). In addition,
Clopath et al. (2010) also tried to theoretically explain the
bidirectional connectivity pattern using a model of STDP in
which synaptic changes depend on presynaptic spike ar-
rival and postsynaptic membrane potential.

Responses to NMDA-R are selectively potentiated by
ACh, acting on mAChR, in rat hippocampal CA1 neurons
(Markram and Segal, 1990; Jo et al., 2010). Here, we also
confirmed that the response to NMDA was enhanced in the
presence of eserine (Fig. 9). Thus, the enhanced NMDA

response by the activation of mMAChR leads to the increase
in Ca2" influx during induction of LTP by applying the
positive timing STDP induction protocol. Therefore, it was
considered that the activation of mMAChR by synaptic stim-
ulation for slow EPSP induction or eserine application
contributes to the facilitation of LTP induction. Further-
more, it is reported that estrogen-induced LTP was in-
creased when the ratio of NMDA transmission to AMPA
transmission was increased (Smith and McMahon, 2005).
It is possible that the mAChR-induced LTP was increased
by a similar mechanism.

In addition, when the synaptic stimulation was applied
to activate mAChR, slow EPSP (depolarization) was gen-
erated by musucarinic blockade of background potassium
leak conductance (Cole and Nicoll, 1984; Madison et al.,
1987). When the STDP-protocol was applied in the pres-
ence of slow EPSPs, the slow EPSPs served to elevate the
magnitude of the depolarization induced by the protocol,
which increased the release of Mg2* blocked from the
NMDA-R and led to the increase in Ca®" influx. Conse-
quently, LTP induced by positive timing is additionally en-
hanced to facilitate modulation of the NMDA response.
Furthermore, Fernandez de Sevilla et al. (2008) reported
that the Ca®" released from endoplasmic reticulum stores
by the activation of mAChR is required to induce IP5-
related LTP. We conclude, therefore, that the change in
synaptic plasticity is influenced by Ca®* influx, which de-
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Fig. 7. Influence of excess ACh on STDP induced by the negative timing protocol. (A, B) Influence of excess ACh on STDP at negative timing
(At=—22 ms). STDP was abolished by excess ACh both in the presence of slow EPSPs and additional 2 uM eserine (® in A), and LTD was induced
in the presence of 20 uM eserine (® in B). EPSP traces were recorded at the time corresponding to the numbers indicated in the time course of the
EPSP slopes. (C) Summary of the effect of excess ACh on STDP induced by the negative timing protocol. Mean changes in magnitude of the EPSP
slopes are shown in the presence of eserine at 2 uM (data from Fig. 5C), presence of 2 uM eserine with slow EPSPs and presence of 20 uM eserine.
* P<0.05, ** P<0.01, one-way ANOVA, Fisher’'s PLSD test; N.S., not significant.

pends on both NMDA-R modulation and depolarization
(slow EPSP).

On the other hand, LTD was abolished when the neg-
ative timing protocol was applied with slow EPSPs (Fig.
5A, D), whereas the appropriate ACh effect in the pres-
ence of eserine abolished LTD (0.6 uM eserine; Fig. 5B, D)
or interestingly switched it to LTP (2 uM eserine; Fig. 5C,
D). These results indicate that the influence of mMAChR
activation on STDP modified the direction of synaptic plas-
ticity from depression to potentiation, suggesting that
STDP in the negative timing protocol is influenced by the
same molecular mechanism as in the positive timing proto-
col, in which the activation of the mAChR increases the
NMDA response and membrane potential, then shifts the
plasticity from depression to potentiation depending on the
Ca?" influx. Our present results showed that mAChR activa-
tion enhanced LTP in the positive timing protocol, and abol-
ished LTD or changed the sign from LTD to LTP in the
negative timing protocol. Both LTP and LTD were modified
toward synaptic potentiation by mAChR activation. There-
fore, the modification of STDP in our results can be explained
as a shift in plasticity that follows the BCM rule.

