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1. IvH

MH& AR (PD) A& — R N ZE55 2B 1T i, BB 2 FHARFzs)

SR MR 2 Bk, 2B VA DR T 2R 0 350 R 22 B i R AR 22 a A T 1 32
Ko ZEBGEME A TE. AR R AT 8. 5ih—3%, kA AK
BE MBI BRI, FFENZ B Z & SEME uiEsl R ET 2 AR
b, CHRBELEMET (BG) . EMEIGESIKT E, £ PD H1, HHEK
(GPe) AR (STN) H I b BEHRY (15-30 Hz); Raz EA,
2000; Brown % A, 2001; Mallet 2§ A al., 2008; Tinkhauser et al., 2017) B4R
W% A 3G ni HH B (Tachibana et al., 2011; Nambu et al., 2015). Hi/x A 5256
RIETEH T GPe WHE (arkypallidal: GPe-TA F1JE7%: GPe-TD) 7EH)H BG
W IR IES T AR/EH (dela Crompe 28 N, 2020) . fEGUIRIET, ik
ZRIFLF AT (D2-SPN) 1] D2 B2 RS2 AR %38 n, 177 D1-SPN
(B 2 A (Mallet et al., 2006; Sharott et al., 2017) PD 2k, tAh, ER
D2-SPN {25 N15 2155, {H DI-SPN MU NZ1kES 1 (Parker 25N,
2016; Ketzef % N, 2017; Filipovic %A\, 2019) . ik BG iGsh g Ae
WRFEAN, R BG W “iB8E M7 KAETAMN. HIXRLEMEIFEAIRME PD
1 BG G B IIAT J sk a2 R RIHLHI R -

TEAT SRS HSRAT S WA, BG BCk B AR B E X B S

(Gage 2N, 2010) . Kk, THE BG ¥ NHI# A B2 250 N Wi N 40 4] 48

PD M FRAMAEF EE, EEBRET, BN KZREEEE BG Hith
IR ZH 2 o 51 R =M R CEFE RIS . s s s , B
FBR (GPi) B EFMREE (SNr; Chiken F1 Nambu, 2013 ££; Sano £\,

2013 4F; Ozaki SEN, 2017 4F) . ZAHWANE BG 7% 5 AT HEEAL T —
B/, SRR R ATEN B MM EZES (ALF 55, 1989; Jaeger
Kita, 2011) . #Rifj, SNr (Sano and Nambu, 2019) 8% GPi (Iwamuro et al., 2017)
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B 1.BG M&BREATEER, A-G, BG RF T H& A 4y 2 7T 6y Nt b 84089
TERME. H, BG RBLZHARNMRZGFEE R ). £ BG R&¥Y, KinwHE
BEREREMBLE MEHE, REAFARAS SRR MER, BXFXEAT BG 8K

Ji %45 P d N o

NTHERMNAIRE T BG BESIMNFIER, FAMEH T Lindahl 1
Kotaleski (2016) H & BG M5, FATRIM, HLEKHPE (Sano and Nambu,
2019) A1 BG HIRTHAAL (AL 46 etal, 1989) —%, fEEFEIRASTN, SNr &R
HH OG5 3T R B i N IR AR RAE N TE T E(R 2 RIS T, S BRIN
B, ERE LR RO S . SR, B SR SR AR SR (D2-SPN. H 2
GPe-TI. (DI1-SPN F1 GPe-TI!SNr) A1 STN) , B{F{EMLZ EORAS Tt Af
REl It RS =M. AR, FATKIL PD AR T BEAS m BA
(AR A I i+ (Bilfn DI1-SPN ISNr) A8k, &3 & BG A% A 1)
REMEANER, Bt GPe (GPe-TA $GPe-TI) LIz GPe 1 STN Z[i] (GPe
$STN). #: T3k, FAIEH, Eid¥ D2-SPN #| GPe (D2-SPN!GPe-TI) H)i%#E
WEBNEFAE, R CRRET, AT DU S 2RI TR /IR
RE&. Bk, D2-SPNIGPe-TI FA 7 Bk A e B ) e B ERR T . A2,
AHEIPERAR AT UL b P BRY (Kumar %5 A\, 2011; Mirzaei %5\,
2017) o WA UL, FEFRERIARARRERE b I BR T A B I 25 S ot B )
St
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N T AERA R RIS 22 703N 7752 B e ) 2 T HAS R B )14, A4
BG MZEHEH THRFREI#HZ o,  SOIRME D1 F1 D2 B2 B2 4k
FIEZRMLTT (DI-SPN Al D2-SPN) . Hidigeigrh e ff£ o5 (FSD Al
STN #£ o 28 F B A 5T S 1 Al AR E MR -2 A - K&t (LIF) B
SCHL . R V) B ERES) 3 R R 1 B

dv(t)*

O A V() — Vigg

Jd = P7(), (1)

Hrh xe {DI-SPN. D2-SPN. FSI #1 STN}. %R 1 &1, C* G*\ Vies
SARERES . IRESMESEM. X Vi BRBEEA Ve B, 251K
— AR, FHH VO REEEN Vi, FEMNEN ter=2ms. Iy(t) XHHZITT
BRI S S N BT (S 1, TR T SR
B .

DI1-SPN. D2-SPN. FSI 1 STN WS HE Al SAER 3. 4. 5. 8
i

GPe-TA. GPe-TI 1 SNr #& T B N FREUEN (AJEX) B LIF
FHZE TG, DAFH IR M AR A0 N 9 06 i 75 3 MR TSR 1 S 7B (Nakanishii et all.,
1987; Cooper and Stanford, 2000 F; MiE#AREN, 2010 F) . XL IR
BB B 1258 UM

MO e
C dt =-G [V( o Vrest
oW =a(V(" —VE_ ) —w¥

rest

Vi vy I
A W),

|+G*Arexp(
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Hr x€ {GPe-TA, GPe-TL, SNr}. fEE 2 11, VARG E, AR
RRERT, 1 SENALE w R EEL, afEhliEaym. fe%X 2, 4
V¥ IE ISR AN, KRR, JFH VIO wr R B E N Viests W'
b, H b FRIRISE MR E R, IY(t) S TR 1 B S i N R AT
B (BIE 1, TSI SRR .

GPe-TA. GPe-TI Ml SNr #Z&TLHISH D HIER 6. 7. 9 HLHH.

R A U VL R A BAE T ), —B&AZHW, (A
AT 2518 (Prinz 28 N\, 2004; Marder A1 Taylor, 2011; Sahasranamam
BN, 2016) o fEXH, FRATEFAEHEAER, DUEIRATAT AL 7503 M 2%
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A LS (R AR SR LG NV 2 AN R R A O R G R (e b, X
B BAVERX B .

W Early Excitation ( EE) W Early-Late Excitation (EE-LE)
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B 2.SNr "SRG EIE. A, RAALKE SNr ¥4 F 69718 =48 R AE X 89 T
BR (BRERETTRL) o ZAAREOETIHAL (EE) . FHpH (ED . il
& (LE) A= #adp4] (LI) . B, SNr #s4aHKBiA a2 Xy +~&E tEF4£ PD
FHTABNGKEL) o €W EE. LEA LI AR, K-FHEAFFRE XS E TR EAT-F

¥ (Aak) ReFEfe 95% HRER N,
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T EH S SHORMIEREMZ T, BMENRIRIEESAE R AR 4

T R 2 JG it — AN B I ZEIR f5 5 K — DN R BUE I S B, SR
AR A FR a0

s b ep L= Tom))

g)s(yn (t) = 0 Tsyn Tsyn
0, fort<0

,fort > O‘ @3)
H:r syn € {exc, inh} I xEDI1-SPN; D2-SPN; FSI; GPe-TA; GPe-TI;
STN; SNro fEZER 3 1, Fan 2B FBESIIEME, v % & RAMI A7 2.
ML B T R A 2 T R RS, W s

Ps(yn(t) - g)s(yn(t)[vx(t) - Vr)'(ev]' (4)

Hrp Ve 2 RRR AR TR M ) S A x € { D1 SPN; D2 SPN;
FSI; GPe TA; GPeTI; STN; SNrg}. i RMSEARL 2 PiaE.

