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BOHENRZZHENH L, TNOOMES P E
THOOMEEEN HARRRESERE R BB E
MERERSTHERShBESNTWAY, SEBERERO
RENLZEFE, BEBEOHEILLCAVLN 2 E
BEHIHEEECT OO TV S,

WEAR B PE DI B AL DMRRE & RIS, BB (stage W,
SW) I BRI L a2 ERETHERENOS T X
TREFHBL, KAOSEBRBCER 41, HEw
BOHBMLLANVERT, LR EHKENETT 2 &,
T A 2 A= THROBRBIRIRED) (slow eye movements,
SEMs) DHBABEENS. / ¥ L A (NREM) EIE
i, BRRRISBICK VBB 1 25 4 9 Bshe, B
R 1 (stage 1, S1) : HEBEIZ RIS IEIRIED 0 1%
& 7% ) BHTRERELM (vertex sharp wave, hump wave)
ODHBEVEDOLNE. ZOBPOBEMIZPRET L,
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CHRBREHOMBAVEHETH S, KRIE 2 (stage 2,
S2) ' Bk 2 OHEIIRELOERERER (sleep
spindle) & A WiZ KA (K-complex) DHIE % i
255, KEERIIEERZ MBSV VD, ik
BERELRZVWHEELKEELHET S, HE MLV
HEGIETL, REBRRERIIERIETIZONT
HWET 5, M3 (stage3, S3) LB 4 (stage 4,
S4) : BRE 3 (S3) LB 4 (S4) 1 2 HzLAFT75uV L
LOBEERESE (BRIEARE OMBELIHEREIC
HOLRBROBEGTHESNS, 20%LL L50% %1 %
B3 EL, 50%LLEOBRIE O ROMBLED b
THERBRMEALTS. BEIL42HDET, REK
BEIE (SWS) LIERBA b HAH. BRI LEM4 T
BEBMLNVIEELIETL, RERDIFLACEH»E
ek, SHBEOHBEIRED LB, FOHMBEE
RKELETL, BIRIBIEICERTHHEVE (R
EXEBEICES, T, ZORBICBERATIE
Bz ArED onivw., BBEREM (stage REM,
SR) : REMEEIR DRI, BIRIETS T SERBARK
DEHREL, BRE1LEBLTWS, L»L, HE
BEFEOHRBIZIZLALRO O, #EREFICL-
T, QR B HREOHEANPECRBDOLNLEED
H5. BEERIEESKICIE, REMEBROERL 2o T
HEHEBRER REMs) OHBEEBHOh, ZOH
BRI IburstiRO D D L BB T 250 LD
5. RIGEBOFHEMERE, BEEIKFEFEDO D DIIH
HOEEHHOEBHRE L 72D OBKRET TH 575,
R KFEHE, ETHABIUOHBIA~NOESE

S EARRAE B

B THEA

ETLIRBE, —ROLOMILZHEREDRS
NEBERDHZ, HBEMOLAVE—BKRDOI) L TRD
BTF2I Lo Tn5E. BUWHEBMLRNVER
THE, EEERETIERREMEHZELZWVD, >
LTy —-BEIIR NS ARBREMEER (sleep onset
REM, SOREM) 7 NI — VIKTEELEHR L EY %
BE5 L7HE%2E, BEMLLVAVHFEYE ETREMSs
EREMBERSEF OB/ 8y — 0SB L, B -
REM (stage 1-REM, dissociated REM sleep, stage
REM without atonia) & FHENZBRRFER LN L5E
b & %. REMEEIRFHICIX, Z0IEA/NEORZERD
BEILH 2o TV AHOtwitching® —BMEO KX 72
HHOHBPZCEDO LN S,

BEMRANIE X, S8R, BAZEICL DL ICEL
L, BREREOIEMHEZHEIE, BkEEREOD &
TOENHE, ZROOHERBRZzLEL TS, v=a
TVREEILOMBOATIIERLHZIEETDH
h, Ir¥a—%iCksEBHHED FMICITERESE
PECBD LN TRV, ARBRICE- THHEIR
DLV B4 ICARBEOERK) 75 AD%E
bz Rd. LEIE, RS SNREMEROX - BEER
THHEHR1, BRE2ICESEREAT, TRIGAR
BEOENENORETORMEFEORYETRT. AR
B, EE> OER~NOBITHIIH Y, RELL
RREBZEETIE RV, ARZEERICE, ARMEEO&
AL BICHEE L, —EL Lo FE L
TRAT A EiERy. FREMEMROEME/LD
AL LTHN, 2ODRIEIEHRR L -KE, +

5E5 LA
M4 ARSOEREE: B, BHEE, HECOBE

DRI R
il

CBLER

o
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RHLRIRIETH A LEVCEERRSG 2 bok0Ee
ThbpEIFERELD., BERALTOAIhER T
WA= & LR (REMIBIRE) kb, REH
DEATEHBEBEN IS EIHEAT L., ZOBRET
B, FREELLZRETHS. BIROEDMEMIC,
D BREREEAMET LT 2 L MEHIREOR KO R B
PHESRBIEEE (0K LTFsX3hsb,. H&
DELRBEZ OIS T A, &6 1C AIRBRE
PEITT S E, FRAORIEIH L TEE L2 BiRE
DOREHE (RTEERGNE) HPHEIESZ P OCHET LS
Kb, COLIRROBIGTLEDTY ho—ViH
B2IREC, KBEE»S OBRKSCHEET L BER
DHEBEANOHAFSREIGTL TH Y, 5D S HIH
VAL EBRELEESHRBETLZ L5 5. 54
WARLZZERZ2EN A0, BRICERZHOER
RSERASHBETARHATH L. L), ARAR
=Dk ESTH, HEXEN 2 ) DRBIVNETHD.
5-3. TOMDEFBRRDERE