Next, we demonstrated that LTP was not induced by
the positive timing protocol with slow EPSPs and the ad-
ditional application of 2 uM eserine (Fig. 6A, C). Further-
more, LTP was also suppressed in the presence of a high

concentration of eserine (20 uM; Fig. 6B, C). These find-
ings suggest that excess ACh prevented the induction of
synaptic plasticity. This is because Ca?* influx from the
NMDA channel is decreased due to desensitization of
the postsynaptic mMAChR caused by receptor phosphory-
lation induced by an excess concentration of ACh (van
Koppen and Kaiser, 2003; Kwatra and Hosey, 1986) and to
the depression of transmitter (L-glutamate) release by
mAChRs on presynaptic terminals (Qian and Saggau,
1997). Adams et al. (2004) showed the effect of ACh on
STDP induction by applying CCh, where CCh also inhib-
ited LTP. They concluded that the modification was due to
desensitization of the mAChR by the continued presence
of the agonist. Our results regarding the use of excess
eserine support their conclusion. On the other hand, STDP
was not significantly induced at negative timing with slow
EPSPs and additional 2 uM eserine (Fig. 7A, C). More-
over, LTD was induced in the presence of excess eserine
(20 wM), while LTP was induced in the presence of 2 uM
of eserine (Fig. 7B, C). These results may also be due to
the same mechanism as that induced by positive timing
which decreased Ca®* influx because of mMAChR desen-
sitization and depression of transmitter release by excess
ACh, so that the sign of STDP was decided depending on
the Ca®" influx.
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Fig. 8. STDP induction in the absence of mMAChR activation. (A) Effect of 1 uM atropine on STDP induced by the positive timing protocols. STDP was
depressed to LTD in the presence of atropine (®). EPSP traces were recorded at the time corresponding to the numbers indicated in the time course
of the EPSP slopes. (B) Effect of 1 uM atropine on STDP induced by the positive timing protocols with slow EPSPs. STDP with slow EPSPs was
depressed in the presence of atropine (®). (C) Summary of the influences of atropine on STDP induction at positive timing. Control data and slow EPSP
in the absence of atropine are taken from Fig. 3A. (D) Effect of 1 uM atropine on STDP induced by the negative timing protocols. STDP was also
abolished in the presence of atropine (®). (E) Effect of 1 uM atropine on STDP induced by the negative timing protocols with slow EPSPs. STDP with
slow EPSPs was also abolished in the presence of atropine (®). (F) Summary of influences of atropine on STDP induction at negative timing. Control
data and slow EPSP in the absence of atropine are taken from Fig. 5A. * P<0.05, ** P<0.01 in one-way ANOVA, Fisher's PLSD test; N.S., not

significant.

Finally, when we applied the mAChR antagonist atro-
pine to block the mAChR, both LTP and LTD were sup-
pressed (Fig. 8). These results indicate that mAChR acti-
vation leading to slow EPSPs by physiologically released
ACh from cholinergic fibers is required to induce and facil-
itate STDP.

The cholinergic neuron projecting from the medial sep-
tum to the hippocampus extends its axon to terminate on the
pyramidal neurons and interneurons in CA1 via the fimbria,

and ACh is released from the synaptic terminals by repeti-
tively stimulating the axon of the cholinergic neuron (Cole and
Nicoll, 1984; Nicoll, 1985). The present study focused on the
modulation of plasticity in CA1 pyramidal neurons by the
release of ACh from the synaptic terminals. Our results indi-
cate that the priming effect of endogenous ACh was medi-
ated by mAChR and modulated STDP (both LTP and LTD),
in which LTP was facilitated and LTD was abolished by slow
EPSPs, which is close to the physiological condition of
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Fig. 9. Influence of ACh on the response of NMDA-R. (A) The voltage
responses to NMDA ionophoretic application (arrow; 100 nA) in the
absence or presence of 2 uM eserine or 1 uM atropine (absence of
eserine in dark gray, presence in black, and presence of atropine in
light gray). (B) Summary of influences of eserine and atropine on the
responses to NMDA. ** P<<0.01 in one-way ANOVA, Fisher's PLSD
test; N.S., not significant.

