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1. 2 REERRE (DBS)

REBIAE. (DBS) 22 —Fiph 24 e T, Hdf — R B 24> ik
fik LA GH T 2 IR I A v, JFAE 60 R 22 200 FoRb I A] Py A H FRUBK
M RIEDY 1-5V) o Gl I N E2 A s AR ik g J LA s 20 2% L s i 5 (Gl
#>130Hz) o IXLLH KT PURE [ S50 R B & e iE S B, Tk e
SR TR I DBS & — M yT g shistG A 807 OUHEX T8 2% KRN,
A5G 100, 000 £ 4 HEEMANT DBS 2 E, HEHFFEAMEE, Uik Ik
1), HATIEAE 20t LS . HAGTZGEBom, I, e, SRIEnE,
R « 48 o EERFLEEIE, 19V, BURAIBT /R R IFER G (Benabid 55,
1991, 1993, 2000, 2014; Figee 5%, 2014; Huys %%, 2014; Kuhn %%, 2014;
Laxpati 2, 2014; Riva-Posse 5, 2014) . {H/Z, BT DBS HLHIIIREL 7> AR 1,
HHGITZEAL E R ) F IR I, K DBS 38 7 i AR A 2 78 70
o f#8 DBS ZEAHLH 2 — 20 RN T A BN 325 A T Bl S 1)y € ik
o] B (NG S AN DI RE . A T MRt ) R, K & AR 2] N i 3 R A i
P28 ) HTH SRR AL 55 4k A PR AR 25 S LT 2 — Mo TR 1) 5 7%

RV, 8 TR 2 RS, HEANG T DBS &% KM (PD)
FE A . 5RX R OGER R K2 PD A 2T DBS (A2, DBS iR
AR B B2 [E]VE | (DBS X PD R LF- L B P2 AL 5em, e Lk /o bsig
Hr, ATREEAELE A RS BN R 2 4L ) LA DBS Xz B4 il i 5 i i) m] W
Ve, AERATERR], REMET PD, (HAT LS X L g At 7 3815 — &,
X HERE 2 ] BEIE T DBS 78 At 2 J Ge i o i) FHA R A

2. THEKREKH (PD)

PD () 5 B B A R AE 2 FR U (SNe) i 22 B g e 22 0 1B R



e HZEME (DA SRZIEZS LW ER, BIK2) 80% 12 EZREM 4Tt
B, BRI W I (Hornykiewicz A1 Kish, 1987) . —#&%i\ N, H
T DA MR FEERMEAT (BG) MR HIG3N/E PD [WRHIEPEREE I I -
HEMES, WAERE, S5 GESiHME) MisshiReg (8312218 . BG
e — 5 R i B ARER R E N CRFERD o B 7 HARE S
YER4L, BG iEZ 5IMMAIEAEINRE (Bar-Gad %, 2003; Squire 2%, 2003) .
53, PD BE WA RERILE Z R HEIE, W2 IRRT ), IR0,
PSRANEZ 77 (Alexander 25, 1986; Bar-Gad 2%, 2003; Frank, 2005) .

2.1, &EY (BG) —PD a8k
BG fEEHIEEA ATEh P EE E X EE RN, X—Sel 2%, H
WYIRE R ES e . FEEMALT R EEIGE 2 — AN AITEER (Mink,

1996; Gurney 55, 2001a, b) , AU =M kifid. BEESRE,
HEREMAERE (B 1A , SN EEREER.
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B 1: A) £&RAY 2T (BG)# £ 22 MR SURIK(E R, A M SORAR), & 3R(A
FaSh R F . GPi A= GPe; AR A #K). B (B E 3R [SNc]. AKX 3R [SNr]F= Sl 2R [SNI]) A= F
£ Ji% (STN) (Alexander et al., 1986; Alexander and Crutcher, 1990; Nambu et al. 2002, 2005;
Squire et al., 2003; Brown, 2003).B) PD ¥ DA #J%: X A% DA /£ A& AR E 81200 £ 7
YR FEPHE KM, SRR L. K5 mE A AT AT I AR, T3k
IR R A4G A48 x R .

