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HRFE A BB, £, CAL ~OEBEOEFIIMRO VAN THD, 2F), RANKESE 3 BO
BHHERFDODMRHET. CAL FEIHROH D RFATHIRE DI RF S, v — 77— A OHEF DO X
2 CAL FEIR D JEF BT IL A3 TV 7R\ (Buzsaki et al, 1995), F7-, EiBEEARMEIL CAL #E(F
AR ORI AN IRV, BHREBED LRI T 7 REED, ZNODOFRFEMNG, BiBENOLD A
FTHEBH CAl #EHIEIZ 522X EITHBH/NENLZZ 005, ER. BBENLDEFD
ATl CAL SERMRRIEF K LWV #E 5385 (Colbert and Levy, 1992),

5T CAL HERMARIZISV VT, CA3 DIFENCL-TAELAEEBMOELE D HET . BiER)
LOANBHEHEBIZI>THRIBSN & BEUTOR S THHLERDILNRTED, CAL
HEEMIAOERIT, RNEES V B~LRNT5, Lo T, ELBOMERLL TO CAL fHIK
DEBBBE O LR H L5,

ARETHL, “CA3 DEBDPEFT ORI ZRL, REBICL->TEBRENOORELTD
E57% CAl SEAEMOFEKEL TRIHESND LVIOHRMAERMERIERET L2 AV TR
REY D, E6IT, ZOIIICL TR EDHEEILR A B TORBER IR OWREELET L
ZRVORT, LUT. 2.2 #i TS CA3-CAl MREIREMEET LA T3, CA3 SAMRIE
CAl gEfFHifa~&, ¥y —T77— s T 72N L TRET5, £z, CA3 HREIRAITE R
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H7TEB A R A%, CAL WRRRIK I B BEBZEIS, 2.3.1 BT, CA3 OFEEHIZL-
TEl&EIEND, CAl #EHADORBIORELE D, HEFLLTOEEZFOILETT, 6
o FDHEFTOBEN, vy — 77—l T T ADEERE Lo THBHESNDLERT,
2.3.2 BiTiL, CAl BAREIEA THRELR NI DILEZHER T 5, BBEENLOBBELITOE
B3, CA3 OIEEWR T LLTHIRT5ZET, CAl $ARRERASEIIENTERILER
4, CAl SRR KA HR®O T SN i, v —7 7— B 7 ADREGREITRFL T
EbL, lELBTRONDABRREEZ R T, 2.3.3 8 TIL, ERLBEZM VR ORER

BEETNVERETS,

2.2 ik

2.2.1 ¥EE CA3-CAl #HR[EIEHEET L

HE CA3-CAL BZREIRBET /NI, BE CA3 fEhkl CALl fEIRIZX T 5 2 DOMREE
FBOLERREND (K 2-20)) , T OMFRERERIL 256 @O HEAHME 25 8Ost
R CHERLE LA (K 2-2(2))

A= 7L

CA3 $E(EHIIEES /LIZIL Tateno et al. (1998) IZL-> THEEI -, v 7 A aR—hA b

EFEFAE R, EEMIETET VI TORTESINS,
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Cdv/dt = gy, m? h .(VNal - V)+ gca 52 re (VCa - V)
+ gCa(low) Sliw rlow . (VCa - V)+ gK(DR) e (VK - V)
+8km)ab'UQT‘V)+gMMW)Q'U%'"V)

@2-1)
+ gxoy ¢+min(l, 7/250) (V ~V )+ g, « (V. - 7)
+ 8ar * (I/syn(e) - V)+ Isyna
dz/dt=a, . (1 —z)- 4, z, ‘ (2-2)
dy /dt =-¢ I, ~ B B (2-3)

V BIREN., CIIREETHD, HUE 1 EMILE 7 HiT, TNTNAA L F v RAETND

BMZRT, g, & V, IENENDAZT L F RN DRRAF I AL BN THD, ZZT

v XA F v F RN DFEEHYFR T, Na, Ca, Callow), K(DR), K(A), K(AHP)., K(C)IXNIEIZ, Na*F

VVVVVVVVVVVVVVVV
(a)vavvzyvvmpvvmyv
VVVVVVVVVVVVVVVV

VVNVVVVVVVVVVVVVV
VVVVVVVVVVVVVVVV
VVVVVVVVVVVVVVVV

X 2-2. #E CA3-CAl MEEEIREMET L, (a)CA3, CAl FBIRONEMEIE, 256
B DS (V)X 16 X 16 DR FRIZEBEINTWS, TN FNOSEMARIT
B, BN EO#EMREBEWVCHER S T ATHEEINL TV, fiIZiE,
BEW=A (V) TRz, B THENER E AD 8 B0 H#HE
faLiEE 5, 26 EOMEI N TEHEAER (O) X, SEFEMRMAICE—ITAHRT
B, FNERONEERIZABED 16 EOSEMIT»LEEE L 7 AR5 E
ZiF, FNLOSBEMAITINEI S F T REET D, FlAIE. 24 (@) TREN
Te N TEMEARRI T AR CE SN B | AOSEERMIELFEST 5, (b) CA3, CAl
N DOFEE, TNEhO CAL $EFMMIT, 74 MTRIThZ 100 {0 CA3
SEEMRMND, BN O +— 77—l T 7 AEE LTS, CAL SRl
., EGICEBRBRHECIDAES DT AESEZ TS,
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¥R, Ca¥'F b, BEDE Ca¥ Frr/ BIEER K'F v/l A B K Frxl, %iB
GREKFrr, CaERIFEK Fr RN 2R T, FIRTRNEREER T, g &ViTENTh,
RNEROALF I Z ALFEGREN THD, F 9 BTESIHLOIVAEBMERENE T
REBIERT, 84& Vool TTNEN, ZOVFHTADIF I REBEBLL THD, F 10 1H
D L, (TEEADHMOMEENLD Y T AERDEEFEET,

z IV FRJNNDF —MNEFTHY, KC-2)iIFRC-1D)DFTATOHF —FEE (m, h, s, 1,
Sows Tiows T 24 by @ Q) IZDWTEIBTH B, [, 1X CERNDEFHTHY, C-1) R0ABE 2 H
EFE 3 EOMIZELY, G EEEHa, B, DN, R UMD/ SF A~ OMEILfHEk A 1TRLE,
ZD CA3 $fEEMIAET T, BEDENANL LT LT ¥ RVEERD AN T LB (Callow)iZ
LoTHRUET S, o, BRDAI—ATEBRD CA3 #EMIEDIEKAZ— 2 REFHR
3% (Tateno et al., 1998),

CAl FBEDET /WL B CA3 BIEDET VEURLIZHD THD, CAl #fkHilatT v
t. CA3 SERMIE T L ERL(2-1)-(2-3) A TREND, LiL, CAL HEMKHMAaIE CA3 s
TR, BREBEALULWHDOHME (Fricker et al., 1999) , ZZ T, CA3 $EEMRE T L LI
WRIA—FEEZ TERLAZWIIZLE (8 A ),

SEMERIEE T UL Na'F e, BEER K'F vl RNERD 2R, 7 /MEK
DIDNTERHAEND,

CaV/dt= gy m* he (Ve =V)+ oy 1« Ve = V)

(2-4)
+gL'(VL_V)+]syn’ o

dz/dt =, .(1-2)- 3, z. (2-5)

IEMEMIIT CAL & CA3 TRILEFT VARV, RIGHEE RO B RFERCM D T4

—ZDEIZ OV T8 A ITRLE,
¥ A e a
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CA3 FRREIRM R U CAL HREREIEMIZ. Wb 256 B OHEAMIL L 25 {80 St EERR
PbERENS (K 2-2(2)) . 256 fEDHEAMIRIZ— 53 16 EHOE-FIRICEEESh, ThFho
BERMIAITE —. F A EOHEANEE WV CREN Y T TARE TS, filiiE, YORLE
HEMRMIRT, SRR E 123 N5 8 O HEMiaLE S T2, 25 EDr1EMEMaIT, S0
Mic—ICBBIND, T ZnOMEEMIZERO 16 B0 #EMR HREMS T2
ANEZT, R ENLICMEIES T T2 E T D, FIAE, @ TRUIZIEN MR ZHEE |

ICEEND 16 HDHERMINLE G T2, TNEND T T RABMIZLLTOXNTREINS,
]syn = gsyn * (T/;yn - V): (2-6)

G = Con + (eXp(—t /7, 0y) — eXP(~1 / Ty ). (2-7)

WAF syn TV T 7AOEEERL, CA3 O#FHaR O R EIEREMERE &% pp CA3. #
A O TEE IR ~D B EMFE S % pi CA3. SrTEMMIfaA S H#E A ~DMGiItERE &%
ip_.CA3 &F& 7, CAL IZ oW TITEIE I, pp.CAL, pi.CAL, ip CAl &K, . (2-6), (2-T)D /X
TA—F DEIITE B ITR LTz, CAl fHELD K EHEBEMERS & DL CAS Kb LiZE
BL. C,pcar PIEIX C,pens DIED 55015 LT, 3T 7 AOBERERITNTNOLFTATH
1 ms &L7z,

EFNEND CAl HEfF#fal, 256 Bl CA3 EEFMIADHILT & LIBITZ 100 ED
$ERMIAN G, BEMEDY T TAANEZITD, Zhps B 2-20)0 v +—7 77—l H 725,
SHiZ, CAl HEFEMIIRANRENLDEZFLL T, BEBYEL CHEM Y F7AANEZT
B, ZNbDTFTTRAEH B (2-6) . 2-T)TREND, 12721, v — 77—l T 7ADEHE
X, Cpire—T77— TR B E R W, TEERL, BRE T TAOBEITE
BB TSR FIE R W, TEERZD, ZNLDV T T ADFE D7 A= {1Ek B

Sy B a8

2.3 WER
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2.3.1 CAl SRR DIEEN DL

CA3 MEEIEMEET LBEZTBEREDOMEIL, £IT Gyon PEICEELTETS,
Coocns PIEIHEIFLT, TADAKE, 61, 045, BHED 4 FEED B RITEBD4US (Tateno
et al., 1998) , RETIL, C,, cay PfEEE 0.005 uS TR E L=, X 2-3(c)iE. CA3 FREI KD &
DB ET 5, 16 BEOM#EMIEDY T 7 AR bRO - EBEERKART., COELEDE
IR 573K 3 Hz THY, CA3 B § HRERFEEEZL TWAILERT, Z0LED,
CA3 #iRRIBMADOIFEMEEIZE 2-3@II~T, £ TOHKMAID LI TEME M2 ftEh -l
BRI E RS TV, TN END AR ESMIAORBKDIAILTERT, LA
EAMER S ZDORESEE LMD, CASHBNESES F2FHANREL THEZ L bS5,
FRENOHEEMIDILHARBRE BRI A=A AL TWER, B 58 EMBE T/ S—
ALFEKDEAITE—B LW (B 2-30)DDEG) , Fiz, S—RFHRDENEFNDRKDZA
T, O HEEMALIZ—E LR, 20857, RREMBNZE(LT 5 CA3 OTFENNS,
— 77— AL T CAL IZ{RA DI, FILEND CAL HEFEMRADOREN IEMERTELE
EELS,

2-4(a)lE. 3 DD RLRD Vv — 77— T T RBREIZIBITS, D CAl HFMIDIEE
NLOELEETRT, v — 77—+ 7 AMEIX (1) WEAK (W, = 0.0005uS) . (i) MEDIUM
(W, = 0.0018uS), (iii) STRONG (W, = 0.01uS) EL7=, ZZ T, #ikkC CAS S LD EE
DHEBRNTB7HIZ, pp_CAL, pi_.CAL, ip_CAl DfEZVTHL 0 psS EL. o> CAL HfEH5
DEBEBLEIL TN, ¥7-. BBEENIS CAl ~DASFIAN TRV, 512, Na" F+RAD
AFTF Ag)20 uSETHILET, CAL $EFMNaNR R A TERVWESIZLE, ZhbDRIEC
Fo T REBEMDELE 1L CAZ DS+ —T 7— Al T T RN L TDO A DEED % bR
15,
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256

281

35.01

=

(b) 85.01

35.0,

-85.0-

(c) :”iMWWM

0.2
200ms

X 2-3. CA3 Ik § H: B FIEEN, (2)CA3 #EEIREMTT L ORFZEMFE KT —2, it
EMBIEIZ 256 D CA3 #EE(ML 25 80D CA3 NTEMARIEE I <5 THY ., EEIEE%
Y, SEEAAROBRZER R K/ IF—T 16 FUZATBNTWAA, FIENDFH3 R E B
ED 1 FIiARE 5, TNENDRITZBKDZAITETT, (b)CA3 SEEMEORE KDOFEF,
DIEE 2-2(IC W RSN EEFARR, (I TRESNZEEBROBAOETFETT, £Hb
DHEEMREL S—ZRFE KL TVBD, NR—RRDZAI I IMIIZ B2 5, (0) § BBV X LADE S
Eit. BHEMIL CA3 BIERO PRIMETS 16 BEOHEMBROL T T RAEROEEIEERKD
72, 60 Hz Du—R_RT7ANE—IZE> T, @ARERSIEREENTWS, EREROFELV KD
FIZ2WTIE, Tateno et al. (1998)% 2R3,



-4

0
(1) (mV)
& -W_‘—\/\r/“\_,_‘,__m\/—\lwf_\’ﬂ‘_‘ﬂ

1

-40
(@) @) v A
80 Mr’ \«-*—-.,/_"JA\/\\__,/’-\/—'—_\»/-.
-40
) g f\ A AWA VAT AVATLV,
w0l o\ '
200ms
10
10+
10+
INT)—
(b) ZRIR L 07 | : MD
e - WMWWWWM
1 ! i T T T T T T 1
0 50 100 150 200 250
FEE# (Hz)
0.6-_ (I)
w4
P
N
o_z—-
94 "
0‘...:‘--,,,,.]_1,]
-80 .70 60 .50 )

BEL (mVY)

K 2-4. CA3 @ § ¥ HRIEENTLS, CAL #EEMBROBEEM DRSS, C_ 0 = Cicar = Gocar = 0 HS.
O-GIZENEN, v —T 77— T 7 AFEEFREN WEAK (W, = 0.0005 uS). MEDIUM (W, = 0.0018
pS). STRONG (W, = 0.01 uS)D#E &, (a)CAl FEAARAR (K 2-2(2)D W) DEREMIEDIELE, (B> v —T77
—RlkE T 7 ZAEBITREAH MEDIUM DBE D, BEEMBELE DT —AI ML, £ EIFRE BRSO
FERE, RT—2~2T MU, 3 Hz ([T — 22800, KBEOBAREMRSEE 4., HRESTOZIZL
TUB, (c)CAL #EAMBIIDEENMIELE OFERE ENM. BE BB THEE T OREEMLICHIBRE
Y, 30 s DEBMELXZAV. 0.1 mV ZATEEEMICHEEELZ RO, r—T7 77—l F72
EARENEINT A ONT, BEFEELSMLEND, FAEIIBSBANCBE L, Zhit, vv—77
—RIE ST A ERE LI T EERELHIEH TEHILETT,

23



Ve —T7—llE T RBE N WEAK, MEDIUM, STRONG £38<2BI006-TC. IEEf 2
LEDORIGIZI R LT, 4 D CA3 #E(RHilaA5H CAL SEARHRE~D AS L, HAFRESE
723 =AM AT THD, LAl BED CA3 #EMEN LD AN BHEEENRR., BERD
EOE 1T, IRIBEA/NESENVREN L, RIBD KES DoKW ULIARED SR A R R RLE 127425,
T, B2 2 F A7 TO CA3 HERABRADFE K &, CA3 FEIRN TRAL T BHEEMIa %D
RGP o< EL TR BN B L TV5,

FREMIELE DART—ARIMUT, HRHEFT DT —ARTMUZEITRY, 3Hz fHiTice—
7% 850 (1 2-4(0)) BMUDIEV AR ER DR & ATV D, Nozaki et al. (1999) ix, 2D &>
WCEAERSETELR AT I, ELRITEL TWAEREL TS, B 2-4(c)iIBEERL
ROXOBEBESMETRT, O-UIIENEN., v—T77— it T 7 REED WEAK,
MEDIUM, STRONG DEETHSB, v ¥—7 77—l T 7 RBENR 2D L FELED
KR&LApBLIIT, FHEN B S BANCEE T2, 2L, e PETOREIZRZTLE25
BREMOEOEDREL, 77—l F T ADEERE (W) ICEoTHRE T2 LM

AHETHAEERLTNA,

2.3.2 CAl fEIRODORER LI

RTEIIZEVT 0 uS IZERES NI, pp_CAL. pi_CAL. ip_CAL, gy, DMEIZAELIEIZH8B ©
BIZRRESND, -, CAl $FMIEIT v—7 77—l A @ LT CA3 D 6 HEIRENLISMNC
HEAELTRALBEND ASEEE2%ZTA,

1B R G 5

FRR @Y RARE Tty B EE (40-100 Hz) OEERBHEISHTWA, UL, feRit
BIZET AL O FETIE, HEFOREER S DR EN EEDRKEIVLELRDEIE
FBEHWTNWA, ZZTAREITIE, CA3D § HEENI Lo CB| XI5 CAL #{K MR DS
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ACEELE O /e B E (%9 3Hz) LBV, 2.5 Hz OBREEE B2 AW T, fERLE RN XA

(ﬁ

(i) | ]

(i)

pyramidal

256
281

(=

"uw 35-0
(111) (mv)

'85.0 L\A—_J\_—h‘—\'\_’&»—._—l—-__—_h——.—_-

(iv)

N —
(V) ZR&RL
(V2/Hz)

100 ]

(i)

(b)

(i)

pyramidal

256

281

(i) (mv)

(iv)

5
35.0,

-85.07

5 MEDIUM
10{ .]
. 1
SNEES | e S
(@8) s | WEAK i
4 |
i’ /
0 A '._._.-. i i ‘ |
0 1 2 3 4 5 6
W _seh (X1 03 us)
X y,
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LETERT D, AMETIL. ZOBBENDANENS 2.5 Hz DEEES %, (KEEEEER
LS,

& 2-5(a)-(FFENTI, ¥ —T77—{llf F 7T AREEHREN WEAK, MEDIUM, STRONG
DIEFED CAl FEIEDEBIZTRT, (a-()D—&F LOEFEOIHMEEK B EBE DI 7%
KT, ARORY, FEAOBEEZEZ2WEIRERIT. ROMBHRIZIZEI2, 2070,
P HNE|T F A IS BRR R EREIC SR+ 27010 1L, BRI O 5 K D 4 ST 2 B 28
B, TZT, AR TIL. B 2-5(ay). (by). (cdlT™T CAL sEEHIROREKDZAILTIZE>
F=r IV RFIE B EAER LT (K 2-5(@a,). (b (c) . EL T, ZNED /AR FED /T —ZA~ 7k
Ju ([ 2-5(b,). (c) 735 SN EbZRDHZET, BADOBBEIZFTZ/2 G ZDEELER V=,

CAl $ffEHIRIL. v —77 Al T 7 RAEEREN WEAK DBAITITR KLz -7
(& 2-5(ap) . ZDHBA EBEBEANITGU T CAL #EMIQIIZBLENE S 7 A% BT (EPSP)

BAELDH, CA3 D § FRIEENZ L > TIEGNOEBMORBOE DI E /NS | IEEALITHRE

M 2-5. EAEKEERESEAVWZEEOD, CAL Rk CORRILR, HEERANE
5o (i) CAL #EREIRMEET L ORFZEMF K7 — 1, (i) CAL SEF#A (X 2-2(a)D V)
DFKDERT, (iv) (i) CAL SEEMRADFEKZ AT 2R T ILAF, ()([iv)D VAT
MBRDI T —R_2I M, B EEE RIS OIEKE, () v —7 7RG SR
BES WEAK (W, = 0.0005 uS)D45E . CAL SEFRIRIIERKLZVY, (D) —7 7 —RIiRAS
BFREH MEDIUM (W, = 0.0018 uS)0 5 &, HBEEFIHERLBIZLTRILISHT,
RI—Z_I MW B BRESOREE THD 2.5 Hz it — 272 R LI (BF D PP), (c)¥
=7 7 —RIBHE G TREEA STRONG (W, = 0.01 uS)DHE, CAL #FMIITHERES
(CERSRIZ R ALz, 2.5 Hz SR ITMET R DITEL N TLEWER TE W, [ —77
— R ATRE T 5, 2.5 Hz D SN LD ZE(b, ThEhDvv—77—lk#ES
TRE DR EIZOVT, SN thZRDB7-H1Z 49152 ms DIV RF (F—# % 49152 R) & A
Ve, 20 49152 MDD T —FEEL TS 16384 m5725 10 DT —F2 I aEIL (FhEh
DT —FD 12484 [, BUEST —FLER) . TNENDT —F 75 Origin Z AV TY
— 2~ M E SR T2 (Origin Lab Corporation) , T7—/N—|IZB¥ERZEL T T, SN T
¥—77—RIFEAFAE 0.0014 pS IZBWTERAELRY, ZFOHE(ALE, ZHUT, EERLE
08| #8722 SN LEDE(LTH S,
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KOBEZEZI2V, LoT, BB ANICES EPSP [ZJRUT CAL SR ATAZ 41T

AN 2-5(ay). FeKASHRT ot Todh 2L AFT ARSI 2-5(a,). SN EkIZ 0 dB

o (a) N
(1) T T T T TR TG Ty (i)
" 1
(i) @ (i)
3
256 256
e
(W) pdeeniteiianni ittt | | (i) vy
g o s O R ST -850 S Sl
(IV) — (IV) 1l Il i 1 Il
| ZOUn‘EJ 10+ CA3
109
) 107 10 u\m’* WMI\M
AL LT i : 10
i) ARGRIL 107
( | V) (vertiz)
0 50 100 150 00 250
(Hz)
(i ) J
: 5 : 7 (d) b
= %ME\ e STRONG
5 : - miuw 20 ] g/*/i)iﬁ'\\x/
2561£ = 1 : : ]
2814 & £3 : S R SNEE 15 1 / \J
35.0 T e (dB) .,

(iii) (mv) i_,J

-85.00 - =

(iv)

0 5 10 15 20
104 ‘ W _sch (x10°3 pS)

107y £

N — 10¢
ARIEIL 100
\"%
V) W) g

A




&gt (K 2-5(d)),

=T 7 —{llE T T ARE AR EN MEDIUM DOBA1Zi, CAL #KMIIIIE B ANE
FICILKRIEIL TR AL (E 2-5(by) . BEBELALOEOLE L., ¥ — 77—t T 7 A ERE
7 WEAK D& I0H KEL CAL $EEMIIREMELE O —7{TiE T, BElEANIIEL
THAKUZ (K 2-5(b) . DFED, BBEBEALORBHMELITDAND, CA3 DFEBNZL->TIELNT
REAOEOELHFTHILICL-T, CAL SEfEMIAEZ TR AT, X 2-5(b,) DL AT HD
ROFNRT—ARIMUT, BBBEFTOREETSHS 2.5 Hz IZ8—7%&FF 72 (1 2-50.),
SN teiEy v —77— Qi+ 7R EGREN MEDIUM DB EIZ IEIEE—210ELE (F
2-5(d)) s

e—T 77—l T T AESRE A STRONG DBAIZIX, CAL $EMIIIE@REE B
BMRASFBANCRE AL (B 2-5(c). (cg)) . ZOBEITITHETNIEF IR, RNT—2~Jb
NERTH, BRBESHKS THD 2.5 Hz O —213, #FFOREERSICELN THRRTE
72U ([ 2-5(c) , Lo T ZOHFREITIL SN leZBIET DI LT k22D - 7=,

K 2-5(DiT T v—7 77—l T AR S REICRT D, SN LEEDE{LE AT, SN EbERD S

2-6. BEARHEREESEAVWESRE0, CAl Bk TORMELE, OVEEBANIE
&, (i) CAl #hREIEMET INORFERFE K F -, (i) CAL AR (X 2-2()DV)
DFEKDOEET, (v) ()0 CAL $EEHRIDTEKF AL T EFRTIILRF, 0)iEvV)D,ILARF|
DER®OIZNRT—RAT M, B EIMEERER 5 OFEKE, %93 Hz (B5 7D CA3) & 50 Hz
DE—27 (KFD PP)IZTNEH. CA3 DIFENLCBERANIEZET, () +—77—RltHE
EIREH WEAK (W, = 0.0005 uS)D45&, CAL #EAEHMIGIZFEALZR, (D) r—7 71l
B & 3RE A MEDIUM (W, = 0.0018 uS)D45E, CAL SEEMARIZ S—ARFEKL, 73—
ZAADFEKIZEBBESIZISAHIL, 20 X572 F kA F—AFTERED CAL HEAEM
DFE KL TND, 23T —RZA~ZMUE 3 Hz & 50 Hz [ZBARERE — %R LTz, (o) v—7
7—RIBHE B TRED STRONG (W, = 0.01 uS)DHE, CAL AL HEIE SIT4
BRIZFE AL TWBEIICTRZ B2, SN Hid MEDIUM D& LR T, IZEAEEILLAR
Mote, (A —7 7— RIS G5BT 35, 50 Hz AR5y SN ELDZEAE, SN ki +—
77— RIS TRED MEDIUM DHEITIRITR ALY, TOBRIEWEETREDEHEIC
BWT, BWMETH-T,
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7O, FTENEND Y — 77—l S RBEIZRBITANRT—ZAI 00 BEREEE
DRE DT — (P,) EZ O FFE DD RT— (P) ABIE L (F21E. B 2-5(0b,), SN it
KOHIZE>TRD =,

£
SNR = 10 X logm F (2-8)

n
SN LD EHEIIHET RENEVEEIZ0THLH, HTREOEMELIZ EFL, W, =
0.0014 pS TRKE T, SHITMEHMENENTDE, SN EITE(LLE, Zhut, g
BLRVEG72 SN ELDEALTH B, W, 75 0.006 uS LI EDBEITIE. 2.5 Hz DY —ID3HEF RS

WCHEL N TLEVY, SN ELRRIE T D& Keh ofz, =7 — IR HEREL T,

B B B A S 5

AR D EHIZ, RAKEESE 3 BT, v B EES (40-100 Hz) O 5HABBIEN TEY
(Chrobak and Buzsaki, 1996), Bi@EK%EiEL T CAl fEIK~LEHINZZENRESNL TS
(Charpak et al., 1995), ZZTAH T, MAREKEERESLL T, 50 Hz OFHHI/ L2
FlERWo, ZOHEITE, BEREESOREEIT. CA3 OFEBZI->TELNS CAL #{EKHM
FADRENMIELE DFERHEHFRICEENILOD, FHELE D E{F B4 (59 3Hz) Kb @y,

2-6(a)—(cNE, v —7 7— Al 7 AFE G FRE D WEAK, MEDIUM, STRONG DIF&D
CAl DIEE%ETRT, (@-C)D—FLOEEOIIEBREESZTT., v y—77— Al F+7 A
EEREN WEAK OHRE ., CAl #EAMIa TR AL T ([ 2-6(2y) , BIBREE SRS
=8, SN ERIZ0 dB E7r-7= (B 2-6(d)) .