R AR P A PR AE AR B 72 & DR A IS PR R E % 4 1
LZREVEETAIEREL Y, BIEROMREOR
BErBE EHTIZELREELEEOVLEOTH S,
R OKREL IR T 272010, EARILEE OESIC
3DODH—IAFEEEL, R EREDBELEILI
Lo THRAMMEIEHETH. ZNIIA THE, e
WENENA ML 7 — D38 UNIGED) 4 5064
A LitLh, BRERENFROFE, 54 7HHET
& 5. BAZERENROEE IBREEL TS PRED %
S A%, RRBEIFROBICIZMADZIE & & LI
BR, MEEONREESEIET 2. BEEEIRROSEE
i, BHEPHRERTHE 00850 SHERCRTT
B, oM, =4 7073 rhERHNT [WITE]
REERT A, o, SR FTFIA—F L, MEE
DEL - BEANEZ O VOBRRKEOEFFALTEH
IR DR AIFIEE (Sa02) x REMICHET A EET
CHERRILZEERICEST S, COBEBIZLY,
FEEM A 2 DR BICSa02% BT B S EMTE, I
WREE PR D RBREINE 2 & DB E= ¥ BRI
725, Sa02id, EFROIEY Y — FOMETL, &
REOERDLYVICERT S, LLALSVZAEFI A —
=1L BSa020RHTIEHBLDEBANTLD,
PSGER4% b i3 IFIE & Sa0200 /% & — ¥ 0 B B 42
&5,

BEPICTROAHEEH 80 ELES 5 FHHE
M EBEE (periodic limb movements, PLMs) =
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THEOCTOFLATHRE (BEHE) STHMEES
DD ABRBEIRE 2078 FHEERE (restless
legs syndrome) % Db Ea1E, W TES
BEHOREOHER % 26T 5. PLMsTI}, EHW
TheDOTE, »2VEPLT, #5#05~ 508
BB B & 220~408 O RIBTRMAIR D E L HE

L, EERGEEES. 4070 THERR I, —
RDOTRED S O F B & RRFNELT 5 #kn
HHHEISHET 5.

LERE, BEFICBI 280E, RERLZ &0
REVPELDNLGEC, BRSO EEMERE OB
ZIT)HECRET A, EHEEIRESEE T, 5L
BHEVEIEEOHELICEBELEET L. Bon:
EEH, 5, LA, RRHEM, RREBZHEK, RRE
REBIZ X7 PVEER® 2% Lo, BEMERE
ZEHET 5.

6. BhOBEDERKDOEREICL % 5

BhoBEORKZ LCEMNMED SHRET S 72010
BOPDORKDEBWEMETFREATHD. 2
7 74— FIRARE (Stanford sleepiness scale,
SS9 I¥, MR HHOBAEIRL B RDORET
[FEBATVE, BETwbHhEY, §CICETLE
WEE] LI RELS [RE8205D, ERT,
FAZZTYT, REZVEL] FTTEBIChIN
THh, BREBRIZOL EDORKOBEIC L5 T
BIRTH, A5 7+ FREREZHFRL, BEA
WEEREM L - BAEKRIEARE (Kwanseigakuin
sleepiness scale, KSS)®™ i, 225HB» 5% 2415 H
HADEIRETH ), BPL2BREOELELHET S
LEDHLEFEIHEETHE. 51, FREE#RE

o

= e KRN
T -O— fAKRS
|
I
3
KS
i
]
P2
v
=, . . _
thr 3 Sh T Qhr Tihr 13k 165k
BENH D50 BABM
M5 FREBBZLHRELEERXEMAOLSEO

BRDEEBWEDA ¥ ¥ 7 + — FIEFREE (SSS)
& B EAE
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wHE Yy L CRERENAZTY, SSSERWTHAD
LENES Y EHN GER, S 1BEIE) CREL
R RYT. BEREENAROEREOHBORRR
SEEEIET LTH Y QOL (quality of life) #2k#E
NTWbHI EHH 5.

FEIRER T ATV A7 —ARAR E(Epworth
Sleepiness Scale, ESS)® i, B 22 8 G R Bl SR PR TE
BEOHTOBREE ALV -V I THIDIIRES
nrRETHS. BE4HESHENPOEREN, H
EEECE L BEN R REE A A- Y LTEET S
BRERoTWS, FHEAWRY v 71— MEHBRET
Bl (0~3 &) &h, SEEOBALBMRRLE
AEELT A ARNESEEBRESRIESNTEY,
NEMEXBEQESD H LFET 2HE1, BEL
BRESELS (R EENE. —HT, ERNRR
WMAEDT—VF VA V¥ —FEE8hBMSLT (Multiple
Sleep Latency Test) & DR YEDHE T, b
FLL—BTAEREVBELR TRV,

7. BHROBEOEROERNTHE

7-1. BEREBEE RLE 5 A b (multiple sleep latency test,
MSLT)?

MSLTH, BEOBROERKZFIERIT L) 2K
BOBEE L CHRORAOHME $ 57D HTY
ARETH A, B2 BEEICHERE - BE T ARS
&, TOANEBBEANL I LICL ) EERZREE
SHET 5. $72, I LT Y- 0OBETIARKREM
(sleep onset REM, SOREM) #SHE¥T 2 & bW
OYTEES. MSLTOERICERL Tit, REL1~2
SERERTS S OEEIRRE 2 BIR B EERLHICLD jEEL,
AR — T B 72010, WENRICHIRE ORER

xkvlwwméb€@%%07i74(Hﬁ)%m,

Fv5, BECHEY5R5L)LEPERALTCY
BIBAIEE 2 BEOMES L, REYSHIIKELR
Bi% R4 5, REEREKE L) 15~ 3 BRERICHE
1 EEOBRERF, 2HHOBBEHETIRL
L4 EOKRERT). RESIH, TR, BRAK
TEBLONLETHSL, PSCHREFIE, C3-A2F
Fi2CA-A1 OB, BRIGESR), * by A HERIML
O1-A2% 7-1302- A1 DMK, LERODEHE RIS
55 WINEARED G & EIIEE & RS,
M B L OO R % T 5. ARER,
BAEZ O SRERTEE T TORME, T4
HH30F A 1 XEE LB LT 3 XEHBRLAER