EART BRI s, AEEIEVF 23 e se S iz sh Lk, LABT e ot
miash. Bk, EidaaBk (GP) WL EAT & E K BG Mk



A E . R IRz s, B B IE g 7 Frt— 2] 5 prikiz 3)
e P JECAth 57 25 o A 5 B8 e o R R i B J R XS K5 3 o T ERas B, #5556
B Fe i 5 Bl 75 18 308 R AR L 73 1 GPi M2 J0 B T E AT R R, i)
TOX ML PR X3, MG 9 T R 5 i S S AR IR TR R e iR . [F
I, I e, P B g is s AR ) GPi & e TR, AT
T T EAMEE) . B, [REEERA 2 ) i A R i 5 = A AR, i - B0
R PRI 1E (Albin 5, 1989; Alexander A1 Crutcher, 1990; Nambu 2%, 2002).

2.1.1 PD 1 BG #1282 [E]H9 5 7

TERE— MR, PDIRIRA BN N2 H BG %3 KB 78 5 E 1) .
I BRI, 1B RREIR AT DA 06 GPi 404 T6 1) 5 8 B R RO AR,
SO Fr i B8 () AR A P B, T 36 e 0 ) 122 X 88T R U S (18 SRR T
GPi J&PERIIE N AT 582 i T DA X B M A1 E8 2 AN FVE F BT (DA @it D1
AR T BEESA I, iE D2 2D TR R e o Rk,
DA FEM# N AR FEUX A IEA 2 RGP R (B 1B) , IXTE M08 AR
KB (6-F2IEZ B E[6-OHDAE S PD) difisefE 3] 1 iFs. /EiXee ki,
T2 BRI AS, SR oA e (HERE) Pidls], maCiRikes
TR G (MR #E (Mallet %, 2006) o B T BG ¥t (GPi #1 SNr)
(RS R AN, SURAR L R A% (STN) HIERWEIRE T, 1M PD & H
Bk (GPe) WIAMHEMEFRIC T o XM LL K PD EE HLgEH] (Miller #1
DeLong, 1988; Bergman %%, 1994; Schneider Il Rothblat, 1996; Elder 1 Vitek,
2001) . 5111, Magnin, Squire 2 A (2000 4£) id3% T PD BHE TR PR
JEN 9.843.8 /AP, T IEHAMAREEESI/KF A 0.1-1Hz (2003) . 5IE%
IK T 60-80 /AP AHEL (Squireetal, 2003) , PD EE ) GPi XL G
TR NF] 89.943.0 Y/FP (Tang 2%, 2005) 1 91 £52.5 Y/FP (Magnin %%, 2000 ).
1R ™ HizZh sk = AUERER) PD B+, STN i iUk 3 %2408 20 IRFD
(Squire 2, 2003) , HEZ 42.3+22.0 {k/FF (Benazzouz %5, 2002) .

ANF T B RS A 2 B A4, Leblois % A (2006) WL T EHEA
LR AT B AN T4 S Bl R e 2R hG, DA AG B IS I B4R 3 1 A8 (L
21279 o FEARATH BG- I f i PR B AR A vhr, TR A R [ AR TT )
1% GEZNAEMEA 0K EXF BG #8105 3.1 1) , ZEEIEREANS
158 MR R B SUIRMR I S AL i o0 . A2, XA BG MEBE T K&
h 2 AR AR A2 R B, 484 T BG A ZURIThREZ (AR EK &R, X PD
(1 B A P A HA R



B T R RS RS, A R HNETER M PD 2 RAESERK, XARER
TR DA Sz AMEALH] 51 &R, Flands 5 REURE, GPi, GPe,
STN 1 FrJixi i) /a2 B, JF 4G 0 B ot b B2 4% 3% (Calabresi 55, 2000; Romanelli
&, 2005; Pessiglione 55, 2005) o &5, EF0IHRE —HIURIEM A TG KR
NS P 2 o, ICE0E A Bl sh g A2 T A& T0 . DhRe s B ik
SRA] e BN E i s UK 24, AT e R BUE s SRR I 3L [EE
I FBUZ N EAS VLR . B4, TEiks Bigsh 1l v ReffRs 7 PD &
AR HE PRI B AT P IKIE 5l (Benecke %, 1986; Pessiglione 2%, 2005) .