T —T 7l T AFEATREE S MEDIUM OB G121, CAL SRR IE S—ANYIZF
k35 (X 2-6(by) , TNEND/S—ARNTO CAL SEAMII DR AL, B@REANICLL R
LT3, Efz, /S—2ANE CA3 D § BRIEEN Lo TIREMI DB B L7212 U7 (K 2-6(by) -

ZDRER AT —ANTML § FRIEBIO AR THS 3 Hz &, BEREFOREETHD
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50 Hz @ 2 ATICE—2%& R L7z (K 2-6(b,)  ZDL572/5— AN CAL SR FE KD
F (B 2-6(by)) 1T, EBEDOWER CAL Al TRBISDFR K DHEF (Soltesz and Deschénes,
1993) LI TWB, SN Ehidy v —T 7 —{lll > 7 2 & EH MEDIUM OH &1, 1FFEY
— L (K 2-6(d))

=T 7 F T AR IRED STRONG DIFEITIE, CAL #AMITIEEBESL
IFEERIZRRBNZE AL THWAINZR A (B 2-6(cy). (cz). LA>L, 50Hz {5 ZD SN
telx, vy —7 77—l T AR G IR EH MEDIUM OB 4 LIZIERIU TH-7= (K 2-6(c,) .

X 2-6(dix, v r—7 7 T T AEEREICR T, SN LLOETHD, vr—T7—
IS F T ARG TREN 2o T2 5E O SN LD B biL, ElERIED 2.5Hz THoT=H G &
EEARBEERNTHD, L, SN OB H DV ¥—T7 77—l T+ 7 AEEREICE—7
EREOZLIEDLT | RLBORFHL L TVD,

BEBERNEVE AT, y—T7 77— T A EBEN MEDIUM ThH-Th,
CAl #EMIITIZEA LR KL2D T CRIBHE) . - T, ZORBTOFRKD /T —RZ~Th
I — 22X RN ot r— 77— Al T A S IRE N STRONG DFEIC
iX, CAL gEfkHia T BiBRIE B ES T RSREALIZA, U —AXIMUIEHNE =7 R6
niedot- GREBE) ., TNODFERIT. B 2-5(b,)7D 2.5Hz dE—2&, & 2-6(b, ) 50Hz DE™—

I8, CA3 DFEEN T3, BEBBEBICL-TEERBIENELD THAIEERT,

2.3.3 RERILgZ Hv=soiEER

1 ETHRARZEINT, —fRICEEITL T TRCBITBLTP R LTD IZk-> TRIFEN TV SEE
ZeNTW3, v —77— il +7ATH, LTP X LTD BRRIAZLSHMBIN TS, &HIT
TV T AOREARE R @RI R T A LI Lo T, RIEEERAR Y v —
77—l DL T T RBED T ELTEDIAATR, BEMIZIE, B 2-T@I= T L5102,

CAl §EI%%8 X SMAD HEMRMIANLED A-D D 4 HOfaiklc 57 fak A L D D %—77—
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(B 7 AR A3 EE % MEDIUM (W, = 0.0018 pS) . f81 B & C O+ —7 77—l +72
FEB RS WEAK (W, = 0.0005 pS) LT, EVVix 5L, M 2-71@IZ T L% miatss i
A E— ELTROIAAL LT B, CAS DIEENT. BIETECTLRU § HRiFBIL L, $7-. B
EHEAE B DRI 50 Hz £LTs,

TR A LD O SRR T RLRIZ LT, BBRBESICRRIHL TR AL, —F, @ik
B & C O#EMIAIL, CA3 OIEFCLIIREMDOELE R /NS DR KL H-7 (F
2-7(by) o % —7 7—{AlfkiZ CA3 D—> D #ffkillann, CAl DS DH#EFMIA~EA>TH
HLTWA®, 8k A L D OHEMIan A—ArEIFE AL, EWIZBESEZLTWA (K
2-7(o)&(b,) . F7z, BEEMOIELE O {8l Tid, sk A LiEl D O#AMRT, LHoh
BIRBEFICESRAML TR K T570, 8l A & D OH#AFME TILA—AMDFE KD FZAI
b BLRISILE,

[ 2-7(c)iE CA3 & CAl DRFERMEENZR T, LBAS CAL, TEAS CA3 DIEEETT, T
ZnoONABIESERBIICHHEL, BVDOIFR KL TWEILETRT, SrEtEMan T
RLTUVVRVY, 1235 16 FTO/ R, [ 2-7(b)D FIZ AL SR ORI BT 2EENZHE
B35, ENENDSFAMFREL 10 ms THD, 73480 1-4 1, CA3 FHE TR AL TV HHEEH
R ¥ A2, ZDT=s, CAL $EfFMIR TOREN OB oL/ ha< (B 2-7(0y) . BlEfE
FIERHEN TV, ZOHRMIE, CAL fEIRIZR AL TV D8 M R ohey

2R 2 D35 TIZANT T, CA3 TRAL TV AHINEE R 23R 4 ITRELSZY, CA3 fHIOD 7>
LR RIZAT TUEEE1AYD . CA3 R0 HEARMINDIE KB 272D, FXBOEANIT CAL
R OREMNZ B OBSE, BAEDBBLE 60-70 @727 LZIT, CAl #EAMRIZEE
BAE S R<AMIL TR AZHED D (1 RLE),

73RV T-11 Tik CA3 DRI DR A EA R KRIZ/2Y, CAL IZTHAEIR D RS/ 7 — 2
o ENLBRINE, FRIEF— D330 7,9, 11 TIRL, 8, 10 TEFE DI, CAL HEfR
M EERE D0 50 Hz (B 20 ms) DIESIZRHL TRALTWEID THD, TDE,

CA3 DFKEFN /NS0 thD DL, CA3 2EORKENWY ., A ED 30-40 EizE TR
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Liz&& (/)1 12-16) CAl DFEKITE2D, ZOLIRBRDYAI/11E, CA3 D § HEiEEN

FoTIRVIREND,

[ 2-7()ILFEIAER T D CA3 DEEGHIMAD T AL, CAL DEEfMIaDF K EOBIFRE T

(d)

P e L R
PO 44

. . N, L
R e

100 1 . v
CA14E18 :Zla
DA te
R 3k T
ﬁl . c'-'_.
o] ..|vt-'_-
0 100

(i) AL RO A O AL
1 HE il ] r
(i1)

281
35.0

ai el MWLl

-85.0
35.0

(iv) ™M)
85.0
35.0

A RABARARAN .

o ol L

200ms
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+, BABICIE. BERBESNASERD 10 ms (2R AL CAL #EAMISOEL . R 10 ms
MR kLT CA3 $EMIRDEDBEFRET 0y NLIsb D THS, CAl HEMKHIIEA DR kit
CA3 S$ERMRADFE KEDBMELHITEM TS, LA, CAL SEERMIROR KK 0 FHrbR
Ko 128 BIZERTHEETIE, 7TayMIBGIZ>TieY, CA3 DR AEND CAl DF A
—BITFTR ISRV, ZHiE, CAISEFMEOBHRREMELE D, BAEIZEEL WA
BHTHHEEZLND,

Iz, VMW — U B BE R THIMER T, 8X8 B Thol-hiEEN 7
NENOEEE, 2X2 & (K 2-8(a)) HAVE 1 X 18 (K 2-8(b)) ELTz, FOFER. 1 X1 EOH
PR ERICAR S, LU, CAl SEMRMIARI DR B IREE (C, ca) 2T 2L, S —
Zr— Al T T AREEIRED WEAK ThAMIL UITLIER A TAI5102, ARESn55
BT — U NIEFE TR T (RIBED) . FlZIE. Cpea % 2 FITEEANL 0.002 uS 125, 8X

8 BEOFMBEDEEIZIE., —EBIOEE Y — OB EIZBWTER 0.02 #. 2X2 o

K 2-7. EEEBICILIRERE, @QFEE A L D OVry—T77r— T 7 RAFEEHRES
MEDIUM (W, = 0.0018 pS), #1 B & C DY +— 77—l T 7 REEERES WEAK(W,,, =
0.0005 pS)EL 7=, CA3 HEIIT B BT § RVRLEELD, BEEBANESORKEIL50Hz &
L7z, (b)CAL #RREIREMEET /L DEBDFKT. OEBERE S, ()CAL R E REMEORFZEE .
PRE—, FEE IR > To AR OB I 2-5. 2-6 LT R0, A 2D D DFENEFNOEEIC
B3 EMEEELD T, 48l A & D O$AHKIZERRERSICBAHLTE AL
oo SEIR B & C OREARRRIIFE K LAeh o7, ZHUL, S —T 7 — S F T RADREGRE Y —>
ELTEDIAENRRE AP, BEBEBANEFICRTAEE L HE CRESNZILETR
T, (i)-(v)FEIK A, B. D WOSEEAIIDOTEK DT, B A & D ADHERARRD S—ARE K
DEAITIRHILI, Eiz, SA—ZAPROFEKITEBERANZRABLE, ()CA3-CAL £F /LD
FrZEf{EE), LD CAL, TED CA3 OFEEEFT, TNENO U AFITH#IEHAIZHIEL.
FEAL TSR A<RESN TN, MEHMBROTEEIITL TR, 1135 16 £TOL
FAAE, B 2-T(b)D TR LI RO S 2, ZNEND/SFLHIRIL 10 ms THA,
7.9, 11 FEQEDARRNVAZINT, Vv —7 7 IRICHED A TN R EEN T ZV AR SN
TD, (A)CA3 & CAl TR TR AL TWA#EMROEOREE, BEERIERATIEINEEIT,
ZDE% 10 ms DRFIZ CA3 & CAL THRAL-#AEMEOKEAIEL, A%,
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K 2-8. BEELEBIZLZMO VDR, TREROFTNEFNLOEES, (a) 2
X2 DF—2 (b)) 1 X1 Ds/F—2r,

EEROBEITIITE 013 By vy —T7— Al 7 AFEE R EN WEAK ThAHIIaAFE k
L7z, ZORERID., ERICEE TEORE AT — OMHSIE, C,cn PEICEFETHIEND

Mot

2.4 EE

ABFFE T, CA3 fEIO VA L TIEH D03 KA B FBIEENTL-T, CAL HEAHORE
EDBELINAEL., RELL TOERBERESIERLBICI s TRINENAZLERLE, T,
HeELRLAV-EEERE T AVEREL L, TNODMERIT, ERROER BV T, CA3 48
HOFRRATEENE EBENOOMIRETEHVWERELBIZLI>T, y—77— A
FTTAEERED NI L TEDIAEN R Y — BRI NAFREMEE R T,

AF L F RNV DRAR, T 7 AREMEOHHPEEN THHZ LA MBI TISY (Shaw
and Casudevan, 1974) , ZNOIEHFRFRER TOMEILBOHETIRIZ/L> TOBD TV Mk

EXONTE, ZNODMERIT, IREEZE(SED, HANIGENEOREZEXHZET
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LoT, HETEDb LN, L, BERERIC L ELERZHE T REOREITE LV LS
WRBbng, o, MEMARORE KT TEINODEFTROZEII/ NIV, LEA-T, Z2nb
DHEE PR R THRENEREIZF > TV LITE 21T\,

ZEOBMBHIANEDLFT T AN, HELL TEKEE 25T, Stacy and Durand
(2000) IFHE/RANED LD AN D, #BE CAL $EFMIAOFHERILE |2 T, ML THEK
LERT, DI AN DBET, T 7 ABEBEEZ RS EDLILITL - THETFIRETSH S,
AHFFE T BEEAD CA3 HBOEESZHETREL TRV, #oT vy —T77—F72%
BHRED BN EIZ > THSRELFTE T52LM T/, IHIZ, CA3 sEfAMaR o &El
MRS A IRE S, MBS 5 CA3 ~D 2V AED ANEIZL T, CA3DIEEN B (K& R+ 5L
HARE CTHY ., ERLRICE LT EEVST VW eEILND,

EEHLBICHTIE<OMRIZEVTL, FEOEAEEIVbE VWV EEEEF OMES AR AS
L TE7= (Bulsara and Gammaitoni, 1996; Moss et al., 1994) , L2L, #ERIZRB W T, CA3 B
DFRAFESOER2FERER ST 10 Hz LT THY, —FEBREMSITy HITB TS
40-100 Hz DIEFHS CAL IZBRHNENDLEZDND, - T, HEF D ELBKRE MR 2IEFD
A ZOB RV ATREES K&,

ATFZR T SRR EBEEES (2.5 H) &, HREKEEKES (50 He) ZMAV 7=, CA3
(&> TEIERIENS, CAL #EEMROREIZELE DRIREAIMUIE £ 3 Hz ITE—7
BRUE, (REAERHEBRESOHESTIL. MEHias Ao g oM sl RRIC, (5
SORBE S OEREEM S LVBELS, SN OELIZH AR Lm0 fFigE L
(R 2-5(d), ZHxL . MBI E@ERESZAVWZE ST, FFF IR ERL -
2o 50 Hz DL RFNEL T AN ENT(E BiL, CA3 OFRRRIARTEENZ L TAELS CAL (KA
FDEEBM ORLE Lo THIFE, /S—AMNIZ/2572(K 2-6(b)), F7z, N—ARHDFE K
FEBEBANICISEH L, ZORR, BKOSRT—AIMUIE CA3 O § BRYR LD EE K
¥R THD3He &, BB AADEKEETHS 50 Hz @ 2 @7z’ —27~UTZ(E 2-6(b,)).

ZDOR—AMI7e CAL SEFMREOR XL, EBROTYhOER CAl SEMBOTR KDORT
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(Soltez and Deschénes, 1993) iZ B <{EL TV 3, Soltez & Deschénes (£, § VXLRBRIEH TS
RAET CAL $E(AMIINDTEBI A FE LT, EDOFRER. CAl $ERMILDTEREN DT — 2~ T
0 # (6 - 10 Hz) &y # (25 - 50 H2) IZE— 7% R L7z, b2 20 —2i%, AR Bl h
728512, CA3 DYRLHIEEND BB L. BEBEIODEFTH D2 D8 —2z5t st
BHDTHBNH LI,

=T 7Y T T AERREICR TS, SN LOZECIZE RS B IEFEL TRk L,
BREKEIE 5 2.5Hz OFEIZIE, SN LT —27TH 8.8 dB Thotz, 7z, ¥ —7 77—l
VF T AREERENRL 2 BE, RT—ARIID 2.5 He DE—213 3 IC S I @B iz, #
MR LT, BBBESAS 50 Hz DBEAITIE, CA3 ITLB oKL L EER DERLE DB
RBREIZ, CAL $E(FMIIRE B @A ST AL TEER A —ARE KL, TDOF, /AT —2~
PO —7i X KEL, SN Euid#7 24 dB £ TER L7, 50 Hz D —21%, v —T7 77—k
FTTRAEGRENE > TH T CICEFTICEO N TLEIZ &2 REHA TR SN %
RUI, 2T, v HOERKEE SICL> T, CAl HEEMAEMAN—RREATEILT. EEE
HHeE A iEm L=,

BETOREICL, VT 72ABEORLEM (LTP) NEBEEL TWAEEZ LN TVD, &
. LTPIZE-> Ty 7 RIS 2-3 f£I1Z#8/09 5 (Ishizuka and Hayashi, 1998; Nakashima et
al., 2001) , AFFETiL, ¥ —77—F 7 ZHRE MEDIUM X WEAK DF) 3 £ Th o7z, Fie,
MEDIUM D&F|Z SN HdiZiEm kLR o7 (B 2-6(d) . ZORRIT. v —T7—F T AT
LTP 2EEADEERVMDIZE- T, EXELEZ THEISRUVIDEFHIE TELZELETRT,
AR TIE, V¥ —T7— T ABREDZER S F—% CALl fEIHITEDIAATL, CAL MlIEE
42 HEIL, D 2 DIZBNTEI v —7 7 — (AR 558 E % MEDIUM, o> 2-0Titk WEAK
ELTz, ZORER, v — 77— S G ED MEDIUM Th5 CAL HEEMID 453, CA3 D
FBZAAL, ERBAHGEEERIHTAIEAHFRZ (K 2-70y), 2F), r—7 77—k
HERBEDEM AR — L THDIAENRIR A — % EXLRICI-TRETLILD

sk, $7-, BIE T —UPREBENAZAI 1T, CAL #EHIIaDEEMOELE DR 5
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BAIDHTRET-, Zhid. CA3 OFEEINMETLL TRIAZNTWARE, & ¥ — 4880
AT EHIFELTHEILETT,

AETT AT, —2D CAL HEARMRRIL, 100 {80 CA3 SEfRMa LY +— 77—k F7
AFEEEFTT=, o T, CAl $EFMIIIWTb | 1T CA3 EREHOFESZRIRL, FiL
2o CAl $EEMBADBEIELE L, AVIIEb DI o7, FDFED ., v —T77—{Hlk
7 RABE A MEDIUM D SRR (iR A L78& D) XRICZ A3/ TR—ARE kAR
LB 2-7(p) , T2V, fEl A LEIR D OMfafES— D DREN Y — O—HEESTWD
LEZDIENHED, SHIT, KR TITEAETNOMEED, | X1 EAOH#AEMaN i ATis
BERORIENF— b, ELKBETHIEN K, TNOOFRRIT. KET VT +—T77—
A IZEB DA EN RSV DR LT = ThoTh, ENEEFANZIEAE TR 358
—ARREAKELTRETESZEETT,

e—T7 AR ARENEbEN, BRIZHEDND CAl #EMIT, B T5F—r
CEDLTEBLTRALE, EoT, (RIZERDEEF—ZEDIAATH, KETT /LTI
FNAEEHNIBRTAZLIARFRETHD, ZiUt. £2TD CAl #EMIAD, CA3 @i b7
F WTBIENTE 100 B O e —7 7 —{llE 7 ARG FRE A — (£ T MEDIUM) 72725 T8H
%, EEEOWEE CA3 Bk, BWRMHELEL THEREN DA S EZITD, BIRERHED D CA3 ~
DAFL, BARAERITRLRD CA3 OMIREMA~DANELTRRASNDEEZ DL, HEDIE
BHBEBICAASNTVBIREETIE, CA3 DREDHAEMIRERANERICETLLEI6N
B, FOBAITIL, — 2D CAL AR, CA3 FEI DT & AR 100 {80 $E A HAD
Do — 77—l T T AEZIT LU TH, £DIHOTEEATERL CA3 SEFMADH 0
LDV FTRATRNT LTP BNELBATREMEN B S, T, BIOERIPER ITANENTNSES
IZHE. B> CA3 R MRasE A5, Blld CAL LR ~DL v —7 77— T 7TRZBNT
LTP B&£LS7EA),

CA3 fBI Cld N\ —AMIZ SRR O EFTEE D ERMIEET 2, ZOREEEN Bl
DENENDELNE NI — AT D CA3 DRIFTHEIRIZ, BREL T AFI 7 —HL2l,
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o T, FNENDORIB AT — VIR T2 CAl $EFMAAM T, BEMOEOLEN —F LAY,
NR—ARRKDIAITRTNEEEZZDND, BRI, BRDEE I BRRBZ(I
I THREINDZZLIRD, SbIZ, TENENDORE I — P BREENAIANIVINRERBZL
b, BB F—EILIE CAl ETER>TWTHRWILIZRS, 2085 T, RS

FHEDIAL, ENENEREIIBE TEHDOTERVDEE X605,
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3. STDP (ZL5iRE CA3 fHI DY X LB DH| M L0
BRI E L CORMEIRRFZE TS E DO T Ak

3.1 IXC®IZ

BREOLESCFES ILITMERMREM O T 7 AEREEOELRRAR THALEZ N
T5, % CA3 RIS ZROEEEREMN L T 7 AEEE2F TR (F
1-1(c). 4 3-1(a), Tamamaki and Nojyo, 1991; Li et al., 1994) . ZNHDFESTREMFA{LEN
HZEITES T, CA3 EIRICIE R RIFEINDEE 2 b TEF= (Marr, 1971; McNaughton and
Morris, 1987; Treves and Rolls, 1994),

—HRIZ, HRHRE O EEBEIETAZEIZE ST, RBELEFEHRO IS TOERE
TERFETERTIILOTELREL, BCEEREE Y. K 3-1b)nE FiXE CiER
REOHIZRLTVD, BEOHRMRER, H2—oDRE Y- 2RETHLEZ
Do ZNHDOMIRE DL T 7 AT, LBEBEETHERE TEWIZBIEINAERE TS (FD
KEN) o WIZ, ZORE Y — R BRTAHEEE LD, SRR THLELALLSIC, ZhbD
MEAETIZANEANDE, FRIB/ P — R TEAILIIEIETHR, RIT, ZhHD
MIRADFDO—EDIRIIAFBADEEEE LD, TOHBEICIE, REAF— B T5MMD
AL, AN EANTMENODY T T AANEZT TRARTHILNTES, ZHIZES T,
FRERRE IF—hh, ZFERNAF—UPBEIND, ZORBAINF—ar T —is
EFEITND,

ANEFILEsT—oDRENBEINI-LEIZ, BEEOHDH| OB BE TEHR
BoZld BEEEETEIES, ® 3-1h)nh FIcEBELERENFIZ =T, 8 CERRL
BLITERY, FEOHFEMIAITNENPBIOEEERATHLEE XD, T, tHEMlIaRE
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HEMRREMEES

(a)

EIEEBECIE

M 3-1. CA3 @R DX BB ESERSLE -7 B CHEARRE REEATRE.
(a)CA3 BEMHRARI D B B MRS S, CA3 SEMAHIIAILIA< O SR RERa ORHIR 28 |- B
BHIZATTREEG T2, b)B CEEREERBEEATE, TATLONA CAY HEAH
fa, ZRODOROBMBR L T ABENFETDIIEERT, B EERE TiL, 22084k
MR ORKEINTT LT, M ROV T FABEBBEIN TS, BREHBRETIE.
RN —HROY T 7 ARES (B IX#EHE A D5 B OH) B3 58ESL TV,

OFEE L, W MISBRIESND DT, —Fl DL REENDHEE LD, FlAIE, ikl
f2 A D5 B ~DOUF T ATLIN TSR, B 15 A ~TBRIESH TRV, ZOXH72EE
BIIERFIDOLS, MEOIEFERIET D2DITEL TVD,

B 1 ETHRALIC EE, Ty o ERICI - TR OBFTRSUICE T 5%
BANATON TV, RICITT Yy MGG EDBFTIEDEEICIFE LTS, HETMRL

eI AR 7E7ET % (O’ Keefe and Nadel, 1978 Skaggs et al., 1996), 3ERTHBAGIE
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CA3 fEifk %165 | B DIXIZ 2L CTHBPISH TV 5, Nakazawa et al. (2002) |3BEF4
ETHZLITEYD. CA3 fEIKIZ NMDA F ¥ RADBMEELAR V=T 2% E5T2, NMDA Z 5T
Y RWAEILF T ABIRICFEL, ZOFrRADFEE Ca¥ BB ERAICHATHZ 03450
53TV V5 (Bliss and Collingridge, 1993), £z, 2D Ca> 3 T 7 ADORESREDE(ICE
ZE T 5 (Bliss and Collingridge, 1993) , f> T, CA3 $EIIZ NMDA Z BAEF v R AMNTELEL
RV YATH, SBIBICRPERNEBZONTWAY T T AR GBEDELNEEIND,
BoIX, KEBE T/ v T UMY REER RV ADEMFE R DEEMRIELTZ, KEED
BAEIZIX 4 SDOHEIMREPL., VAR B D FRIRHITEZER LT VIO Ehi,
NMDA Z BT ¥ R/ HE 2T AL, CA3 DREMEREIERESREDOFBHE(LLHEE
ENTWBICHEDLT | EFR-VALOZEEANIHBEREIFELLR 2T, Ll K
HREOBRBEIZEI N TWEBHIOEEBO T L, W& BT — /LN ELDITH D DIFH]
IZIXEERENELTZ, NMDA ZEETF ¥ RADBRNT YR ZT—/VICEETIONL, BE
DI AIOLREVEEEZEL, ZOFRIZ, CA3 @ik T B HIOREH BB X EIHERE
BOEILIZE-oTEWVWIZEUTIToN TEY, EERTURITVL DD B EIA2<{/2>Th,
fd B N EL 2o EEIEER L TEMBHB TELZ RN TV5, Nakazawa DI,
3-1b)d B EEEREICLD, NF—rar )= ar REBEICER TOEI - TV HEEER
LT3,

—J5. CA3 $EIIT 0 URAICREBESNAV X ANEEZ R T, F-, BETARIZ 6 VA A
DEEDMETRATAZENBESIN TS (O Keefe and Recce, 1993; Skaggs et al.,
1996) , ZHLiE, VA LREEN L SRIEME N EEICERL TWDILERRL TV,

BETEHEISND 0 UXAD, CA3 SEITERSNADN, TnEbEFIANCERFTENT
bORRDONNE, BESHIZER TR, LAl Bix BRERICE>TCA3 D 6 URLEAEKT D
BEN BB LD EZN TS (Buzsaki, 2002), £9°, CA3 O#EAEMIRIL 0 R HEHFTR

KT AMEEE TS (Strata, 1998), F7=. CA3 HEAMADEF £ THD CAL FHEDMK
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FARBL . BREID5FBONMI3 50 | THREBISHD 0 UALIFEFITHEENE, Ll
ENODEBTD § UXLE MARENLRFEND 0 VA LDHEBEIT A/ NEN
(Kocesis et al., 1999), EHIZ, Wu HIXIEF OAHDERIZE N T, CAS BENSE R A b4
LAZEEHREL TS (Wu et al., 2002), EHITEGIZ, AMPA 2B EF v RV EREL-E
BT ZDY X LBBRIESNRNZEER LT, ZhHDFERMNE, CA3 HEikIZE FBANZI R A
EEERAL VALAEIHIZTEEMEREMER G P EELRREERI-TIE0NRBEIND,
B CA3 2B TMORA RENAL T, T 7 ARTMIRE S T T AE A D R DZAI 7
WRFELTZ, 7 AR EREOEHEM (LTP) . 2V ITEHIE (LTD) A38E S Tu
% (Magee and Johnston, 1997; Markram et al., 1997; Debanne et al., 1998; Bi and Poo, 1998;
Nishiyama et al., 2000), ZDBBRIIA/ A7 ZAIL T IRIENL F 7 ZAFTEEM (STDP) SRR
NTWBH(E 1 EDORK 1-2 B8), 1E3%, LTP ° LTD H—a%iZ. &Rk 7 RaiHE a0l
BIZL-TEIERIESNDLEEZ DN TER, 2, LTP 2BIFI2IE, T XAFEEFEIETN
B A EOEGEAEBL AV TES, LL, STDP (X5 F 7 AEEDE(IL, > F
T AR L B HRADRE K DI AIL T DHETREDD | EFRAIRRIH I EREADPDA TS
NBMEITR, - T, BREEDFETHIHREEBRETIE. 2T 7 AREDELL
BELTWAAREMEN S D, DFD, CA3 OB REFIZL- T, BEMREMEEDRED
AT 2RREMED DD, Fiz, BEMEREIMFESTREDELIT, CAS #EREEDIRED
BEEKL, HIZ CA3 DUANEEVHEMEREIMERESOREEICL>TETDH
REMELHD, SHIT. ATROIIERPEEBHEREMRE O LTP R° LTD IZX->T CA3IZH
BN TV =LLTh, Z1bHA3 CA3 D H BIEFIZL > THES NS FTREEL S H D,
RHFETIL, BREBEHEECSES CA3 #REERRMEET ALZMV, (1)STDP (2X-T,
CA3 D B EABFZERIEEN A E DIITET D EBIZ(2)CA3~DAAEFIZL->T, B
REEGLEFETHILREERSEEINEID T DN THAD, TOFRER, HIRERE D
oA DA O KB FTRICEELARRLEBDEE B RNDLIEE R T, BFHR