2.3. BG M4

BG 1 RK K LeiRA. STN. GPe. SNr Al GPi MG i sh4 4 i)
Wit (EPN) 4HRk (B 1) . BSR GPi Ml SNr /& BG Mfiii%, {HAEIX I
TAEH, FATAKE SNr #E3h. N T4 BG, FAIKA T Lindahl
Kotaleski (2016) Z Bj A AT HIAEAL . SR1fT, SiZMEAIANH (Lindahl Al
Kotaleski, 2016) , fEXH, FATEES/ NSRRI (D1-SPN. D2-
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T AT RN 7 V538 A4
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B 3.GPe-TA. GPe-TI. STN #= SNr P& MIFEKR L. BN (WIT) 45 50%

ty sk STN AP, AR ELRHK K Ak R (M47) AXB PR, 12
2, BNZRBGETANE T AR RERE T, FR AT A4 E, A, EFHALT

GPe-TA. GPe-TI. STN #= SNr ¥ FrA4v% L éy-F35 PSTH (100 kxiX%) . B, & PD
AT, GPe-TA. GPe-TI. STN #= SNr ¥ B A #v4 T e9-F3 PSTH (100 KiX
%) o C, &£ PD =M &M T, GPe-TA. GPe-TI. STN #= SNr W Ff A #¥ & L4y -F 3

PSTH (100 kiX%) » Z & 2AXNKERNRTIE. HBNHARSBEIRGRE, AT
WP Ay Gl R A TAYE AR STN RlikeBisrar, X2, Oms &RTREF45.

St TR E AL, EHHA LY EHIER 3-1.
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N TR Z B R, AR T Lindahl 1 Kotaleski (2016) K H 1
k. ZERAERT SPNL FSI. STN. GPe Al SNr #1421 K H 5 fi 325 1) 5 1
AT SR AL (EL). RIERME (Vth) MOl g S SH0E T . fi
AT 0 (PD &) M 1 (H2ERE) Z IS 2 B AT 2.
IEFERASBESEERA 0.8. KA G2 0 A S MR P (1 B2 MK 7E J5 8235 43

.
Table 1: Network and connection parameters (Bahuguna et al., 2015; Lindahl and Kotaleski, 2016)
Name Value Description
J— 6539 Network size
NO1LSPN 2000 Size of D1-SPN population
NIZSPN 2000 Size of D2-SPN population
NS ok 80 Size of FS| population
N e 388 Size of STN population
NGEe TA 329 Size of GPe-TA population
NeFe T 988 Size of GPe-Tl population
NED 754 Size of SNr population
K51-50n 364 Number of D1-SPN connections on each D1-SPN
KEA-80 84 Number of D1-SPN connections on each D2-SPN
KDz s 392 Number of D2-SPN connections on each D1-SPN
K52 Son 504 Number of D2-SPN connections on each D2-SPN
K5 oo 16 Number of FSI connections on each D1-SPN neuron
K5 oo 11 Number of FSI connections on each D2-SPN neuron
KSvesIn 10 Number of GPe-TA connections on each D1-SPN neuron
KEPe I 10 Number of GPe-TA connections on each D2-SPN neuron
KE 10 Number of FSI connections on each FSI neuron
KEEe-TA 10 Number of GPe-TA connections on each FSI neuron
KEEe-T 10 Number of GPe-Tl connections on each FSI neuron
K& ™ 32 Number of GPe connections on each SNr neuron
Ky, 5N 500 Number of D1-SPN connections on each SNr neuron
KN 30 Number of STN connections on each SNr neuron
K22, 50 500 Number of D2-SPN connections on each GPe-Tl neuron
K3 4 30 Number of STN connections on each GPe-TA neuron
K 5 30 Number of STN connections on each GPe-Tl neuron
KSheIa 5 Number of GPe-TA reciprocal connections
KEEe-In 5 Number of GPe-TA connections on each GPe-Tl neuron
KgEe-1, 25 Number of GPe-Tl connections on each GPe-TA neuron
KSee- 1 25 Number of GPe-Tl reciprocal connections
Kgne ™ 30 Number of GPe-Tl connections on each STN neuron

2.5 £ ERESTHETTREE KR

7& D1-SPNs ™', D1 A2 EUIg 32 A s AN i 36 in /e py ) 3295 (KIR)
LI ST HH B A RN, T LI 175 5 0 i S S LA 1) AL BB (Gruber et all,
2003)o FRATIE T 2 AR 2 06 [ 4 R B SIS FELAS SRR P A DTR -

VOISV — yDI-SPN(14 B, o)
ED1SPN — EP1SPN(1+ B, &)

ZHB v M B e (LK 3) 2T Humphries £ NIEER (2009 )
F IR Planert 55 \(2013) #iN 2 ERRE T D2-SPN XA, 7EKZ B
RET, RMERHEMNEEAEES .  Fk, %M Lindahl 1 Kotaleski
(2016) {EIZAERIA LS H HEEE, FRATH 20 T 2 EAE D2-SPN FIm . 4Rk
1M, AT MRRIX AR & B BATIIEE 5, FRATERL T 2 EfZ 51 r D2-
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Table 2: Synaptic weight and delay parameters in healthy condition

Weight Values (nS) Delay Values (ms)
o 0.15 (Lindanl and Kotaleski, 2016) ADLShn 1.7
g2y 0.375 (Lindahl and Kotaleski, 2016) AZY S 1.7
oSN 0.45 (Lindahl and Kotaleski, 2016) AT SN 1.7
92N 0.35 (Lindahl and Kotaleski, 2016) A3 S 1.7
I o 2.6 (Bahuguna et al., 2015) AT coni 1.7
& on 2.6 (Bahuguna st al,, 2015) A5 sen 1.7
oo T 0.02 AT 7
g 0.04 AP 7
o= 0.4 A 17
g™ 0.25 Az 7
g 1 Az 7
geT 52.5 gy’ 8
gg]lﬂ PN 15 AQJWSFW 7
oS 4.78 A 4
GRS 1.08 N 7
o 1 02¢ g :
g m 0175 AR 2
9T 0.11 AR 1
oo T 13 AgrH 1
gee 1, 0.35 Agre Ta 1
g T 1.3 AT 1
geee ™ 0.3 am " 1

FAT@EL IR FSI WFR S A RE @ D1 M2 RBEEXRT FSI 55T
22 B % fie 2 A AL R
EFS =E[¥(1+Bg ¢).

HeBe (WFE 5 MR EMHHEE ERIKFH ELFST s £ KT
& 5mV (Bracci &N\, 2002) .

X GPe #£750 (TA 1 TD 2 ELRZRE LA ACAE F R I B R Ak 505 1)
WERRI 1 (HCN) JEiER B (Chan 25N, 2011) , XIEA ESHHL
TLERES AT AR . T AR AR, FRATLL TR F 5 i T GPe M4 T
(1 5 SRS LA

E™ —EF°(1+Bg ¢).

Hrf, Be (R 9) MIBUEMEAERE BHOKF T RE S BA L 2
E KT FHMER 5 mV.