mAChHR activation. Interestingly, ACh was found to be the
modulating system that shifts plasticity in the potentiating
direction depending on Ca?" influx. Thus, our results suggest
that ACh may regulate learning and memory performance,
indicating a crucial role for learning and memory in the hip-
pocampus. Our experimental procedure enabled us to ob-
serve the synaptic modulation occurring in CA1 neurons and
revealed that appropriate concentrations of ACh modulate
plasticity toward potentiation, where LTP was facilitated and
LTD was changed to LTP. We conclude that ACh plays a
critical role as a modulator for spatial-temporal information
processing in the hippocampus, and thus attention modu-
lates learning and memory at cell level.
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The impulsive preference of an animal for an immediate reward implies that it might subjectively discount
the value of potential future outcomes. A theoretical framework to maximize the discounted subjective
value has been established in the reinforcement learning theory. The framework has been successfully
applied in engineering. However, this study identified a limitation when applied to animal behavior,
where in some cases, there is no learning goal. Here a possible learning framework was proposed that
is well-posed in any cases and that is consistent with the impulsive preference.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Animals often prefer a small reward given immediately to a
large reward given later, even though they receive a less total
amount of rewards (Ainslie, 1974; Mazur & Biondi, 2009; Richards,
Mitchell, de Wit, & Seiden, 1997; Schultz, 2010). The preference
observed in inter-temporal choices of rewards suggests that an
animal might subjectively discount the value of a delayed reward
and attempt to maximize the discounted subjective value (Becker
& Murphy, 1988). The nature of delay discounting has been studied
in various fields both experimentally (Ainslie, 1974; Mazur &
Biondi, 2009; Richards et al., 1997; Schultz, 2010) and theoretically
(Nakahara & Kaveri, 2010; Sozou, 1998; Takahashi, 2005), and has
often been discussed in relation to impulsivity or addiction (Kim &
Lee, 2011; Takahashi, 2011).

Atheoretical framework to maximize the discounted subjective
value is formulated in the reinforcement learning theory, which
deals with the learning of action choosing for a given situation
(Bertsekas & Tsitsiklis, 1996; Sutton & Barto, 1998). The framework
is constructed as follows: Assume a discrete time step t, and a
subject that is required to choose an action a; from the available
options at each step and that is given a reward of amount r; at
the next time step ¢ + 1. Let the state variable s; represent a given

* Corresponding author at: Tamagawa University Brain Science Institute, 6-1-1
Tamagawa-gakuen, Machida, Tokyo 194-8610, Japan. Tel.: +81 42 739 8400; fax:
+81 42 739 8400.
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situation at a time step t. Note that the temporal order of the states,
actions, and rewards in this notation is s, a;, I't41, Se+1, Aet15 - - - -
In the learning system, an action is chosen with a conditional
probability for a given state s;: pos = P(a; = als; = s). The set
of state-dependent choice probabilities {pys} is optimized through
trial-and-error learning. The learning goal depends on the learning
problem. The “discounted problem” (Bertsekas, 1995; Bertsekas
& Tsitsiklis, 1996; Sutton & Barto, 1998) is to find a set {pgs}
that maximizes the temporally discounted subjective values for all
states, each of which is defined as

VSEE[ZV"M s[=5] (1)

k=1
where E[- | -] denotes the conditional expected value, and the
discount factor y represents the extent of the discount,0 <y < 1.

Multiple state-values Vj, Vg, ... exist for their respective
states s = A, B, .... Each state-value V; depends on the choice
made in another state s’ visited after s, =s, and hence, each
state-value cannot be maximized independently of other state-
values. The “discounted problem” is, so to speak, an optimization
problem for multiple objective functions. A solution to such an
optimization problem does not generally exist, since a solution that
maximizes one function does not necessarily maximize another.
However, a solution to the “discounted problem” does exist
under the condition of the Markov decision process (Bertsekas,
1995; Bertsekas & Tsitsiklis, 1996), which is usually presupposed
in standard frameworks. This framework for the “discounted
problem” has provided many practical algorithms for engineering
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including the temporal difference learning, which is known to
be consistent with the activities of dopamine neurons (Schultz,
Dayan, & Montague, 1997), and has been used for the model-based
analyses of neural activity (O’Doherty, Dayan, Friston, Critchley,
& Dolan, 2003; Tanaka et al., 2004). However, there is a need to
reconsider whether this is a suitable framework for the modeling
of animal learning.

In a natural situation, animals are not explicitly given a current
state s;, and must therefore assess the current situation for
themselves from available information that consists of sensory
stimuli and their history. Different individuals may assess the
current state in different ways. The definition of the state s;
depends on the individual and occasion. The condition of the
Markov decision process depends on the definition of the state
s¢; hence, it may not hold for a certain state definition. This poses
the question of whether there exists a solution to the “discounted
problem” for an arbitrary state-definition. In the next section,
we demonstrated examples in which there is no solution to the
“discounted problem” for some state-definitions in simple choice
tasks.