DEBEPBENDEE, CA3 DYALMTEENOE K EIT STDP BEIKEL TR ED BRI
R 7, £, BRIZLIDSEWERE D/ —ANIEIZ L~ T, Filo btk oEES
EOHT ZEBTEDILE TR LI, HLAESN AR OGEHEIT 10 BRI R Eshi-, =
NODFERIL, CA3 Bl BRI LEHIETHRENERHE L, S512, CA3 ~DAHER
(LS TELIBIHROEREIL. BREBLAFT AN TS TIBENICIARVED LS

7

3.2 FHik

3.2.1 5 CA3 #R[FIEHEET L

AN E T

HEAEMIRTE T VIZE 2 ETHOSEMRET T LVERALTHY, K (2-1)-(2-3) THREN
Do TLIZL  REITII B IR DB g, DEEZHREE A OH#AEMIAOBATIIEC TELE
72 (Gatconers Eatodger Gatcomer) o ITTETERMEE T LY 2 ETHW-MEHIAET T LLREL THY,
(2-4). (2-5) TRINB,

AETIE, SEFMIRET VOB E A —ANEEREWED, CA3 1$RE HBEORZE/TE
ENIREREEZRIFT O, ZITA—ANEEOREMELHA T, #EMHaET L
i, BHEDEV Ca* FX RADFEL, ZOAF 0 FrRunbidiiz§ CaEBRBTHA
T5RC-DEDE 3 H), ZOIIeAA L F ¥ F/VITERD CA3 HEHMBBICHEETD
(Brown and Griffith, 1983), ZDE FHVeNMEBHROT-DIZ, $EEMIRET MITE LES
LRI, REALIIR X B HEL €, MM L ORI T LICR KT 5, #
BRI R KT HLRREDE Ca¥ F v/ (K(Q-DAETLE 2 H) #EL T, SHIT Ca” B3R
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AT 5, LIEoKBALFETHEMEAN Ca RE (RC-DD y ) R ERT5, Ca¥BEN LF
THL BBSE K FrrLl CaEKEME KFvaL (R(2-DEDE 6 HESE 7 ) MWEH
fe&Ei, KERIZE > TEEMITE BT 5, ZOBSEIZE> THEMEOFEXIEDS

T AA—AMBEAESND,

FFIAD T TR FEL

CA3 FREIREAN O SEAMADME ., SEAMREMTELRMEREDL T7AFE0LE 2 &L
FALTHY, F7TRAEHITRN(2-6) . (2-7) TREND, I21EL, RETIE CASEHEOALDE
FINEEIT-H, 5 2 T pp_.CA3, pi_CA3, ip.CA3 LRIN=FNENDFESIL. pp. pi. ip
LR, iz, BRBHEEEL TD CA3 #EFMIR~DIFTFRAANE stim TRT, Tbb,
LAT T G Cin Gon Cuin VEEFLEFL, CA3 HEAHAD ] D B8 M X [EINERE S DB EE, CA3
SRR DN TEMEMRA~DFE S SRE ., /M EMEMIa DHEMR~DOREESRE, TRRHE
MEDLFTTAANIBEER T, £, G G,v Cun PIEREIZ—ED> CA3 N T—HRTH
BB, C, DEIFTTNEND YT T ATHILIZ, HIRD STDP BEUZHE> T I=b—a
WZEAET 5,

A CA3 #RE AT T /L Tid, CA3 B Ly OH#EAEMRRIL, 200N MRS
&I AFEZT5, UL, CA3 SBIEOmNE 2 FIOHEFMAIL1L- DO EHEMRD
LoD AN &2 (M 2-2)B 88) , S512, CAS R F.LER O #EFHEiRT E O
8 [E DS (EHINANHEEE A A EZITHN, SEIALETHHEMRIZ S B, AIUETD
SERMBALT 3 FEOEAEMIANLLATTEZITR, ZOLIZ, D iiftE A S 720
FEM AN LT, ZhEDERA AL E T HEEMAED N — AR KO E HTMOHEE
MREVLE D, NN Ty U REFRSTOIT, RE TR E B DM (€. =
0.004 uS) &4 (8 comer = 0.003 US)IZHITFD g, DIEE . EDMDFEIR (241 cencee = 0.005 puS) £

HESLE,
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3.2.2 STDP |2 X2 B 1 7 B A A 58 B D 1l 4E)

CA3 DEEMEREIMMAEGTRE (C,) 13 STDP [ZL>TZEL 75 (Debanne et al., 1998), 8
RS TEMEME, SEEAR LRI SHREIT—EL L,
AZETIILL T OLS7%, STDP Bk F(at)Z A3,

M -exp((4t —bias)/t) if =T < At—bias <0
F(A4t)=<-M -exp(—(4t —bias)/1) if0<At—bias<T

0 otherwise

(3-1)

ZIT. At IV T T ARRREEREOR KRERZE (O T ARTMROR KL - v
T 2D F KEEZ]) 2R T, t1E 20ms, M1 0.05 ThD, £7z. bias DEEZEZDHTET,
STDP Ba¥IIAL #iTin > TERIZFATHEN T D, bias DIED 0 DIFEIIE, ZD STDP %Kk
iX Bi & Poo (1998) IZ&k->THRESHI-, RSN IEEREMIaL AV TELIL- STDP B
HEELITHOTHY, W< 20D THV GBI TS (Song et al., 2000; Levy et al., 2001;
Kitano et al., 2002), X 3-3()i% bias = 0 DHFED FANERT, bias = 0 DFE. Z
STDP BT AIZK L TR THS, Lol Debbanne et al. (1998) (ZXk->THESN-H
R EMERE S D STDP BISUIE RICK L CHERTFTHD, £ T, 3.3.2 BiTid bias DIE
BEZBHIET, xR STDP BIEA1ED ., 4155 CA3 D BRI A ALZEZHZEIZONT
P27 (K 3-4(a)-(a,) o Fo. TOMEIX 100 ms L7z, ZHITED, [F(AD|DIEDS 0.00034 LLTF
DIF T RBEL(IZERIND, C, DfEIL STDP IZL->TET DN, EEOHEFE TOY
FF R MBIEIL 2 - 3 ERETHHIEESBEL. C, D TR(G,, =0.0015 ps) &
ERR(C,,, = 0.005 uS) #FREL, T 7 AR EMIRDFE KIZE>T, G, DIEIFIRD
HICESWTET S,

Cpp — Cpp + Cmax F(Af) (3-2)

F1L C, DIEDS G AT HBUNE G A LIRS H BT, G, DEZENER, Gy
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HBNE C o ITRESND,

3.2.3 B ABEMZELAN T ALE PD-value

3.3.2 Hi D 3.3.4 BN THVD, FBAREHZE (At) EAN ZAIZDWTEHAT B, ZOERRS
FAT, BHBVFTTRAEB LT, 2OV F T ARG MIEAE D X575 K FERI 2= (At)
TRATIHEELEVPERDLDTHD, flziE, K 3-40)TiE, 35 - 50 Bofo+
TARMREEMRED, 2 TORKOFEKERMEOEAN FLE2ERT, AN F AOMEAL
DFERIT-T b TEL LA TLDFEIDOEIL 5 ms &L7Z, 3.3.2 HiTOLEARN T AT,
CA3 Ay —7FDETORBEREIMREEG DI T TRZBITELAN FADEETHY,
3.3.3 fiiik 3.3.4 A TOLAN T AL, AR DIRALMEA (3.3.3 HIAXEZR) ~DETD
VT TADEARNT T LD EFTHD, £lo, EAN T LDOREEIIRFE K TRIDZETHREL
L

G, DAL T LT ho % B KBERAED 5RO BI=0IZ, PD-value B R D IHNTE
Wi, ‘"

20
PD-value= Y (H(i)- F(5i—5/2)) 03

i=—19

H)IZHKERELAN FAZBITS, i EEOREOEETHS, A5/-5/2)F 1 ZFHDER
7Z LD FLORERIZE TS, STDP BEEOE THD, PD-value BIETHHI LT, E kK
FMZELAN T L% RDEHEIZ, C, DEPFEHLTHEMLZZLERL, B THHILITHIZ

G, DIERBD LT L7,

324 BEMREMEESODZREBWIETHHEDODE R L
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radial-ERC—-index

LR, R E O HEEHAE I E B OMEEMR LB RENEL 22115, —h
LDV FTADALF Y Z L A(C)IE =l —a iz STDP IZk- T %l 4 BB L.
BT 5L DB T L DREND, TOFKR., C, OOFIFEMENIESTI 25, AFF
FETIEZDII RIS L, TNEHOHEEMILOI B OB USRS DFEEESICE-
TRETS(H 3-2(), H 3-3(a)%),

1| FB OHEEMIAICBITERSITROIIICLTED =, £, 1 BB O#EMILICAAS
h5REMEREMRE G TN ENICOWT, VT 7 RAETHIRAYS | F B oSERBO FimE
M&, REBEDVTTADIALFIEA(C,) THREIR_RIMAEEZD, IRIZ. ZhbD
NIMAEBEL. Cull +2)TEIBZLICE ST, ~IZMOEEDRKER LIBT3,
EROBRIIT, ZORTIL (LUE~SIRL VERER) % | 5 B O#EMBROMBEIEESELT
RLIZHDTHD, [>T, ZOBTDOFMIL C, B3V FAEFRL, MR KIS
ZORGIDFENARTE LR TV, £, ZORGORID UL DTREMEAHD DL, HHEE
BHROmIAE T H# AT, FEIC 8 BOHEEMBEARVEDDHRTHD, fHRRE K
R LES OH#ERITIAEARD 8 ErLBEEREIMEEGEZITED, HDHFENLD
Coo B3 G (0.005 uS) T o7z, Th, RAHAl DK LD C, BEIETY C,,(0.0015
uS) THY, Moy DESDOHEKMEIL 0.7 L725,

BEt RIS b S - BB REIMEE S (BEARES; 3.3.1 iR 2 ERBLT 57D,

radial-ERC-index (ERC: Excitatory Recurrent Connection) R D IHNZE DT,

n

Z (V; d i)
radial-ERC-index = - -
n

Vit B i % B OSEMICETD C, DEBIESTMEEZR TSI THD, [13H
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SPRFES D0 (3.3.3 Hik 3.3.4 BnTHRIESNIHIBEEEDO H.0) 05 | B B OEEBIaE T
= BEBIDORIMTHBD, radial-ERC-index IHFHRFES DR OEFLEL, HE A
EHBRARE D EEED 6 DM TRD - (B 3-5(b)., 3-6(0)B ), nITZDHPNIC A HAE
D THY, ZHHDOMARIZOWT Vi ik [ORNBEOTERD -, radial-ERC-index D&

V& [BETELNGEEIZRRERY, V& [DEPRERDIE /NI,

3.2.5 {&EENOEHE T FOHE|E

CA3 FEEO#EEHIIT N— X FE KL, ZOEENIEREBENEZEE LT, AFETITZZ
DIEBEOFmEENENOHEEMBOME CRIEL., TNEREORHNIE>TRLE (X
3-2(e). B 3-3(e), 4 3-6(e,) o TNEND/NSN—ANDEAIL TN, ENFND/S—RIE
KIZBTD, 1 BB DORKDIAITERN,

i & B OMESHRICIITAREREDOFEIZLL T OINCLTRDZ, | F B OH#EMLE
DIDD/N—ANEKDEAIL T % b LT 5, 1 FHOMEEHIT7AEEST2EHED 8
B #EERBZNENIZBNT, ZAIV 7 Db b ISRV A—RMDEAIL T % b LT 5( =
1 ~ 8), KIZ, i BEHE | EB OHEFHIAD S —RIFEKDZAIT DZE (delay; = bt; - bt)
2RO D,

R—ZRF KT CAS tREIRME LA EENIEBHIIIT B> TIT, /S—AME KD
A, EEEEERF A THD, #oT, delay, BOITAVEEITILi BB LB O#E
IR L RIRFICE EIC RS TWBILE R T, #lZ. delay; 03 &b KET DI 8L | D
LER, EMabo TKFEICRL—F T 5, Z0X57% j 2T TR ] L&FE, i& B O#E
FREEAE | B B OREMDFREFRDL, REN1ITHILIRIMEE XD,

DX IMVE | F B OMEFMRRNS S — AR KT HEITRD D, SHIZ, ENLD

TNV EETERHTS (K 3-2(e) LK 3-3(e) Ti 2 ¥ . [ 3-6(e,) TiL 5 EIDEET) . B

48



DRENZIZDOEHINIZAIMDFAETRT, GBS OEIITER L, #
ERMADOLD . BRI 8 B D #EEHIRSFELRVERT T, BRI A — RN kDR
BIE TERV, ZNODBFETICITER RO DIZHZH#i V-,

3.3 fEHE

3.3.1 XI#72 STDP B%a AV i=3R4 0 B R U X LOH|#H

AEiTIE, STDP 738 CA3 D HEAYXLEEE DISICEET 20 ET T, G, DI
X Ry R —7 2 T—HREL . £DfEIZ 0.0015. 0.0025, 0.0033, 0.004, 0.005 uS D5->%
R e, £, 22— arBE»b 20 B ETIHSTDPZE AT T, G, DEIX—FELLE,
G DFIHAMEDS 0.0033 uS DIJ/FLED C,, DZEM A — %[ 3-2(a) 1Z7F, 256 HETOH
FHOIEIZSH DM DORESIE, ZNENOSEEMIIZ TS C, DEHEERT, T2,
FRENOMADBLEUBRSORSIE G, DZEHMMFER L RT (3.2.4588), ¢, OE
FETELWD, HOREISFIENLEL T, BAIERxy b —27D8mLSMIIT RHN20,

T ENOM#EEIL A —AMYIZBE EHEL (K 3-20) £B) | BEMEREMERFEIZL
S>TRABEOHEHILEHESED, TOMHR, N—AMIFE KT CA3 HEEZGHEL
3-2(ANF A= AR KDL R MEIE B 2T (C, DY 0.0033 uS DH{EE), ThE
NONARITHERMAICEL ., FAL TWAH#EHRITIBREATWDS, ERENDAS
FAMENE 40 ms THD, G, IZEMBNTKFRTHY, FRMEERFFR T —ARFEKD
EEOFEITEETHD, B 32 EHMAREEDOFRERT, TNEIDOSRLOR
BORENT, TR ENOHEHBOME T 2 WHEICES/{CEOEHNRFEETRT,
32 EVLEERIBREVDIX, —EBLIGEOFEABFETINENER DD THD, £

NENDAFLT, EEOHENEIZED D, —ELIREOH EIFTFELR e DH
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35.0
R EEEE R E R R E R R E W "
QUE S e "ﬁﬁ"’“”MMLMUM

- & 8 & 5 & % 4 B B 8BS - -85.0
sl 0.4
e R BE o A A A A A A A A M A
~ s s 8000 :::::::-— '%Eﬁ 0.1 \MJJ A M/HLJ\W.»"\J N "\.—N’p "‘-w\
- & & & & & & & & S & 8BS - B Zooms
SRR (i) (Ciii)
. sseresssaas - 1 1i
srrTrrrtTIIILILILLS | 4 |

i | O: 0‘1

0'0015Cp,,{u5)0‘005 0.0015 0.005 0.0015 0.005

N AR ~ - e dLdblae— . can b ANy vy g - ~ AR TAL - . - £\ ~ =\ .

(e) .‘;~.:.«.—unH|l%. RN AAN PV RS DA IR RO DAL Il | B DTA § 8 p Bl | Do S § tvniv e o
et S B R P | e SVawaddpyprpmme || s~y 1 e Nay
S Rt rnutyg S I NP B R N R e S N e S DR ..-_..,<\J\\'”-\,. R R U S P
et B S DR | B ARV R A LT o B R S A e Tl | Rl B A S L LBl | B E T A
e A AR N I RV A Y N I RS AT P R LR e F RV | R S B P
A2t AR Rt -w.-.,;,,\‘,,,<-g;. B N N A A PR et DAt S A Bl d AN T A
-r-f\ll.ll\.\.\.l-.r- '»”"{l\\l’l AN R RN B el 1 e A el AR e b N I R RN A A RS R
B \{:\\\.\\\t,. e d >‘\,,,.-\—r. .,‘,._‘,{:\l\.h.—i. kil P EE T | ERS S N E R ¢ i o Rl
A el Rl RREE PRI Lo | It L eniey § Dopi D) | [intal £l 2 3 DasA I | It st i
R auniviu e S DY | I £ O £/ it | B B TNy i B RO B | Iavtmnsiniid DN 3 gl | ot gy fy b £ O
Jo ==Y vy S || N A e s R d b A AR T S AN SIS oYLy cpp e AN A=y
i Lt 1t NEALAYSn SN ¥l * FYINSY FZ2 1Y\ igits B g } 107~ il LYt B R T
MASHE A0S e B | AR b A8 DI | OO Bl B A LD o LAV I | (st At s LD

10s 12s 14 s 16's 18s

B4 3-2. STDP @A 1D CA3 OB REHIYZXLES, (2)10 s TO G, DZEMBIFERFME,
16 X 16 D+ R EIZH NI AOREST, ThE O SEENEAE O S AEMa
b%IT5 C,, DEMEEZ T T, TNENDOHDBLH VDR TIIIM V, (3.2.4 BisHR)
IZHSEL, G, DZERIMFERTFREE RS, (b) LB S (B 2-2)D W) D3 kD
F. TE:FREEIREEOF.LES 16 EH#EMRDT T 7 ABFRLROTZESL Eli.
(c) 10 s TOETD C, BN, C, DFEAMEIL, () 0.0025, (i) 0.0033, (i) 0.004 uS,
(DG, DFTHEDS 0.0033uS DIFE D, R ERRMBORFZERIZE), THTHh MM EH
R ICR SR . AL TS #EEMIEA B<ERRSN TS, £7L—4HIE 40 ms T
D, (N —ANEKDEREF M, BEOREBENENOHEIADEGATICETAN
—AMEKOEEFAEZTRT (3.25 HiBR), F7L—LHIE2s T, N—RMEKD
EREHMITFFRELHICELL, —B L EEFRIETFELRV,

E)o
CA3 R bT—7 DEENT G, (TEIFT Do G, BIRSRDL, HAHRRRIL — DD/ S —=Ab
NTEDEL DR AEFIEEI T, AIRDOIDIZ, #EAMEADOREXIFEOS Ca"Fyr/V

MNHD Ca¥ AF L D AERED, Ca¥ A A ANIEE 2 SBIEH0, HEND CaBED
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FHIZ, CEFEME KFr RV ERBHIE KF ANV ERE, REMTBSET 5, Z0Dif
SRBIZ LSRRI II R K TERRD, EDRBERN—AMBIFERINS, /N—RFND R KA
£ BIEE | Cal DIRADME X TS EIN SRS RLRY, IRON—PEAET
\ZERREI DS ED, LT, G, DS BL | N—ANADFEKEDEY . Ca¥ A A DA
BrEmb, N—AMNERRITEL RS,

3-2b) FE&IL G, DFIHAMEDS 0.0033 uS DIFEDEZEREZT T, BHBITIL CA3
YR —ZOFLE SO 16 BEOEEHIRICBTL T T AEROTMNLRD - GEMIT
Tateno et al.(1998) M), £7=. 50 Hz LA L DELSITm— 327 (L ZIZ X TERYEV V-,
BHENIL O VAL THY, EHEROESE DA, 16 [EOMEEHEIAD S— ARG KD
BAX Y B RBT D, DT, G, BRELRDBLEVZLHEBIOAMAELRY, C, HVINSS
7B /8D, Tateno et al. (1998)1% G, PIEIZERFL T, BRYAXAL(C, = 0.001
us). 6 #RUAA(C,,=0.002, 0.003 uS). 6 FRURA(C,,=0.004. 0.005, 0.005 uS) HEEDHZ
EERLI, K 3-3(?D710 s7ERFBIHHES T 7L, APLIRIC G, DFIHEA., 0.0025,
0.0033. 0.004 uS DHFAIZ, =2l —aBth5 10 BAHETERBIL VR LREEOF
BERT, VX LRESOREEIT/ T — AT MO R — I DENLRD T,

3-2(c)-(clhE C,, DFIHES, 0.0025, 0.0033, 0.004 pS DFEDRY T —7HFD C,
DHFETY , FyNT—ZDHED G, iI— K THDD, TNENDHTE G, DFEMEIC

EEL, mE1O—KOESF7 o7,
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Fev VT, 20 - 80 FPIZANT T STDP (Y 3-3(f). bias=0) Z@ERA LT, /S—RARE kDIEZEE|Z

Y, TNEN ORI ITE RO SFHIREMPITRRD I T TR ATHD, HHE

N5 G, 0. WEHSND G, BB, TORBE, HMER C, DM F— BRSIE,

3-3(aNE G, DHIHAMEA 0.003 uS DHED, P Ial—La BhE 40 HIZBIT3 ¢, »

2f 35— Em, ATRTINC, BRS¢, DEHEI/IEL, C, DI

PRED TR (FEH 2O Z DR EZ A< F M) 172> TOAEED 2 »FiEh-, 2. B

EOEEN TR E~D C, DEA/NES M TR ESSEAE~D C, Off

WREROTWVBIEERRT, BFETIL, Z0L57% G, DM AT — %, “HERES”

Shvaava g

“eeee waaw b
— = Tete—s =

———te—e_a_a p
— N - .
et v v
——teeh b
————aete o b

(@)

———pp PP,

APPLPINNIIIIEN

PANN
el e : LN
bt L W

LA Ll R L NN

e e,
I
IRRSRIEARRREY N

-
NN

FRERL (mV)

Aakr—
JiL

35.0

-85.0

-0.4
(nA)

(Cy)

0.3

0
0.0015

M A - M A NA
0.1 }ﬁV LANANAN AW

Ciii)

0.31
L

0.0015

(

0.005

OO

200 ms

0.005

(e) R R R A e 4..\,,\|/k[f/(. el AR Y LRt S \\._.rl\\ltlulf- P N A R AR L
NS ARON DR M | P w L2 0D ) bR | pepd Sedaar 0 B BB | RN BRI AT S T R R T i
P R L —~smsmppp el i mpnamppppeed e B e R R pormmamypymeddd.
APy 3 Srasriin S | [PEAsiry et S ) S N IDEU | Ittty S5 ARy S | B A R /A N
—mmp g pppa b N AN s A AN v s AN AN oy - A Nmaaany by
Vawmaa s MMM S) P A AT A ———w M AN A AN A S T i A/“'\‘\‘*-ﬂ\\\\({-
e~ A MM S P T A A AR TRy SN U 1 S N W VR D | QR ~AAVA AN e || cmmm— P
s AAAN NN A am e dANNNNM AL . P A A A A= A A A A N IR e A A A AR A
P A A A A RN e AN B B A R A D L e A AN e A AR A A A
——aa gAMYL s pammwm WNMNM N LA ~wwRRYN YRR £ - R A e R s
xw.—-q-.\-.s\\\\fz. e w AN L s ek b e e R S YR ANy S et AR R
B e I I L N PRSI SNEE | N N R I B e R AR A A A T IR S R R e R I

R V| B et B | el Lt L At 2 A B S | Bt ettt S B | Bttt A i\ I
il L mmranard 4 Bl | Bl el ol el 0 B e | el el it 2 e il | Bttt i SASEIAC T [AAN AL
40s 425 44 s 46 s 48 s
(f) F(At) (g) STDP (h)
0.005 +——
10.05 STDP STDP
= I‘\ 8.0 — =
ey —\ . A s
=) <4 | 1 ‘
At (ms)  BE o (us) > L
: ; , ) S J/ & (Hz)
= kSRR | I
-100 100 LS { %
/ =
/ 0.0015 +—— ES
R 0 20 40 60 80 s
10(s) 40(s) 70(s)

B§FE ()
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LIRS, BEHREE ST G, DMPHEIIRTEL TR« 72885712 B DREHITE N, ~Dbx.
AN—ARFEKITEMA OEIEOOEED, C, BPIRIESh TV ARATEO FE~EELE (K
3-3(d). (e)\ G, DHIHAMEIL 0.003 pS), Lo T, ZDEADFERITRY NI —Z DIEE D~ —
AA—=H—RIREENERI- LTz, RIFFRTIIZD LI A — R R K DS O GE St bt
WIEFE” LRFUN, 73— AN K DIEEDFE M OFEIRE “ He bt R GIEIR LS,
HEPREREIRTO G, OFEIEIZA 0.002 puS ThoTz, —FH. ZOMOERHTD G, D
FEIMEILHAT 0.0033 puS Th-o7z, BHFETIE, L FOFIEIZL > THRENKGIBIREZ OO
B CO BRI X LDEEEE REb-7, G, & CA3 Ry T —2£ET—HEIZ 0.002 psS &
T HE ML S—AR 1 EH720 2 - 3 EIFE AL, UXAEBNIL 8.4 Hz L7207 (RiBH),
—5. G, & CA3 Ry I —7 2K T—HRIZ0.0033 uS & 5L, $EAHIIZ S—RP 70 3 -
4 [EFEAL . URLIEENL 5.7 Hz &2 o, ZhUE, SRR E T 584 a0 B %
VA LIEENOE T, MOESOSEFEMEOEALLIVLENZLERT, TOREE, iRz
BERILFE ICABIVB RIS S =R AL R—RA—I—ERDLEEZOND, ZOEIT, L

[ 3-3. STDP i@ % CA3 ® BRIV RATEE, (2)40 s TD C,, DZERIHIFERFRME,
2 oM ML, STDP 2 EAH § A LI Lo TA L MET REFEROMN EE 7T, K
EEESEORE~BEHRIZENBFEO C, EbShi, (b) 8k #aAMmp (X
2-2(a)D V) DFEKORETF, T B REIEMED T .05 TOERE. (0) 40 s TOE
TD C,, BED5HH, C, DHEMEE, () 0.0025, (ii) 0.0033, (ii) 0.004 pS, C,, fEIX STDP
EFEATAILCES T, IHEICITEMGRICZO EIRELS T IREMIEIC 0 THR
L7=o (PR EIRE M8 DR ZERTE B, /S — AR AT REIBE O E OB E L5
BLTND, (=AM DIEREF A, A REREEP BB ~EEN D/ — A5
KOBEITRFFEIRRE LT, () STDP B8%L, bias = 0 ms, (g) £TD G, DFEEDHEE
%Ak, C, DPIHMEIZ _EABIEIZ, 0.005, 0.004, 0.0033, 0.0025, 0.0015 kS, G, DF
HIMEIT#70.0033 pSIZINER L=, (WEHERO B EHOE ., FREERHE LD, T
17 s MO EBHEMRABIE L, BHFD 10 s, 40 5, 70 s TOETZ71E, THE L, 3-20
s, 33-50 5. 63-80 s COERBEMDOBAEEETT., TNETNOELIBITS 3 KD
W77 71%, EHDIEIZ C, DHIEAMES 0.0025, 0.0033, 0.004 pS DIZEETFT, =T7—
NI EREL T T, VALNEL C, 0MHMEICERR<A 7.3 Hz (IR LTZ,
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RGO LA B ~LR A BMabAT | METRIGBIR O S50 /8 B o0 # IR
~O B R B SRS N R BRI, — 5 B E O M IS R R R
BIRO#EFMBE~OREMEREIMERESITHEGESNIRBIZR-ND, TORKE., B TRE
iR, A REHELRESND,

C,, DHFIIBERE S BRI NBDICHEST, G, D FBRELR(C, & C,)icEs
5 2 BOTERST= (K 3-3(c)~(ci) o ZDHHIE G, DHIHUER, RSN AT RS
OBF7REICEBRICEIZRL ThoTo, T, G, DFHEIL C, DFIEAEIZEEF2L.
WFRDBEEIZH%9 0.0033 pS 1IN L7 (K 3-3(g) .