2.1.2 PD #1 BG {IJa 5% 7% 50

PD BEFH WP RS M, BG MR &, G
TR TR RS (B, 7E GPe, GPifl STN gD , LAy #AN
55 HPR % [F 20 BG #% (Miller #1 DeLong, 1988; Bergman %%, 1994; Brown
&%, 2001; Wichmann 1 Soares, 2006; Heimer 2§, 2006; Tachibana %, 2011) .
B R ARMIYL, £E PD [ B HE e A 227 (el i b 2 2 B PRGN (11-30Hz)
(Brown %, 2001; Levy %, 2002) . tR#E Mallet %5 (2008) , IXFhIGHHT B
5T AT RE AR K REAT I 2 R AR S A T IB IR 45 5, AN R T = 2 %
SIS EM L N . DRAERT S, C&miE T STN miils i (LFP)
HI B D # 5a s iR g AW 2 1A IR AH G PE - (Davidson 4%, 2014; Mclntyre
45, 2014) o BkAh, PD 3 04 (3-7THz) 1) BG ki 5BAEEI 2 MO & 8
ST A (Davidson 4%, 2014) . 0 Fl B #3% & HA N & Hi8h 124 1) (Brown,
2003; Hutchison 2%, 1994; Brown fil Williams, 2005; Rubin %%, 2012) . )%,
BN RRARIZBN v W iR 13N (35-90Hz) 1E PD &3 1 BG A5 i LA K PD 3
YIRS KB (Wang 28, 1999; Brown, 2003; Lallo 28 2008 £) . &%
won A e BRI Ty A TEYE, B AR DR, X S iE SR
£i# 47 (Brown, 2003; Gatev 2§, 2006; Hammond %5, 2007; Kuhn £%. ,
2006) . Costa %5 NFJ5EE: (2006 ) 7E DAT iR/ B A &KL, DA /K-F-7]
DAER I 8 759 Bz JZ AN SUIRAR [ 8% 1 B 25 AR % 47 9, 98 B5 RI697 89 PD B3
B #z37 B HG IR 72 e 22 B VR IT E A S ik B3 — 2L
2.2. DBS 7EMH& AR W HIEA

Benabid /N T 1987 = kK T < T DBS £ PD "1 &2 — 0 W5
(Benabid 5%, 1987 %) , FfiJa JLEE kA 1 DBS f£ PD iz ahfahs i DLk 7 HoAt

RAIh N RS (Benabid 28, 1991; Benabid 28, 1993) . PD i) DBS I+
HERARE B i AR A% (Vim) , STN f1 GPi. i, C&¥RE T GPe fil/hE



MrE % (PPN) (Davidson %, 2014) . PPN Jil#:# % 5 STN DBS 44 &8 Fl LA
HGE A AIZ ), T H 52 STN DBS (#5200 3 A5 B {2 (Beuter 11 Modolo, 2009).
Vim-DBS H 1597 PD BB, A]/=4 51k 80% k3% . GPi 8 STN [ DBS AT
1BYT PD WIFTAEIR, I8 52 BRI B B A5 -~F- 451 203 80% , 2 iR £ AR A (14
PG I 60%, AT A D) RERIS T8 M5 2 40-50% (Benabid 55 A,
2000) . ¥, DBS HIFULA LM E (>130Hz) A REAEIRK LA . KBLLUE
T 60Hz AR AH F DBS A= EIRRACR, E2ALTEN PD R IFHBALIZES)
FKIL (Rizzone %, 2001; Moro 55, 2002; Timmermann 5§, 2004; Fogelson %5,

2005 £, Eusebio 2, 2008) .