2.6 % BN RAAE KN

2 UG58 74 D1-SPN R Jln#258t, HI55 74 D2-SPN ) 52 Joit #5 45
(Herndndez-Echeagaray %5 A\, 2004) . SPN 2 [8][1) 9 fiuom B Al e 2 E 40
EREREME FREW AR T 2 B (Taverna 45, 2008) . dh4h, FEIRIE,
Z B FE AT 5R FSI-FSI 2 /6] GABA AEZfiA5RE (Bracei %%, 2002) 3f



Bhn FSI AT D2-SPN 2 [a] &R (Gittis 2%, 2011) , {HAZ DI-SPN,
7E GPe ', Z MR | GPe GPe (Miguelez et al., 2012) 1 GPe FSI %
$% (Bracci et al., 2002). bz 4, CilEE5E T GPe-TA SPN Zfilt (Glajch et
al., 2016).
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= i RS R R O 20.00 3 L as L 100.00
- : H H -
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Cc D
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B 4. KRB % EkAKF (0.0-1) 3 SNr iSRRG R, A, &£ PD sAEHT R
B % iz K- Feme Ao B WA KR40 E e T, B, PD-WAEEHT AR % Oz
K- 8 Bk 25 vl B9 WA KR AL nE I @ AR (@AR/eFE) @9 %4k, C,Sameas A {24 PD =
M &EHTo. D, SameasB 124 PD Z A& T, ##: 3 T&4 EE = LE E3ay T %
wHRE, %HT PD SUMKRAET S EKAKF 00, 02 F= 04 3t 694550 18] Fo i £2/0F
Bl AXBEFILT, ERETNXLERNE B, BHEFEAKIREHFTAMNEKLK
(EE #= LE) « ND &7t 2 & HARKANEZ KB (5 LmHFg &k, #H#ES
) o

Z O AR k> D2 2 B0E KIG 3% D2-SPN Xf GPe #H1&TuHIX
% (Chuhma %%, 2011) . [F#E, 2 EREIKERFFEKE T STN GPe K fil
(Hernandez 55 A, 2006 ) FHHILHMTTHEI GPe-TI STN Zfih o 1 5 fis Ty 2
(Baufreton 1 Bevan, 2008 ) . Galvan 1 Wichmann (2008) PL& Chu
HEN. (2017) R, HTZEREHIL, cortico-STN f&#il/>, {HJ&, Shen
A1 Johnson (2000) ZEWNAENLZ /KT TNk cortico-STN  ZR il A1 5%
cortico-STN-SNr I i (11 97 4. S I8 4 (Kita A1 Kita, 2011 4F; Sano Al
Nambu, 2019 4F; Chiken 2 A, 2021 4F; Wahyu 5N\, 2021 4F) B4R
Ut, PD Z5A4 T WA v 2 PR S S I0A [X i BT A2 W] LU R 7 31 Boue o T REIRAS
XA HEAE H TIN5 cortico-STN A RHKE STN SNr Zfih 4 1 AN A% i id it 93 55
cortico-STN Zfl{H#E il STN F| SNr MM E., HTZEZ/A DI Ml D2 ¥



EE SRR BIER, B Rt Add STN-SNr EPSC (Ibdfiez-Sandoval
BN, 2006) , HAETHANGE R Z CRHEFE A 20 A [F ) PD IRZ (Lindahl
1 Kotaleski, 2016 ) o [Fth, 7EFRATMBAH, FRATEA SURIKZ EEIR
AT STN SNr b )5R s, Fiid 5§ hn % fi 55 B KA 2 T HE v 51 S 1) B2
Ji-STN Zfh481k (Holgado %5 A\, 2010; Lindahl 1 Kotaleski, 2016 ) . 5
—J71H, EEZEMET, DI-SPN | SNr (FEHREZMK (Chuhma %,
2011) , [k, M DI1-SPN #| SNr [f] IGABA #f & #5 DL AR [H 1B It -
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B 5. RARISGREST BG AR MR rh, AT TR ER#RRE, AMNKET
B R BN SRR A STN FPZE69LBIAR 10% 2] 100%. A, E% (&) #= PD
RE (BBE) T SNr ¢9-FHBEA s e (100 KXE) o B& (BF) MAERT TR
ABED (BKR) K. #iEE, &£ PD &84T, PEARBHEEHALLEIRY
RERETHAMGRE, B, EFRETHRARMEONMNRGHEFBTL, C. EFRKRS
TS WA RSS2t @i (@fR/etE) 9%k, D, 5 B AR, {24 W& L=
ek o B PD k&, B, 5 C AR, 125 B U =4avhmrh g ite) PD K&, &
ﬁ“”**%/ﬁ@¢%%&M£éﬁmﬂﬁa%E&

2.7 AhEREIN

FERATHI R 28GR, BT #h 2 TO AR AR W B AN G I X A5 1% Poisson
BB A RGN Y T IR A TTHI R R R . X T AU, i
NS N T R R N . X T STN, AR T ZEHN . % GPe
A SNr #2270, M TTRERT N T WIRTEESIECR B BG AR ) HAt A o

25 E R R A TR B A R S 8 E A B AN [F S B, A2
IEHA PD A T IAE M A, DR A R LR Z (FR) 5 R
KBRBARN LR —3. Flin, fEIEF %M T DI-SPN Al D2-SPN [[0.01, 2.0]
(Miller et al., 2008; Lindahl and Kotaleski, 2016), FSI [[10, 20] ( Gage et al., 2010).



STN [ [10, 13] (Fujimoto and Kita, 1993; Paz et al., 2005) F1 SNr [20, 35] (Kita and
Kita, 2011; Benhamou and Cohen, 2014) . GPe-TA (11.8 6 1.1 Hz) 1 GPe-TI (24.2
6 0.7 Hz) WIFEZETEBNY Mallet 6 ANRSCIREHE—8. (2008 4F. 2012
) o [ARE, 1 PD KT, WRMBEARSE (B Hz Jy8A0) Wi bise
I, D1-SPN [ [0.1, 0.5]« D2-SPN [ [1,2]. GPe-TA[[12, 16] (de la Crompe et al.,
2020), GPe-TI [ [17, 20] (de la Crompe et al., 2020), A1 STN [ [26, 29] (de la
Crompe et al., ., 2020). XfF SNr, Sano 1 Nambu (2019) FFR{E PD K41
SEREECR R BEAR; AR, A A (Ruskin 28N, 2002; Kita Al Kita, 2011;
Wahyu 55N, 2021) %AMES] PD REMBAEFALN. ST, FAIRE
SNr HJFERHTHCHE 5 RS A

N T RAERIN KRN SNr B E To RS FE M, JATTHTAE 2 T4
T AU 1 A TE AR SR P 21 (0 R B R BOR) SO AR A STN e (& 3, b
KD o SR AIHE N ECE TR TR 2 O B

NI AT NEST H A A _-iaks AR R @B (Gewaltig
Al Diesmann, 2007 ) o PROgleaS RIS AR Dy £E R I Ta] R SR VA FA SR 16 571
%, FRATAT DL SRR AU B A2 AR ) EPSP R 2 R A% i i A\ ) o
[Eo dehh, EAERATRES AT 5 2 BRI GRE (W B3, 28K
X RAMBLE BRI, 2 L AT s R A D o FEIEHR PD 2644 Rl
2 AR N

Table 3: D1-SPN neuron parameters (leaky integrate and fire model)

Name Value Description

V_reset 87.2 mV (Gertler et al., 2008) Reset value for v_m after spike

V_th 45mV (Bahuguna et al., 2015) Spike threshold

tau_syn_ex 0.3 ms (Bahuguna et al., 2015) Rise time of excitatory synaptic conductance
tau_syn_in 2 ms (Bahuguna et al., 2015) Rise time of inhibitory synaptic conductance

EL 87.2mv Leak reversal potential

Be 0.05 Magnitude of dopamine effect on resting potential
E_ex omv Excitatory reversal potential

E_ in 64 mV Inhibitory reversal potential

I_e 128 pA Constant input current

C_m 192 pF (Gertler et al., 2008) Membrane capacitance

gl 8.04 nS (Gertler et al., 2008) Leak conductance

By, 0.205 Magnitude of dopamine effect on threshold potential
t_ref 2ms Duration of refractory period

2.8 RATBEAE Lindahl 1 Kotaleski (2016) FIBLEY 2 8] 1) 3= 2 X )

X B, FRATLL Lindahl A1 Kotaleski (2016) FURAEIAIERE, HZ, A
XA TORI R AR R FEAT T — ST, T T HLE BG TS & u s
o BATTAEMFEE SEVT BG T W N HFIZ B g M. [k,
RO REPHRAR Y ) R e MR BB, S5 ATIIBEALUA A (Lindahl F1 Kotaleski,
2016) , SUIRMRFN STN #HETUHEBONE I LIF M40, WA TR
TN, I H TR R AR EAS, MBS IEIRATR S Brgee s
FE, XPP R ERATT A OB 45 SV Bk sgn . 80R1E SPN BUR P 7 s BMIG