C,, DELESINRE T BDIZHEN, VANEZEI O BEEHEEER 7.3 Hz © 0 AR
IR L7 (R 3-3(h); ZNENDOEZICB VT, G, DHHEIZZEDBIEI, 0.0025,
0.0033, 0.004 uS), & 3-3(b) FEEIT 40 BHETO 6 FRURALEBZTRT (G, DHIHIESD
0.0033 uS MHFF), ZDIHIZ, B BHYY A LEBNDEHE LT STDP (ZX-» THIES 7,

C,, DFEAMEA 0.0033 uS OHTPEITIE, BT IREEBERINTZEZD G, DFEELH
0.0033 pS Th-o7z, —FH T, VALEEND BB EUIHHIREETIL 5.7 Hz THo7ZDITH L,
REPRIE A BTS2 Tri 7.3 Hz THY, BEREIIALHIZEL R 272 (B 3-3()D 10 s
L70 s DEFROEST7), 7.3 Hz EVIEEEIT, BETREERED B RV ALBEHTHD
EEZ b5 8.4 Hz 13K, CA3 #REIEHE DB VBTN CREIED) X LOEEBE K

ELRITTNWHILEETT,

3.3.2 FEXIFR72 STDP B%a AW -5E& D B U X LD H|H

EEREYITRD ST STDP BEDOTT., DB CAEARIER D F I Lo TRARD, AH
Ti¥ STDP BEOEIFBSFREFEOHAS. VA LEBOHIEICEX DX EEW 1,

STDP B DA RDHERIZIZ, LTP & LTD BIOEY—IDALE ., B —2DE, BEERD
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- crriem - it w e e we H.\{le- ~vraaanwrrerrdfbe || rrrrrss il sl . e re
- secacrivesen| | an,s gy L) Yider| | =sprmmnppyarsis e —o"\\q.qlc- sy f e
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bl o ,-..:“\.x-.\.nu bt} innaanfdd € g S S i DY | It gl upg o by
e O T I aan B O I T O o S I R [ L S O
- . ~vhliewe P R e A AL P S B B B e N B T A R A A T4
P A T E R R S S A R Py ey AR AR Al R R S A A A A R
PR S A R I e e A AN R Eet | T R E R R AL bt
- R R R T B ey 4 e —ap Ve i f
R P D T o N R E R R e
............. o’ - Apprmabdsddaaqan| | mappppessmapp e |=moprprprresspppa
"" SANTIER RN RR ALY ASAAANARANS (AL PP TIANN "I{II‘.T”H’”T\ f”“””?f””'\
(e) STDP () STDP STDP
0.005 8.0 _—
@l —— I
B (uS) B (Hz)
S = mmm
O.
Y 0.0015 4.0
0 20 40 60 80 10(s) 40(s) 70(s)

B (s)

X 3-4. FERFRE STDP BIFUC LBV X ARYTE BN O HIHE, bias DEIL. () ~10 ms, (i)
-5 ms, (ifi) 0 ms. (iv) 5 ms. (v) 10 ms, (a) STDP B84k, (b)F&REI MO 2 TD ERC
T ADFEKEREC AN LADEE, EAN T AL bias DELIZEREBIZEIC
ERMERB o7, () £T0 G, DG, bias DIEBRKREIZDL, EREC
W G, 2ROV T T AAEILTZ, (d) G, DZEMBIFERFRIE, bias DIEA-10 ms,
10 ms DHFAITIZIER MR D2 HETREEMFEALE RN, (o) 2, D
EEIEORERIHERS, bias DIEIZ EMBIEIZ 10, 5. 0, -5, -10 ms Thb, OBHER
DR, EHEROBESHFTLEEFEZR 3-30)ERE, FEFMTD 3 ADSZ

TIXENDIEIZ bias=5. 0, -5 ms DIFE DB EET T, VALAEE DR T HEHK
Bl bias DBEIZERFEL -,

KREXARENFET NS, Bi and Poo (1998) 12X-> T, BENSSEL TEESNZMEMR

A > CEBIS 7= STDP B8%tl. Debanne et al. (1998) IZL-> T CA3 DIFEATAAEARY
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{f> TEBIS 7= STDP BT RERIEV A3, Bi and Poo (1998) @ STDP Bi#tiz L5
L. T 7 ARTRINA L % MBAASEIREC R A LB S (At = 0)IZIZ. LTP % LTD @&/, £
FUZH L. Debanne et al. (1998) @ STDP B3#kiZAt =0 TLTD #8- 4, 22T, AHi T
STDP B — s DFFEE X TEDEEEZT~T-, ©—27DIBFTIE STDP B D bias D
fiZ-10. -5, 0, 5. 10 ms @ 5 WUITRETHIL TR/ (& 3-4(a)-(a,) . bias DENE
DEAEITIZAt =0 TLTP BEX, ADHEITIZAL =0 TLTD AR X3, AH TIZELTHII
2L—3i3T G, DFIHAfEE 0.0033 pS (RyhT—r 2K T—H) LLE,

[ 3-4(b)-(b )i, £ EIE 3-4(a)~(a,) STDP BEE AV T Ialb—a 24T, C,
DIFHEHUL LI RAE (35 - 50 s) TH, 2TDOVFT T AD K KER ZL RN F LD S5
Y, AR EL AN T LT T 7 ARl L AIRaASAt DR ZE TR KT HHEEL T
9(3.2.3 #iz M), BARMZELRAN ZATWT IO bias fEDGEICHEAMFFTH-T-,
Zhid, CA3 RIS REEREIRE G LR 27D THD, fl i, SEAMIR L j2EF
ZEAL TRALIZET D, ZOEXHAMR L | ORI ZEIT-At &72D, ZOLE RET LI
BT, MR 2D j~F T RAEEBFET VUL, LT HEME i b1~ T
AfEEDFET D M- T, #EEMIR i & j OR AT BARRZECAN ZADGFHIXLT
At kA DRECELERKL, EOLIRBEICDEARIIEAN T AR T,

WTFNOEAN AL EE AR TILSH D3, bias OEIZKFLTRITRLD, Zhid, &I
BARBIHNT, ENEND bias EIZIITHI R LEED E RN B2 D12 THD, bias fEH
~10 ms DHFEITIE-100 ms & 100 ms DEZAITHE—I B ROND, TV X LTEFEID E K
ERENDTHD, £z, biasfEH 10 ms DIFEITIZ, VX LFEND BB EDHE TodE —
ZE—-2Lh AL,

bias fEA 0 ms DEFEITIL, STDP BIE (K 3-4(ay)) i AIZH U TRFFTHY, F& A FREH]
ZERNT T A (K 3-40p) ITEE R THD, - T, LTP BEEHIFF AL LTD HEED
VI TADENREFELNET THD, R, C, 1T ERETFRIZHELL AL (H 3-4(cy), =

56



D&EH72 TBAAMITEST, 3.2.1 B ORLEIITHEHRE A AR ATREL 725 (] 3-4(dy).
bias DEH-5 ms DIFEIZIE, STDP BIEUT A ICEITHENL (K 3-4(a)) . LTD 234052+
TADEENEL725 (K 3-4(cy) o BT, bias DIEAS 5 ms DEBE1Z1E, STDP BI¥ITA I F4T
BENL (X 3-4(a,)) . LTP BAELDF T ADED L2 5 ([ 3-4(c,)) o bias DEAS 5 ms &-5
ms DFAITIFZD LIS, LTD DELEZVFHTRELTP DALSY F7RAOEITROAB AL L
A5 T GRS TSN (K 3-4(dy). (d,) . HEHREELE L GRIBE).

bias DEN-10 ms DBEFITIF IFELTOYFT 7 AT LTD AU (K 3-4(c)) . bias DI
23 10 ms DHEITITNZFETOVFTATLTP BR4AEUE (K 3-4(c) . FDOFERVTHhD
SEITH, Xy b —rOEmESTIE G, DEMBIFRAHIELZ R TRMTILAL R T,
HEERAE B B SN TeZ bR T (K 3-4(d). (d). Zhid, FybT—2HD C, D
EANEERETRICIZIR T lod ThHD, ZDEX, N—AMEKDGEEIITHBECE 2 /2 HH
ICEZ-7- CRIEHD . CA3 fRIIZEW T, RBIZEBOOFEHD G, DEMAF—LUTHR
FSNDLRETDE. ZNDD bias DEDBEITIE LA FERERFTHIENTE 2
LEXBNBD, —F5, bias DED 0 THHFEIT, MDIADHIERBHFRITRDEE LN
5,

X 3-4(e)ix EMBIEIZ bias= 10, 5. 0, =5, =10 DIFED C, DEHEOREHEBEZ =T,
G, DFHEIT G, DO (B 3-4lc)~(c ) ITHERFL TR ES, FIZIX, bias = 10 DHEITIX
B DV T T RN Cooe (CIEVMEIZ 725728, BT R KRITE o7, B 3-4OIZV X LEEID
BbERT, ZNENORE (10 s, 40 s, 70 5) 128115 3 KOS 7713, EDDIRIZ bias=
5.0, -5 DFEDIAALEENDEEEEZR T, bias DEBKEWVIEE VA LEBOF BT

E<iaoT=,

3.3.3 HOMBINTZBITREHE~DORIEDOZE
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£XN T3 (Mufioz et al., 1990), £Z T, AEITiX CA3 EF/LIZ  R—AMEEE A AL
s

ZyBHEEFHRD TV —2T7 4 —/VRIZAD L, EDBEFMRNTE KT AN VR
LDRABITHR U THR 2 (ZHTEET 5 (O’ Keefe and Recce, 1993; Skaggs et al., 1996), Z Ui,
BETAIRROR KO EIEHEAN 0 VA LDEERIVEDLEWZEERT, AETIL, STDP BS
D bias DfE% 0 ms LLT, ZDTD, B 0 YUXLDBEEEITH 7 Hz 12727, FlLL
TiE. CA3 DEF 0 VX 2D FEAEHIVLADLE, 8 Hz @ 6 S—ANlE A, %72, 2

NELEBT2BRIT S5 Hz D 0 /S—ANRIES AV,

E 3-5. B A BUT KGRI T 2RI 0EE, ()i Iab—arFaban,

STDP iZ 20 535 40 s &, 60 75 200 s DEASNZ (ERR) . 0 /S—ZMEIT 40 235 200
sECANENE (BB . OFRIERTO G, DZEREIFERFRIE, S22 UA THEENZ4 DD
SRR RIS AS A ENTz, radial-ERC—index \XHEZFTE T .LETHAIMONE T
BH1-(3.2.4 EH M), ZRIERFEDZ— i, K 3-3(@)EFLTHS, (¢) b)DRET
BEEh-sEEOE KR, FREhOEFFIXSEEERICE TS, FO0HDKEDHAR
DRIEEZ R THE, AR TIE, BE<BV o5LShv-fiztEfiifiR, E5oMn
T-AERA A IENARR LIRS, (d) 5 Hz S —AMNIE O G, (e) 8 Hz ~A—AMIEDZEE . () -
(VIR HRED HEAL IR ~D 16 BDI 7 A0, BAEEZELAN T ADEF, Ehb
JIEIZFHFh, 30 - 40, 50 — 60, 70 - 80, 190 - 200 s (ZRIJBLAN T L% R T, 6 Hz &l
BOBEITIZERN T AR L LI, FHETEARRIZEVRIZ 2227, (v) Tk
MOIEALHERE~D 16 {EDF T AD PD-value, "ave” % 16 D PD-value DEEHEET
T, FNENDLFTTRTBTE 4 RKDOESZ71X, E0LIEIZ 30 - 40, 50 - 60, 70 - 80,

190 - 200 s TP PD-value &%, PD-value 1% 5 Hz BT X> TE LB Lz, (vi) 200 s
TD G, DZEMAYFERIFME, A IZRIEEFTE T, B CAEMSHCHTIRAERIE 5 He
BT K> TREEE N, (O radial-ERC-index DFEMEDOEAL, EE T O —RTEZNE
1., 8 Hz fl 5 Hz DB EITHIE T 5, TN ENDO - —XiX, 6 HD B2 5HERE
BEA~HEE AN LB A O EIETHD, =7— I HEERZEER T, 5 Hz FIEITE
DA SN AR A A AREEL . 8 He RIBIWICEhEIRIELE, ()G, DIEMEDHF
R, ASEFREE L TITo2 12BYD Iz —a ZREFUIBV T, £TD G,
OEHEOERMHEB L KD, SLIZENLD 12 BYEEHLE, =7 — " —HRERE
ERT, 2O G, DEHEITE ICIZEF—E TR BEREIHFEITIS T
F—_—XFEAL R I,
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X 3-5(a)ii Izl —iarO7abal g, L STDP BN E RS- /. ST
A=A SA AN HBA R T, ZOFeba/L iR A D ETET (40 BET) X 3.3.1
HiERIL THD, Eo, FIHRMD 3.3.1 BiLRILTHD, > T HEHBABRTD G, DZER
NF— (K 3-5(b) (X 3-3() &R —Tdhr B, 40 #7225 60 F O D 20 FORIE. R D A3
CA3 DIEENZ 52 D BAT~D1-DIZ STDP L 7=,

8 Hz X% 5 Hz @ 0 N—2ZAME 5L, B MBS BEHREERO P LSBT S
4 SO (K 3-50)DMUA K TRENZEBIN I AhENT=, N—2AMT 3 DR
MBREY ., 2~V AR 10 ms, Al‘h—zbf'aﬁm%'nt 125 ms (8 Hz) E£72i%. 200 ms (5 Hz) L7z,
B 3-5(c)EBE 3-5(b) DB RAREIR HED . R THENEREILRLIZLOTHD, %
NENDEFFITEEFMTIZHD, RS ETDIREIZEBLNE 4 DOEFEH
AN—2MHED ADMINZ DD, ETo, AR TIL, 1-16 ETOEZDO WK%
RIBRAT D D1EV N2 B, BB DS S 7- $EAH I 2 RIE AT 2R =8 i
(AL LFE 5,

FhENOIA MR LRSIV BRALM~DY T 7R EIT OV T, KB ZEERR
I %R (REF) . B 3-5(c)DiE(rMila LA s SERE, Znb 16 @+
AFEBITHRIET 5, [ 3-5(d) & (el T MIEE NN Z DA (30 - 40 5) DI LS 16 H D F AkRFM ZEE
AN ZLAOEHERT, BEEENT 3.3.1 i TRUEISIZ, B REEFELEE~L 0V
ALD B CEET 520, MR LIS KR KT D, ZORBR. FEFEAK
BRI ZE AN T ATAL R ORI — &R LT,

3-5(d)&(e ) DEVVES T (%f/d‘?’%@%‘%ﬂﬂﬂﬂ@%ﬁ??) X, ZokED 16 @D
FTTRIZB B PD-value 3.2.3 BiBR)ER T, TNEND PD-value (T, ENENDVTT
ADFEKFFHZEEAN T AL STDP B (K 3-3() bRz, Zib 16 8D PD-value i3,
WG EChHYOTAAIA &I~ FFAD C, 132 THRAHREIEIC Lo TR

ENFZLERT, — 7, BUMRSLEMRA~OYFTAD G, T2 THFELEILER
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5 Hz /N—X Nl
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BN E OB L R DO YBT 5 He N—RMEA LT, —F5. FBOSEESEILE %O
AR THD 7THz D/RA—ANEENE LTZ, TORER. N— AR KTHH R EERLVLED
DYEE CHBEITIAEY , AHIREIBIED F ~ BT, THFAREEC R RS AL
A& EEBEL TR, B — 7 DAL EITH 0 (At = 0) (ZUT -3V v (R 3-5(dy) . Zavid. iE{sz e
MOIENLARE D/ N2 NFE K DRIED, FRATIEE (XA TRieoTe bR, FhUC
Fo T KN¥DVFTAD PD-value (B 3-5(d)DFRFREAVDETF7) iZHAL, ZD5HD
WS ONTADIEITe o7z, ZOEEFETIL STDP BFETS LTV A0, PD-value H3E Th-
T, LTD T &%\, LA, STDP A UNEASLALE, LTD BEEAZLERL TS,

STDP ZABUNEM SN DHE(60 s - 200 s) . FEIFEKEFRZLAN TAD BAILEBITIRA
0. AR R 272 (B 3-5(dy). (d) » PD-value DFHIE (X 3-5(d,)7 " ave”
LIRENHETZ7) FA U, BSHIREESRELZZ AR L TWE, K 3-5(d)1E 2005 T
D Gy DZER AT =%, IEATMEZR TR, BEHACREENLE B~ BEHR D
HRAZAWTELT ., BEIRE & PEESh I LERT,

3-6. FIEIZ L AH RO, ()3 32— a7 ahzl, STDPIE 205540 s
L. 60 A5 250 s DRFE A SN (EB), 0 /S—RNAIT 40 735 200 s ETAHSh
(R . ORIBEID G, DZEMAIFERIFRME, ZERIBFERFRIED F—13, [ 3-3(a)&
FLTHD, (c) (b)DmBR TEENEHEFHDILAR, (d) 5 Hz S—AMNUIBDFEE, (o) 8
Hz A—ZNABDOBE, () - ()3T B LR MR ~D 16 AT 72D AR
MZEEAN T LD EE, EMDIEIZFNEh, 30 - 40, 50 — 60, 70 - 80, 190 - 200 s {Z
BIALANZL%7RT, 8 Hz FIEOHEITZ, EARN TAITRRLLBIT, At < 0 DFE
WiV E—2 2R X057, (v) IR LR ~D 16 BDIF7 2D
PD-value, "ave” 1% 16 B0 PD-value DEHEH T, TNENDOLFTTRZEBITD4HK
DETZ 71X, EDLIEIZ 30 - 40, 50 - 60, 70 - 80, 190 — 200 s TD PD-value &7,
PD-value % 8 Hz I &> TELIBMLIZ, (vi) 200 s TD G, DZERMAIFERTFRE, I
AITAESEFTET T, 8 He BIBUC L » THI 2 iR & SRS, (VDRI T
E#(202.5 s)DHREIRMBOFERAEE, BRSNS RIEEREN b/ — A
R3E KA B B~ LA N DIEB A RNE B IR FES LTz, (vil) /S — AN K DIEETT [,
200-205 s IZIBTAIBH RO FEHIE,
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8 Hz -N—X Nk

8 Hz A—AMEIZ LT, B SRS SR EREIR O RIS B O #EA M1 E 8 He
N—APFEKLUT, 8 Hz ZERIALDEEBEIVLEN D, S =R KD EEITHEHE
CREREPORENEREEN SV, TOD | FHREAFMECRN S AOE—7 3812
At BEDEIRICTFEL, DMBERDTLITE) = (K 3-5(e)-(ey) . E72. PD-value DI
BEIZIEINUT (B 3-5(e,) D ave” LaRENTHEST7) , ZNHDIERIL 8 Hz SA—RRMZL-
T, BEREERD OO K DRESLVEEICALLIIT4), B RE S T ES N

733’37'-::&%7?“#‘ (Izl 3_5(9‘,-1)) o

HLR B KA IEI~ DR

CA3 Rl EHE L THETIRE S AR SN DBATIEL., Il — T al BRAARED Mo fE
BN EDPIARM KT T2, A TIEL, sEAEMIROBRE OWEEEZ3 5 —HAEL
120 TNEND AT =BT, 256 EDHEFMIaZ N ENDRE OB LT & 2
(CRBATE, 3SODFIMEAT—FNEUTBWT, 2 @30T 3 EOBEIREE Ry b T —
TRIZTERS IV ZDOL0 2 O E2 MR EEE AV (A FH6 O KSIREE), 2hnb
D 6 BOFEEHREIERD 4 DO#FMII, EROLITHRFNT 5 Hz S— RN, KIZ8
Hz /S—ARNfIIEE AdL7,

JEFHRAE S BEE (T o7, HDVNIHHEES NN % radial-ERC-index (3.2.4 BiZR)
(X THIWTL 7=, radial~-ERC-index /ZHIBIAL & D H.07BEE AR D EEEED 6 fF 052
ZROMNTRD 7, B 3-50)DEFEOMINL, KBS ESFICE NS 4 FAOHE
HNE THDIBE T radial-ERC-index R 7-#HAEZR T, B 3-5(0i%, Z#ab 6 DOBEHK
FEED radial-ERC-index DFEEALOFH LEHERZES R, 23 8 Hz ~N—RF, FA35

Hz /S—ZARRE DB A TH B, radial-ERC-index X 8 Hz /A —ARFIEIZ Lo TEABIZEE/MNL .
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5 Hz S—AMIZE> TR Uiz, Zhud, BB RE S BRSBTS ERRIC, 8
Hz /SA—AMIEHRE S ZBEEICL., 5 He S —ANIHS RS S 2 E T3 2R,
ZnbD 12 @YD FELRIBOM A GO IZENT, HREIRALED ¢, OLHE
DELETELE, K 3-5@IEZ0 1258YD G, DFEHEESHICEHY LS F7Tha, =5
— N IR ELT TR, ENLEFICEUILAL RBIENRTER, ZhiE, G, DF

HEE. BERAE S RS N DERTY, RO B H B EBRICE IC—EITRIh T

AZEERT,

3.3.4 I L DRI TE DT AL

AR @Y, B CAEBENTBETIRFE S ~D 5 Hz AN—AMIBII ST REELEL-

=

23, 8 Hz 73— AMEIT G BB ERREE L2 h o7, AEITIL. CA3MRER#E EIZ 8
MRS S RE IR LU D F T ~ DS — A MRS | A IREREEF 2BV 328
MCEBMEIMNFRIELT, V3l —iar 07 b3 3.3 3 LRI THBA, HilE
73200 s THT ., STDP DA 250 s FTEA LA RS,

ol —var O PIHIEX 3.3.1 HiEREBETHY, FIEEMZ D140 s) D G, DZERAY
—> (& 3-6(b)) 1L, B 3-3(a) B 3-5(b)RL THh-o7=, B 3-6(c)iLE 3-6(b)D RO FEIEE
FERLI=b D THD, FOFH G OIKED 4 S OHEEMN IRz AT,

B RA S —ARREK ISR EREIR CHEY ., BEA~LEET 5, D7D, RO E
T, filfE % 58T, BRBEAPBRENLEFR~LEELEZ (K 3-3(d). €D
fo TR A5, 1 H5H8E B O ~D 77 ADF KEFFZEC AN 7 Al AL 273
EDMIBIZE—2%FL, 90b 16 BERDV T 7T ATIHERN FAhiFAt BADLEIZE—7
R GR1IBHE) . TR KEMZELRAN T AZA B ELA OB FOMEICE —7& o7

(B 3-6(d). (e))o LDL, WTFhOE—7DRESHETIY, 2ELLTEAN FATELF
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RISV, ZUE, RSSR AT AT AREATIS IR MDY — A (BHEASB LA+ BB AT) T
b7 UGN BEAT) ThieWI LAY, Rz, InfIfilan 6, 1 7255 8 % B O
f~DFTAD PD-value (XA T, 915 16 FRA DV FTTAD PD-value iX1IE Th-7- (X
3-6(d,) (e, ) D AVVEY 57) , ZAUTBTIR DAL F T AD R KEFRIZEL RN S ADE— 273,
At BREDLEIZH DDA DMEBIZHDNNEFL TEDD, 72T, FIEATZ AL
SRR ~DYFFRAONT, AR OEMZH DY+ 7 ALaEbeS ., GElicHD
FFALHEIFBENTVD,

5 Hz /3 — X N

B 3-6(d)~(dNE 5 Hz /S—AMHEIFD FEEFE KRR ZECLA NS 7L THD, EAN TLD
E— Bl ETHENIT LT 2FLLTOBLEARHOEFETIRFELLR, Th
BIDYFTTAD PD-value 1%, B LEEICEIET 525 (K 3-6(d) DR, KA, BOHES 7
)16 BDLF T ADEE D PD-valueld, HIT/HEITEAEELLZRV (X 3-6(d)D “ave”)
ZhUE, Vol — e PICRIEE IR O K OEED H REE T 525, RIEERT>
RIS IEER LT RoTo T TR RN e 2R T, AN —AMNUED EREA . B RILED
FREBIVBIERNZERZORA THS, fERIIT 5 Hz S —AMNZ, F B IREEZ K
FTHZETTE D7 (K 3-6(d,)) .

8 Hz »~— X Mg

[ 3-6(e;)~(e )T 8 Hz /S — AP DL 3 KR ZLAN A THS, At HIEDHLE
IZHBE— o8, BRI LT EIEL (B 3-6(ey) . ADLEIZHIL—Z7IFTEBIZADHRIZD
LEBET2LEICmELE (B 3-6(e,) . ERN FAEER R0, PD-value (.