A TR

B ORMOREE CORBET S, BRORRE
FlcHlETs L&, Tabb AREBEZAD L EED
DR ETHRELRT T 5. ANEEE210~205 MSLT
OET T TERRSHEL2VEE R, AIRER 22050
r42) OBA, EFLHETS. FH5HRED
BARNR BhORS (EEORK) LBHEINS.
55 ~100 DB, FRNERALERLON—F —
54 vOBECERL SNED, 109KBTLHRHE
T2ERLH Y, FEEBRREPCKFEERIRE X 7ok
IR B ORI R B 72 L OB TR T, MSLTTHH
ARBIEI0DRBE SN TWA, £ 7:REMig R i3 Bk
L7 BEIR R AE A & REMEERR O IR R £ TORFH &
xhp. FralLTy—-ORERET, NRFREMM
FRBF 22T EECALEEF, AROELAD S
15558 5 F TREYERITS. FAaLTI—I8B
W BMSLTOM8 & LTid, ARRER DTS 7oKM, A
IEEFREMEID 4 BORET 2 EMEHBRTHZ 2L
AHIFoNs, LEALInsENTLbFrab7y—
IR L VD b TR , ARKEREM 37 H
IRAMIE S N5 I IRE S IPRIE R 2 K THHRT 2
BEVHS.
7-9. HEET X b (alphaattenuation test, AAT)®
ABHBRAEPHIET SO HAEINAMSLTE,
WEME TORIER MRS EZHET 572012, ERH
TuHHVERE 1 OHRTBETILENH LI L,
PR b RE0SEALEL T AR Y, FEHHER
BEBRCERMSEMEOB BV TEELBELZ V.
@ EIREET A b (AAT) 1&, LROMBEEHRT B7
DIZERSNLFET, BRREMOKRET, £EN
LIEAZMETE S HICH#MHS. AATIE, Ol-
A2 B \WIZ02-Alh S XN B B O %
(8-12Hz) OFFTIC & AEE ST EOMRIRK &K
BB A BT A2FETHA. FETRE, R R
Bz hZh 2 SR 0mRGy 3EEYEL FH125H),
FETORH AT ER AT 5. B EHRRE O
TEORAEVEICE, EELAVEECEHESH
2. MSLTIC & 0 HIE S h7z AR OEE) & O~
PMEEET L OBBEY, FralL Ty —BELREE
FOERLFALNTWAEY, MSLTIZHTHER
BREME.

8. HEIREFEY X LOFHE

AR XL, B THRARBOERERTY -
Fa7vY AL (BRYXL) W, BROERE %
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Tws, ZREBICL2EERERCENET, 4—%
TAT ) XADFEEER EDOFMETIX, EfichH
AHEROEGMVERSINS,
8-1. EEERH&E (sleep log, sleep diary)®

AR, BECHIZRMOBER - BER 7 ¥ 2—
N BREICIEEBT A0 0MELFETH L. ke
HHEHLWHERE, FBEZCLVEGT L. SRS
ECLAHE ) X LABERERDAESREOER
HER 7 V2 - VREOBK R CHBEDNEOHEIC I
VIRTH A, BRIEKENERTHY, BEWEST
bHENT, MRAGKICLVE40EHE Lo TR
WIEEITE, LELIEKBRIOERER CLERTS
BWIEDHDH., BHY XLABBEREOBH TIT,
IEARGRBAEMREE 1k 2 BMILL LoD, FE24RGRIBEIR B HR
FERFETIE 6 B EOREIEA R X 5 BIRGHOE
B, BWER/NBLEL XA TVS, FEJRER
HENY - OBHTIE, BRIYY - FOSEHA
ERLRWERL2-oTRBY, Bia AR EEEL
DEBDOATIE, HE2HREET, BRAFOLRL
LEESND, BRHEOMETICIE, BEIYY—F
DFETER, 24REM OFHERIREE, AR - AREREH
DI EEFB LN, 14 ZFR)VF FF5 0%
WL ARERERR Y ¥ o — VO EEN 2 EAH S
nad. H6IZ, MEROHEBRDRBREEZ 7y a2—

0 2 4 6 8 10 12 14 16 18 20 22 24 remarks
1995/7/1 dellvery
1995/7/2
19951773
19857714
1995/7/5
1995178
1985717
19957778 discharge
1995/7/9 h
19957110
199577111
189577712 ] |
1995/7/13
1995/7/14
199577115
1995/7/16 [
1995717
1995/7/18
1995/7/19
199577720
199577121
1995/7/22
199577123
199577124
13957125 |
199577126 [
199577727
1995/7/28
199577729
19957730
1995/7/31 l | ] hospital
Msleep [Jwake
6 HMEROHEZOEBREERY, Va—ILn
FERR H &% & 2 3Fm A
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VORERHBENC L 28M%, 7L e LTRT.
HELBRLABOBETOEESFEROT RO
DIFE SN, BRICERFEAHARELTVS S
EHBETED. T, REETOPSCERED L - &
TRIALRETHHECD, BRAZEZHEHL, PSGE
ORI BRRELSSE 2. BREDEREEX
TV 2= I Lo 2B ICRES T 2 & T,
BREOER) A2 DHBL PR LREXFTIC L
WTES,

8-2. FARY - AVHNE

Horne& Ostberg® MR - %R E RIS (morningness/
eveningness questionnaire, MEQ) # % & IZIHH 0
ELEMEITY, BRAORG % b & ICE#{L s h s
ERN X208 4 TRUET 28R - KRR ED H34E
BENTw5, Pl ZARREOKREIL, £iERA 54
MDY X LAEEREFTTHOICENT, BAY X LE
REEDOBHICER2EHY 52 5.

9. EROEHRLTM

RO RMFFMI RO N ABEMEER L TET
Wh, ZOLDIIABEESNAEMNEERELT 2 F55 7 4
(actigraphy) 75 5. EHIEBHE O HIC L 2 BIE -
HEREOWELHIIE, o Z10ECEBMICIHITE
L7, B, BREER, HEMORRBIEEIC L AE
BRV TS 7 4 PBRMEDT—NVF YRy v y— K
THoHBIEWEBE2 VA, BIREEY 7S 7012
BROVBEHFET S, ZOBEAO—O2EHET 57
DOFEE U TERR OB L 2 BT - SRR
OHE (72F 2974 : actigraphy, 727 F A k
) Dactimetry) ZAHV LR TWA, b b EFKRE L7
BERA ) 75 7 4 Tid, BB, NREMEEIRERE 1 ~ 4 .
REMEEIR, BEIFE (MT) (S9SN, BERE
BEREEOHBAOERL Y — 2 #MICHET S
EHTED. LPL—FT, BRECEEICBITLE
FBTHEEIIAOND LI, ERECHREZ TOHRE
CHETOHREREL TEESTDLNIBELDSE W
C&, BRESCRERFE~NORE, EHICHbEER
FOHEGEL L2 EOFEb LD, BREYEWN - B
RIS 5B A, BEOADEMORG CIIEES -
ELE . KIS, BB X ABIREEIC ST 5 ERE
BT 535461013, EHESCRToRERLE
AT ERBELV. /o, BEEBENRSBLTV2ER
BEOBEIE, KEERZTOLHCIIEROSM S
BT HILIITEY, UBEICH 2 EBIROSMHAS
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BEELL5. ¢ OERFRETHRERAVLONRTWAIE
HEASHBECIZOBESFEL, Thon
BEACLHARS DEREICR s THHERICOIT
5, AP TOFEHORES L WIHHENERESEE
A .M. I ®actigraph@, ZEERFBIN TS, &
ARICIXFE—OREH N TH A, 1978 DKripke, D.
F. 5 O#&ELIskS  ORRFERCTHER SN, £<
BRI EESKICL BT -F 777 PORBAERITT
EFEFOFYE (Wrist Actigram) IZEZLTHWS
NTwWa, FEEOERLEDHColeb®™® NDHEKHER
Sadehb® DE¥L AV, ER:FEZHETILAR
Rl R 2 HB L, SREORMIMICHA b