2. No solution to the “discounted problem”

Consider a simple choice task that is iterated successively
(see Fig. 1(a)). At each time step t, a subject is given one of
two sensory cues, ¢; = AorB, and is required to choose one
of two responses, a; = L or R. After that, an identical reward is
stochastically given, r,,1 = 1 or 0, at the beginning of the next
time step. Information available to the subject before the choice
at trial t consists of the history of sensory cues, past rewards, and
responses, {¢;, I, ;—1, Ct—1, . . .}. A naive definition of the state s;
is the current sensory cue, s; = ¢,. If the learning system uses the
sensory cue ¢; as the state s; and makes a state-dependent choice,

P(a; = Llc = A) = 1—P(ar = Rl|cc = A) = pia,
P(a; = L|¢; = B) = 1 —P(ar = R[¢; = B) = pus,

the learning system attempts to find a set (ppa, pig) to maximize
both the discounted state-values V, and Vj to solve the “discounted
problem”. Fig. 1(b) shows V, and Vj as functions of (pia, pig) for an
example set of task parameters in which the reward probability
was determined by a combination of the sensory cue and the
response, and in which the sensory cue was determined by the two
steps previous response,

_ v _]09 (¢=Aanda =1)
P =1 = {0.1 (otherwise),

(2)
¢ = {A (a—>=R)

B (0[72 = L).

It is clear that both V, and V3 are simultaneously maximized at a
point (pra, pis) for any value of the discount factor y = 0.2,0.4, 0.6
and 0.8 (rows of plots). Thus, there is a solution to the “discounted
problem”. The “discounted problem” is well-posed in these cases.

In contrast, if the learning system uses the response chosen at
the previous time step as the state, s; = a;_1, and makes a choice
independent of the cue being given currently,

P(a; = Lla;—1 =1) =1—P(a; =Rla_1 = L) = pu,
P(a; = Lla;—1 =R) =1—P(a =R|ac—1 =R) = prg,

the values V| and Vy are maximized at different points of (py, pir)
respectively, for any value of the discount factor y = 0.2, 0.4,
0.6 and 0.8 (Fig. 1(c)). The set (pr., prr) maximizing V| does not
maximize Vg, and therefore, there is no solution to the “discounted
problem”. The “discounted problem” is ill-posed in these cases.
For another set of task parameters in which the reward prob-
ability was determined by a combination of the two consecutive

choices, and in which the sensory cue was randomly selected with
probability

_ 1_ 09 (a1 =Randa; =1)
P =1 = {0.1 (otherwise), 3)

P(c; =A) =0.6,

there is no solution to the “discounted problem” for the state
definition s; = ¢; (Fig. 1(d)), while there is a solution for the
state definition s; = a;_ (Fig. 1(e)). Even in inter-temporal choice
situations, there is no solution to the “discounted problem” for
some state definitions (Supplementary Figure).

Animals actually receive high-dimensional sensory inputs.
Hence, the state can be defined in many ways. State-definition,
which depends on the individuals, cannot be determined using
only the external environment. Since the “discounted problem” is
defined in a manner that depends on each state-definition, there
must exist a learning goal for each state-definition. These results
show that there is no learning goal for some state-definitions.
When an animal adopts such a state-definition, does the animal
actually lose the goal of the learning? Is there any possibility that
an animal attempts to solve another learning problem well-posed
for any state definition? In the next section, we propose an example
of the learning problem in which a solution always exists for an
arbitrary state definition.

3. Event-timing value problem

The defect in the “discounted problem” arises in the existence
of multiple values to be maximized. Hence, an answer would be to
define a single value to be maximized.