B2 |ITHEEANL T 190 - 200 s TIXTRTOIFTAD PD-value DNIEIZ2 o7 ([ 3-6(e,) s T
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(@) (b)

0.8, 0.8
(@) |9
i i
= § =i
g% gE
0] 0
0 50 100 150 200 200 250
time (s) time (s)
0.005 .
(c) |
=
B (nS) |
eD.
o ]
0.0015

0 50 100 150 200 250
time (s)

X 3-7. BRI DOGETARIBSNIBE O, radial-ERC-index & C,,®
EMEDEA, (a) radial-ERC-index D FHHEDE(L, EETF DR —RIZFNE
L, 8 Hz RIELL 5 Hz RIBODBEITHIET 5, TNENDOR-—RIT, 9 »FFOE/R2D
IR~ E AN LB E DO EHE THD, =7— " — I ERERELTT, 8 Hz
BUIF T2 BRI ER LT, (b) T THED radial-ERC-index DFHIE
DEAL, () G, D FEEMEDREHER, FIMBFTEEL TIT>72 2 18 @YD 32l —
A ENEIUIBWT, £TD G, DFHEDRERIHEB L RS, SHIZEZALD 18
BEPRHELE, 27— "3 FEREETT, £2TO G, DFEHEITIFIZ—F
(RTon otz BEREBIIIEF IS, =F—A—[RFLA L RN,

L, REANZEDDE~UGREL TV R K8, FIBALED D& B ~D Bk O
BICEDTLZ TR, EOMER. FTLOBSRES S (K 3-6(e,) X 3-6(ey)
SRIEHE T 0 2.5 BHED CA3 Ry —/DRFERITEBI %R, R b o7 T,
BERACRE DRI T > VLR TED, B 3-6(e, )T S —AMEADEEEF MERT, /S—Rh
FEREFLL T REERED L AR ~LIES o TORZENR R,

S BHT~ DR
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ERDEH72 5 Hz S—ANl#E 8 Hz AS—ANIBORN RS, LSBT K EL o b
EHERD T D720, ENENOREE LBROEGFTLIAND 8 #FFD BABMEEIZAN L, 7]
AL EDHZEORILELT, M RESORREINE AL radial-ERC-index (=X~ TiE
Bl 3-710D 2 AOFTZ7iF £ 8 Hz #il#. F23 5 Hz flEnELD
radial-ERC-index DYEEEDTEALZ T, TT— " — | HBLERZELZ T, A ClL, flE
BT RBER LA DB AN FEEMNMRDETD radial-ERC-index 1XE 3-5()
DFE LB, radial-ERC-index 1% 8 Hz /S —ANAIELIZ Lo THEIANL. 9 100 s AN THY
L7, 5 Hz BIBUTER 4 1T radial-ERC-index 2 ST, ZORRIZ E# D 8 Hz & 5 Hz
U D 30 BV L REER AT I IR F LW 2 e 2w T,

8 Hz N— PRI T %, BMAERESIIR 2 ICHERLEZ, FIEETE 10 s TO
radial-ERC~index VIR TE#DF 80 %ETHA L= (K 3-7(0b), F7=. G, DFEHEE

R OATERZE L TREE U eh o7 (7 3-7(),

3.4 EE

AW TIL, STDP B DOIITRTFL T, CA3 FBIRO U X ATEEN D & i £003 5 Al 12 IR
THAREMEZ R LT, E7-. CA3 R EIREMBIZBATI S—AMIEE AN T2Z82E8Y,
Cp WEALL THEHRFEEE B ERSNDZLEERLTZ, 2L, CA3 ~DAFEEH3, —FFHY
TiIH 5058 BIFEN LT DRFEM AT — (B RER) LT RSN D RMREEZ T
o Eo, AN—RMNEO B ED B BIVALOBEEHELVb &L WE, M REEEEKT
SRV LITEEIRVER Th o7,

Rz, CA3 fEIRIZ B\ CRLIE D Bl el ] D BB M [ [BIME#E & D FR(L D A+ 12 8> TR
RrENBLRET DL, RIEHHEZDIZHE-T CA3 ﬁEE‘Z@UﬁA%Eﬁ@%?ﬁ&i%EL’C; 0

TOERENTITE 2B R EED 5D, EEE, CA3 2T AR5 LiIzk->TLTP &
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T &, CA3 1T HRERILRTANASR NN —AMEKERITZEN MBI TV VS (Nakashima et al.,
2001), BEITHE, FRBIZESTTANANREDZLITEE, T, (15D HI I H )
& LTP &£ LTD DATAER S TWDDN% LAV, ABFFED#E RiL, STDP BEDLH7:
INT AR DHTEHER L2V B DR REME 2 R LTz,

STDP [ZXDMRTREN DI HEF IR LN TV D E THB, Song et al. (2000)
iZ. integrate-and-fire 7NV ~DZEDFTAAAMBEIZ STDP Z#EAL:, HbIL.
STDP [Z&» T, Y F 7 AT LTP DEESEME LTD ORESEMIZ o2, FDOLEEE(L
PREKDOREMEICRFFSNAZ LT, BABESHIBAEN A2 %R L, Zhit, STDP i
Lo T=a—urPrF 7AARISELRTVIRBICRN TV DELE X DR BERE,
STDP (2L 5P HEEI B M E 7 /L OTE B D Hl S S 7L TV 2743 (Kitano et al., 2002) , 0
HIEOHAEIZIA B T2, H-5T, Song et al. (2000) (2L TRENT, 1 >DAEMILIC
BIFLEENOHIEERED . 1BF CA3 HIRO IS 2B oMM KEMREE L TWDED
7R B A D TEEY O I L L TEIKAE 5D X BRE Y,

bias DAEDS 0 ms DIFA 11 STDP BE4k> LTP {8l& LTD {0 E & (LTP o m i F(At)
DAt < bias DFIFE TOAt [ZE D5, LTD BIOEFTIIA > bias DFEFH TDAL (ZLDHFES)
IFELW, AR TIX. 20 X572 bias= 0 ms @ STDP BEHAVWT, B REBEEFEDE
EEzHFESsn i, ZORRIL, REMEREEIZH5, AE7 /0 Tid, SR LE FEoO gk
MBI S TR E L. W ENLD#EMIaN LR EBEL T T RAANEZIT -
(B 2-2(a)), RIC, EAHIRE | 25 | ~DIFTTRCEL T, BARRIZESAL 2T DL, #
(FARRL § 35 1 ~D LT ADFR T KR IZ-At, &85, ZOXIZL T, EWNIFEE LR
EEOHERMR i & ] ORKITR AR ZLAN TR LT, EAMICERT S, 20
a5, FEKEFHZEC AR T 0T STDP BEOTC, FIHMEIZ#ER R I E AR I e o7 (K]
3-4(b)) , 7T, LTP & LTD {AIDEFEAE LV STDP B%K (bias DEA 0 ms) DHFEITH,

LTP BEEAHY T TFALLTD BRELY T T ADENRE L 2o7= (K 3-4(cy) .
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—75. Song et al. (2000) i STDP B9%k> LTD O @EAED LTP AIL0E KxA L, LTP
BRXDYVTTARE LTD BEZLHV T T AOEDEN G HRW elE L, ZOXRE2EFERIT
HEODET NMIUIREMEDREE B FEELLRWILETHDEEZbND, HOLORAWV-ETF T
—DDHBHAETILE, FNIZHK ANV FTTRATHS, ZOLIREFALTIE, VF 72
ATARRE | DBHARE | ~DTF T ANRFEL TH, TOFERFELR, T, Ml i & j
DFEKITFE KR ZECAN TLD—T7 (Aty) DHIZEBRNT D, SOITHIE i D5 kD jDOE K
WCEBRT DA, MR A% i ORKICEBRTAILTAR, FOED, At OEIZADEIZFRSE
Bbhd, 2F0, BAREZEOLRAN FAXELGFERNTRITZY, B —2itAt BAOHEKIC
ELBLHERIEND, €T, LTP & LTD IO EFEAE L\ (bias DEAS 0 ms) STDP B%a
AWHRETDE, KEBOTTTRITEBNT LTP BAELDRZLIZRD, BIOEWEETH
iZ. Song et al. (2000) TiL, LTD IDOEFEA KE\ STDP BEZAVHZL T, LTP DEES
T 7 ARELTD BREBV T TAOEOEERRI-NIEEZ NS,

Yamaguchi and McNaughton (1998) (ZBFETHRADFE KA 0 VA LZEERL T, #r% (IZ8<
REBRBIZLHS>TELS, M ERTMELE LR AL OT NN, GRMiRMOEEZ
kL, Zy SN BRTOIEF ORISR SIS IRt 2 E Lz, 2o X157 B riafi
DFEAIX, CA3 OffFHfaN £ TO#EEMIDL EWVITREE SN TWIUIFIRETZAD, LAl
EEOWEE CAS IZRBITAREM K BMEE S DL 200-800 um BRE THA (Li et al,
1994) , 7=, FED CA3 KA DO BEER BIMERE G T T AD oM IE, £ DMIRD T
T2 BENBIZE DD, - T, BEMKEIMRE S OLMAYIE, Birm 5 m T
CA3-a, CA3—b\ CA3-c 72E OFEBNIZIELIL, BE#A M TIETATEENIZRONSELE
b T3, 2O RIT, BEEREMERFGI1ZE-T CA3 HEIROESNIITEO S~
LEETBLELBILD, BEMATIEL T 5, KB CA3 S CIIEBIOEENSEL ST
EASERAE EFL TV (Traub et al., 1993; Hayashi and Ishizuka, 1995; Wu et al., 2002),

Sy h& = delay-non—match-to—sample &\ HFEER|IZ LT, flJi % I Rea 2 THEID
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BROZLEDHESNTIY (Hampson et al., 1993), ZD7EENE CA3 fEEKIZL > TAEL TV AL
EZ2HN TV, A TIIBUIRERE IR T #59 10 IMREES = (B 3-7(0), 10 B
EVORFR]E, ST IRE B D DIZh ) o TR LEE B LA AL, RIZ CA3 ITA-TLB
(BB LOBABHDBMREEBITIE+4THEMb LAY,

10 BEWI LBV FERERRRIL, ATF L OMKREBAEEICERL TV AREE
R HD, AET AT, ATROIINTRD 2 FIEFIETDHEEHIA~DF T RFEE I,
O ~DTF 72 IVE DR, ZOMRERIBEO Ty SR RIT o DEATIE T
HZETERSNZ(3.2.1 #HiBR), Lol M REE Iy T8 Slishodn
2Tz, o, Ty P FHITIC B CEBS W - S IRERHEITREE I o7, EFE. 3.3.4 i T,
8 Hz /S—ANIEIZ Lo TH I ITHEHIRERE SR SIS, 0 L% 8 SBESh s
AR THREIREME DA TH T/ NESWRA LB~ Tz (B 3-6(e,)) . EL T, —BEN
—AMRAE T 3 5L, R4 IZEIEL T, RIBIZ Ko TS BAH K EE LR EL -,
AT T IT 256 BOFEEMIALNE F2\ 2 | EEOWES CA3 LIEBIL THEIZT/NE,
ETNOBREEIERTEIEILEST, Ty VR LT, F oA B R EES X
VERWEIBRES NS FTREMEITSH S,

—A%IZ, RO IE SRR IR O ERIEENIC > TRENTWALEER LN TET, Ll
STDP DHFFEIZL ST, — 2D F T AR L EMIL DT DI KDL T 7 AHBELEEA
SEBIEDTRENT, ZHUT, PEOBRAIOEEN DAL OERE K ICED AT T LA
TEDAREMARL TEY, — R, EHEMERSHLTHENLRVIIICR A, AFE T, #
(RO EME e R —RARERDEEDF R, STDP IZLoTo T 7 AMELELS BT,
IORREIN—ANEKDIAIV TR FT T RAOTMEHEEREILLTWVENIER
(Froemke and Dan, 2002) £-<—% 35, %> T, STDP IZRMAEEA MO HFHRDLEL AL

VIEZ FICFBTHO T L EHEEICHEEICREICRHAFRL TWAEEZEZLND,
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4. MEBFREIRMT T VICB T AR BIER 2353
DA EE FH O T R

L DHIZ

BRITFERCRBICEDIMOML THD, E. BEIERIIEROZE IZEHEL TS
T, ZLDOERIZE> TREEN TV S (Lisman, 1999; Vargha—Khadem et al., 1997), Fortin
etal. (2002)1%, ZyMIR2ERVE—EOREMER CIEIC S EEE R, T0% . R~
5 EEORVWON 2 FREZRIFFICIETAL ., 2 BEON TIEFMICEICRTRIN -2V ET VN
BITEDLVOFRIEIE T, TORER, BOOEBICITERIILELIR TR, BEing
BRSNIIEFORBILIEESLETHEIENTEN, 2T, BENERFIO%E I
BboTnaZsERT,

7y hDiEE DGR, 0 UALD1IEABMA Ty SHNDIEIZFE AT A EBHmLNT
V5 (Skaggs et al., 1996), ZDEE, TWALEAILD THAIEITIZRG T B AL R kT35
ZENG, BETMBRORE KIIT YD FES = a iTHANLBR TR EEZ BN TS, LAsL,
SATAREBEMIZENERERRL TWAEWVI BFIZIEIHRA 2BRm 1355, Jeffery et al.
(2003) 127 PTEN T D ERMABR T 2REDELEEEDIET T, BEFTMESE AT IE
IR RESBELT HILE TR LIz, WHITELIZ, BETHIIR DR KFBRT A RESELZICTHED
LY TP ERMF R BT TRRAPITEE(L Dol R TR LI, ZRODFERIL, 1%
DFFHRBZETEDOLO TIZARL ZyM3ERE TR (G T AN 280 ERERBL
TWBZLETREL TS,

61T, ZLOBEIMRS T EEFEEFSOIENILNATWA, FlZIE, FyhiHdFmEH

BIFET A IZE DV EITIEFR AT 505, Ty b EDFRDLHET A (GEOVWHEITITE
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KUI2WBRTHIRR AMFEET B, ZhUT, JBETHARIISEFTIERZT T BERICE Zhbk-
OMEVIBELEREBEL TWATREEZRL TS, ThEDERE RIT, Ty MNEE ORI
DEKD, HOBEMOBERERBETLET TR BEOBELEAZEREZRAL QAL
EREL TN,

YES CA3 TRIRIL, $EAMIRRIC 2O REER EMFEEMFAET S0, B ECE
ELTWSEEZ IV TET, CA3 #EMaIL, ov—7 7 — Al EFRIN 8 ZE 2L T, CAL
EIRO MR IEF L ORB MW T T 2AEED, ZRODOBEBHRFER O T 725
BIREL, T T AR LB IR DR K F A TG LI Y8 (STDP) 27~ § 2 & A3 505
N T (Bi and Poo, 1998; Debanne et al., 1998), 2G0T 72D FEBHEITER OFEFIC
B> TNBEBZLNTNDD, TNENORFERNFRERFIEEBICBONTEDIS 2k
Bl R/ T OHEAGH TRV,

% 3 ETII. CAS R OAE R EMFESDEIZL > T, CA3 BIEOYX LRI DREZE
MR E N LT AR R LT, —F ., CAL #EMROZIIE BEBEZRILRLNILHR
TS (Fricker et al., 1999), 65T, CAL #EEHIBROEERIL  +—7 7 —flfkF 72
ZELT CAL ~ANE5 CA3 S OIEENE, @A EL TANSNONREEDOETICL
STRESND, ERDOIIC CA3 BEOURA AEEDHE MR EMEREGORCITHE>TEL
L&t 5L, CAl $EFHBOEELENLL., IXRN\Tv— 77—l T 7 AESRER
LR ZBEE 2 HND,

ARFFRTIE. 1BE CAL—CA3EF AEAWT, F—IC CASEROREIMERE & DR RIZELIC
FoTEREGHORFLEE F— BRI, B ICEDRFERM Y —NUEFL Ty —7 7
— AT AR S RENTII S, CAL BRI RIIERELRR T OHEMBEAN
RENDHFIREMEZ T,

4.2 ik



4.2.1 ¥BE CA3-CAl MR REIKEHETT /L

AETIL, 8 2 ECTHVWEET VLR CA3-CAL HREIEMET L& (K 4-1(2)),
CAl fEIBUIE 2 EDEFNVELRUTHY, 256 [EDHEEHAR (V) & 25 BOMTEMMER (O) T
a5 (2 4-1(0)) . CA3 FHIIT. 256 A DO HEAHADL 1 O 7EMERII THER S, M
FBDEAE 2 ZLE 3 ETHWE CA3 EFNAVEELRD (H 4-10), F 2 ZELE 3 ETH
CA3 ET /T, 25 BONMTEMEFMEINFEEL 72, CA3 BIKD 0 UX AMROIEEN IR EI A
EDoLKNEEEL ., #EEMEOIEE S IER /2> TV ABEIRO N EEMESEE LT, D7
%, CA3 R DIBATIUAFL T, S TEMEMBIAD K I A 713 R o7z, LisL, Bullock et al.
(1990)D#HEIZLDE, EEDOT I OWEE TIL, 0 VALDMIHITESDIZIEF SR TRZL T
Do STTEMEMRRIL 0 U AZESRIHIL TR AT AHZEBMONTWAD-0 | HEHHREE AN
ONEEMRITIZIERBL TR A TDHEEZIOND, EEOHER T, MTEEHMRIETF v~ 7Y
v ar (BRES) KL TEWIHAL TWAZEN AL TRY, ATEEMIIEY vy 7
T 7iasilio T EWRML GEE T 27 REMERHS, RETIE, FryTr Py s
NCE o T TENAREZ RS T2, SEERRLICEToONEEBROESHZ A
RXEBLIZE ST, AMLRC LY RA2 Gz, £ TOHEFMI,AZD 1 EOITEMERIC
FUE MR T L ATEMEHIIT & TOMERIICIEItEICE S LT,

% 3 BTIL., CA3 RSN =M RGBS B R EE RN DR B ~L R 7z, 20
(GEEA IR B R A DIRICEE T A1 100 ms BL ORI A DM o7 (B 3-6(e) 0 —H . F
BT S CHEIESN TV BTEEIOGEIEEE 1342 0.15 m/s THS (Traub et al., 1993), 7> bD
EEITREH A TH 10 nm OESTHEML, HEEEED—HEI LM ~DERHFIZIL 66 ms
RELADDLR, £2C, AETIE CA3 MM OREIER EHERE G ORELIERT D
ZEICko T, EIEEEE EiTT-, [ 4-1ITTRT I, FNFROSEEMIILARED 28 B0
HEEMRALFE ST D,

SRR T 7 VAN TEMARIA T T /WIEE 2 EERIL THA((2-1) - (2-3) AL (2-4), (2-5) R,
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(b) VVVVVVVVVVVVVVVVY (C) VVYVVVVVVVVVVVVVY
VNV VVVY VVVVVV V¥V V E 70888867 VVVVVVVVV

VVVVVIVVVVVVVVVVV AV viviv. vivAVAVAvAvAvAvAvAV]
VVVVYNVNVVINVNVVINVVVV VYVVVVNNVVVVVVVY
vvvvv‘Evvvvvvvvv v NVVVVVVVY
VVNVV' T ZVINVVVVVV VINVVVNYVVVVVVVYY
UVVVVIVMVAMTYVVIVIVVY WA vAvAvAv v avAvAvAvAvAvAvAvAY)
VVVIV AN VNN | 7YV V VAAVATL Yo v vAvATAVA AV AVA A AT
AAVAVAVAVAvAV v v viv SPRvAvAvA AvAvAvAvAvAvAvAvAvAvAvAvAvAvAvAV)
V VAV V V Ve N VeV MY Vo7 V VVVVVVVVVVVVVVVY
A\VAVAVAVAVAVAVAY vAVAvAv cAvAvAv) VVVVVVVVVVYVYVYVVVYVY
VV VIV VYV I VVV VVVVVVVVVVVYVYVVVV
AvAvAvAvAvAvAvAvAvAvAvEvAvAvAvAv] VVVVVVVVVVVVVVVV
VIV VVIVVVVVVVVVV VVVVVVVVVVVVVVVV
VVVVVVVVVVVVVVVYY VVVVVVVVVVVVVYVVV
VVVVVVVVVVVVVVVV VVVVVVVVVVVVVVVV
CA1 CA3

4-1. ¥E CA3-CAl #EEEMEET /v, ()CA3, CAl FIMANDFES. THTLD
CAlL SE{EHERTIE, T CA3 BRI D, BEMHO v— 77—l T 7RG %
=35, CAl SE(SHRIT, SOICEMBERHEICIDBBEDL T 7 AR SEZITDH, CA3
HEPRARRRI T BRI R AR ML T T AR B EZIT D, (D)CAL BEBOPHEE, 256
B HERMED (V) I1E 16X 16 DERFRICEBESN TS, THENOHERMAZIIE —.
IR EOSEEBEAEWICEEN S FTATRHEESATHS, fixiE, BH=/A (V)
TRENIHEAMARIL . A TEENEE E N0 8 D #EMaLRE S D, 25 (A0
HEIMEAEERR (O) 13, #EAMBRIC — oot 5, ThEh oL LE HE
D 16 EOREMILBBM L T 7 ARFEZT, TNOOHERMIR I HHtES T
REEST B, B2, BA (@) TRENITEEMMIT SR CHENHUR | AOM#E
MR L EE A5, ()CA3 IO PSS, #EAHIMIT 256 B THDA, MFIEN EMEH
B 1 EOHERESND, SEAEMGITEARO 28 EOSEdHRD L B MR G LR
E). A {EMERIAIZ £ C O S L BB MO & 1T, £ TOHEMIICIHIE
AT 5.

= 0 LT RAY, CAL HEEMINIT 4T (256 1) D CA3 $EEMREN O v —7 7— IS T

2iEAE 2T (E 4-1() . SRR, #AMIAL M EEMIE DY T 7 2AEDREEF 2
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BELRIULL, (2-6) K& (2-T) R TREND, BEREZED/IFA—F—3f4# D IZR L=,

4.2.2 #EE CA3-CAl #REIBEETT L ~DANEE

AT, HEE CA3-CAl HREBMEET LIZ. Ty M EREBL TSI AL TH

AIEFEANTHILEBIEELT, CAS #AEMAIZIT, RARENOERBRMELZEL TS
Y, CAl $EEHIRAIZITRA R EALEBEEZEL TRH 3 H (™ 1-1(c), Yamaguchi et al.
(2002) Ick DL, EREITHAISNDBIMIAL 0 7=— X7V Eviavdnd, ZOZLiE, |’
NEBEICBWVTEEZ § 7=—X 7V eyl ar MRETWATRENERL TS, 7=, Mehta et
al. (2002) 1X 6 AEITMHISNASIOBRWREEREDL, 6 7=—A 7V araRnT /REME T
Uiz, MANEEIZIL 0 VA LDBFEL, MGIEOHBRMELFEET DD, 0 7=2—X7 Uy

(a) (b)
Ay 1]

car /Ay B B] ;Hu —
/Cl//D// T |

/03 53L

=M '33

K 4-2. CA3-CAl EFNA~DATHES, @BAREDHERT A(B, C, D) TN T HH
EMDOEENL, CAL DOSEEMAL 5 X5 @S DML A, (B,. C,.D,) & CA3 DKl
3X 3 {EAOR D A By, Cy D) DEERMIBAIRFN SN D, PPITE &R, MF I2E KR
#., (b) Q@OENENOEFEA~DANES. ENENDEFIL 0 A—AMEFTHD A
—ZAMADSLAEIT, BEBEEIT 4 B BREEE ST 3 BLL, A—AMERIE
100 ms, » L AREIREIL 10 ms, A 235 D FTOFNENOBFTHIIOFE XL 20 ms §21F
N5, Fe, CAl ~DANTRARELEBERFSNDDY, CA3 ~D AN ITHEIREZE
UTHHEND=H, CA3 ~D AS%E CAL ~DAF 150 10 ms BHET,
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L PEELEBEITESTVBEERD,

AL TIEIT YD HETE A—B—>C—D DIEICBETHLEEEL, Z0FTH BT A 12
WHREEANBZLLTEZ (K 4-20)), RARED 0 72— 7 Vvl arwRiti-9,
RANEEDBET A IS HMIaEE 6 A OLETHE AL, ZHIZHEVTER B.C.D
(RIS HMRER AR T HERE L/, e, RAKEOBRT A IZ3tE+ 2 LM0iE
i CAL D A & CA3 O A IO #EEMIRICIR SN AL LT, RERIC, A REDEFT B,
C. D iZx i ¢ oMl A DEEITZNZEh, CAl @ B, C,. D,, CA3 @ B,, C,. D, fEik~ &
b, CATBRIK~DATNIRARENLEERF SN D0, CA3 HEE~TEKEENLT
BRSNS, CA3 SRIE~D AT CAL FEIEA~DAFALY 10 ms BRALREL, -,
CAl SRI~DEBRES T 7 RITIL, BEHDORV NMDA Fv RV RDERHRLL, 7
ANDEBNRELFRIDILEEZRBL T, X—AMD/ UL REE CA3 INHEL LT, RET
X BB T T RO E 8 A W, BB T T AR DI I8 R W, bR

T ENENOUFTTRAERIZ(2-6) K, 2-T) K TERSND, £3TA—FZ D@L D B,

4.2.3 STDP (LB EEM R EIMFEE L r—T7 77— T 7 AEERE

Dl

RETND CA3 XENEBESERBSRE (G, cnp) EVF— 77— IR T 7 AEEHE (W)
iZ. 2=l —aHZ STDP BE(E 4-MNE-TREMIZE(L T 5, BRI Y —T7—F7
AD STDP BE#A R, AL CA3 DEEMREMZE G T 7 A0 STDP BEE =¥, Zhbo
@ STDP BT LU T O TREND,

M onexp(dt/zy,) £ -T<A4t<0
K (4t) = -M;p om -exp(—At/rM) Q=< Ar<T 4-1)
0 otherwise

ZIT syn BT 7ADEATERL, CA3 REWEEEBMERESDH AT pp.CA3, v —77
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0.06

Fs?m( At)

-0.06-

-50 At(ms) 50

X 4-3. STDP B%, AS#&4 CA3 REWEEE K STRE D STDP Bk, £
Ny yr—77— A F7RESEED STDP B ORL =T, FALELD
STDP B#uI(d- 1) THE 3,

— AL DEAT sch THhD, AETIE. Mitpppcas = Mioppcas = 0.05, Ty caz = 20 ms, Migp o =
0.04, Mi1p o = 0.06, T, = 5 ms &L7=, X, 7=100 ms L7z, & F 7 AHERKRFNUHEST

FHIhb,
Csyn = Csyn + Cmax_ syn F:vyn (A t ) (4-2)

L =77 F TATIE Cpu % W T Coasyn ® Woneson CESHEZ D, Cueask W
DERELR/IMETFNEN, Cucan= 0.0005 pS, Coucas= 0.002 pS, Wy, = 0.0003 pS,

Wpsn = 0.001 pS EL72,

4.3. R

4.3.1. FRNEA S RTOFREEREEORIELIEE)

S3al—a BREEED CA3 REWEREBTRE (G, o = 0.002 pS) & v —T77— KT

i



B

——r

1460 ms 1490 ms

Bl 4-4. FIHNKEBIZ TR G08EE LIEBIORE T, (a)CAS fEIOD [ 5] 14 BLEE MR B oD 2
fE R F =, KREO TN Z NSRRI R L , SEAHARAS B B o S (R f A5
ZIWAV T T AEEBEDOEHERN, HORESELTREIN TS, KEOHNLERE
LB EADBS L, KEMER S OIEMHMEE R T, ol —a FIITIIR B MRS
AHEREIRENGHELL, HERFEZRV, )CAL O 189 F H OHEEMIEL CAS SEMAHAR
MoZTDHIv— 77— IR G, FAENLDOAD, vy —T7 77—l T 7RI
SIGL, FEAMEAZMORESTERRLE, izl —tar @iz y—77— Ml 7
TADREEREITETRILTHDHIEERL TS, (c)CAL (EE) & CA3(TE) D8k
faDEFZERAES), ThEh oA Z#EEMROEEEZ R T, RONUAITZ S T 584
Rapigg kL TWAZEETT, FRENO 7L —ARIRIZ 30 ms THD, 1400 ms TP CAl
EoaAAs, 189 FHOHAMIROMEE T, CA3 SIBOEEBDERHEIT AR I M
IZAEL, CAL TixETOS#EHARBIL TEIHLI.