SW

w57 S) W
S3
S4

(—B80%: 94.1%)
HEBRAE
71")4%/5) @&E&P@ Siaﬁm(/vv—)
MWWW FERR (JERIERD) ﬁ MMM
u[
B#’ﬂ m&sen

7 7rF757THELEREEED S ORER -
HEOHMNEREREEER) 7574 LD
B (IR & HEIICole 5 OWMEICR U THE)

REHEL (EBEER RBRIVa-AYUTN

BEEH . 24
HEREFZ: 07

B LHA

BAYT ¥ 2—VERBNICEMET 52 LAYTE 5. Sonia
Ancoli-Israel®# 3™ Tid, actigraph & PSGTOEIR
EEBOHBO—FFIZ, #ERATIZ089~098, K
RIZBITARIEEEDBE TIZ078~0388, 1LIBH 5 »
13/ R TI3090~095L ShTwa, E71C, EE LT
HI%E L7256 DEE XM Dactigraph itk & PSGIZ &
HEREEEZEZRT. ZOMATO—KEIL, 094k
FEEICE L, BREEPEERZHIT 2 0I+45
EHETEIREETHL I LIEHRTE S,

10. BEEESHEDEREE

BROFHZITICHAD, —BRTED D OIEIED
TALW ERIIBEAZH L HRORBLHEDOER,
BREZEDISCEBERLICIDRELHEEZT L
WHERTHAH. BROFMETICHA- T, BY
b7 3 EBETE LY CET 52 LEODH HFENE .
— BT, WARPFEHEOBEE, FRALHCEE, B
BEWCLDEMENLEELHCEITS. 61T, R
ELHE - BEEELZOICLABETENEOLE D
i

X8Ik L ARREDHEBROFMERD—FI %
AT, BIUOR L7 EERETEIE, BRENOWHB L UE
B3R 2FETAZL BN LTRE SR D
DTHY, BEFLEHEZIOXAF—N— - v ¥—
N yAEL, BEFRHREHBRLTWS, £/, HE
HEMR R 2 0ERELEBEELSHNEL TS
BEIEEROEGARTHY, —DOBHERKVKEL

WIRES XXX

100

11/10 (&) #®~11/20 (B) W

(24 ETITEIZOLLKSDMITTTFELY)
;00 (BERFELE7BIZEZY FLTFELY

11721 (B) ®~12/7 (k) %8

REIETRE

HELKEREL

FEAEL REXREL

1174 () ®|~11/10 (&) ¥

11/4 (x) &~12/7 (R) @

11/20 (B) ®~11/271 (R) ¥

MRS ERER -«
EHEERERL B

VAS

EEREF OSARBER AR RE 2
BEHFEERNERL O~

VAS

EDR GES

REGE (EK)

DEE (BEETR)

11/10 (&) &~12/6 OK) &

4 4

YyYvYy

11/10 (&) &~12/6 (K) ®

11 (&) 8~12/7 (K) 8

111 (k) $~12/7 (R) 8

4 4 4

111 (£) 8~12/1 (R) B

1710 (@) ®~11/22 OK) 8

A

11/28 () &~12/1 (X) 8
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/10 (@) B~11/22 0K B

A
4

11/25 (£) &~12/7 (K) Eﬁ
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-

4K

Y
4

12/3 (B) ®|~12/7 (KX) #
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REWARD EXPECTANCY-RELATED PREFRONTAL NEURONAL ACTIVITIES:
ARE THEY NEURAL SUBSTRATES OF “AFFECTIVE” WORKING MEMORY?
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ABSTRACT

Primate prefrontal delay neurons are involved in retaining task-relevant cognitive information in working memory
(WM). Recent studies have also revealed primate prefrontal delay neurons that are related to reward/omission-of-reward
expectancy. Such reward-related delay activities might constitute “affective WM™ (Davidson, 2002). “Affective” and
“cognitive” WM are both concerned with representing not what is currently being presented, but rather what was presented
previously or might be presented in the future. However, according to the original and widely accepted definition, WM is
the “temporary storage and manipulation of information for complex cognitive tasks”. Reward/omission-of-reward
expectancy-related neuronal activity is neither prerequisite nor essential for accurate task performance; thus, such activity is
not considered to comprise the neural substrates of WM. Also, “affective WM might not be an appropriate usage of the
term “WM?”. We propose that WM- and reward/omission-of-reward expectancy-related neuronal activity are concerned with
representing which response should be performed in order to attain a goal (reward) and the goal of the response,
respectively. We further suggest that the prefrontal cortex (PFC) plays a crucial role in the integration of cognitive (for
example, WM-related) and motivational (for example, reward expectancy-related) operations for goal-directed behaviour.
The PFC could then send this integrated information to other brain areas to control the behaviour.

Key words: affective working memory, cognitive working memory, monkey, neuronal activity, reward expectancy

InTrRODUCTION tasks, such as the delayed matching/nonmatching-

to-sample (Bechara et al., 1998) and self-ordered

The lateral prefrontal cortex (LPFC; Figure 1)
plays an important role in working memory (WM)
task performance. Patients with damage to the
LPFC, but not the orbitofrontal cortex (OFC;
Figure 1), show deficits in the performance of WM

pointing (Petrides and Milner, 1982) tasks. Human
imaging studies indicate that the LPFC, but not the
OFC, is activated in relation to WM task
performance (ID’Esposito et al., 1998; Owen et al.,
1998). Monkeys with LPFC ablation show severe

Human

Lateral prefrontal cortex

Monkey

Lateral prefrontal cortex

Fig. 1 — Lateral and orbital frontal cortices in the human and monkey.