A naive suggestion for such a value would be the average of the
discounted state-values over all states, ZS VsP(s), where P(s) is
the probability distribution of the state s. However, this value is
proportional to the average reward,

> Vi) =E [i ykmk} =L Epr.
s k:

=1 -y

The maximization of the average state-value is equivalent to
the maximization of the average reward, which is inconsistent
with the inter-temporal choice behavior of animals. The above
transformation is supported by the constant discount factor y.
If event-based time steps are introduced into the framework
instead of regular time steps, as formulated in the semi-Markov
decision process (Bertsekas, 1995; Daw, Courville, & Touretzky,
2006; Sutton & Barto, 1998), and if the discount factor y is assumed
to be a function of the inter-event interval t; from the (t — 1)-th
event to the t-th event, then the average discounted value

00 k
U=E |:Z (l_[ )’(Tr+j)> rr+ki| ) (4)

k=1 \j=1

can not generally be factorized into Y, E [[T; ¥ (ze4) ] E [reqils
hence, the maximization of U generally deviates from the average
reward maximization (e.g., Supplementary Figure). They both
coincide only if inter-event intervals {r;} and rewards {ry} are
independent.

The type of event that results in the progression of a time step
is subjective. Although there may exist multiple types of events,
the definition (4) is the average over all types of events. Therefore,
the value to be maximized is single, and there is always a solution
to maximize U. The maximization problem of U is always well-
posed. Here the value U defined by Eq. (4) is called as “event-timing
value”, and the maximization problem is called as “event-timing
value problem”.
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Fig. 1. Discounted state values are not simultaneously maximized for some state-definitions. (a) An example of the time steps of the choice task used for the calculation
of the discounted state values (b-e). In this illustration, the sensory cue is presented as a specific background color, and the available options are the left and right buttons.
The cue presentation and the reward delivery obey a stochastic rule of two different patterns: Eq. (2) for (b,c) and Eq. (3) for (d,e). (b-e) Discounted state values are shown
with pseudo color as the functions of the state-dependent choice probabilities for different state-definitions using the two patterns of the task parameters. The pseudo color
is normalized in the range from V = 0 to the maximum in each plot. The scale bar is common to all plots, shown at the bottom right of (e). The plots in the left column
of each figure show the state-value V, for (b,d) and V| for (c,d). The plots in the right columns show the state-value Vj for (b,d) and V for (c,e). The plots in different rows

correspond to different values of the discount factor: 0.2, 0.4, 0.6, 0.8.

The event-timing value (Eq. (4)) can be written in another form,

U=E|r v () | = Elrclt], (5)

k
=0 j=0

=~

where the stochastic variable I} = Y 2, ]_[j'.‘:0 y(t—j) holds a
recurrence formula I = y(t;)(1+ I;—1), and can be easily
calculated online. Thus, the event-timing value problem results
in the maximization of the subjective reward r; I';. Therefore, the
learning for the event-timing value problem can be achieved by the
standard frameworks of the average reward maximization (Daw
et al.,, 2006; Tsitsiklis & Van Roy, 2002; Williams, 1992), only by
substituting the subjective reward r; I'; for the reward r;.

The maximization of the event-timing value U reproduces the
inter-temporal choice behavior of an animal for a certain function
y (7). In a standard inter-temporal choice task, each response a is
associated with a reward of certain delay D, and amount R,. If the
events consist of only the onset of the start cue (tq.), the response
timing (t.s), and the reward timing (t;wq), then the respective
inter-event intervals when the response a is always chosen are
Ttewe = L — Dy, Tye = RT and 7, = Do, where RT denotes the
response time from the start cue, which is assumed here to be
independent from the past event series, and L denotes the total
time from a choice response to the start cue of the next trial that
was fixed in standard inter-temporal choice tasks (Mazur & Biondi,

2009; Richards et al., 1997). By using the recurrence formula,
Ellt] = y(O)( + Ell,)) = y0a)(1 + ElyRTD( +
Ellqe)) = (Do) (1 + E[y RTD(1 + y (L — D) (1 + [T}, 1)).
Solving this equation for E[I%,], the event timing value U when
the response a is always chosen was calculated as

U

1
3 (E[0 X Tl +E[0 x It ]+ E[RaT%,4])

_ Ray@a)(1 + E[y RDI( + y (L — Da)))
3(1 = y (Do)E[y (RT)]y (L — Da))

For sufficiently small y (L — Dy) ~ 0O, the event timing value U =~
Ray (Dg)(1 + E[y(RT)])/3 o Ryy(D,) approximately. This form
coincides with the standard delay discounting form (Mazur &
Biondi, 2009; Richards et al., 1997; Schultz, 2010; Takahashi, 2011),
in which the delay discounting function estimated from behavioral
data can be fitted successfully by using the near hyperbolic
function y (D) ~ (1 + «D)~'.In fact, the dependence of the event-
timing value (6) on the delay D approximately coincides with
the function y (D), U(D)/U(0) =~ y (D), when the function y (D)
was set as (1 + «D)~! and the parameter values were set as
those obtained in the experiment by Mazur and Biondi (2009)
(Fig. 2). Thus, the maximization of the event-timing value U is
consistent with the impulsive preference of animals observed in
inter-temporal choice tasks.