¥, BT DBS Wos 5T ARG ST 2t 4L, FikaT LHME ¥ DBS )
A RO A e T SR A 4 ) B 2 A A B (Breit 55, 2004; Benabid 55, 2002;
Dostrovsky 1 Lozano, 2002; Grill %8, 2001; Heida %, 2008; Kringelbach 4%,
2007; Lozano %%, 2002; Mclntyre 2%, 2004a) . DBS ZEAN MM 2 A4
I, EIEEERAAREER TS, PRGN, TR AR SR IS (E S
28 3.3.1 49D o AHARANRIEAT B 20K BRBH I Ah IR (ad i, T AR 4E 0 E0ER
B WG AN IE 5 [F) %55 (Chiken A1 Nambu, 2015; Hashimoto 2%, 2003; Heida %%,
2008; Mclntyre %5, 2004a) o {HJ2, HTAEEHBRRIBME, IR AEME
I ESRE STN BRARIT 45K H (1) STN it A2 sl R AR TS sl = (R,
7 SRR P S R R T AT SR S AR AR RO IR . TR AR R JE BE
PD H# Hid k) GPLFP &R, 674 ZRIENS] T GP Hif B i BEs), X
F B DBS nl A2 119 B AT BG 2 8] R 3% i 20 A X (Heida 5§, 2008;
Kringelbach 25, 2007; Mclntyreetal. , 2004a) . SZIGHFFTH —FHT A AT &)
Jid NI E A JenT B TR R & S B AN 2T, HRIEE
BES T IETE, AT SC R B R0 A KOS o X FPECOR, Gardinaru 8 A . (2009)
R I Tk T R AT 4 AR BRI B - R IR AR 2 T BB AR FRI G R, STN X RN 2
STNDBS I EZ Hix. B E 2, DBS MIRCRALT- Ll B Ax 45 549 10 T 540 ) 22
HR8%, XIE—ERE bt e TAEm ARSI R 1.

3. DBS K& R

N TR BG-Ifi- B R (o) FEM AT e, 24ait kT
VPR, XA REA B T 3% DBS BN . X LR T CE LT
JERIRCRIIE S, RIS PD AHSR A GPi JECE G0 S K s SR (Hs 1 7 me ik —
AW aE GPi A ) PLESGE B s iR A U8 2T BG DIREN iR R
LLR PD AR JA (R oL . T 0% 22t BG Zhagis idtii, ks v



IR AR, T PR SR V% 7 T IR . 76 HPie g 7
Gl

3.1. & TERLER BG &3l

R T B B A BG AR U S A B SOMH P S 2 AR 4k, AT DA T
PR A PR AR RN 2 ] 22 B PR AE AR 2 0K P B AR TeiE Bl o IXFE IR Hh B
M I RL, XA o RIS ) TR AR R (152 WL Hodgkin Al
Huxley FIFF QI TAE, 1952 4F, Mjs OAESE MR o XL,
A AL A &l TE T AP = AR 1), VB EE A& o —FE, REMPR
R B8 T IE AR AT A5G P AR FE A 2 7 T A B CHIENAS o (1 IX LR
B ) V2 A 9T IR ) R Y AR 15 e L A R AR R R 1 S A i 5]

(Lopes da Silva, 1991) o hlnl @5 H 38 1E 5 DL BEVE M & 0AT 8 (lan[A) 5
) Ax.