RGFFRT, RECMNEHEZNRN . A2 Lindahl A (2013) il
FIRFER 75,000 HHEETORTSURAAT @5 . U S0 L 40, FRATAT B
fE 4000 MFHZETLH 28 AR 2 R DiE s . (R, RATTIERD T 80k
PEMETORERII RN ik, AT 7 S s A1 — Beph 2 o B 24, d
73 GPe A1 GPi/SNr #£ P35 fifi N5 Lindahl fl Kotaleski (2016) fff
IR A [E]) . XAfAR T 1% 5 Lindahl A1 Kotaleski (2016) %% H A5 AH
FEh AR e, N THERZMHBRESWE, RITEERT B ME (0
£ 10D o B 7 IXEAL, FRATIEBLIL 2 B 1 2 0 A0 SR fil 2 50 5 M ) 25 1))
FAEZHAL,

2.9 HEFRIRME

50 HAR AN, ERATBIBEA T, BTE s 2 o A8 LURE AL AR e R it 2 4 L
e 87 o 3K A (R R 12 A5 8 70 1 22 T AN SR b e 1 77 T A R i P o DRSPS (1] J5it A
B3 B AR B A T AR I 5 e L %% P AH AR AR L, Ak, RS
H, BTA RAEEEASK . BRATERE Lindahl 25N, (2013) #&H, 2% STN
2R, SAR ) R AT SRS T A OV AR BB, SR, IR AN RA AR AT
FAFTERE, AR BER AR b, JRIRATFTR, &AL
6 UE 38 2% B R U AT S =AM SR TR . A, ST BN A I TR B L
100 ms, FLHIZIASMIREIALE b BB AT REANGE . FARKIEE SN /1 # T R b
B BUR R R, (HE/ADFEIXIT T, AT X B SR -

WATAHE T 2 ML, BG MBS M REFLRES DA
AP BEEE AR . X FP R NG T o FRATTEA I O A 22 O RN S i R
KA 2 B D2-SPN HIs2ia . AR, FRAT@EEHIMHESE PD %14
T IELRIE AR M AT XA AR . HE Tk, BATRXS FSI @47 7&K, M2
WG T AR M Tt ERIEGE, AR BUE AR VR4 R F S AT T
AL (Hjorth 5N, 2020 ) o fEARKMWIICH, W e HZ N4 i fk
WRAHEAT BG A, e, FRATBEEA s @ 2R BG i =5
AR, TENREAS T4 N @ M 5 e 2 0 2 18] (9 25 (R B B k.

2.10 BRI T A

B A5 B35 16 FHASEALL 2% NEST 2.20 (Jordan et al., 2019) #H4T. Bt )5
¥ Runga-Kutta 7753785, BFEEZEKSN 0.1 ms.
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GitHub EHEME T4 BG ML HIAAS: https:/github.com/arvkumar/Basal-
Ganglia-Transient-Response. Readme. txt SCHFHE(E 7B TACRS A BB . 1)
ARG ZH Python3.0 w51, % NEST2.20 (Jordanetal., 2019) A fgia
17 o AV WA Y R B s SRR A .
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B 6.6 AAIEEZENRABRETLGR R, &A1ZET DI-SPN SNr (D1-SNr). D2-SPN
GPe-TI (D2-TI). GPe-TA GPe-TI (TA-TI). GPe-TI GPe-TA (TI-TA) #97% &, STN GPe-TI
(STN-TI) #= GPe-TI STN (TI-STN) A EMIAEEFHA T A ZM, RN AT KW E8E
BEMA vim ZEA mv (AXEEREE, wHhAAMBATE) o 50% #9sikikd STN
ABELT RN AF, MAZREREZI G 3 ML) ) (3 ME) , @
AR B0 H L0 1] A IMEA B B E RS . AN K IR A9 # 520 18] AR 2 T i 48 2 K 3%
BYIEF KT E LR (ReF) #iT/REKR. G-L, 5@tk A-F ¥eiR, f2xT
WARBR T HE—ANEBmT, EarRe@iR. LI: ®wAAdE, LE: %A%k, El:
FHdpdl, BE: FHMAK: $: ARME, M, OARBBFLEEIEL CV R SRR
HEGHE K AF HH) o CV AR SERAH T EEN TN FRE BT LN
BRTWH G&m/Y) « N, 5@tk M 4FE, 128 {z0t08 6@ FR,

2.12 IR

BERS I 7 Hr

N7 B ARSI S, RATHEAT T 100 GRS IFIdsR T 1200 =
TR R OGRS BRI GRS BIFFGEI TRAE 700 2] 900 Zfb2
IIBEHLIE RS EVER, RIS IERRAE 700 2] 900 ms Z 7], LLEFFLEMBMITLG
I ELIAERR RS . N T T RRBRRT RO SNr ISR, E R RIS R
WS Z AT G %2 T SNr A TUHIME ORI, FISE JEe € X T



A350-mswindow K/, PAMEEANRIG RIS N . Ak, FRAMERH 1 1505 5y
100 ZFFHRIFHSE 250 2 RIREE D . EESEF T HRBAET+, 35
ROFRIEN 0.

Table 4: D2-SPN neuron parameters (leaky integrate and fire model)

Name Value Description

V_reset 85.4mV (Gertler et al., 2008) Reset value for v_m after spike

V_th 45 mV (Bahuguna et al., 2015) Spike threshold

tau_syn_ex 0.3 ms (Bahuguna et al., 2015) Rise time of excitatory synaptic conductance
tau_syn_in 2ms (Bahuguna et al., 2015) Rise time of inhibitory synaptic conductance
EL 85.4mV Leak reversal potential

E ex omv Excitatory reversal potential

E_in 64 mv Inhibitory reversal potential

le 0pA Constant input current

C_m 157 pF (Gertler et al., 2008) Membrane capacitance

g_L 6.46 nS (Gertler et al., 2008) Leak conductance

t_ref 2ms Duration of refractory period

Table 5: FSI neuron parameters (leaky integrate and fire model)

Name Value Description

V_reset 65 mV (Klaus et al., 2011) Reset value for v_m after spike

V_th 54 mV (Bahuguna et al., 2015) Spike threshold

tau_syn_ex 0.3 ms (Bahuguna et al., 2015) Rise time of excitatory synaptic conductance
tau_syn_in 2ms (Bahugunaet al., 2015) Rise time of inhibitory synaptic conductance
EL 65mV Leak reversal potential

E ex omv Excitatory reversal potential

E_in 76 mV Inhibitory reversal potential

l_e OpA Constant input current

C_m 700pF (Klaus et al., 2011) Membrane capacitance

g_L 16.67 nS (Russo et al., 2013) Leak conductance

Be 0.078 (Lindahl and Kotaleski, ;20186) Magnitude of dopamine effect on resting potential
t_ref 2ms Duration of refractory period

BT peristimulus B8] B J7 & (PSTH) PEASMR, X EEANRI0 04
H 1-ms FIEAE. ARIEHE S ITAART 100 ZFPEFLEN R PSTH 0¥ 19°F-%
A SD THEFEL A TLIE S .

X A e I S B0 & 1 E A B 3R B SE B B TUAN AR B ORE
w2 foR) o SR, AR, AESCERA I RR S AR = AR B, AEIX
B, NTHr SNr fEIEH A PD 254 T IR L, AR R S 22 (1 AR AR
PSTH 43 AP XEL (LK 2) o XEXEEFEHRANMEX (EE A LE 77
R AR AP X (EL M LD o WS R B g m T EUL T3
2 (p, 0.05, HJE Z 5 BUHRZE/DRELE, WA, RIS e
WD 43 IRRIE A DS BN HI AN E SRR T B (2 ZF#P; Sano 25N, 2013
B o BAXKIBPEEHINERNE A OB RN [FRE, S
AN TE Y IS SR T S MK, ZIX Il g R (Rl g i e e s — A
o B E VAP . M —ANFERIER G — MR (BB S RS2
) DA A A B AN DX S PRI RF SR I ) o 45 5 DX 35 PR A P o S5 S R DR 2 X S P T
FURNGR R, 77 R S IR (] PRI TR CTEIAS/BSF [A)) 3R 1% DX ek P ~F- 35 5

L, BATAWEAXIRE) PSTH FHEELL NRHE: AR (L), RreLmsiE
(D). FoRZXIEERE L0 A (A). T%ME (Hm) A1 bin &K SD (Hs).
tbAh, BATENE | XS ERERE (Hp) .