Cortex, (2007) 43, 53-64
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impairments in the learning and performance of
WM tasks, such as the delayed-response (Jacobsen,
1935; Gross and Weiskranz, 1962), delayed-
alternation (Mishkin, 1957; Goldman et al., 1971)
and delayed matching-to-sample (Passingham,
1975) tasks. During the delay period of a WM
task, primate LPFC neurons show sustained
activity (Kubota and Niki, 1971; Fuster, 1973;
Niki, 1974; Kojima and Goldman-Rakic, 1982;
Quintana et al.,, 1988). A direct relationship has
been reported between the level of delay activation
and the task performance of animals (Fuster, 1973).
Many primate LPFC neurons show differential
delay activities depending on differences in the
spatial or object cues in the WM task (Niki, 1974;
Quintana et al., 1988; Funahashi et al., 1989). Such
differential delay activities are thought to represent
the neural substrates of WM, as they are concerned
with the retention of task-relevant cognitive
information (Goldman-Rakic, 1996). Thus, LPFC
delay neurons are thought to be crucial in guiding
monkeys towards accurate WM task performance.

Recently, two novel types of delay neuron have
been found in the primate LPFC: “reward
expectancy-related neurons” (Watanabe, 1996;
Leon and Shadlen, 1999; Roesch and Olson, 2003;
Wallis and Miller, 2003) and “omission-of-reward
expectancy-related neurons”  (that is, the
anticipation of no-reward as the trial outcome)
(Kobayashi et al., 2002; Watanabe et al., 2002).
These LPFC neurons show differential delay
activities between reward and no-reward trials,
and/or between trials in which different types of
reward might or might not be expected, during
both WM (Watanabe, 1996; Leon and Shadlen,
1999; Kobayashi et al., 2002; Roesch and Olson,
2003; Wallis and Miller, 2003) and non-WM
(Watanabe et al., 2002) tasks. Reward- and
omission-of-reward expectancy-related neuronal
activities are also observed in the primate OFC
during both WM (Tremblay and Schultz, 1999,
2000; Wallis and Miller, 2003) and non-WM
(Hikosaka and Watanabe, 2000, 2004) tasks.

We were interested in understanding the
functional significance of delay neurons with
reward/omission-of-reward  expectancy-related
activities during WM task performance. More
specifically, we were concerned with whether
reward/omission-of-reward  expectancy-related
neuronal activity also constituted the neural
substrates of WM. In the current article, we first
describe the reward expectancy-related neuronal
activity observed in the LPFC during a WM (spatial
delayed-response) task, as well as the
reward/omission-of-reward  expectancy-related
LPFC neuronal activity during a non-WM (delayed
reaction task with reward and no-reward) task. We
also describe the reward/omission-of-reward
expectancy-related neuronal activities in the OFC.
We then discuss human imaging studies that show
LPFC and OFC activity in relation to reward

expectancy. Thereafter, we discuss the proposal by
Goldman-Rakic (1996) that the prefrontal cortex
(PFC) is predominantly involved in WM. This theory
suggests that WM represents the on-line processing
of information serving a variety of cognitive
functions. We then introduce the ideas of “cognitive”
and “affective” WM as proposed by Davidson and
Irwin (1999), and describe a human imaging study
of “affective” WM. We discuss whether
reward/omission-of-reward  expectancy-related
neuronal activities constitute the neural substrates of
WM, and the functional significance of
reward/omission-of-reward  expectancy-related
neuronal activities for WM task performance. We
also introduce the concept that there are “cognitive”
and “affective” goals, which are the targets of the
behaviour of the animal. Finally, we discuss the
functional relationships in the PFC between the
representations of cognitive and affective goals, and
the representation of the way in which the goal could
be obtained (that is, information retained in WM).

DiscussioN

Reward Expectancy-Related LPFC Neuronal
Activity during a WM Task

We examined delay-related neuronal activity in
the primate LPFC during a WM task (spatial
delayed-response task) (Watanabe, 1996). In this
task, the monkey sat facing a panel with right and
Ieft rectangular windows, right and left circular
keys, and a holding lever below them (Figure 2A).
The monkey initially depressed the lever for several
seconds (Pre-Inst). Then, an instructional red light
was presented on the right or left key for 1 sec
(Unst). After a delay of 5 sec (Delay), this was
followed by a-“go” signal (Go Signal) consisting of
white lights on both keys, and the monkey was
required to respond (Resp) to the cued side. Correct
responses were rewarded with food, which was
prepared behind the opaque window (Reward).
Pieces (approximately .5 g) of raisin, sweet potato,
cabbage or apple were used as food rewards. The
same reward was used for a block of about 50
trials, so the monkey would know the current
reward after onme or two trials. Each monkey’s
preference for the different types of reward was
examined separately in free-choice tests by
simultaneously presenting several items to the
animal. All of the monkeys consistently preferred
cabbage and apple over potato, and potato over
raisins (> 95 % on free choice tests). The reaction
times of the monkeys were significantly shorter on
preferred than on non-preferred reward trials
(Watanabe et al., 2001). Figure 2B shows an
example of an LPFC neuron with differential delay
activity depending on the reward used in each block
of trials; the highest firing rate was detected for
cabbage (the most preferred reward) and the lowest
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Fig. 2 — Sequence of events in the spatial delayed-response
task (A) and examples of lateral prefrontal cortex (LPFC) delay
neurons observed during this task (B and C). (B} An example of a
reward expectancy-related LPFC neuron (without WM-related
activity). (C) An example of a reward expectancy-related LPFC
neuron with WM-related activity. For both B and C, neuronal
activity is shown separately for each reward block in raster and
histogram displays, with left-sided displays for the left trials and
right-sided displays for the right trials. For each display, the first
two vertical lines from the left indicate the instruction onset and
offset, and the third line indicates the end of the delay period. Each
row indicates one trial. The reward used is indicated. The leftmost
scale indicates impulses/sec and the time scale at the bottom
represents 1 sec. Only data from correct trials are shown. Neuron
numbers are indicated at the bottom left. Abbreviations: (A) Inst:
instruction; Pre-Inst: pre-instruction; Resp: response; (B) D:
delay; I: instruction; R: response (From Watanabe, 1996, with kind
permission from Macmillan Publishers Ltd).

firing rate was detected with raisins (the least
preferred reward). As there was no external signal
representing the reward information during the
delay period, the differential delay activity in this
neuron appeared to be related to the expectancy of
different types of reward.

In the spatial delayed-response task, many LPFC
neurons showed WM-related (spatially differential
delay) activity. The majority of these showed
modulation of WM-related activity depending on
the different rewards. A representative example is
shown in Figure 2C. This WM-related LPFC neuron
showed a higher firing rate during left, compared to
right, trials and also showed increased firing for
trials with more preferred, compared to less
preferred, rewards.