AFEETRE(W,, = 0.001 uiE, WTFRLHEERBEEET—IRELZ, B 44 13ANEZDIM
HBETD CAL BEU CA3 HREIEMBORIEL T T, K 4-4(a)iE CA3 K EIMEEEE MRS & 505
DZEMRFER FRMEE TR T, KEOMITZNZ RO AL AYE B O #EEMI)»OZ T D6
DEHEERL, ADOSEUOLEGORSIFEE DR FRERT, £T0 CA3 KEWMERE
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DBEDFELNZD , MREEIEHEOHEEZ RO T, BEEORSITERSINT, AEOED kX
SHELLY, B 4-4(0)id CAL fIkE CA3 IR DTEB OB F 273, WA T TN Ehoskikimis
DIEEZR T, O AITEE S T OMEMEAREAL TOBILE TS, ZREROTL— AR
f&IL 30 ms THD, EBDS CAL fHEL, TEAS CA3 EIRDEEN 27T, CA3 $EMaI Ty 52 ¥
—EBRLIRDDR AL, FORKITFHFHLELIHEEERERE LA EELE, Ll EE0FR
RUEUIRE(EL, B F I EE LT,

4-4(b)id CA1 fEIRD 189 F B D#EfRAAE (K 4-4(c)D A AL THEEN-#I2) 53, CA3 $&(f
FMRRNORIT D v —7 77— T 7 AEEREET T, AVHDKEEIIE 4 D CA3 Sk
MR DD v —7 7—IERE & BEL =¥, AR TIL, CAL #AMIA CA3 SEI D%
EHREETHrORLEERE CANZZ T, HOREZZETELY, 207 —0F
189 % B LS D> CAL $EARMIIAL R THD, ZDEE CAL i CA3 B DEBOZ (L
IZFE2 TR AEBRVIEL T (K 4-4(c)D LE) , £7TD CAL (KA CAS M BRICA N EZ T
ST, CAl IO ESIHRERRHESE T —RE 27,

4.3.2. CA3 BIEMER BT 7 AEEDOFE

ARETHV = CA3 fERIEHEOD B R X LEBOE R EIIH 9 Hz ThHho7, THUTHL
T, BRBHED S CAB FBIRICA SIS BE S (F 4-2(b)) DS —ANEAREENE 10 Hz THY, #IEL
BEHROFHPEREEHLILH 1 Hz B, 5T, 3.3.4 BiDOFERLERRIZ, CAIERTIIE
FAFNLE (Ag. Bsy Cy D3) DB EEA~REAHRIZIA DS 5 MO R EI RS & 23R % 1258 B S,
FEEIZE B SE B ANLE~OREITRTES NI, M 4-5@iEIal—afians 2.4
&0 CA3 REMHBEMESIREOERMIERTMEL R T, 4 rBTORIBLEEZ T /LT 5,
4 SDHFRBEEBERIN TOBIERDYNS, ZHIZE- T, N—ARNEKEENIIEZSANAL
BDEED, AEA~LEHETLIIo7 (B 4-5(0) TE) .

A A;. By, Cy DI/ S—ZAPDE AT 20 ms S3OBNATWATZSH (M 4-2(0b) . TNEN

19



recurrent

STRINN2
il -

e

4 4-5. CA3 SISO A B R ITHIT DA HELIEBIORR T, (a)CA3 MBIk R EIMERLE %
fa B DZEMBI S F—, RIBEEAT Al Bs, Cyu Dy ZHLELT24 DD BEHRE G A AE
7=, (b)CAL @ 189 F B OHEMRHIAEAS CAS HEFEHMIREILZ T 5 v—7 7 — i fE & 98
B, ZOBEMETIIZ-EV LU F— T RNz, (CAL(EER) & CA3(TFER) Dk
HIBRDORFZERIEE), CA3 MR A U EHREE &1L > T s OIS B O REI30H]
AT DJE B~ LIRS A & e o T,

DATNLENS 20 ms S OBNTRADEEIP RGN, TNLOFEADEREIT, TNELTH
DORIBALBEE P OETDHARICIED 72, CAL 81T D fEICEREE A AT BRHICE
B9 5&, CA3 D A fBIRBIEADFE K DBIENRLIECETEA > THRY, £ORH B, IHIZ
C, DIEIZZ KDED LTS LeD,
4-5(NFZDEEDT X —T7 77— DY F T AFEE Z — T (4 CA3 #AFHAEN S
CAL 0 189 % H D#EEMAA~D ¥ —7 7 —{IF) . CA3 ITIXARAZ BT RGBS T
WABDIZRILT, ¥ — 77— I D5 — 3 4-40) LT RABHOD, FFICARER T —

ERHNAZV, THUE, CAS SIROFEB R +—77 — Al +7 AR A REOF B
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recurrent

ISR

20770 ms 20800 ms

O

4-6. Ty —77— ST T AR EOFERICB TR G RELTEBI O T, (a)CA3
R D S Bl M BB MERE & D ZE I /S &2 — L, (B)CAL @ 189 % B D #EAMATAY CA3 HEfE
MR DR IT DL y— 77— AR S IREL, RIBALE A, OB DR —F RO, B, D
B BT IEAS 7= B, Cs. D, (B CA3 #EEMAEN LD v —7 77—l B bS iz,

(c)CAL rEtE (_EB%) & CA3 mEk (T Bx) ORI ORF ZEfMiESE), CAl fRIED 189 FH D
HERHIRL D FE k (20770 ms) &, FDEAT(20760 ms)?D CA3 $EAHIAROTEEN % D722,

3HBEAKB O/ AFAMEE 10 ms L7, /2, 20760 ms O/ 3K/ ThE, CA3 BURDTE
EhiZ, CAl @ 189 T B D#EEHIRO v —7 7—lE & /37— %, BWERZZ7EL
THERTH -, CAL fED 189 & B OSHEAMARNTE A THEATICHE AL TS CAS #
BRSO v — 7 7—lIE 7 2D, LS =T e 005,

TiTh =2 RL TS,

4.3.2. x—T7 77—k T T AEEDOFEE

CA1 $E{K#IAIE CAS BEIRA B+ — 7 7— AR Lo TR ENA A S &, BiBEI RIS
RAATTEL TR AL, KFECTHAWE- Yy — 77— I fE SR E O LIRE TIROEM T
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@) d szl woWowowowow o g
LI I T

caz 55 iU LU 11|

so I 1L I I 0 Wuouu

voo I I W W WoWoWwowowow
\_—::::: ____ _)
— — T

CA1 189 L U 0 [ 00 o 1l

4-7. CA1 FEI D 189 F H OHEEHMBIDFE K Z AL, CA3 BRI D Rk &
AT DR, ()& HEMIROME, (b)&HEFMIDOREKIAI T, TNEND
2IVAN, B HERHIRRORKFAIL T RRT, CA3D 61, 55, 59, 196 & H O HE(AHR
fah, CAL @ 189 F B DAL ~D L v —7 7 —AIE 7 RT5R(ES T3,
ZHBOHERMIIL CAL O 189 % B OHERHMIIOERTIT R AL TOIEN DD,

12, CAl $EIILIZLAL DBE | BRENODANVPHIHEITOHFEKTLILENTER,
fE~>T, CAl $EEHBRORE KT 0 BEOHEDMMICRESIL, D, fEifko 189 F B D CAl
HEEAERICE B35, ZOMBaN R KT HEANIIZ, X 4-6(c)DFFZ] 20760 ms (AT £DIT,
CA3 D A, DREBIZIEN 7= F—F K DBFR ., B, fHikEZ DB FIC IR 78I, EbIZ Gk
D, IR ICd D CAS SEAMIRASFE K LT, ZORE R, Thibo CA3 AN D D, BRI~ DS
EGhsa{bEni- (€ 4-6 (b)), [ 4-6(c)DEEZ| 20760 ms O FEIZHEATRUIAEEL Y v—77
—{lEE s F 7 A A AL CA3 #EEMIA%Z T, 189 % B 0 CAL #EAMIAN A TD
ERTIZFE A LTV CAS SfiiiaL L v—7 7 —AIEASR L E Tz CA3 #fRARlaIL B —&
LiE,

4-7 | CAL SIS 189 % B DEEIEMEAD T K5 A2 7L CA3 HRHBIADREKI AT
DHETHD, B 4-T@ICFNEROHEFBAOBITE T, FIBEH A, OFOEIAIET
% 52 & H O CA3 $EARRNF KT, CAL FEIKO 189 F B OH#EAMIROFEKLVBREFEAT

LTUBH. =0 CA3 SEAMBINLDL +—7 7— IR+ 7 AT bEnisn otz —7.
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A, BRI JE B O HEASABIR 55, B, fRIKD 61, B, AR D 59, C, 885D 196 %43, CAl %EE
D 189 FH OHEMEMIANAFE KT HIERNIFEAL, TNEDLD v — 77— F 7R
fbahi=,

ZD&HIZ CAL FIRD D, B O#EAEFAREAS, CA3 fEIED D, FEIBOMAAN ST T, A,
B;. C; DEABNLHIKSADRFEZITHL1T725Z 81, D, SEisO#AEMIanTE kizix, 5
v ’ISERR D DRTNIZIBET AL B, C AL AR THHZEEERT D, T/, A& C, A
CA3 BN ODT ¥ — T 7—FfEG /Y — TR > TEY ., Bl ITHERFEEN C—B—A
—D DIEFTAASNAEEITIE, D, Bk CAl $AEHRES, CA3 fEIE)BZ 1A A ITEE
ZFES A—>B—C—D DHEIVLHEAT5, DFY, D, fBIRD CAL $#{EMIIHRY| A—B

—C—D IZELEJIGETIMEIZ 2> TWAEEZ LD,

4.4, EE

FHFFTIL, CA3 SEERO R BB B/ G L v— 77— IO EFRED STDP (Z&-T
ZELTBHET VI, Ty MBI ERESETo T DIRETOSRFTMAOETICHE-ANEE
T, FOFER ., BN CA3 EEEOREIMERE S DFRENE(LL, CA3 fHIEO B RIFEBDORZE
il F— AR STz, IRIZ, CA3 SO EREEIZRRL T, v — 77—l FT7 A
BEMENE LIz, TORR., CAL BIRICFB AV RS A—B—C—D IZFENITL
BT A0 IR RS,

AHFETIE, vy —77— i F7FRE CA3 REM L FTRAZENENE2>72 STDP B
#a -, CA3 BUEMER B SF 7" 20 STDP BS#ki3. Biand Poo (1998) (Z&~ T, H&#ES
—a—oCEBEIS N STDP B EEEICL TA, H5IE, [ 4-3 @ STDP B DRFEHD
{&% LTP {#1T 16.8 ms. LTD {8 33.7 ms L7z (Bi and Poo, 2001), £HUIRL, AFFFETIL,
LTP {8 LTD {13£(T. © ppeas = 20 ms &Lz, —F., ¥ — 77—l STDP B DR EIT

T .= 5ms &LT, ZHUE, Bi and Poo (2001)I235(F B E kL LB T DLIEFIT/NEY, — T,
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Nishiyama et al. 2000{ZHE{RATARERNWVT, v —7 7— B>+ 72D STDP B#a 38~
T, ZOFERIZ Biand Poo (1998)?> STDP BAE L3 ns R725, — B D% . LTP I 20 ms
DEZAIZLTD BELDMADBFET DL THD, €--T, STDP BI#IE 5 ms T — 223012 7
DHBEIZTELT, 10 ms H7=0TIL 012729, 20 ms T/ IMEL /25, AT TOL v—T7—
B 7" A0 STDP BB CTid. BEE « 2 5ms £ TBZET, 20X AR B e R LE,

ABFFETIE, CA3 REMERE S OEFIZARD 28 BOSEMIaRICRE L, —FT. 2T
O CAL #EFINSETD CA3 #EMINLL Y —7 7 — IS F 7 2B R %2115 LI, Li
et al. (1994) iZ&D&, 1 D CA3 sEAMIITY +— 7 7—RIEZ@BL T, £ 10000 - 35000 {# D
CAl sE(AMRICREBMRIZ T AR EL . REH M TIIER 240 2/3 DREIZERD, —F
T, #E CA3 IIBIT2HEEHREIMFREEDEBVIZ 200 - 800 pS BETHD, -, BED
CA3 BRI R EIMEST7 T, TOMBBDFHEIZZL 5L, BENAIZE L5, iE-
T, RKEWESFFRDIEHDIL, $EETHE 5717 TiE CA3-a, CA3-b, CA3-c 72& DREIEAIZIRSIL.
REF M TIITATRERNICRONS L HESN TS, ZThoDFRIIREMNE ST 7R, v+
— 77— T T RO/ T 5L, BFTTHY , AT DET MTThEEMELE
LD THHLEZDHND,

AET NVTIL, CA3 HROENENOHEAEMIR—ERBENIFET DB HEOH RN
CEEMEEEZIT, £07, CA3 EIEORIBMALENG/EDHHE R DEEIIZ VR
DFRIZAR o7z, EBRO CA3 B TIiX, RET VD LIIZETOMARDE O R CE DS A
JALREA L TOBEEEZIT, #- T, CA3 B COEFDEEITZ A2 ELA TR
FEEMEAN D, F/-, CAS SHIIC B AREBROGHEIIBAISN TWHA, ZOX52FOAR
OIRERB R LT- S I HEITEN, LA L, KETFT/CEITH CASEB OB EREEIILTL
bR M THHLEIFRL, CAS FERICERINAHEMEDN, 0 VAL AHAOTRTH
OALFRIZRRETRRDEZ THIE LV, 5T, CAL f8D D, SRk #kiiiass, B
DEDANZE>TRKTHEANIFEAL TS CA3 #FHBIADZEME) T — D —BITRE

D, BRI LIy — 77— &7 — L /SN DTEAD,
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AEFMIBOTRVEEBENPDOANEBREL, % 2 ETAVELRLTHS (1,
= 0.05 pS), L7edSoT, BBBAAEFDOATIL, CAL SEAEMIQIZZ AL, UL, CAL
DREKIIBRBEARENODANIZEE L, ZHUE, v —T7 7 — R+ 7 20 Sk eE
O LIRMEE FRREEEHZH, 0.001 pS & 0.0003 pS ThHY, Zh et aL— >0 E K
> 2 CAL SEMBHIRRIC 5 2 DEEBRREN D THD, EROHEEIZBITS. L r—T7—f
BT 7 AEREBBRY T 7 AZEOEFTREDELONEM THEMNITALH T, L
L, E@EBENOOBFIIIMFIED L T T ARMEEETAIENMOEN TEY, B@%EH
EDOANBREREVBEFT CTIIEE DR, ZOMOBERT CIIMmAIEO R R3H 5 T EEM
BB, EITHE, RETNVOISICEBEDPLOD AT R ASTNEES D CAL SEAEMEAA
FKL., ZOMOBEEMIIIH SN TR TERVREBIZREEEZONDE, ZO XMt
BEIES T, vy — 77— & /37— BLVBARRL DI DL IfF TES,

CAL B D D, fEROEAEMILIX. FFRF| A-B—C—D IIHEMITSETHLEEZOND,
ZHUZHRL T, CA3 B D, fEIROSEFEHMIIT  MSEET D 281 7HmE 1213, klZihni
ERCBERELLTIRE TS, ZNET L —2T7 41— AROREZZEVORE»OE 2 DL, D,
B OSEARMIIT, HDFHFRPLEATDITEATIIGE DR AT S8, D RO HEHED
FL—RT4— VR D, B O T L — 2T 4 — R DL, B BEEZLND, 2D L7
FL—RAT7 4 — IV EDOKREZDE T McNaughton et al. (1983)ZX>THRESN TV, EHIZE
B, CAl MDD —AT7 4—/LRX CA3 #EMRDOT L —RT7 4 — A REOBFRN, Z
i1, EREOERICBTEH, CA3 #AMICBITAERFHRLVL, CAl #EMBEOFHRERER
DMLV ZLDERERRL TV D aEHETL TN D,

CA3 ~DHIE (A, By Cy Dy) IZHHEEIMBO—HOEEMIBRIZOHR AT ST, RIZD
Ay B ORIBETT O A EE B IR 555 B A ik, ISR LA E~
LIGEREN DD DEFIRTETEE 5, £OMR. AR CORBME,LEE~LED
AEERDEENERTERNEE NS, UL, EBICTyIMMEEITHZL TOHRIRIC

BT, EEIL TV B EAHIIAEIT CAS SRS RO # AR DL I DTN THHL
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BEESN TS, Zhid, EREOWER CA3 FEIRTH, BRO—MOAIZ A AN A>T E

REMERTRIZL TUWB,
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5. b

AT, EEOBRLEE LR RBBORMIc >\ T~ 5 2 =TI, 5 CA3
I CTRAETOIHRNEEI THD § FRIEEID, HEORBE R/ T L CrRlEBEIC BT 57
BetbA R LT, 8 3 ETIL CA3 BOMRZMIEEN, REORFICAI RN EEZLNT
WAV T T ARBEIC L >THREMICHBSh D TR, SHIZ2, AJEBIZL-T, BERME
BDOE(LE L TRIBEDEMNEE L2 RLTZ, F 4 ETIL, CAS B ERMEB DL
bl FNIZF|EHRRWTEE S, v — 77— AIEE S REDEEZ VT, CAL FBEIKIZFF RS
FRERATHIO0HEMRRER SRS NSRIREEE R LI,

EBEOWEE OEE XA TR EIF7-LLEIZEHETH S, Filx L. CA3 EEILEREIZE,
CA3-a. CA3-b, CA3~c JEIRIZS3TB., TNENOREEE TiL Bt EEMER & 73K S
BR2D, T, ZNLOMEEDD CAl ~LHUBTv—T7 7 —AlEA, CAl FBEROE DI
BETBONSELRS (L et al,, 1994), EEOHEE TIXZOLIiEED | (FROUBICEES
BHEFE->THahbLivien, R LZDRIBEOHMLDFEELHEETH S, FlZITTRREFF
IENAEALDY R LRTEENTIER DURX LGB LRI T 52 L3 MO TV D, ABFRIZAHV
7= CA3 EF /T EM TIX LHEE A A U, BERIOITER LPREOMICITHBEDORFEH
FIEL, 2R LOMERITEWIERZ RIZLE > TV 5EE 2 b (Buszaki, 2002),

EBIT, BEAEMHECLOWAERIC, EREANOBEHIOEBREDOZ SN DD, AR THY
TS TEE IS AD T 7 L, f@%@ﬁ]fﬁﬂfiﬁ-ﬁﬂﬂ@gﬁﬁf‘%é/{?\&'y}‘%ﬂﬂﬂ@:&‘fﬂ/f@
B, ERICIHES OMBIMEARIL. TORBESLEMROBIEOE VeEnb, 7 AL LIS
XT3, Paulsen and Moser (1998) (X2 HREEDEI MAIMEMIL A HERERI B & 185
CREBNESATNAREL, EENLTEEF AL TRESDSTONSAREENSHDHEE
2TV, ICENRELWET L, RO ERAET L EEBET 2750, 20 il
AR OMECHR OB SEDEVEEEICHRLZTIEARLR,
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MBI RETIZH 10 mm OREAHD, Jinno et al. (2003) 12L3L, HREICEET S

RHIRRL, R ORI MOMEIZL>TEDOWENRRLD, ZOfRIT, Lz AEOMET
b, TOMIANTFET DERMBRLEICL > THEER BB AREEARL TS, —0O L4
WS IR ORBEICIRSE D - TV AET T BB DML BR T 2T F T Sb o B/
Do TNENOMEMILANTIL, SHITHEHMEFERISEZMNFEL, TNOA M OME -5
DO TNDHEZEZLND, ZDXIRBEL 2 TET L THZ 41, IZIERAREICEDNS, T
(T, R OREEZFER T 572010, EORBEEERETNAHEETINERHLZON, DL
SNVETHI<ET METITEEOEE OREEICBEL T, TFARTRESX B ENTED
PIEEZBETHS,

—H T, EERIEREL TW AR EZAVEIFRICEo T k2 EF LWV RBSRESNT
Wh, F 1 ETHRAZ HM.KIZ, BEREFNEICFERIORBFEENEL, RHMOIE
ZEDZ LS TEp g7 (Corkin, 2002), ZDXHIZ, MEE 2B RFI DR R IFRIED AR
RS> TWBEV) R FIEL, IEETy Moo RICE > TEVERMEA LT3, F4 ET
WAL, TYMIEMAE, BT A-B—C—D LVIIBIZESTZHE . ThENOFATI A
ST DEFMA BN TRIUIBIZRE KT 5, Zhid, BESRERFIORMCEH-TNS
ZLETRRL TS, EbIZ, EDXIRGEATHILDFE K DIFEEN, Fv b HERFIZL BRI NLD,
ZyhHRERPIZIZZY NI BAAEN TV a8, BAT A, B, C. D IZXI&T2X572(F 54
BRIZANENDLETE I\, e, IR ICEXZGFHMAD A->B—C—D £VHFE A
(Skaggs and McNaughton, 1996; Louie and Wilson, 2001; Lee and Wilson, 2002) %, $LiELFF
(ENDRRE DR RAIIER O KICRIHL TREDZENHOILTVDH, ZOFK T CA3 1#
T ARINDEE X B3 TS (Buzsaki et al., 1983; Skaggs and McNaughton, 1996) , 6D
ERIT, Ty MMTEIICRERFIDER I E X O, BEIRFICEORERFINIES THESND
ATREMEA R, BB OTEENIRAN R EZ B> TORE~LELNDTEND, BEIRF OEF
DEEBIZE-> T EHIC—FHICEX A QW EREAMO B ICRPAOTLELEL THRESH
HLEZLND,
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ZOBEPIELWVZEBFEEITRDITONT, R OBRELITMA LS T LR < bt — o
OHEEICEL THLNTRDILIZRD, BE R RBICE S L TV A LML A2V IaD -
1950 FERUBRREICELETORVE, —RICHES P R EICEh A LML THER, &
DISNZEEL THWDDNITIFRATHD, | &S TEE, LY EROMES —RIIZ T AnSh
W, ZORMBEZLNDILIZRD, LI ERTT N EHEETIHAITL, TOBELF
BT5IRbDITETNVELTOEREPELTIES), ZHIERTIE, 5 TL LIcESCE
TNERBETDVENRDD, LhL, ETNVEFEST-HFROBERSERDLIZZ LN,
BICR RIS EEENILTHL FNEEDIIIRESNBO), T, BRI TIES R
SNTWHMRA RSB TIIICRDDIFRERDO)N, ZOL3I2, ERTHAITESF—4
DEIZIL, FEFELERMOE S HEISNL TS,

EdD I, BITER 4 RSNV DEHEMEEE A TND, TR, FDHIHD—2DL~1
TOREVALMNIR>Th, ZIDLEEZALNITEDIXRETHS, T2 T, 5#%IbIC
BEIRDLEEDLNDZON, BRDVANWVHIOEETHD, flxid. ERD L5z, EIEFRS
ZRLBEL TENZAERPICERET5LE X256, ERTERBSH 0T/ RREIE OBIRIRTE
BTHD, ZORITIL, Mo0OMEEEBOEEOEAHLZAES, IHIT, FOMEEE
BOMBEOEIE, MEBEERFOLIHESESLTNELERLND, > T, K
ERFHREDIDRBEITHWINDINEVSRE D LD, BE ISR HCEEGIC RO IME
D ECHBAIBR TEDLVDILEET LI L URT ZEN TESRREMEDLH S, ZD X572
FRER O H OO FEAHALY N RIE, TIRERETid e MEfICkEToE
AHIBRE S ARBR T A LT B0b LA W,

T, BT LS TRENEREN, EBRICH TELDILEERICI - TRIET 5813,
RARIRTHD, FlZiE, § 3 FED CA3 RO HAIREED, ERRIC CA3 IR TAELDILER
FET AT, CAS SRIRO R MO AT A AEARE VAL ATREIZLE 25, CA3 IR
DRGAANEARE S S EBD LIZEL, CA3 FEIRDORS A 21T, MIAAERIZ AV 2 —L %0

25k, 0 VRACH- BRIEEBE TS, ZORETRATAAEARD—HRIC, 6 73— AMHEEN
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ZBZLITEST, CA3 FEIEADEEBDGES MNBEDIINTETE0 %, £ ABHBODED
HEEIT D, RIEBALAEIC. RIEGLEDHZ DB ~LEN DM IR ERE S BB S TR T
Thbd, BEINCREMRMROFEICE VT, fIBIC > TEEOEEO HFanti+2
ZEREAESILTIY (Maeda et al, 1998), EE THRILIIRREN LN B A AEMENHS, L
ML, ZOFIEZATAAZER T 2R THREERBIEE S S —HYIEN TLEIZ L0, b
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Regulation of spontaneous rhythmic activity and organization of pacemakers as memory traces
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[tis widely believed that memory traces can be stored through synaptic conductance modification of dense
excitatory recurrent connections (ERCs) in the hippocampal CA3 region, namely associative memory. ERCs,
on the other hand, are crucial to maintain spontaneous rhythmic activity in CA3. Since it is experimentally
suggested that synaptic conductances of ERCs are modified through spike-timing-dependent synaptic plasticity
(STDP), rhythmic activity might modify ERCs with the presence of STDP because rhythmic activity involves
discharges of pyramidal cells. Memory patterns that are stored using ERCs might thus be modified or even
destroyed. Rhythmic activity itself might also be modified. In this study, we assumed that the synaptic modi-
fication in the hippocampal CA3 was subject to STDP, and examined the coexistence of memory traces and
rhythmic activity. The activity of the network was dominated by radially propagating burst activities (radial
activities) that initiated at local regions and acted as pacemakers. The frequency of the rhythmic activity
converged into one specific frequency with time, depending on the shape of the STDP functions. This indicates
that thythmic activity could be regulated by STDP. By applying theta burst stimulation locally to the network.
we found that the stimulation whose frequency was higher than that of the spontaneous rhythmic activity could
organizc a new radial activity at the stimulus site. Newly organized radial activities were preserved for seconds
after the termination of the stimulation. These results imply that CA3 with STDP has an ability to sclf-regulate
rhythmic activity and that memory traces can coexist with the rhythmic activity by means of radial activity.

DOI: 10.11053/PhysRevE.69.011910

I. INTRODUCTION

The hippocampus is a brain tissue essential for storing
and recalling memories. Underlying mechanisms for storing
memories are widely believed to be modification of synaptic
conductances between neurons. The hippocampal CA3 net-
work has dense excitatory recurrent connections (ERCs) be-
tween pyramidal cells [1.2] and it is widely believed that
CA3 has the capability for storing information by synaptic
potentiation between specific neurons: so called associative
memory [3-5].

Recently, much work has been done about hippocampal
activity related to spatial animal behavior. Place cells, which
fire corresponding primarily to an animal’s position, have
been found in the CA3 region as well as other regions in the
hippocampus [6,7]. Nakazawa and his colleagues compared
knockout (KO) mice that had no NMDA receptor in the CA3
region with wild type mice. in spatial tasks [8]. The KO mice
could not modify synaptic conductances between ERCs in
CA3 because of the absence of NMDA receptors. The KO
and wild type mice could perform equally well the spatial
task using spatial cues as landmarks. However. the spatial
abilities of KO and wild Lype mice were dilferent when some
of the spatial cues were missing. The spatial ability of the
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KO mice was significantly worse compared to the wild type.
This suggests that information about spatial cues was linked
together in wild type mice, producing an associative memory
through modification of synaptic conductances of ERCs in
CA3. Because of the associative memory, wild type mice
would have been able to reproduce activity of CA3 that was
the same or similar to the activity produced under full cue
condition, even if some cues were missing.