/)5, Fi(i€{EE,ELLE, Ll}) =& —/A4im&E ({L,D, A, H.; Hs, Hp})o
NANE MRS N IR XA Fis (FrA U X B o filn, @ik
8 )Rk R EE N PD RS BIE IR R M 2% . X ET] DLIFR N
TestNetworks. {5 R L A3 20 25 B i BX R TestNetwork 5 7E{f# HE 261
FPD S5 VRS (1 I 28 2 1] (R AR ALL =

[ 24

DistfEF \/Z (F" (REF) — F"(TestNetwork)) i _

(whereREF — {nok;r;val. PD)
(5)

TS FIRFHIEEIER A PD &M TSR, FET SNr &0
(R }}\zﬁ%/\ SNr & ulF, MALEREE—E G4 LMEIT (NS%) K&
IRMEELE R . IXEE SNr HER TG AR S MLAE 2 RS FHE T P38 (FE AR
H1 0S=100) , RJEHREBPYADIREIFFE.  NS% VA ) 260 R A O 221
Ak, I HHEAT T REMEME (0S). XKLL LA T34 Fid EE. EL
LE Al LI XIRFEMFERFEEM SD. fEIXHE, BATHEET 0S=100
NS =50%.

Table 6: GPe-TA neuron parameters (Lindahl and Kotaleski, 2016; adaptive exponential integrate and fire model)

Name Value Description

a 2.5n8 Subthresholded adaption

b 105 pA Spike triggered adaption

Be 0.181 Magnitude of dopamine effect on resting potential
Ar 2.556ms Slope factor

tau_w 20ms Adaption time constant

V_reset 60 mvV Reset value for v_m after spike

V_th 54.7mV Spike initiation threshold

tau_syn_ex 1ms Rise time of excitatory synaptic conductance
tau_syn_in 5.5ms Rise time of inhibitory synaptic conductance
E L 55.1mv Leak reversal potential

E_ex 0omv Excitatory reversal potential

E in 65 mV Inhibitory reversal potential

I_e 1pA Constant input current

C_m 60 pF Membrane capacitance

gL 1nS Leak conductance

t_ref 2ms Duration of refractory period

ESZI AT (Ozaki et al., 2017; Sano and Nambu, 2019) , 7EfBEIRZS

T, RS SRR AR IR R A e BRI 4y =ANX 3 EE. EL Al LE. Rk 2
JERFA T, SEIR WS 2 (1) 0URH S B A 2R DA R = AN X33 B A 7 4 X 302 ok
(EE. EI F1 LE; Sano A1 Nambu, 2019; Wahyu %5 A, 2021) . SZI6¥dE
R, fEIEHM PD 44 F, LE 254 LI X (Kita f1 Kita, 2011)
I, X BERATE ST T R R AR FORE N BRSms. (E 24D
b, REBRMCEE ST WA, ARG HFR Ry = A0 5, DL SOk
HAE AR TE DR — 3. EFRATIEEA A, £ PD 25 T LS 21 1 XURH i
(Kl 2B) 1 EE M1 LE ZHRL, MkAMESR EI X. &ATH EE A LE X1
HIFE—E, LA PD XUR W B O HRRAE



Table 7: GPe-Tl neuron parameters (Lindahl and Kotaleski, 2016; adaptive exponential integrate and fire model)

Name Value Description

a 2.5nS Subthresholded adaption

b 70 pA Spike triggered adaption

Be 0.181 Magnitude of dopamine effect on resting potential
Ar 1.7ms Slope factor

tau_w 20ms Adaption time constant

V_reset 60 mv Reset value for v_m after spike

V_th 54.7mV Spike initiation threshold

tau_syn_ex 4.8ms Rise time of excitatory synaptic conductance
tau_syn_in 1ms Rise time of inhibitory synaptic conductance
EL 55.1mv Leak reversal potential

E_ex 0OmV Excitatory reversal potential

E_in 65 mV Inhibitory reversal potential

I_e 12 pA Constant external input current

C_m 40 pF Membrane capacitance

g L 1nS Leak conductance

t_ref 2ms Duration of refractory period
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B 7.D1-SPN=SNr (D1-SNr). D2-SPN=GPe-TI (D2-TI). STN=GPe-TI (STN-TI loop) #=
GPe-TA = GPe-TI 89 R Ak TR 5 R 5 AR B 0, 50% #9sikikd= STN 4%
GRS TR EM N A, APt EFe PD KA 69 MK M 2% £ 409 KORAF (A ey bk, &
X, MK ARG A—A PD W% AU A =4aR) , H+ D2-SPN &9 R fiAX
¥ GPe-TI IR £ 8| L4 A (M B4, D2-TD) . MEKIUBHIEAETAHELER (A
%@ 2R) . LEE DEE AEE HEEM . HEEs o HEE A7)k < EE RKIRAER, HZatia,
AR, FAm-FHME. 445 SD Aeid R KA (B ABERE, FAEMFT X, KES
A7) o LFI, DEL APl HEM;  HE o HE iy %R Bl REGHAKHA, F8etmE, @
A%, bin FHE T, bin HEM SD = bin & AR IME, LLE, DLE, ALE HLEm,
HYs Fo HYE L 251 % T LE RBAGER, HEeFE, @A, bin &EK-FHE, bin &
B SD A= bin &AMk K{E. LY. DM, AU, HMm; HUYs fo HY,, 2A1%& T LI X
BAgEiR | FEetE, B, AS-FHME. 45 SD RS, BhE A MR, 2R
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HOEE., oA THERGENRKEFNRREEHRESZAGES (AKX 5 7
H), madfkT PD Mg ENREFMRARLEHRESZAGES, £XZ, MRER
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BG MR AR (Albin et al., 1989) T, 4il¥i%E S 1% shE B HE
e BEAEMAALREN, WS ZREE 73 SNr I =M R, @1t
Sk, FEMETT, BAOEBBRET, WSSERANRIH =M. 8T,
FEAR AN 2 A /RIS LT, AH 2 — 80 & e e AR A 25 1 =40 e
AR (Kita 1 Kita, 2011; Sano A1 Nambu, 2019; Chiken Z£ A\, 2021;
Wahyu 55N ,2021) & BG WM B EMEEHBE-R. NT T
HOUIRARFT STN 52 21 I IS LIS AN [5] (R 22 o A0 Y 2 Z 5 2238 SNr- %
H, FAVE 7 E RIEMZICH BG MGRIBUEARL, EiZHEAH, IR
G T 2 EEOKE, AT BG H AR B 15 AT s i g A0 PD
FAT TR NV ETER . X E, AT 2 EloK-FREN 0.8 1 0.0, BUK
B3 | B E AT PD 254 (Lindahl #1 Kotaleski, 2016) .
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5. (Sano A Nambu, 2019; Wahyu %5, 2021) . ERAIFEERF, KT LE
PD M R =R ( 3C) , B TEZ BRI SEZ 48, BATE
B AN . R, FATTE> T D2-SPN GPe-TI, #5117 DI1-SPN
SNr, Jf9#/> T GPe-TISTN & (BEZWE 100 . HEE, REMKSH
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Table 8: STN neuron parameters (leaky integrate and fire model)

Ui, SRAMIERL AN AR PR RSN, AN 2 BLE 17 s S e i

Name Value Description

V_reset 70 mV (Lindahl and Kotaleski, 2016) Reset value for v_m after spike

V_th 64 mV (Lindahl and Kotaleski, 2016) Spike threshold

tau_syn_ex 0.33ms Rise time of excitatory synaptic conductance
tau_syn_in 1.5ms Rise time of inhibitory synaptic conductance
E L 80.2 mV (Lindahl and Kotaleski, 2016) Leak reversal potential