Reward/Omission-of-Reward Expectancy-Related
LPFC Neuronal Activity during a Non-WM Task

We also examined the delay-related neuronal
activity in the primate LPFC during a non-WM
task (delayed reaction task with reward and no-
reward) (Watanabe et al., 2002). The monkey faced
a panel on which a rectangular window, a circular
key and a holding lever were arranged vertically
(Figure 3A). The monkey initially depressed the
lever for several seconds (Pre-Inst). Then, a 1-sec
colour instruction (/nst) on the key indicated
whether a reward would be delivered (red predicted
a reward while green predicted no-reward). After a
delay of 5 sec (Delay), a white light appeared on
the key as a go signal (Go Signal). When the
monkey pressed the key (Resp) after the go signal,
the opaque window opened and the animal either
collected the food reward (reward trials) or went
unrewarded (no-reward trials), depending on the
trial type. The same food rewards were used as
during the delayed-response task. Drops
(approximately .3 ml) of water, sweet isotonic
beverage, orange juice or grape juice were also
used as liquid rewards, which were delivered
through a tube close to the mouth of the monkey
(Figure 3B). Reward and no-reward trials were
alternated pseudo-randomly. The monkey was
required to press the key even in no-reward trials
in order to advance to the next trial. The same
reward was used for a block of about 50 trials. The
monkey was not required to perform any
differential operant action related to the differences
between rewards, and this was not a WM task.

Reward and omission-of-reward expectancy-
related neurons not only showed differential delay
activity between the reward and no-reward trials,
but also showed differential delay activity
depending on the different reward blocks. Figure
3C shows an example of a reward expectancy-
related neuron. This neuron showed a significantly
higher firing rate during the delay period for reward
compared to no-reward trials for any type of reward
block. On reward trials, this neuron showed
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Fig. 3 — Sequence of events in the delayed reaction task with reward and no-reward (A: food reward; B: liquid reward), and
examples of reward (C) and omission-of-reward (D) expectancy-related lateral prefrontal cortex (LPFC) delay neurons that showed
differential activity not only between reward and no-reward trials but also between different reward blocks. In A and B, the upper panel
indicates the reward trials while the lower panel indicates the no-reward trials. Abbreviations: (A and B) G: green light cue; R: red light
cue; (C and D) No reward: no-reward trials; Reward: reward trials. Neuron numbers are indicated at the bottom right. Other conventions
are the same as in Figure 2 (From Watanabe et al., 2002, with kind permission from the Journal of Neuroscience).

significantly different activity changes depending
on the reward block, with increased firing rates
when the more preferred reward was used.

Figure 3D shows an example of an omission-of-
reward expectancy-related LPFC neuron. This was
active only during the delay period for no-reward
trials. In this type of trial, despite the fact that the
outcome of the response by the monkey was the
same (no reward), the LPFC neuron showed an
mcreased firing rate when a more preferred reward
was used; the highest firing rate occurred when the
monkey anticipated the absence of grape juice
{most preferred), and the lowest firing rate was

seen when the monkey anticipated the absence of
water (least preferred).

Reward/Omission-of-Reward Expectancy-Related
OFC Neuronal Activity

We also examined OFC neurons during a non-
WM task in relation to reward/omission-of-reward
expectancy (Hikosaka and Watanabe, 2000, 2004).
We trained monkeys using the apparatus described
above, but with a different type of delayed reaction
task (Figure 4A). After the inter-trial interval (Pre-
Inst), either a red or green colour cue (indicated as
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Fig. 4 — (A) Sequence of events in the delayed reaction task (left) and the order of delivery of the different liquid rewards (righ).
“C” indicates the colour (red or green) of the cue. (B) An example of an orbitofrontal cortex (OFC) neuron that showed reward and
omission-of-reward expectancy-related activity during both the delay and pre-instruction periods, with more activity changes when the
less preferred outcome was expected. Other conventions are the same as in Figure 3 (From Hikosaka and Watanabe, 2004, with kind

permission from Blackwell Publishing).

‘C’ in the figure) was presented for 1 sec, followed
by a delay period of 5 sec. After the presentation
of the go signal, the monkey was required to press
the key. In this experiment, each set of four
consecutive trials was considered to be a single
block, and the colour cues were presented in the
following order: red — red — red — green. Red cues
indicated that a reward would be given, whereas
green cues indicated no-reward trials. For each
response, different types of reward were delivered
in the following fixed order: orange juice, water,
grape juice and no-reward. In order to advance to
the next trial, the monkey had to press the key
even during the no-reward trials.

The monkey had been fully trained before the
neuronal recording. Therefore, on the task where
every four trials comprised one block within which
the different rewards/no-reward were delivered in a
fixed order, the monkey could anticipate during the
delay period (and possibly before the instruction
was presented) which reward would be delivered in
the current trial. Such knowledge was reflected in
the reaction times of the monkey, which were
shorter when the more preferred reward was
expected. Many OFC neurons showed differential
delay activity depending on the expected reward in
each trial, with some also showing different pre-
instruction activity changes. Figure 4B shows an
example of OFC neuron with both reward and
omission-of-reward expectancy-related activities.
This neuron showed the highest rate of firing on
no-reward (least preferred) trials and the lowest
firing rates on grape juice-reward (most preferred)
trials, with intermediate firing rates on
intermediately preferred reward trials, during both

the pre-instruction and delay periods. Thus, the
delay-related (and pre-instruction) activity of this
neuron reflected the expectation of the different
outcomes, with increased firing when the least
preferred outcome was expected.

Reward expectancy-related activity in the OFC
was also observed during WM tasks (Tremblay and
Schultz, 2000; Wallis and Miller, 2003).

Reward Expectancy-Related Activation
in the Human PFC

In primate studies, OFC and LPFC neurons
show reward expectancy-related neuronal activity;
human imaging studies also indicate that the OFC
and LPFC are active in relation to reward
expectancy. For example, O’Doherty et al. (2002)
showed that the expectation of a pleasant taste
produced activation in the OFC (as well as in other
dopamine-rich brain areas). Thut et al. (1997)
reported activation in relation to the expectation of a
monetary reward in both the OFC and LPFC. In
their study, subjects performed a delayed go/no-go
task under two different reinforcement conditions:
correct responses were rewarded either with money
or with a simple “ok” as reinforcement. A direct
comparison between the two conditions, in which
the subject did or did not expect a monetary reward,
revealed reward expectancy-related activation in the
dorsolateral and orbital frontal cortices.