(6)
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— U(D)/U(0)
- — ¥D)

0

0 D L

Fig. 2. Event-timing value U for the inter-temporal task in Eq. (6) shown as
a function of the reward delay D (solid lines) in comparison to the discounting
function y (D) = (1+«D)~! (dashed lines). The response time was set as a constant
RT = 0.02L. The parameter values kL = 7 and 32 correspond to those fitted to the
behaviors of pigeons and rats respectively, in the experiment by Mazur and Biondi
(2009), in which the trial length L = 50 s.

4. Conclusion

It was found that there is no solution to the standard
reinforcement learning problem: “discounted problem” (Bertsekas
& Tsitsiklis, 1996; Sutton & Barto, 1998) for certain state-
definitions (Fig. 1). Such state-definitions may be out of the scope
of the current reinforcement learning theory, but plausible for
animals. Here, a learning problem: “event-timing value problem”
was proposed (Eq. (4)) to provide a subjective value that is well-
posed for an arbitrary state-definition and consistent with inter-
temporal choice behavior observed in animals (Fig. 2).

5. Discussion

Animals must use one of a number of ways to define
state, because they are not explicitly given the current state as
presupposed in reinforcement learning theory. The adoption of a
certain state-definition restricts choice behavior from all possible
response sequences. If the state-definition is inappropriate for
the given environment, the truly maximum outcome cannot be
generally obtained. The truly maximum outcome is obtained
for a state-definition on which the condition of the Markov
decision process is satisfied (Sakai & Fukai, 2008). The “discounted
problem” is well-posed under the condition (Bertsekas & Tsitsiklis,
1996). It is not necessary in engineering to establish the learning
problem for an inappropriate state-definition.

However, an animal may adopt an inappropriate state-
definition. Is the learning goal for an animal actually lost when
an inappropriate state-definition is adopted? Do unstable choice
behaviors sometimes observed (Yoshida & Ishii, 2006) imply the
loss of goal? Otherwise, there may be still some subjective goal
for the individual to attempt to achieve. We proposed a possible
framework “event-timing value problem” in which the learning
goal is not lost for arbitrary state-definition. As event timings are
subjective, it is difficult to test the validity of the event-timing
value directly. However, it can be tested implicitly by observing
how additional external events change the preferences of animals.

The key factor in the definition of the event-timing value is
the introduction of event-based time steps and the physical-time-
dependent discounting. This combination is common to the dis-
counted problem in the semi-Markov decision process (Bertsekas,
1995; Sutton & Barto, 1998). There are other frameworks using
event-dissected time steps and a constant discount factor inde-
pendent from inter-event intervals (Nakahara & Kaveri, 2010).
Although the possible origins of the discounting function y (t)
were not highlighted in this study, an online estimation method
(temporal difference learning) to approximate the hyperbolic dis-
counting was proposed (Alexander & Brown, 2010), and rela-
tions between the subjective time perception and the hyperbolic

discounting are discussed (Nakahara & Kaveri, 2010; Takahashi,
2005). In addition to the above mentioned previous studies, the
event-timing value problem also provides a framework to discuss
the nature of subjective time for decision and discounting.

Here we presupposed that the impulsive preference of an
animal may be a result of the subjective value maximization.
However, there is another interpretation. The impulsive preference
can be reproduced as a result of a robust transient of the reward
maximization using the temporal difference learning (Daw &
Touretzky, 2000). The subjective value maximization is only one of
several possibilities. Moreover, the event-timing value is only one
possible subjective value. The defect in the standard reinforcement
learning problem highlighted in this study shows the need for
establishing a framework for reinforcement learning suitable for
animals exhibiting impulsivity.
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	表4