E_ex 10mVv Excitatory reversal potential

E_in 84 mV Inhibitory reversal potential

l_e 1pA Constant input current

C_m 60 pF (Lindahl and Kotaleski, 2016) Membrane capacitance

gL 10 nS (Lindahl and Kotaleski, 2016) Leak conductance

t_ref 2ms Duration of refractory period

Table 9: SNr neuron parameters (adaptive exponential integrate and fire model)

Name Value Description

a 3 n$S (Lindahl and Kotaleski, 2016) Subthresholded adaption

b 200 pA (Lindahl and Kotaleski, 2016) Spike triggered adaption

Be —0.0896 (Lindahl and Kotaleski, 2016) Magnitude of dopamine effect on resting potential
Ar 1.6ms Slope factor

tau_w 20 ms (Lindahl and Kotaleski, 2016) Adaption time constant

V_reset 65mV (Lindahl and Kotaleski, 2016) Reset value for v_m after spike

V_th 55.2mV (Lindahl and Kotaleski, 2016) Spike initiation threshold

tau_syn_ex 5.7ms Rise time of excitatory synaptic conductance
tau_syn_in 2.04ms Rise time of inhibitory synaptic conductance
E L 55.8 mV (Lindahl and Kotaleski, 2016) Leak reversal potential

E_ex omv Excitatory reversal potential

E_in 80mv Inhibitory reversal potential

l_e omv Constant external input current

C_m 80 pF (Lindahl and Kotaleski, 20186) Membrane capacitance

gL 3 nS (Lindahl and Kotaleski, 2016) Leak conductance

t_ref 2ms Duration of refractory period

Table 10: Synaptic dopamine parameters

Name Value in PD-biphasic Value in PD-triphasic

BE 1.27 (Lindahl and Kotaleski, 2016) 1.27

pate 0.53 (Lindahl and Kotaleski, 2016) 0.53

paee 0.83 (Lindahl and Kotaleski, 2016) 0.83

g2 SN 1.00 -0.48

BN 0.3 0.3

B, 1.04 (Lindahl and Kotaleski, 2016) 1.04

BEate,, 0.26 (Lindahl and Kotaleski, 2016) 0.26

BE oy 0.90 (Lindahl and Kotaleski, 2016) 0.90

BN 0.88 (Lindahl and Kotaleski, 2016) 0.88

pare Iy 1.22 (Lindahl and Kotaleski, 2016) 1.22

pake 1.15 (Lindahl and Kotaleski, 2016) 1.15

B, SN 0.42 0.56 (Lindahl and Kotaleski, 2016)
B Sostex 115 115

ek 0.54 —0.24 (Lindahl and Kotaleski, 2016)

To obtain a triphasic response in PD condition, we had to change a few parameters of the network tuned in default PD state (biphasic). These changes are

marked in boldface.
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Vo BATRIAE PD ZAHSAET, Bedsma v g DU/ BB 22 B K (]
4A, B) HIAALTZRE AR L. M2 F, £ PD XAHMPIRE T, CPAE—NR
i, KT ZzBE kA s Bl (K 4C, D) .

Table 11: Features of the transient response of the SNr neurons

Normal (triphasic) PD-biphasic PD-triphasic

Early excitation (EE)

Latency (ms) 700,700 7.0x0,6.92+0.56 7.0£0,6.89+0.10

Duration {ms) 40x0,40=0 21.98 £0.14, 21.82 0.74 50x0,4.98:020

Deviation of peak amplitude from the 62.07 £1.28,61.96 = 2.4 T0.77 £1.32, 70.76 £ 2.42 169.95+ 2.32, 169.87 = 4.49
baseline (H, — Hpas)

Early inhibition (El) *ND

Latency (ms) 11.0+0,711.0x0 1200, 11.97 +0.17

Duration {ms) 6.0£0.0,589 =0.10 4.0=x0.0,4.03 2017

Deviation of peak amplitude from the —20.74x0.24, —29.88 = 0.48 -13.23£0.40, —13.43 =0.70
baseline (H, — Hpas)

Late excitation (LE) ##

Latency (ms) 17.0+0.0, 16.99 =0.10 16.0 £ 0.0, 16.0 =0.0

Duration (ms) 9.3+059, 9.16 =0.74 12.0 0.0, 12.0 = 0.0

Deviation of peak amplitude from the 137.82 = 1.44, 138.08 + 2.41 145.94 = 1.39, 146.01 = 2.82
baseline (H, — Hpas)

Late inhibition (LI)

Latency (ms) 26.3£0.59, 26.15+0.73 28.98 £ 0.14, 28.74 = 0.44 280£0,28.0x0

Duration (ms) 10.61 £1.17, 10.65 = 1.42 34.45=0.5,34.77 = 0.73 31.16 £ 0.36, 31.40 = 0.49

Deviation of peak amplitude from the —6.57 £ 048, —7.31£0.94 —24.26x0.22, -24.48 +0.39 —-19.79£0.27, —20.10 = 0.52

baseline (Hp — Hpas)
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IEHFARASHLE, PD =MHEEH EE XM K/NESHZ . XU EST, e
FORAST, @EHEKEE | EE X, HERMHSCREES) (BEEER) 1o
T IEE, R BT A1 LE X RS20 E] .

3.3 BRZRIBGR BN B R SR

ER R SNSRI 50% RISCIRIAMT STN FERINE . T
oK, BT I A 75 AT OB RIBCE 2 A g ek e PD ORI B F R LR
BN =AM NIRIZ 5 ik, AR GEIIIN 1 4552 B )= R B SCR AR AN
STN Mz oi#esE (DU, R ERMA SR« O 1 B A=A B AR A A2
1k, FATME T fEHE (B 5B, C) Al PD %4 (B 5D, B) U4 XIS #F
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LRGN 2 BN SR AE AR BEIRES T 3 SRl . SR, FE@RBEIRET,
EH I EZ R (10%) REESI KA EE M (& 5B, C) , {HIE
PD ZAFT (K 5D, E) , FFERISIRIGESI A 1 5m2K EE &, FHOCGRIE
2 BHORE T BRI AN 58 .
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Table 12: Features of the transient response of the SNr neurons, same as Table 11; however, by pooling synaptic weights
corresponding to Figure 6

Normal (triphasic) PD-biphasic PD-triphasic
Early excitation (EE)
Latency (ms) 7.0+ 0,6.93+ 0.50 70+0,7.0+0 7.0+0,7.0 £0
Duration (ms) 3.0+0,4.04+ 043 23.0+ 0.79, 21.01 + 0.08 3.69 +0.46,4.03+ 0.18

Deviation of peak amplitude from the baseline (Hy — Hess)
Early inhibition (EIl)

Latency (ms)

Duration (ms)

Deviation of peak amplitude from the baseline (Hp — Hpss)
Late excitation (LE)

Latency (ms)

Duration (ms)

Deviation of peak amplitude from the baseline (Hp — Haas)
Late inhibition (LI)

Latency (ms)

Duration (ms)

Deviation of peak amplitude from the baseline (H, — Hpas)

38.02+ 2.76,63.30 - 4.39

10.0+0,77.0+0
5.56 +0.49,6.0 +0.0
—29.18+ 0.54, —29.64 £ 0.44

15.56+ 0.49, 16.94 = 0.74
7.66 £0.51,5.08 + 0.49
156.72 = 16.24, 136.91 = 1.57

23.22%+0.42, 2603+ 0.54
1317+ 0.96, 10.53 £ 0.86
—1181=1.64, 577+ 0.57

75.84 £12.53,67.14 £ 1.65
*ND

##

30.0=0.79, 28.00+ 0.08
44.09 £9.35, 37.24 £0.59
-16.6 =1.72, -20.65 = 0.30

153.63 = 6.43, 158.96 = 3.67

10.69+ 0.46, 717.03+ 0.78
3.66 077,496+ 0.718
—11.7£1.73,-75.76 £ 0.34

14.35+ 0.47, 16.0 = 0.0
1421+ 071,120 =00
139.45 = 2.91, 147.74 = 1.30

28.57=0.49,28.0 0.0
31.8=1.11,31.88 +0.09
—19.55=1.31, —20.83 = 0.34
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Table 13: Comparison of features corresponding to the shape of transient response in the SNr before and after increasing
the excitability of D2-SPNs in PD-biphasic and PD-triphasic states