On-Line Processing of Information in the PFC

According to Goldman-Rakic (1987, 1996),
during a task including a delay the animals must
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base their response on an internalised
representation of the stimulus that was presented
seconds before. The on-line processing of this
information during the delay period is thought to
bridge the temporal gap between the cue and
response. This enables the animal to select and
execute the correct response, while at the same
time suppressing inappropriate responses to
irrelevant or distracting external stimuli.

The finding that PFC neurons exhibit sustained
activity that is triggered by a brief presentation of a
stimulus has been well documented (Kubota and
Niki, 1971; Fuster, 1973; Niki, 1974; Kojima and
Goldman-Rakic, 1982; Quintana et al., 1988).
Goldman-Rakic considered such sustained activity
to represent the neural substrates of WM. The
sustained activity observed in many PFC neurons is
“content specific”, with individual neurons coded
to particular items of information, such as the
location of an object in space (‘where’) and the
identity of an object, such as a face or fruit
(‘what’) (Goldman-Rakic, 1999). She further
proposed that different areas of the PFC participate
in processing different domains of information in
WM; for example, the dorsolateral PFC is more
concerned with spatial WM, while the ventrolateral
PFC is involved in object WM (Wilson et al.,
1993; Goldman-Rakic, 1996). According to this
theory, the principal function of the PFC is the on-
line processing of information to serve a wide
range of cognitive functions, and different areas of
the PFC participate in the processing of different
types of information.

It should be noted that some neuropsychological
(Petrides, 1996) and neurophysiological (Rao et al,,
1997) studies do not support the idea of domain-
specific differentiation of WM in the monkey
LPFC. Furthermore, many human neuroimaging
studies show differentiation of the human LPFC
not in relation to the WM domain (space vs.
object), but rather in relation to the level of
processing (maintenance vs. monitoring) that is
required (D’Esposito et al., 1998; Owen et al.,
1998).

“Cognitive” and “Affective” WM

The terms “cognitive” and “affective” WM
were first proposed by Davidson and Irwin (1999).
According to these authors, emotion guides action
and organizes behaviour towards salient goals. To
accomplish this, the organism requires a means of
representing affect in the absence of immediate
elicitors. They further consider the ventromedial
sector of the PFC (mainly the OFC) to be most
directly involved in the representation of
elementary positive and negative states in the
absence of immediate incentives, while the
dorsolateral PFC is concerned with the
representation of the goal states towards which
these more elementary positive and negative states

are directed. Thus, damage to the ventromedial
PFC impairs the ability of an individual to sustain
emotion and to use it to guide behaviour in an
adaptive fashion (Davidson and Irwin, 1999).

“Affective” and “cognitive” WM are both
concerned with representing what is not currently
being presented, but rather what was presented
previously or might be presented in the future.
Davidson (2002) considers the spatially differential
activity and reward expectancy-related activity in
the PFC, which is observed during the delay period
of the delayed-response task, to be the neural
substrates of “cognitive” and “affective” WM,
respectively.

A recent functional magnetic-resonance imaging
(fMRI) study by Mikels et al. (2004) appears to
support the proposal by Davidson and Irwin (1999)
that the LPFC is concerned with cognitive WM
while the OFC is concerned with affective WM.
They compared the neuronal correlates of two
analogous delayed-response tasks: one requiring
the maintenance of an emotional state and the other
requiring the maintenance of brightness
information. On each trial, a picture stimulus
appeared, followed by a retention interval and then
a second picture stimulus. In the emotional WM
task, the participants judged which of the two
pictures was more emotionally intense. In the
brightness WM task, the subjects judged which
picture was brighter. The results revealed activation
of the OFC in relation to affective WM and
activation of the ventrolateral PFC in relation to
cognitive WM. Thus, the OFC was implicated in
“affective” WM — the maintenance of an emotional
representation in the absence of its elicitor.

Is There Affective WM?

As Davidson and Irwin (1999) proposed, it
seems essential for the organism to have a means
of representing affect in the absence of immediate
elicitors. However, it is not certain whether
representing affect in the mind constitutes WM.
According to the originally proposed, and generally
accepted, definition, WM is the “temporary storage
and manipulation of information for complex
cognitive tasks” (Baddeley, 1986). In our daily
lives, it is rare that affective information must be
retained for “complex cognitive tasks”, whereas it
is common that we retain cognitive information for
such tasks. We might retain affective information
(such as anger, jealousy or love) intentionally or,
more often, unintentionally. However, this
information is not intended for a specific purpose,
even though the retention of affective information
might guide our behaviour. Furthermore, affective
or motivational information is usually kept for a
relatively long time and is not updated frequently,
while cognitive WM-related information is updated
from moment to moment. Thus, we consider that
“affective WM is not an appropriate use of the
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term “WM?”, and that the inclusion of “affective
WM?” in the category of WM makes the concept of
WM ambiguous.

Davidson  (2002) argued that reward
expectancy-related PFC neuronal activity represents
the neural substrates of affective WM. However,
accurate task performance by monkeys was not
reliant on the retention of reward information
during both the WM and non-WM tasks
(Watanabe, 1996; Watanabe et al., 2002). Reward
and  omission-of-reward  expectancy-related
neuronal activity is neither prerequisite nor
essential for accurate task performance, although
the animal performs the task to obtain the reward
and its behaviour is modulated by the reward.
Thus, reward- and omission-of-reward expectancy-
related neuronal activities are not considered to
constitute the neural substrates of WM. We propose
that reward and omission-of-reward expectancy-
related neuronal activity is concerned with
representing the goal of the behaviour (for
example, the presence or absence of a specific type
of reward), while WM-related neuronal activity is
concerned with representing the way in which the
goal could be attained (for example, a response to
the right or left side). '

Functional Significance of Reward/Omission-of-
Reward Expectancy-Related Neuronal Activity
Jor WM Task Performance

We argue that reward/omission-of-reward
expectancy-related neuronal activities do not
constitute the neural substrates of WM. However,
reward/omission-of-reward  expectancy-related
neurons are observed as frequently as spatially
differential delay (cognitive WM-related) neurons
during the spatial delay-response task (Kobayashi
et al., 2002). So, what is the functional significance
of reward/omission-of-reward expectancy-related
neuronal activities for the WM task if the activity
is not directly concerned with accurate task
performance?