The hippocampal CA3 region shows rhythmic activity
such as theta rhythm. Whether the CA3 region generates
theta rhythm by itself or only receives theta rhythm from
other regions of the brain has been a matter of controversy.
However. many experimental results support the idea that
CA3 is a theta rhythm generator [9]. CA3 pyramidal cells
have intrinsic properties to oscillate in a theta frequency
range [10]. The CA1 stratum radiatum and dentate molecular
layer are axonal target regions of CA3 pyramidal cells. Theta
rhythms observed in those regions are strongly correlated to
each other, while these rhythms are weakly correlated to
theta rhythms that are projected from the entorhinal cortex
[11]. Wu and his colleagues have observed the rhythmic ac-
tivity of CA3 in an isolated hippocampus [12]. They have
also reported that the rhythmic activity almost disappears
when AMPA-receptor mediated channels are blocked. These
findings imply that the CA3 network can generate thythmic
activity spontaneously and ERCs are crucial for rhythm gen-
eration.

Long-term synaptic modification that depends on the rela-
tive timing of pre- and postsynaptic spikes has been observed
experimentally in many brain tissues including the hippoc-

£2004 The American Physical Society



M. YOSHIDA AND H. HAYASHI

ampal CA3 region [13—17]; this is known as spike-timing-
dependent synaptic plasticity (STDP). As one pair of pre-
and postsynaptic spikes can modify the synaplic conductance
under the consequence of STDP, synaptic modifications such
as long-term potentiation (LTP) and long-tenn depression
(LTD) do not require strong activation of neurons or high
frequency stimulation from outside of the network. This im-
plies that synaptic modification might occur continuously in
neural networks that cause spontaneous activity. Therefore,
spontaneous rhythmic activity in the CA3 network might
modulate the strength of ERCs and might change itls own
rhythmic activity due to ERC modification. This further im-
plies that even if any kinds of memory traces, such as asso-
ciative memory, are stored as spatially distributed conduc-
tances of ERCs, they might be altered or destroyed by the
spontaneous rhythmic activity.

In this study. using a hippocampal CA3 network model
that causes spontaneous rhythmic activity, we investigated
(1) how the temporal and spatial features of spontaneous
rhythmic activity were altered by STDP, and {2) how input
signals from outside of the network could organize memory
traces that could coexist with the rhythmic activity. As a
result of numerical simulations, we found that radially propa-
gating activities which initiated at local regions and acted as
pacemakers emerged in the CA3 network. When radially
propagating activities were organized. the frequency of the
spontaneous rhythmic activity converged into a specific fre-
quency, depending on the shape of the STDP function. We
also found that burst stimulation, whose frequency was
higher than that of the spontaneous rhythmic activity, could
organize a new radially propagating activity at the stimulus
site, while lower frequency burst stimulation could not.
Newly organized radially propagating activities were pre-
served for several seconds after the termination of the stimu-
lation. These results imply that the hippocampal CA3 region
has the abilily to regulale its own rhythmic activity and pre-
served radially propagating activities can coexist with thyth-
mic activity as memory traces.

1. METHODS
A. The hippocampal CA3 network model

1. Cell models

The pyramidal cell model is a single-compartment model
developed by Tateno ef af. [18]. The equations of the pyra-
midal cell model are as follows:

CdVidi=gum h(Via— V) +gesrVe—F)
+ g cattonsS o lowd Vea=™ )+ grmryt (P = F)
+ g anab(Fg= Y1+ gkanng V= V)

+gric)€ min( 1,x/2530)(Vg—= )+ gV~ 1)

+gat{ V»iynfﬂ!wl/-)*'[:.yn‘ (1
dsidpanf =z}~ B, )
dx/dt=—dlc,— Byx: (3)
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The constants g, and V, are the maximum conductance
and the equilibrium potential for ion channels, respectively;
the subscript v stands for Na, Ca, Ca(low), K(DR), K(A).
K(AHP) and K(C). The constants, g, and g, are the con-
ductances for leakage and afferent excitatory synapses, and
Vi and Ve, are the equilibrium potential of the leakage
and the excitatory synapses, respectively. Different g, values
(Zarcenters aredze ANA Gafcamer) Were used depending on the
location of the pyramidal cells in the network, as stated in
the following section. The variable = is the ion-gating vari-
able; z stands for m, h. s, 1, S1q0, Flows 7, @, B, g andc. I,
is the sum of the second and the third terms on the right-hand
side of Eq. (1). I, is the sum of synaptic currents. Parameter
values and equations of the rate constants, «. and S., are
listed in Appendix A.

The low threshold Ca’" channel [the third term on the
right-hand side of Eq. (1)] provides persistent inward Ca®*
current as observed in the real CA3 pyramidal cell [19]. Be-
cause of this inward current, the CA3 pyramidal cell does not
have a resting potential. The membrane potential is depolar-
ized slowly and the cell fires spontaneously without any ex-
temal stimulation (even il the value of g, is 0 uS). Firing
involves further Ca®* influx mainly through the high thresh-
old Ca®>" channel [the second term on the right-hand side of
Eq. (1)] and intracellular Ca’* concentration [y in Eq. (1)]
increases during repetitive firing. The increase in the Ca>*
concentration in tum activates the Ca’*-activated K* and
the AHP K™ currents [the sixth and seventh terms on the
right-hand side of Eq. (1)] and the K* currents hyperpolarize
the membrane potential. This hyperpolanization interrupts
spikes, and burst is formed [upper trace in Fig. 1(b)].

In this way, the Ca’" and Ca’*-activated K* currents
cause slow oscillations, and the Na™ and delayed K* cur-
rents cause fast oscillations (spikes). Because of the interac-
tion of the fast and slow oscillations, the pyramidal cell
model shows successive bifurcations, from periodic bursts to
periodic single spike trains through chaos, with increase in
the constant outward current. These firing patterns agree well
with the experimental observations [18].

Interneurons in the hippocampus can be classified into
fast spiking and nonfast spiking neurons [20]. As the fast
spiking neurons do not cause adaptation, the fast spiking
neurons would have greater influence on the activity of neu-
ral networks. We therefore adopted fast spiking interneurons
in this study. Although the fast spiking interneurons have
Ca?*-activated K* channels, it is supposed that elevation of
the intracellular Ca”™ concentration is suppressed by an in-
tracellular Ca2™ buffer, and effects of the Ca®*-activated K*
chamnels are small [21]. The intemeuron model therefore
contains only Na™, delayed K™, and leak currents. The pa-
rameters of the interneuron model were adjusted to repro-
duce the firing pattern of the interneuron observed experi-
mentally by Kawaguchi and Hama [20], and Miles [22]. The
equations of the interneuron model are as follows:

CdVidi=gum (V= V) +gK{DR]n4( Vie— 1)

+a (Vi —V)+i (4)

svi e

011910-2



REGULATION OF SPONTANEOUS RHYTHMIC ACTIVITY ...

(a) VVVVVYVVIVVUIUYY
AASAAAAAAAL LA A
9V IOV IVYOYYY Y
vvvvvv*-vvvvvvvv

P VVVVVVVU

'EI"

vov VV‘

35.0

Membrane

polenhal

PYYTIY VYTV OY VY Y
VY VIVFUVITVVIYY
vvvvvvvvvvvvvvvv
YVTYVIVVVIVIVVYY

-85.0

FIG. 1. Hippocampal CA3 network model and firing patterns of neurons. (a) CA3 network model.
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200 ms

256 pyramidal cells (triangles) are

placed on 16 16 lattice points. Each pyramidal cell is connected to the ncarest and the next-nearest neighbors through cxcitatory synapscs.
For cxample, the pyramidal cell shown by the filled triangle is connected to/from pyramidal cells within the arca P. 25 interncurons (circles)
are placed uniformly among pyramidal cells. Each interneuron receives excitatory synaptic input from 16 nearby pyramidal cells and inhibits
the same cells. For example. the intemeuron shown by the filled circle is connected from/to pyramidal cells within the area I. (b) Firing
patterns. The upper trace is the firing pattern of the pyramidal cell shown by the filled triangle in (a). The lower trace is the firing pattern of
the interneuron closest to that pyramidal cell. Pyramidal cells cause bursts of firing spontaneously, and interneurons fire because of excitatory

synaptic input from ncarby pyramidal cclls.
dzidt=a (1—z)—B.z. (3)

The lower trace in Fig. 1(b) shows a firing pattem of an
intermeuron in the network. See Appendix A for the param-
eter values and voltage dependence of the rate constants, a.
and ..

2. Connectivity in the network

In the CA3 network model, 256 pyramidal cells are
placed on 16X 16 lattice points [Fig. 1{a)]. Each pyramidal
cell is recurrently connected to the nearest and next-nearest
neighbors through excitatory synapses (ERCs) (e.g., the area
P for the pyramidal cell indicated by the filled triangle). 23
intemeurons are placed uniformly among the pyramidal
cells. Bach intemeuron receives excitatory synaptic input
from 16 nearby pyramidal cells and inhibits the same cells
(e.g., the area | for the interneuron indicated by the filled
circle). The equations for each of the synaptic currents take
the following form:

Vo=V (6)

[ssn:g»n( syn

Esyn™ Cayn(exp( = T 3)'m) - exp( - "/"'_Etsynl))' (7)

The subscript “syn” is referred to as pp. pi. and ip for
excilatory recurrent connections between pyramidal cells
(ERCs). excilatory connections from pyramidal cells to in-
temeurons, and inhibitory connections from intermeurons to
pvramidal cells, respectively. Excitatory synaptic input
through mossy fiber takes the same form as Egs. (6) and (7),
where “syn™ is referred to as stim. While synaptic conduc-
tances, Cpi, Cip and Cgpy, are fixed throughout this paper
and uniform over the whole network, each C,, is modified
independently through STDP during simulation (see below).
Parameter values in Eqs. (6) and (7) are listed in Appendix
B. The delay of the synaptic transmission is 1 ms at all Kinds
ol synapses.

In the present network model, pyramidal cells placed on
the edges and next to the edges of the network receive in-
hibitory input from only one interneuron, while the others
receive it from two interneurons. Moreover, pyramidal cells

on the edges and the corners receive excilatory input from
only five and three nearby pyramidal cells respectively, while
others receive il from eight pyramidal cells. Less inhibition
and less excitation make pyramidal cells fire with shorter
interburst interval because of less hyperpolarization and less
Ca®™ influx. To reduce these edge effects, g,¢ values of py-
ramidal cells placed at the comers (g rcomer) and on the
edges (g, edee) Were set smaller than those of the rest of the
network (Z.rcemer)» @S listed in Appendix A.

B. Synaptic modification

ERC conductances (Cp) in CA3 can be modified by
STDP as experimentally shown [15]. Synaptic conductances
[rom pyramidal cells to interneurons and vice versa in CA3
might also be modified by STDP, but experimental results
suggesting such synaptic modification have not yet been re-
ported. In this model, synaptic conductances between pyra-
midal cells and interneurons are therefore fixed and uniform.

The modification function F(Ar) is as follows:

M exp((Ar—Tyias)/ 7 il — TSAT—T;,,<0,
F(AN=4 —Mexp(—(Ar—=Ty,)/ 1) if 0<Ar = Tyip =T,
0 otherwise.
(8)

At denotes the relative spike timing between pre- and
postsynaptic spikes (the time of the presynaptic spike minus
the time of the postsynaptic spike). The time constant r and
the maximal modification M are 20 ms and 0.03, respec-
tively. throughout this paper. The parameter Ty, shifts the
STDP [unction to the left or right along the At axis. When
the value of Ty, =0. F(A7) is a well-tested STDP function
[23-25]. which is a simple approximation of the experimen-
tal results obtained by Bi and Poo [16] using dissociated and
cultured hippocampal cells. Figure 3(f} shows the shape of
F(A) with Ty,,=0. The STDP function is symmetric with
respect to the origin when T, is 0. Experimentally observed
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STDP function for ERCs in CA3 is asymmetric with respect
t the origin [15]. A variety of values of Ty,,, were tested in
Sec. [11 B to investigate effects of the asymmetric shape of
the STDP function on rhythm regulation [Figs. 4(a;)—(a;;)].
By setting 7= 100 ms, we neglected synaptic modification in
the A¢ range where the absolute amount of the modification
function (|F(Ar)]) was less than 0.00034. The modification
of the ERC conductance C,, was limited to the range C,,
<Cpp=Cray. where Cpp and Cpppy were 0.0015 and 0.005
uS, respectively. Each pair of pre- and postsynaptic spikes
modifies C, by the following equation:

Cop— CppF CroacF (AL). 9)

However, if Cpu>Chpy. Cpp was set to Cpyy. and if Cop
<Chin.» Cpp Was set to Cpyp to keep the value of Cp,; in the
range between C ., and C,. .

C. Relative spike timing histogram and estimation of plastic
change of C,,,

In Secs. [l B to D, histograms of relative spike timing Az
will be shown, Every pair of spike timing ol pre- and
postsynaptic cells during a specific time window [for ex-
ample, 35-50 s in Fig. 4(b)] was counted to obtain a histo-
gram of the relative spike timing Az at a synapse. The range
of At was — T to T, and the bin of Az was 5 ms. Note that in
Sec. III B, histograms at every ERC synapse in the network
are added up to obtain a total relative spike timing histogram.
In Secs. [II C and D, histograms at synapses from proximal
lo distal cells are added up. The histograms are normalized
by the total number of spike pairs.

The value Ep, was defined as follows, to estimate
whether C,, was polentiated or depressed on average.

20

Ewp= 2 [H(F(5i—52)]. (10)

i==19

H(i) is the height of the bar at the ith bin of At in the
relative spike timing histogram at a synapse. F(5/—5/2) is
the value of the STDP [lunction at the center of the ith bin.
The positive and negative values of £y indicate that Cpy is
potentiated and depressed. respectively, on average in the
time window.

D. Measurement of spatially asymmetric ERCs and degree
of radial ERC

Each pyramidal cell receives ERCs from its neighboring
pyramidal cells as mentioned above. These ERC conduc-
tances, C,s, are modified by STDP: some are potentiated
and the others are depressed during simulation. This causes
spatially asymmetric Cpps. The spatial asymmetry is repre-
sented by the orientation and length of the bars located at
every location of pyramidal cells in the network, as shown in
Fig. 2(a) and Fig. 3(a). The bar for ith pyramidal cell is
obtained as follows. Vectors corresponding to excitatory con-
nections are obtained first; each vector is oriented from one
of the presynaptic pyramidal cells (one of the neighbors) to
the postsynaptic cell (ith cell) and the length of the vector is

PHYSICAL REVIEW E 69, 011910 (2004)

proportional to Cy,. Next, these vectors are summed and the
length of the summed vector is normalized by dividing it
with C . (1+Vv2) so that the length of the normalized vector
V; does not exceed unity. The vector V, is shown as the bar
originating from the position of the ith pyramidal cell.
Therefore. activity of the pyramidal cells is most likely to
propagate to the direction of the bar. Pyramidal cells that
may have bars whose length is unity (maximal) are only at
the edge of the network where the cells have less than eight
ERCs. In the other area where pyramidal cells have eight
ERCs, the maximum length of the bars is 0.7, because even
if one of the ERC conductances Cp, is 0.005 S (Cypay), the
ERC conductance on the opposite side is at least 0.0015 xS
(Cmm)-

The value D,y was defined as follows to measure the
degree of radial ERC (see Sec. Il A for radial-ERC):

i)

Dypa=——7—. (1

V., is the veclor corresponding (o the bar at the ith pyramidal
cell, as mentioned above. I, is the vector whose orientation is
from the center of the radial ERC (the center of the cluster of
cells stimulated; see Sec. III C and D) to the position of the
ith pyramidal cell, and whose length is unity. The value D4
is obtained in a circular area whose radius is six times larger
than the distance between pyramidal cells, as indicated in
Figs. 5(b) and 6(b). n is the number of pyramidal cells that
are in the circular area and summation is done among these
cells. The value of D, is the largest when each V,; in the
circle is identical to I; and gradually decreases as the differ-
ence between V; and I; increases.

E. Measurement of spatial dvnamics

The spatial dynamics of the network was measured as
directions of propagation of burst activity a1 locations of py-
ramidal cells, and shown as wedge-shaped arrows [Fig. 2(e).
Fig. 3(e), and Fig. 6(e.;)]. To identify the directions of
propagation of burst activity, we first observed times of burst
occurrence. As each burst consisted of several spikes, we
used the time of the first spike to define the time of the burst.

The wedge-shaped arrow at each pyramidal cell (the ith
pyramidal cell) was obtained as follows. For occurrence of
each burst of the ith cell at time A¢;, bi; was compared Lo the
times ol bursts ol the nearest eight surrounding pyramidal
cells. At each of the eight surrounding cells, the time of the
burst occurrence. br;. closest in time to &¢f; was detected
(j=1 to 8 for each /). The differences between br; and
bt{delay,;=bt;—bt;) were obtained.

Since wave fronts of burst propagation are roughly verti-
cal to the direction of propagation, the ith and the jth cells
on the wave front fire at almost the same time (delay;
~0). On the other hand, the jth cell that produces the largest
delay;; (we define such j as J) corresponds roughly to the
direction of propagation from the /th cell. The vector orient-
ing from the ith cell to the Jth cell was obtained; the length
of the vector was unity.
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FIG. 2. Spontaneous rhythmic activity before applying STDP algorithm. (a) Spatial pattern of C ;s at 10 s. The size of filled circles
placed on 16 16 lattice points indicates the average Cs from surrounding pyramidal cells to each pyramidal cell. The bar extending from
cach circle is the vector I, (see Methods), which indicates the spatial asymmetry of C,s. (b) Ficld current obtained from synaptic currents
at the center of the network. (¢)—(cy;) Distributions of €, in the network at 10 s. The initial Cs are 0.0023. 0.0033, and 0.004 uS,
respectively. (d) Spatiotemporal activity of the network. Each square corresponds to a pyramidal cell. White squares indicate that pyramidal
cells are firing. Intervals between frames are 40 ms. (e) Patterns of direction of burst propagation. Wedge-shaped arrows show directions of
propagation at locations of pyramidal cells (see Methods). Intervals between frames are 2 s. Directions of propagation vary with time and the

network does not show any orderly propagation.

In this way, such vectors were obtained for all bursts of
the ith cell during a specilic period of time [two seconds in
Fig. 2(e) and Fig. 3(e), and five seconds in Fig. 6(e,;;)] and
the vectors were summed. A wedge-shaped arrow at the
place of the ith pyramidal cell shows the direction of the
summed vector. The length of the summed vector was 1g-
nored for clarity of figures. We showed filled circles instead
of arrows at edges of the network as correct measurement of
the direction was not performed, due to less than eight neigh-
boring pyramidal cells.

[11. RESULTS

A. Regulation of spontaneous rhythmic activity
by a symmetric STDP function

We examined how STDP influenced the spontaneous
rhythmic activity. Values of Cpps were initially unifom over
the whole network. Five initial C,,s were tested: 0.0015,
0.0025, 0.0033, 0.004 and 0.005 uS. Figure 2(a) shows the
spatial pattem of Cpps in the initial period of 0-20 s (Cop
=0.0033 uS) before applying STDP algorithm. The size of
each filled circle at the locations of pyramidal cells shows
the total amount of Cs from surrounding cells to the corre-
sponding pyramidal cell. The length of each bar initiating
from filled circles shows the degree of asymmetry of Cpps

(see Methods). Sizes of filled circles are the same and no bar
is seen except at the edges because all C,, values are the
same.

Each pyramidal cell causes spontaneous bursts of dis-
charges and excites the neighboring pyramidal cells through
ERCs. Bursts of action potentials propagate across the CA3
network. Figure 2(d) shows an example of spatial propaga-
tion in the network (Cpp=0.0033 uS). The white squares
indicate discharging pyramidal cells. The interval between
each panel is 40 ms. Figure 2(¢) shows spatial patterns of the
direction of propagation. The time scale is longer than that in
Fig. 2(d), to show whether persistent pattern of propagation
exists or not. Wedge-shaped arrows in each panel show av-
erage directions of propagation at places of pyramidal cells
every two seconds (See Methods). The pattems of direction
differ from each other and do not show any persistent orderly
propagation. In other words, propagation occurs irregularly
in various directions due to uniform C,,.

Rhythmic activity of the network depends on the C,,
value. A larger value of C,, results in a greater number of
discharges of pyramidal cells in each burst. As mentioned
above, discharges of pyramidal cells are accompanied by the
inward Ca?* current through high-threshold Ca®* channels.
Although the Ca®" current depolarizes the cells, the increase
in the Ca®* concentration inside the cells. in turn, activates
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FIG. 3. Spontaneous rhythmic activity after applying STDP algorithm. (a) Spatial pattern of C ;s at 40 s. Two ovals indicate the locations
of SORAs that emerge after applying STDP. Note that s from SORAs to the surrounding region are potentiated. (b) Field current obtained
from synaptic currents at the center of the network. (c;)—(¢;;;) Distributions of Cp, In the network at 40 s. The initial Cp,s are 0.0025, 0.0033,
and 0.004 wS. respectively. After applying STDP. the Cy, distributions split to upper and lower limits regardless of initial Cpps. (d)
Spatiotemporal activity of the nctwork. Cach square corresponds to a pyramidal cell. White squares indicate that pyramidal cells are firing.
Intervals between frames are 40 ms. Propagation started from SORAs after applying STDP. (e) Patterns of direction of burst propagation.
Propagations of burst activity from SORAs to the surrounding region were maintained. (f) STDP function. 7y, = 0. (g) Average C, over the
whole network. Initial Cpps are 0.005. 0.004, 00033, 0.0023, and 0.00135 xS from top to bottom. Average lC‘NJs converged to about 0.0033
uS regardless of initial Cpps. (h) Frequencies of the field currents. Three bar charts at 10, 40, and 70 s ln‘dlcale the mean frequency of the
field currents obtained at five different sites in the network for 17 s {3=20s, 33-30 s, and 63-80 s, respectively): the initial C,s are 0.0025,
0.0033. and 0.004 S from left to right at cach bar chart. Crror bars indicate standard deviation. Rhythmic activity converged to about 7.3

Hz regardless of the initial Cpps.

To examine the rhythmic activity of the network, we ob-
tained a field current that was defined as the sum of the
synaplic currents induced in sixteen pyramidal cells at the
central area of the network [Fig. 2(b) and Fig. 3(b)] (see
Tateno erf al. [18] for details about the field current). High-
frequency components of the field currents were removed by
a low-pass filter (50 Hz cutoll). Figure 2(b) shows thetalike
field currents before applying the STDP algorithm; Cp; is
0.0033 uS. Peaks of field current oscillations reflect burst
discharges of corresponding sixteen pyramidal cells. Larger
C .., makes rhythmic activity slower, and smaller CPP makes

calcium-activated K© channels and the cells are hyperpolar-
ized. The hyperpolarization interrupts discharges and conse-
quently bursts are formed. A greater number of spikes causes
higher intracellular Cal™ concentration, which then activates
Ca’~ -activated K* channels more strongly. The membrane
potential is eventually hyperpolarized for a longer period of
lime and Lhe interburst interval increases. On the other hand.
a smaller value of C,, causes fewer discharges in each burst
and a smaller amount of Ca’™ influx. Therefore, larger and
smaller Cpps cause longer and shorter interburst intervals,

respectively. pp
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FIG. 4. Regulation of sponta-
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it faster. Tateno eral [18] have shown betalike (C,,
=0.001 uS), thealike (C,,=0.002 and 0.003 uS) and
deltalike (C,,=0.004, 0.005 and 0.006 «S) field current
thythms depending on the Cp, value. The three bars at “10
s i Fig. 3(h) show the frequencies of the rhythmic activity
when Cps are 0.0025. 0.0033 and 0.004 uS, respectively.
The frequency of the principal peak of the power spectrum
was measured.

Figures 2(c¢))—(c;;) show the distributions of Cp, in the
network; Cp,s are 0.0025, 0.0033 and 0.004 uS, respectively.
Because Cpps are fixed uniformly in the network, each dis-
tribution shows only one bar with unity length at correspond-
ing Cp,.

Cpps were subject to the STDP function [Fig. 3(0. Tyias
=0] during the period of 20—80 s. Potentiation and depres-
sion of C,;s were caused. because pyramidal cells fired in
slightly different timing from nearby cells due to propaga-
tions of burst activity. Consequently, a distinct spatial pattern
of C,, appeared. Figure 3(a) shows the spatial partern of Cp
at 40 s (initially C,,=0.0033 &8). There exist two local re-
gions (indicated by ovals) where the sizes of filled circles are
smaller than those in the surrounding region, and bars initi-
ating from filled circles in the surrounding region point radi-
ally (from ovals to the surrounding region). This indicates
that C,ps from the surrounding region to Lwo local regions
indicated by ovals are depressed, while (s from the local

regions to the swrounding region are potentiated. We call
such spatial patterns of ERC *‘radial ERC.” Radial ERCs are
self-organized at various locations depending on the inirial
Cpp- Bursts of action polentials initiate at the local regions
and propagale Lo the surrounding region along the directions
of reinforced C,s [Fig. 3(d), initially C,;=0.0033 1S]. The
directions of arrows in Fig. 3(e) show that the burst activity
propagates from the two local regions. which correspond to
the two local regions in Fig. 3(a). In contrast to Fig. 2(e), the
directions ol arrows are similar in all panels, indicating that
this pattern of propagation is persistent. The local regions
thus work as pacemakers of the network. We call this kind of
propagation of activity “radial activity™” and the local regions
“source of radial activity (SORA).”