PD-biphasic (same as Table 11) PD-biphasic PD-triphasic (same as Table 11) PD-triphasic
EE
Latency (ms) 70+0,692+ 056 7.0+0,7.0 00 7.0+0,699+0.710 70+0,7.0+0.0
Duration (ms) 21.98+0.14 27182 - 0.74 2218 +0.38,22.21 £ 0.43 5.0+0,4598+0.20 4.05+021, 422040
Hp ~ Hins T0.77T£1.32, 70.76 = 242 76.19 +1.24, 76.6 = 2.34 169.95+2.32, 169.87 = 4.49 165.9 £2.19, 165.52 + 4.59
El "ND *ND
Latency (ms} 12.0£0 711.97 £ 0.17 1105 £0.21, 711.2 £ 0.4
Duration (ms) 4.0+0,403£0.17 495+021,48+04
Hp —Hpms —1323+040, -13.43 2 0.70 —15.56+ 0.4, - 15.720.74
LE #H s
Latency (ms) 16.0+0 16.0£0 160+0,76.0:0
Duration (ms) 12.0+0, 712020 120+0,720=0
Hy —Hims 14594 +1.39, 146.07 +2.82 149.65+1.23, 150.27 + 2.58
u
Latency (ms) 28.98+0.14, 28.74 = 0.44 29.18 +0.38,25.21 £ 0.43 280%0,28.0x0 280x0,280x0
Duration (ms) 34.45+05 3477 20.73 3BIx£061,33.34=06 31.16 £0.36, 37.40 = 0.49 30,6 = 0.46, 30.6 = 0.55
Hp = Hims —24.26 £0.22, 2428 + 0.39 —2498+ 0.28, -25.14 + 0.47 —19.79+0.27, -20.7 +0.52 —22.59+ 029, -22.52 + (.53
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JEIR 5 IEEAEAESE, (20 i BT 555 2R Bl S R SR A 2R 5 R
fEAHALL, (3) SNr HZERI LR FF S5 IR GO R . S8 T EERM@# R PD RS T
=AY (PR RIS SR S A B D), FRATTIN & T PSR4 45 1R 2 B 1
R (X5 ZAMETE, BuRai) .

BATRILAIIKE D2-SPN GPe-TI & LAAF i 451 N P FE2 IR 42401 7 {8 Btk
A TIMERMIER (B 7A, BE) o 2800, #EidYkE GPe-TI GPe-TA 5 STN
GPe-TI &4, BATARWKE T EI M LE XIRKIR, HEAWE EE A1 LI
XILHIR (7B, C) . #HHEZ R, DI1-SPN SNr Z8fihiZE 52 1Pk 52 15 WX 45
HANET PD Mg FRIMETES) (B 7D, E) . X2FNfE PD %14
™, Bx 7 DI-SPN X SNr KA 554, X DI-SPN R B4 A 855 1
(Lindahl 1 Kotaleski, 2016) , [HUt, FFRENAE DI1- 5]k f5Em &N
SPN. [Hit, /R4 D2-SPN!GPe-TI 5 STN GPe-TI KIKE Al PD Z&1F NIl
AN S B AL T R 2 A, AEL RS BT R

3.6 BG M & Kiaal

TERERE T, JCRIERREE B RIESNHEANE BG AN AIZ A b
WRGMFEZ RN PD FZAHHAEERE (Brown £, 2001; Mallet 55
N5 2006, 2008) o EAltk, 22 R RILATIGE 1 FRATH >R = A F i — A A BURH e
Mg ZH e R EE T b EEBRG . Ak, RATE PD &M T % T



BG M4, X4'e Ronth ZAHSOUHBEAS BT, FEE T IEERAT g
BUH R EH RS AR .

FRATR I S 2 [F]— ZH S0 A 1) S 5 W 2 W) 2 A DAAE XU AR = A i 7 A6
PG RTEWR b BWBIRY (B 8A-D) . Tk, RAIE T BG AFIE
B2 BRI R R . REEZE N . (2008) $Ri&E GPe-TA Fl STN #Z£uiiGsh2
MAEERIAISE R, T GPe-TA 1 GPe-TI L& TG [AIFEAE MR R o (EIRATH
PRI, GPe-TA F1 GPe-TI. GPe-TA Ml STN. GPe-TI #1 STN ([ 8E-G)
Z AN AL R RS 1E S B HE H MZZ RI AR L. Rk, IXELEE R, W4iE
FEP RN TTRE S PD SR T S Mok A5 e S AN RE 23 3 1 Rl o

3.7 SCRME-E ARG 0 -E BN b =% IR

IR b WEBIR & PD U RMAERHE, (HIXLEHR B I RINLHET 281
TEF . SEIGHPE (Plenz A1 Kital, 1999; Hammond % A\, 2007; Tachibana
2N, 2011; delaCrompe 25 A, 2020) Fl{H&AAA (Kumar 2 A, 2011;
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B 11. I"F BG A% TEHRGE T L EMARETZE. A, DI-SPN, D2-SPN #= STN
R ANTERE. B, DI-SPN. D2-SPN #= STN P& 2T EFH L E A FHT=H
KRN, C, SNr P92 TiEFaR B A F AT R EH N

X PP T B T AR 5 R IR G A A R . AR, AN F]
B (1.20p; B 10A) BfE SNrb %M R (0.23p; K 10D) i,
SNr DUSUHBEAS I SR . M\ BIA AT AE b HR%G I T REM B, LE
X IR R S 5E (B 10A, D) .

FIEEZ R, YHNSAE BT BRIIAR, B4 980 SNr =AM (&
10B, C) , R4 EE. EI # LE (58 CHIAR/ITE)D FIES I (7] il ] 38 s
PrEY B (B 10E, F) o {EfERIIR, 8Ll B 52 21 i = A8 [ S AT
SRS IR BOIRTS NSRBI = A0 R N E SR EANIR].

NTRIEAHE BG AR PD 244 FHESMRTTER, FRATKAE T
BG HJL/MERERRE (Fltn, WE 5. 6) o FATK TG XSRS E—
e, HASRAER AR 6 A4k, A TE TS R AR . X R
(1) A iR B BN LA AN [ 7 B 5 1 P 28 A UL T BEARRANH 1) SNr/GPi- [X 35



ALK R . s b, XL S EE RN PD 261 T I
IR R R (R 12) , X5 % ) UL .

XL R BN B REAE AR AL B IR S N [ A B 2 AR, (HE AT 1R IR
BT B L SR A IEFE I 2 A1 R E S AR ) B AR

4. i

FEIXH, FATHEFL T2 TR 0284 G e s men B 245 B 2 C B R J il I8
Sl PLR BG M IIRFE: HRIESNRE . 18H, SRR RN 5L
SNr/GPi (BG [#it) BI=M&MN. K2 ERAF T, W PD, KT
TEARBZ A0 o kA 1e 2R AS [B] X $80RT DL B 3218 3 A AN [R5 T AH GG . 1
, Rk EE XEE KRGS, El XKAaFiiTies), LE XF1Eiz3) (Nambu
& N, 2002; Chiken Z£ A\, 2021) . PD Hi§5ekse & ANIEAER) EL XA
NEBEARRAE K. FL L, ERREZEBITE STN M /E3HH#e RS El
X, tHA[LLAEg3E PD HIIS3hHEE (Chiken 25N, 2021) . SNr/GPi i =#H
WAl S BG B LR LR R 200 % AR X B ) 22 SRR, I i it
£ SNr/GPi H£ %,