Studies of animal learning have shown that the
learning and performance of a conditional
discrimination task can be altered by using
different outcomes for different instrumental
actions, where a certain conditional stimulus
indicates not only the required behavioural
response but also the outcome that would follow
the correct response. Learning proceeds faster and
performance is enhanced if animals are allowed to
work for two different outcomes (‘differential
outcomes effect’; Trapold, 1970). According to
Trapold (1970), different learned expectancies
develop with differential outcomes, so that when
either set of stimuli is presented, a specific
outcome expectancy 1is evoked. Differential
outcome  expectancies thereby facilitate
discriminative performance by providing the
subject with an additional source of information.

The facilitation of WM task performance by
employing a more preferred reward, as indicated
by an increased level of accuracy and faster
reaction times (Watanabe et al., 2001; Kobayashi et
al., 2002), might be caused by the expectation of a
more preferred outcome, which is represented in
the reward expectancy-related LPFC neuronal
activities.

On “dry-run” trials, when the bait is omitted
from the cue presentation during the spatial
delayed-response task, the monkeys are reluctant to
respond and, when they do, the reaction times are
much longer. On such trials, sustained activity
disappeared in many of the LPFC delay neurons
(Fuster, 1973). The disappearance of sustained
activity might reflect the absence of a reward
representation. Non-WM-related sustained delay
activity was enhanced when a more preferred
reward was used during the WM task (Figure 2B).
Thus, many non-WM-related delay neurons

observed during the WM task might participate in

reward expectancy and might facilitate WM task
performance. We also observed an enhancement in
delay-related activity in WM-related (spatially
differential delay) neurons by employing a more
preferred reward (Figure 2C). Reward expectancy-
related neuronal activities might therefore facilitate
WM task performance by raising arousal levels and
controlling  attention,  especially  internal
(perseveration) and/or external (distracting
stimulus) interference.

Functional Interactions between WM-Related
and Reward/Omission-of-Reward Expectancy-
Related PFC Neuronal Activities

In the LPFEC, the expectation of a more
preferable outcome often induces an enhancement
of WMo-related neuronal activity (Figure 2C;
Kobayashi et al., 2002; Roesch and Olson, 2003),
whereas the expectation of the omission-of-reward
often induces the suppression of WM-related
neuronal activity (Kobayashi et al., 2002). Thus,
we hypothesized that there are some functional
interactions between WM-related and
reward/omission-of-reward  expectancy-related
activities. More specifically, we proposed that the
contribution to WM-related neuronal activity might
differ between reward- and omission-of-reward
expectancy-related neurons. To investigate this
functional interaction, we examined individual
LPFC neurons during both WM (spatial delayed-
response) and non-WM (delayed reaction task with
reward and no-reward) tasks (Watanabe et al.,
2005). The reward expectancy-related neurons
found during the delayed reaction task with reward
and no-reward, always showed delay-related
activity during the spatial delayed-response task.
The majority (76%) of these neurons showed WM-
related differential delay activity (Figure 5A).
However, about one-third of the omission-of-



60 Masataka Watanabe and Others

A Rewardino-reward delayed reaction task B Reward/no-reward delayed reaction task

i D Reward

401"
20

10
20 10
0 e IETR 1) e}

Spatial working-memory task

i

o

Left

200" %

i { D Right

i )

Fig. 5 ~ Activities of a reward expectancy-related neuron (A) and an omission-of-reward expectancy-related neuron (B) during
working memory (WM) and non-WM tasks. For both A and B, newronal activity is shown separately for the delayed reaction task with
reward and no-reward (indicated as Reward/no-reward delayed reaction task; upper part) and for the spatial delayed-response task
(indicated as Spatial WM task; lower part) in raster and histogram displays. For the reward/no-reward delayed reaction task, the upper
and lower panels show neuronal activity for reward and no-reward trials, respectively. For the spatial WM task, the left and right
displays show neuronal activity for the left and right trials, respectively. The neuron in A that was recorded during the cabbage reward
showed higher activity on reward than on no-reward trials during the reward/no-reward delayed reaction task, and showed higher delay-
related firing rates on left trials than on right trials during the spatial WM task. The neuron in B that was recorded during the raisin
reward showed higher delay-related firing rates on no-reward than on reward trials during the reward/no-reward delayed reaction task,
but did not show any noticeable activity change during the delay period of the spatial WM task. Other conventions are the same as in
Figure 3 (From Figure 2a and Figure 4a which appeared in Watanabe et al., 2005, with kind permission from the Springer Science and

Business Media).

reward expectancy-related neurons did not show
any delay-related activity (Figure 5B), and only a
further one-third showed WM-related activity in
the spatial delayed-response task.

Considering that a more preferred reward
induces better performance - that is, shorter
reaction times and a higher rate of accuracy in
monkeys (Watanabe et al., 2001; Kobayashi et al.,
2002) — during the WM task, and reward-
expectancy rather than omission-of-reward
expectancy-related neurons were more concerned
with WM processes, the LPFC might play a crucial
role in the integration of the cognitive and
motivational operations that allow the monkey to
obtain the reward more efficiently.

Interestingly, human neuroimaging studies also
indicate that the LFPC is important in the
integration of cognitive and emotional/motivational
information. For example, Pochon et al. (2002)
conducted an fMRI study while subjects performed
a WM task that was associated with the presence
or absence of a monetary reward. They found that
a reward induced increased activity in the areas
(dorsolateral PFC and lateral frontopolar areas) that
were already activated by WM processing. In
addition, Gray et al. (2002) showed that emotional
states could selectively influence cognitive-related
neural activity in the LPFC. In the fMRI
experiment, the subjects initially watched short
videos that induced emotional states (pleasant,

unpleasant or neutral). After each video, the
subjects were scanned while performing a WM
task. The authors found that both task performance
and brain activity in the LPFC were modulated by
the emotional induction, and that emotion and
cognition conjointly and equally contributed to the
control of behaviour.

Reward-Driven Modulation of Direction-Selective
Neuronal Activity in the Parietal Cortex
and Caudate Nucleus

Recently, the effects of reward on brain activity
have been examined in several areas outside of the
LPFC. Platt and Glimcher (1999) showed that the
reward a monkey expects during an oculomotor
task modulates the direction-selective activity of
neurons in the lateral intraparietal (LIP) area.
Similarly, Sugrue et al. (2004) reported that eye-
movement-related neurons in the monkey LIP area
represent the relative reward value of competing
actions. Delay activities of monkey caudate
neurons were also modulated by the presence or
absence of rewards during an oculomotor delayed
response task (Kawagoe et al., 1998). So far, no
reward/omission-of-reward  expectancy-related
neurons have been reported in the LIP; this area
and the caudate nucleus are not viewed as sites in
which cognitive information initially meets reward
information. However, these areas are thought to