The average C,,, in SORA was about 0.002 uS while the
average (', in the surrounding region was about 0.0033 uS.
We estimated frequencies of spontaneous rhythmic activity
of pyramidal cells in SORA and the surrounding region, as
follows. When Cs were fixed uniformly at 0.002 uS over
the whole network. pyramidal cells caused two to three dis-
charges per burst, resulting in the 8.4 Hz rhythmic activity
(data not shown). On the other hand, when C ppS Were fixed
uniformly at 0.0033 S over the whole network, pyramidal
cells caused three o four discharges per burst, resulting in
the 5.7 llz rhythmic activity. This indicates that pyramidal
cells placed in SORA spontaneously cause faster rhythmic
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FIG. 5. Input to the self-organized SORAs. (a) Simulation protocol. STDP was applied from 20 to 40 s and from 60 to 200 s (solid lines).
Theta burst stimulation was applied from 40 to 200 s (dotted line). (b) Spatial pattern of C,, before applying stimulation. Stimulation was
applicd to the four pyramidal cells in the small square and the value D,y was cvaluated bascd on the Vs (sce Methods) inside the arc around
the stimulus site. The spatial pattern is identical to that in Fig. 3(a). (c) Magnification of the stimulus site that corresponds to the area
indicated by dotted lines in Fig. 5(b). Each square corresponds to a pyramidal cell. Four shadowed cells are the stimulated cells. Filled cells
are called “proximal cells” and numbered cells are called “distal cells.” (d) 5 Hz burst stimulation was applied. (¢) 8 Hz burst stimulation
was applied. (i)—{iv) Average relative spike timing histograms of sixteen synapses from proximal to neighboring distal cells at the intervals
of 30—40, 50-60, 70—80, and 190-200 s. respectively. The histogram becomes flat and symmetric by 5 Hz burst stimulation. (v) Epp values
of sixtecn synapscs from proximal to neighboring distal cells. “ave™ means the average of Epp values of the sixteen synapses. Four Epy,
values caleulated at intervals of 30-40, 50-60. 70—80, and 190-200 s. from left to right, respectively, are shown for each synapse. 5 Hz
burst stimulation reduces £pp values significantly. (vi) Spatial pattern of C,, at 200 s. Small square indicates the stimulus site. 5 Hz burst
stimulation distorts self-organized radial ERC. (f) Average D, value as a function of time. Upper and lower branches are the average D,
values during 8 and 5 Hz burst stimulations, respectively. Each branch shows the average taken over six different stimulation sites. Error bars
indicate standard deviation. 5 Hz stimulation distorts self-organized radial ERC. and § Hz stimulation enhances it. (g) Average of Cpps.
Average of all C,,s over the network was obtained for cach of twelve simulations (sce text). The twelve averages of Cpps were then averaged.
Error bars indicate standard deviations. Note that standard deviations are very small because the average Cj, is kept almost constant

throughout the simulation in every case.
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FIG. 6. Input to non-SORA locations. (a) Simulation protocol. STDP was applied from 20 to 40 s and from 60 to 250 s (solid lines). Theta
burst stimulation was applied from 40 to 200 s (dotted line). (b) Spatial pattern of C,,, before applying stimulation. Stimulation was applied
to the four pyramidal ¢ells in the small square and D4 value was evaluated based on the Vs (see Methods) in the circle around the stimulus
site. The spatial pattern is identical to that in Fig. 3(a). (c) Magnification of the stimulus site that corresponds to the area indicated by dotted
lines in Fig. 6(b). (d) 5 Hz burst stimulation was applied. (e) 8 Hz burst stimulation was applied. (i)-(iv) Average relative spike timing
histogram of sixteen synapses from proximal to neighboring distal cells at the intervals of 3040, 50-60. 70-80, and 190-200 s, respec-
tively. The histogram gradually shifts to the negative region of Ar and its pcak becomes sharper by 8 Hz burst stimulation. (v) £, values
of sixteen synapses from proximal to neighboring distal cells. Four £pp values calculated at intervals of 30-40, 50-60, 70-80, and 190-200
s. from left to right respectively, are shown for each svnapse. & Hz burst stimulation increases Epp values significantly. (vi) Spatial pattern
of Cpp at 200 s. 8 Hz burst stimulation organizes a new radial ERC. (vii) Spatiotemporal activity of the network just after quitting stimulation
(around 202.5 s). Activity propagating from the new SORA is clearly seen. (vin) Spatial pattern of direction of burst propagation in the

period of 200-205 s.

activity than that in the other region. As a result, SORA may
act as a pacemaker, generating bursts of discharges in ad-
vance of the surrounding region. Since burst aclivily starts in
SORA and propagates to the surrounding region. ERCs [rom
cells in SORA 1o cells in the surrounding region are surength-
ened through STDP. On the other hand, ERCs from cells in
the surrounding region to cells in SORA are weakened. C,;s
in SORA are therefore kept small and SORA can keep acting

as a pacemaker. As a consequence, radial activity is main-
lained.

Distribution of Cp, values split into two groups near the
upper and lower limits due to generation of radial ERCs
[Figs. 3(c;)=3(c;)]. This distribution was almost the same,
irrespective of initial Cpps and the spatial pattern of Cpps
organized through STDP. The average C, value in the net-
work therefore converged Lo about 0.0033 uS from five dil-
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ferent values of initial C\,is irrespective of initial Cps [Fig.
3(g))-

Rhythmic activity that depended on initial C,; gradually
converged to a theta-like rhythm with the main frequency
component at 7.3 Hz, as the average C,,, converged to about
0.0033 wS [Fig. 3(h)]; initial C s were 0.0025, 0.0033, and
0.004 uS from the left to the right at each time. Figure 3(b)
shows example of theta-like field current rhythm around 40 s
(initially C,,=0.0033 uS). Spontaneous rhythmic activity is
thus regulated by STDP.

When C,s were initially 0.0033 S, the consequent av-
erage Cp, was almost the same as the initial C,,. The con-
sequent frequency of rhythmic activity (7.3 Hz) was, how-
ever, significantly higher than the initial frequency (5.7 Hz)
[compare middle bars at 10 and 70 s in Fig. 3(h)]. The con-
sequent frequency (7.3 Hz) is close to the estimated [re-
quency of spontaneous rhythmic activity of pyramidal cells
in SORA (8.4 Hz). This shows that the effect of SORAs as
pacemakers of the network is very strong.

B. Regulation of spontancous rhythmic activity
by asymmetric STDP functions

Experimentally observed STDP functions depend on brain
tissues and preparations. It is interesting to examine how
radial-activity and regulation of rhythmic activity rely on the
shape of the STDP function. There are several parameters
that modify the STDP function: for example, locations of
positive and negative peaks, height of the peaks. and shape
of the tails. There is a distinct difference between the STDP
[unctions that have been observed in dissociated and cultured
hippocampal cells by Bi and Poo [16] and in cultured CA3
slices by Debanne et al. [15]. While the STDP [unction ob-
served by Bi and Poo [16] induces neither LTP nor LTD
when pre- and postsynaptic cells fire at the same time (A7
=0), the STDP function observed by Debanne et al. [15]
induces LTD at Ar=0. [n this section. we therefore focus on
the locations of the peaks. The peaks of the STDP function
were shifled by changing the value of the parameter T,:
— 10, —5, 0, 5. and 10 ms [Figs. 4(a)—(ay) for Ty~
— 5,0, and 5 ms, respectively]. Negalive and positive values
of Ty, induced depression and potentiation at Ar=0. re-
spectively,

Simulations were started with the same initial value of
Cpp (0.0033 4S, uniform over the whole network). Figures
4(b,)—4(b;;) show the total relative spike timing histograms
of all ERC synapses oblained after the average value of Cy,
has converged (35-50 s) using STDP functions in Fig.
4(a,)—4(a,;). respectively. The relative spike timing histo-
grams that show how often pre- and postsynaptic spikes oc-
cur at an interval of A7 all over the network are symmetric
regardless of the values of Ty, because the network has
recurrent connections. When pre- and postsynaptic pyrami-
dal cells, i and j, fire at an interval of Az, . pyramidal cells.
J and i. fire at the interval of — Az, . In the present model, if
there is a synaptic connection [rom cell i Lo cell j, then there
is a synaptic connection from cell / to cell /. Thus. each pair
of firings equally contributes to the total relative spike timing
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histogram at At;; and — Ay, . assuring a symmetric histo-
gram.

When Ty, is 0 ms, the STDP function [Fig. 4(a;)] and
the relative spike timing histogram [Fig. 4(b,)] are both
symmetric. This indicates that the numbers of potentiated
and depressed synapses are equal. [n fact, the distribution of
the Cp, value in the network shows two peaks with the same
height at the upper and lower limits of Cp, [Fig. 4(c;) as
well as Fig. 3(c;;)]. This split distribution of C,, allows for-
mation of radial ERCs, as shown in the previous section
[Fig. 3(a)]. When the values of Ty, are —35 and 5 ms, STDP
functions are shifted to the left and right [Figs. 4(a;) and
4(a;)]. and depression and potentiation occur respectively at
more synapses [Figs. 4(¢;) and 4(c;;)]. Despile the excess
number of depressed or potentiated synapses, radial ERCs
appear and radial-activities oceur (not shown).

When the values of Ty;,, are —10 and 10 ms, almost all
the synapses are depressed and potentiated, respectively (not
shown). C s are spatially symmetric at most locations in the
network because either depressed or potentiated synapses
dominate. Radial ERCs are therefore hardly formed in these
cases. Propagation directions are irregular, as observed in the
network with uniformn Cpps (not shown). Assuming that in-
formation is stored as spatial patterns of potentiated and de-
pressed C,ps in CA3, almost no information can be stored in
these cases. On the other hand, T,;,,=0 would maximize the
ability to store information.

Traces in Fig. 4(d) are time courses of the average of all
Cpps at Thyips= 10,5, 0, — 5, and — 10 ms, from top to bottom,
respectively. The average of all Cpps reflects the distribution
of Cpy [Figs. 4(¢)—4(ci)]. Figure 4(e) shows a change of
the frequency of the rhythmic activity. The height of the
three bars at each time shows the frequency of the rhythmic
activities at Ty;,;=—3, 0, and 5 ms, (rom lefi to right, re-
spectively. The rhythmic activity converges to a frequency
depending on the average C, value. As the value of Ty,
increases, the frequency becomes lower because the average
C,p value becomes larger.

C. Rise and fall of the self-organized radial activity
by burst stimulation

The hippocampal CA3 region receives input signals from
the dentate gyrus through mossy fibers. We examined how
inpur signals influenced self-organized radial activity of the
CA3 network. The theta rhythm (4-10 Hz) has been ob-
served in the dentate gyrus, and the majority of granule cells
fire in bursts phase locked 1o the theta rhythm [26]. We there-
[ore applied theta burst stimuli to the present CA3 model.

An interesting issue related to the theta frequency is the
phase precession of place cell activity. When rats enter into a
specific place field, the firing phase of the corresponding
place cells gradually proceeds from late to early phase of the
major theta activity [7,27]. This means that the firing fre-
quency of place cells is slightly higher than that of the other
cells. We therefore used 8 Hz burst stimulation whose [re-
quency was higher than the frequency ol spontaneous rhyth-
mic¢ activity. Since the frequency of spontaneous rhythmic
activity of the present model depended on the value of Ty,
as shown in the previous section, STDP function with Ty,
=0 was used. which led the spontaneous frequency to about
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7 Hz. 5 Hz burst stimulation was alse used in order to com-
pare the responses with the responses to the § Hz stimula-
lion.

Figure 3(a) shows simulation protocols. The solid and
dotled lines indicate the periods where STDP is efTeclive and
stimulation is applied, respectively. This protocol is the same
as that in Sec. Il A until stimulus onset (up to 40 s). The
initial conditions of the network are also the same as in Sec.
IITA. Therefore. the spatial pattern of Cpps In Fig. 3(b) is
identical to that in Fig. 3(a) before applying stimulation.
STDP was frozen temporarily (from 40 to 60 s) and Chps
were fixed in order to investigate the effects of stimulation
itself on the network activity.

Four pyramidal cells located at the center of one of the
self-organized SORAs, indicated by the small square in Fig.
5(b), were stimulated simultaneously by 5 or 8 Hz burst
stimulation (3 pulses in each burst, interpulse interval
=10 ms, interburst interval=200 or 125 ms). Figure 3(c) is
the magnification of the SORA indicated by dotted lines in
Fig. 5(b). The central four cells indicated by shadowed
squares correspond to the stimulated cells. We call numbered
cells (1-16) “distal cells” (distal to the stimulus site) and
filled cells “proximal cells™ (proximal to the stimulus site).

The relative spike timing histograms at sixteen synapses
from proximal cells to their closest distal cells were obtained
(data not shown). Lines between distal cells and proximal
cells in Fig. 5(c) indicare these synaptic connections. Figures
5(d;) and 5(¢;) show the average of the sixteen relative spike
liming histograms beflore applying stimulation (30-40 s).
Since the spontaneous activity propagates from self-
organized SORA to the surrounding region with a theta cycle
as shown in Sec. Il A, the proximal cells fire earlier than the
distal cells. This results in the peak of the average relative
spike timing histogram being in the negative range of A¢.

White bars in Figs. 5(d,) and 5(e,) show values of Fpp
(see Methods) for the sixteen synapses from proximal to dis-
lal cells before applying stimulation. The Epp values were
calculated from each of the sixteen relative spike timing his-
tograms and the STDP function [Fig. 3(f)]. They are all posi-
tive, indicating that all of the sixteen synaptic connections
from the proximal to the distal pyramidal cells are potenti-
ated (=C,,,) by radial-activity. On the other hand, the syn-
aptic connections in the opposite direction (from the distal to
the proximal cells) are depressed (= C;,)-

3 Hz burst stimulation

When SORA was stimulated by 5 Hz bursts and STDP
was frozen, pyramidal cells in SORA caused 5 Hz bursts of
discharges due to the stimulation, while cells in the surround-
ing region showed 7 He bursts of discharges spontaneously.
As a result, burst activity initiated more often in the sur-
rounding region than in SORA and propagated toward
SORA. The average relative spike timing histogram was
broadened and the peak shifted toward the center [Fig.
5(d;)]. This indicates thal the burst propagation from the
proximal to distal cells becomes less prominent. Most of the
Euy values (striped bars) thus became smaller than those
before stimulus onset (white bars), as shown in Fig. 5(d,),
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and some synapses showed negative Epp, values. Although
depression of C ;s does not occur because STDP is frozen,
the negative Epp values indicate that depression may occur
once STDP is resumed.

When STDP was resumed, the relative spike timing his-
togram was broadened further and became almost symmetric
by the 5 Hz burst stimulation, as shown in Figs. 5(d;;) and
5(d;,). The average Fpp value became smaller as shown in
Fig. 5(d,) (compare white and black bars at “‘ave™). These
reflect the distortion of radial activity. Figure 5(d,;) shows
the spatial pattern of C,, at 200 s. Some of the bars around
the stimulus site do not point in radial directions. showing
that radial ERC is distorted.

& Hz burst stimulation

When 8 Hz burst stimulation was applied, pyramidal cells
in SORA showed 8 [z bursts of discharges due to the stimu-
lation. Because 8 [z was higher than the spontaneous burst
frequency. propagation of burst discharges occurred more
frequently from SORA. The peak of the relative spike timing
histogram was always in the negative region of Ar [Figs.
5(e)—5(e;,)] and the average £p, value increased as shown
in Fig. 5(e,) {compare white and black bars at “ave™). This
indicates that propagation from SORA occurs more [re-
quently by the 8 Hz burst stimulation, and radial ERC is not
destroyed [Fig. 5(e.)].

Stimuli to different SORAs

The locations of self-organized radial-activities depend on
the initial conditions, such as initial membrane potentials of
pyramidal cells and intermeurons. Three different sets of ini-
tial membrane potentials for 256 pyramidal cells were pre-
pared by randomly choosing the initial membrane potential
for each pyramidal cell. As a result. two to three radial ac-
livities were organized at diflerent locations depending on
the initial conditions (not shown). Two of the major SORAs
were chosen as stimulus sites for each initial condition (a
total of six different SORAs was chosen). Each of the six
SORAs was stimulated first by 5 Hz burst. and then by 8 Hz
burst. Four pyramidal cells at each SORA were stimulated
simultaneously.

In this way. each of 5 and 8 Hz burst stimuli was applied
1o six difTerent sell-organized SORAs. Enhancement and dis-
tortion of radial ERC were measured by the value D, (see
Methods). The black arc in Fig. 5(b) shows the area in which
the value D4 is calculaled when four pyramidal cells in the
small square are stimulated. Upper and lower traces in Fig.
5(f) show average time courses of the six D, values when 8
and 5 Hz stumuli are applied respectively. Error bars indicate
standard deviations. The value ol D4 increases immediately
by 8 llz stimulation and decreases by 3 Hz stimulation.
Radial-ERC is therefore enhanced by 8 [z burst stimulation
and depressed by 5 Hz stimulation regardless of the location
of the self-organized radial activity.

We obtained the average of all Cps for all twelve simu-
lations [Fig. 5(g)]. Error bars that show standard deviations
are very small and almost impossible to see. The average C,
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is always constant. indicating that stimulation does not affect
the total amount of Cp,s under regulation by STDP.

D. Organization of radial activity by burst stimulation

8 Hz burst stimulation to a self-organized SORA pre-
served radial aclivity, while 53 Hz burst stimulation distorted
iL, as mentioned in the previous section. We next investigated
whether burst stimulation to a site in the non-SORA region
organized a new radial activity. The simulation protocol was
the same as in the previous section. but burst stimulation was
terminated at 200 s, as shown in Fig. 6(a), to investigate the
network activity after the termination of the stimulation.

Since initial conditions of the network are the same as in
Sec. 1 A, the spatial pattern of C,s in Fig. 6(b) is the same
as those in Fig. 3(a) and 5(b) before applying stimulation.
Figure 6(c) is the magnification of the area indicated by dot-
ted lines in Fig. 6(b); the central four neurons indicated by
shadowed squares are stimulated.

As spontaneous activity propagates from the two self-
organized SORAs 1o the surrounding rtegion, the activity
propagates [requently [rom right 1o le(t around the stimulus
site before applying stimulation [see Figs. 3(d) and 3(e¢)].
The relative spike timing histograms at the synapses from the
proximal cells to the distal cells 1-8 show a peak in the
positive range ol Az, while the histograms ol synapses [rom
proximal to other disial cells (9-16) show a peak in the
negative range (not shown), reflecting the propagation ap-
proximately from right to left. The average relative spike
timing histogram at sixteen synapses on the cells 1-16 there-
fore shows sharp peaks in both positive and negative ranges
of Ar as shown in Figs. 6(d;) and 6(¢;). However, neither of
the peaks dominates the histogram, and the histogram is al-
most symmetric. This means that the stimulus sile is neither
a strong source nor a sink of propagation belore applying
stimulation. Epp values of the synapses from the proximal
cells 1o the distal cells 1-8 are negative, while the synapses
from proximal to other distal cells (9-16) show positive Epp
values [white bars in Figs. 6(d,) and 6(e,)]. This depends
on the peaks of the relative spike liming histograms in the
pegative and positive Ar ranges (not shown). These values
indicate that synapses from the proximal to the distal cells
are potentiated in the left hand side of the stimulus site,
while those in the other side are depressed.

5 Hz burst stimulation

Figures 6(d;;)—6(d;,) are the average relative spike tim-
ing histograms during 5 [z burst stimulation. Neither of the
sharp peaks in the histograms grows and the shape of the
histograms remains almost the same. £pp value of each syn-
apse changes with time [striped, shadowed, and black bars in
Fig. 6(d,)] but the average £y, value is always small. This
indicates that the direction of the propagation around the
stimulus site changes occasionally during stimulation but ra-
dial activity from the stimulus site does not occur. This is
because the [requency of the spontaneous rhythmic activity
(about 7 Hyz) is higher than that of the burst stimulation (5
[lz). 3 11z burst stimulation does not organize a new radial
ERC [Fig. 6{d.)].
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8 Hz burst stimulation

Figures 6(e;;)—6(e;.) show the average relative spike tim-
ing histograms during 8 Hz stimulation. While the peak in
the positive range of As disappears with time, the peak in the
negative range grows [Fig. 6(e;;)]. The peak in the negative
range moves slightly to the negative side and becomes
sharper [Fig. 6(e;,)]; the histogram is no longer symmetric.
Epp values gradually increase and all of them become posi-
tive in the period of 190-200 s [black bars in Fig. 6(e,)].
This indicates that the propagation of the spontaneous bursts
from right to left around the stimulus site turns into a radial
activity from the stimulus site. As a result, a new radial ERC
is organized [Fig. 6(e,)]. Figure 6(ey;) shows the spa-
tiotemporal activity of the network about 2.5 s after quitting
stimulation. Figure 6(e,;) shows average directions of
propagation in the period of 200-205 s. Propagation of burst
aclivity from the new SORA 1o the swrounding region is
clearly seen.

Stimuli to different sites in the non-SORA region

We verified different elTects of 5 and 8 Hz burst stimula-
tion by applying 5 or 8 Hz stimulation to eight more different
sites in the non-SORA region (not shown). Initial conditions
were the same for all the cases. Organization of radial ERC
was measured by the value D, as in the previous section.
Upper and lower traces in Fig. 7(a) show average time
courses during 8 and 5 Hz stimulations. respectively. Error
bars indicate standard deviations. Before applying stimula-
tion, the average D4 value is lower than that in Fig. 5(f)
because we choose stimulus sites in the non-SORA region.
The D4 value starts increasing by 8 Hz stimulation and
takes about 100 s to reach the maximum. 5 llz stimulation,
on the other hand, decreased the D, value slowly. This
suggests thal the above different effects of 5 and 8 Hz burst
stimulation do not depend on the stimulus site in the non-
SORA region.

Radial-ERC fades away after the tetmination of the 8 Hz
burst stimulation. The D4 value, 10 s after the termination
of the stimulation, decreases to 80% of the value at 200 s
[Fig. 7(b)]. Average Cp, is constant. as in the previous sec-
tion. even after the termination of the stimulation [Fig. 7(c)].
This indicates that the total amount of Cpps 1s maintained
regardless of stimulation.

IV. DISCUSSION

We found that the frequency of spontaneous rhythmic ac-
tivity of the CA3 network model converged into a specific
frequency depending on the shape of the STDP function. We
also found that burst stimulation to a local site of the CA3
network model was able to organize a new radial ERC.
though the radial ERC decayed gradually after the stimula-
tion was terminated. This suggests thal memory traces may
be stored lor a while as radial aclivilies coexisting with spon-
taneous rhythmic activity. Moreover, we found that stimula-
tion whose [requency was higher than that of the spontane-
ous rhythm organized radial activity, while lower frequency
stimulation did not.
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FIG. 7. Degree of radial ERC and average C; as a function of
time. Non-SORA locations were stimulated. (a) Average D4 value
as a function of time. Upper and lower branches are the average
D4 values during 8 and 5 Hz burst stimulations, respectively. Each
branch shows the average taken over nine different stimulation
sites. 8 Hz stimulation organizes a new radial ERC while 5 Hz
stimulation does not, regardless of the stimulation site. (b) Average
D4 value as a function of time after stimulation was terminated.
Radial ERC is preserved for several seconds. (c) Average of Cps.
Average of all C;s over the network was obtained for each of
eighteen simulations (see text). The eighteen averages of Cyys were
then averaged. Error bars indicate standard deviations. Note that
standard deviations are very small because the average C, is kept
almost constant throughout the simulation in every case.

If memories are stored in CA3 by potentiated synaptic
conductances without depression of other synaptic conduc-
tances, CA3 would lose the stability of theta activity when
multiple memory patterns are stored. In fact, LTP caused by
tetanic stimulation leads CA3 to epileptic spontaneous activ-
ity [28]. The fact that memory sterage does not induce epi-
lepsy implies the existence ol a mechanism that regulates the
excitability of the network. Our results show that STDP is a
candidate for this regulation mechanism.

Regulation of neural activity is one of the most interesting
issues related to STDP. Using a single integrate-and-fire neu-
ron model, Song er al. have shown that the firing rate of the
neuron is regulated because the membrane potential of the
neuron is maintained near the firing threshold by STDP [23].
This leads the neuron 1o maintain sensitivity (o synaptic in-
put. Although regulation of neural activity ol a network
model has also been reported by other authors [25], mecha-
nisms of network activity regulation have not been under-
stood clearly. It is an interesting issue whether mechanisms
of activity regulation of a single neuron shown by Song er al.
[23] can be underlying mechanisms of activity regulation of
neural networks such as CA3, where multiple neurons are
recurrently connected.

Our results show that the STDP lunction with equal LTP
and LTD areas can regulate the frequency ol spontaneous
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activity. This is due to the existence of recurrent connections.
In our model. each pyramidal cell sends synaptic signals to
nearby cells and also receives synaptic signals from them
[Fig. 1(a)]. If relative spike timing a1 a synapse from pyra-
midal cell / to pyramidal cell j is Ar,;, then relative spike
timing at a synapse from cell j to cell / is —Ai;;. In this
way, discharges of cell i and cell j contribute to make the
total relative spike timing histogram symmetric as mentioned
above. The total relative spike timing histogram is actually
symmetric regardless of the activity of the network and the
shape of the STDP function [Fig. 4(b)]. Therefore, the STDP
function with equal LTP and LTD areas (7Ty,.=0ms) in-
duced the same amount of potentiated and depressed syn-
apses [Fig. 4(c;)].

Song ¢t al., on the other hand, have reported that the LTD
area of the STDP function has to surpass the LTP area to
cause a similar number of potentiated and depressed syn-
apses [23]. The major reason for this would be the lack of
recurrent connections in their model. Their model is a single
neuron with a number of afferent connections. In such a
model, synaptic connections from precells to one postcell
exist but the opposite synaptic connections do not exist. Dis-
charges of precells 7 and one posteell 7, therefore, contribute
to the total relative spike timing histogram only at Aty
Moreover, because discharges of the precells i contribute to
discharges of the one postsynaptic cell j, Ar; would be
negative more often. The total relative spike timing histo-
gram would then be asymmetric and distribute more in the
negative range of Ar. This indicates that if a STDP function
with equal LTP and LTD area [such as Fig. 4(a;)] is used,
the majority of synapses would be potentiated. In other
words, the STDP function with a larger LTD area would be
necessary to compensate the asymmetric relative spike tim-
ing in Song’s model.

Sustained post-stimulus activity has been observed in a
delay-nonmatch-to-sample paradigm in rats [29], suggesting
that stimulus dependent activity may be preserved in the
CA3 region of the real hippocampus in a short period of
time. The source of propagation was preserved for about 10
5 after the lermination of stimulation in our model [Fig.
7(b)]. Although this period of time is relatively short com-
pared to the period of time necessary to organize radial-
activity, this period of time might be enough to link current
information to subsequent information that will come into
CA3.

The relatively short duration of newly created radial ac-
tivities probably results from the network geometry. As men-
tioned above, edges of this network receive fewer synaptic
inputs than the other regions. Although the edge efTects were
reduced by modification of g, (see Methods), radial activi-
ties tended to be organized spontaneously near the edges.
These self-organized radial activities were difficult to destroy
completely. In lact, when a new radial ERC was organized
by burst stimulation as shown in Sec. 11D [Fig. 6(e,))]. a
self-organized radial ERC at the lower right corner still ex-
isted even though it was very small compared to the newly
organized radial ERC. When stimulation was terminated, this
small self-organized radial ERC started to grow and gradu-
ally destroyed the newly organized radial ERC. Con-
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taining only 2536 pyramidal cells, our network model is
smaller than the real CA3 region. Enlarging the network size
would reduce the edge effects, and newly organized radial
activities might last longer.
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APPENDIX A

Rate constants of ion gates and parameter values of the
CA3 pyramidal cell model are as follows:
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tn= = (ST IT A —T° P exp( P+ 24.0)8) =1
T ( —48— V"l _ 4
B AT P T ap= (337 7173)”
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+ 78} 0.05
0(}016exp( ——. B= =
18 1 +exp(—(54.9+ 1)/5)°
0 [(x—140)<0].
a =4 0.00002(x—140) [0=(x— 140)<500],
0.01 [500=(x— 140)],
B,=0.001,
exp((F+55)/11—(F+58.5)/27
L : 2D 15y,
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o | =88 5l )
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C=0.1 (uF). gu=10; ge=0.13,

8calowy=0.03, gxory=0.08, gia,=0.17. graun=0.07,
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V=350, ¥V, =75, Ve=—80, V =—65,
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Rate constants of ion gates and parameter values of the
interneuron model are as follows:
—0.6451.9+ V)

0.56(V+24.9)
&= - Ay 1 Bun=
exp(—(51.9+ V)i —1

exp((¥+24.9)/5)—1"
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_ 0.25 exp(—(64+ 1)/40)
me 0.65

C:=0“,LLF). gM=l.5, gKEDR)=0‘3‘ gL:OU?.(MS).

V<a=50,

X Vi=—80, V1 =—65(mV).

APPENDIX B
The parameter values in Eqgs. (6) and (7) are as follows:

Cpp="0.0015-0.005(depending on each synapse).
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Cp=0.02, C;p=0.01, Cyyn=0.05(s8).

Vop=Voi=Vsim=— 10, Viy=—70(mV),

PHYSICAL REVIEW E 69, 011910 (2004)

Tipp = Tiip = "_Hslim):?’v Tllpil= 1.

2ip) = T3stim) = 2 T’-'_(pil=0'5(m3)'
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