EIXE, FRAIEH, PD IRE FBES BRI K BG AR
#% (D1-SPN! SNr) Z [AIFIHHER IR, i & STN R GPe Z [HfAHE.
fEFM. GPe-TISSTN; K 6K) FFERMFLREE L GPe-TA $GPe-TI (K 7) .
bk, AR, BG ML AR FEARAL CRAMFIFRIZE T IE) W RE R B
Wi 5245 DA S BG A 5 B A4 7K P4 35 A [R]85 HH L) Al

fE PD %M T, PHAEITE AR DAL = HBES SB (Sano
Nambu, 2019; Chiken %A, 2021; Wahyu 25 A\, 2021) ; SRy, JG&EL
B EAFET AR FORES TSI =AM R B EIRATHE A, S3RA T 4
O Z BOIRASE, WL T PD 24 NI RS XA . (ARHE Lindahl Al
Kotaleski AL, 2016) o ZRM, N 13RS =AY, AT E> D2-SPN
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% CLE SN AN 72 [ o 1)

BG MIAFWAZANMZIE . N7 IREARRRE, HER) i SiiRIE L
e M. 2 EURAE F ) 2 BRI s B 3R B AR, — S mT AR
PRS2 BRI PN 5 45 S5 . 1) 22 R 12
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SIS M =AH (Blenkinsop 2§\, 2017 4£) . fEXH, AMEH THE
DIRebR B @iE ) BG A, FATRITFILE IR, BG % A1 (8] R fil5 FE 1
ZAEVERT B B L 2 o L= AH 7 e B2, T 55— S8 48 55 LUSURH 77 =i
M. 5 Blenkinsop £ AR —F, (2017), FEHRAIFEMH, LE XFIKN
A DUE R B R R s R k] (B 5D o AT TARSRH T AR E (D2-
SPN | GPe-TD fEIEHIIEHF A PD 2% I B i SRR T 11 (1) 558 K 520
X— M R Y Blenkinsop SF AR —F. (2017 &

REBATEIELE PD KA T4 T = MRp, HEEHE ESEERRS
IR NAE . SRS, 75 PD R N FrSEi R 5 K ) i 3%
R BEHER T 2R tAh, =R IR L 72 R A Rl I 1Y 0 By J2E R
(RN FE SR A M, X 3R B SZ A IR IR S B 75 225240 1 BG A% AR 2 TR )
SHEAER.

EXHE, AR GPe ) SNr M1 STN F| SNr R ZE AN SR,
SIS HHE R GPe F| SNr [ 5 A 27 H AT A (Connelly et al.,
20100 o MRIE/REEN.  (2013) A, 24 GPe | SNr S s 55 HH4MH B
STN #| SNr KAt 1% Som I LLREF SN WA/ . ARIEIREE N .
(2013) RN, HEAFFSEE 2R, EIR K0 BG B R AR

o FEIXEL, FEFRATEEA G, FRATAHEIE T ARF A i, Bk, R
ik (1) A DR AT REAS R IRATI A R . fEX T TAES, BIHATCAIE, TALE
WG T NMDA KA . X PR e S8 AR LM R il E 5 (Duetal,
2017), FERT e A A S TR o RLAE BT VR4 A AL it i 40 HH B A
NMDA HHITER

Z O PR T It . R Ahas BN S A T B M Z E o (LR
10) o Jy 7 B 47 b P A L A s — NS R A A SR IR B B, FRATT A AR EL T
AN RS (B 6) o Zr TR W], 1EH: D2-SPN GPe-TI X 2 i i
MR EREE, KAERMEH LE A1 LI X1k (B 6) . 4k, #iit DI-
SPN SNr JZEHXf THiE Bl XA LEE ., HATELK D2-SPN GPe-TI #$
[RBRFERE BNE R K, RN I HA SR FFEAR 2 oK, i — 2
ST IXERAE R, X — AR RO AE PD RS T 0 =R OB B T T IR
A T E R = A L

EIXH, BAVEARLHIAT BG MK mIN .  SNr ik v 5 7E
1T RAES R MR I R A R (B, 20 Basso 1 Wurtz, 2002 4/ SNr
N ; Gulley 2%\, 2002 4£; Wichmann 1 Kliem, 2004 4£; PLJZ Schwab
LN GPi WL, ,2020). BG i SRR B 45 M R E EAT AESH, BG



AN B E 2 T 450 . 4578 SNr BY GPi ki i, IRATMRE
BRI TN E BG AW . 7 BB — S, RAVRE SNr HiE3)
FEAEZ MR o X FPRERR B RETEAR I R B H - GPi WS Schwab 45 A HTE
Ko (2020 4F) o ERATHIMBER G, GPi/SNr iEPEIXFIZ AT E STN
A1 D2-SPN 7£ DI1-SPN Z il e IHIEME (B 11D o ok, ZBiiiet
T XT DI-SPN. D2-SPN 1 STN #£7t (MK 11B) W 3T 5 =5 1)
IS S AR I TA) R A 8, W 11A B RIS SeRE. STN A
GPi/SNr [{175 3 AT DL UF B (X — T o 7EHE IR AR B B, FRATTH
HRET SR g. HAWAE MR, W0 GPe IR SCRC A R AE R X
Nio SRTT, 75 42 5 25 1 S U0 A0 R HE i Lo dan A X7 E R

FEFB A STN M GPe 1) b IBHRG MR H, STN GPe 2
FNIBIER G R 22 (Holgado %8 A\, 2010; Pavlides A, 2015) . 7
HASUREA L F-BG ) BG a8, STN GPe AJREAINAHE ., H
52 F, Leblois %N, (2006) W] EHEAE B 810 2 18] 3 1A BAE FH 2 DA
SR . AR, £ Leblois 58 NFELAYH . (2006) GPe £/~ k¥ 77 %
FHIEAEH——X 5525083 A —3 (de la Crompe et al., 2020). {EFATTHIE R
b, H T S BE 3 (de la Crompe 28 A, 2020) , STN GPe *f /74
PRGIHAEE, FH5L b, ERAIWEEIH, LER STN GPe-TI IEHF A Mk
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W, WRECN 28 AE B P e AR . AT AR IR T AR FR RS AN ] R
AR B RGN AL SR, FRATHENIER T STN-GPe 2 4b, M GPe %I
SUIRIAR R R R UL I GPe A BB IA I 32 1T DR = A= IR 3 Pt 44 5 1A R0
wANIPL% . EARTE R, ZATHISEER AR (Mallet et al., 2006; de la Crompe
et al., 2020; Sharott et al., 2017) FIiFHEAEA (Kumar et al., 2011; Mirzaei et al.,
2017 4F; Bahuguna %5 A, 2020 4F) 24t 7 5aA JJiEdE, FWN5E D2-SPN
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B OFSI WA sk i ARG D2-SPN I AKE, BHHIT9IR . Wk E



FSI W [EH] AT LAE D2-SPN [, B4 IR AN Hue, E#ke sk
(Manferlotti 28 A\, 2021 ) .
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Figure 11. Schematic of putative cortical input profile to different BG neuron populations. A, Schematic of cortical input to the D1-
SPN, D2-SPN, and STN. B, Neuronal activity in the D1-SPN, D2-SPN and STN in response to the cortical input shown in the panel
A. C, Neuronal activity in the SNr in response to the cortical input shown in the panel A.

responses in the BG, but also clearly suggests that recur-
rent interactions within and between subnuclei of BG are
crucial in shaping the transient response. We found that
the duration of EE, El, LI zones (and not LE zone) of the
transient responses is largely robust to changes in the BG
network interactions while the area/time of the different
zones is not. This suggests that in in vivo data, we should
find a narrow distribution of the duration of different zones
and a wider distribution of the area/time of different zones.
Next, our model predicts that by strengthening of cortical
inputs, the normal shape of transient response cannot be
restored in PD state. This prediction can be tested by either
increasing the stimulus strength or by increasing the num-
ber of stimulated neurons (e.g., using optogenetic stimula-
tion methods). Finally, the model predicts that by restoring
the normal strength of D2-SPN —GPe-Tl (or also by reduc-
ing the activity of D2-SPN), a near to healthy shape of tran-
sient response could be restored even in PD condition.
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