3.1.1 MR

IEQ AN AN BT S L), 5 R s FE A DR AR % (5-10HZz) ] B
J5F BG (Brown, 2003) FIZJf (Terman %%, 2002) . A A#RH7E BG /i ]
“RRBIR S " HIARVE 2 H GPe-STN M ZETE BT, %M 2% i Plenz 1 Kital (1999)
BEAT 7S50 M. STN-GPe WESRREE, IRIHR G G KIRG s L2, At STN
Wit FECGPe K, SFEGEMA, RS STN H iR K, #idi%F GPe &
RIGEN R — N E3A (Plenz A1 Kital, 1999; Holgado %%, 2010) . AT #f
7t DBS %t BG i&MEHT7, Rubin Al Terman (2004) JFKR 7 —Fhit S, 4
5 16 A~ STN #1470, 16 > GPe #1470, 16 > GPi & JuAl 2 AN efis (TC) #f
Z LW B EAAY (Terman 25, 2002; Rubin A1 Terman, 2004) . 5 B A&,
YEFWESE 1 STN DBS 4nfi[ 15 TC & uiIHh4kae /1. R, GPifi
HH R N HI ELASAE D10, AT A5 Fr 06 156 5 S8 SI P Y 2y PR B i 2 Bl i A A% 12 31 7
JEDX IR R A T, B b BRI R R AR N 1 SUIRIER N, FF0kEs T HA
s E Bk, NI BG ARG MA BN LA A 5220, R TiH4
BIIRAS, 5508 #E—2 (DeLong, 1971; Filion A1 Tremblay, 1991; Wichmann
&%, 1999; Raz %%, 2000; Hashimoto £, 2003; Terman %%, 2002) . Z5HEFEH,
GPi # A2 JE LA 3-8Hz FIAIE (R PD # B R HIAIRVE D & S shE s A7 ke,
I HLBKAE GPi e WA Z [ [R5 . X SET TC 4RI B BetE s, TC
S AN T BE % L SE DAL BT R BTN o K (B8R0 167HZ) 1) DBS HIAE R
A STN & TTHIMA RN, S GPi & u bl WA S, MmiEkR T TC
A f A PR M IR T TC 40 i 4k 1) B 77 832 2l %4 A\ (Rubin A1 Terman,



2004; Heida 5, 2008) . f{HZM MR TC g, Nk 7 Ak fA
DBS [)4= HPE T 4 4% EME 1A S 3610 55 7= 2E 1) GPi #i] 1) A RIS = ] 2 1) TC
HR B (Guo &, 2008) o XTI 7L, ST ICRK M GPi G 3IAHLL,
TEBA DBS BT, #5244 KT GPi il R AR, TC 4R R EE 2
B WF . EVRITIE DBS 4T, RARREERER S, EAEWIRTT R4 T
o

3.1.2 DBS HI1liE /2 FISIF (At

I R MEER I, 0TI a 7 IR FE R T IO %, PD 1a ShAERATI IR AA1E -
i 14 s DBS ANAESE & B AN STN o i3Ik i [ 22353l a) L2y Afr 3R e g 2 v
(Cagnan %5, 2009; Meijer &, 2011) . KUk, RIESLIGEHE, % ABA
N EA AT, Ja A TBCR AR A i s A AR AE SRR o VR RS
iz shim N (RIER RS . TC 4R g2 5. PD & 1E R BUAE (4-6Hz)

NHIFEI TR M S R, X S A o AR R B B o AT DA B JE %
P A\ SRAT ILIX AR G, X ATRES ARSI PIT A ok CH s 3 A8 H
Ao HIFFIERED o G DBS 238 [R5 g A, 1M FE R T A BB K 1)
i DBS W] g 2 AR LR A o (HAE, MR LR AT RE 2 PR X ws P d A %3,
X W] DBS HIA R ALAE AR DR fp A% 34 D 6 B0 [ I o/ S 3i& 3. 55 70Hz DL B
HRIBAR AR L, X BUlR R _EA RO R 1, HoxT 40Hz BN BB
2 R . XS B AR T RO AR IE 2 18] () S HE K &R — 20 (Benabid

2. 1991; Limousin 2, 1995) .

(ZRalE) PRSI R IR 2R E MR AE /7. Cagnan 2% (2009)
M 7 IR LIS 1 2 B S A RN B S AR . AR, A AL 22 B9
AEHEC, XR I 2 AR A5 AR SRS R T B ) 26 X6 TC 4R =&
LIIREBAT BT .

%/)y STN-GPe W Z8 158 (ARSI (1) N — 20 2 I 778 Gl i
R AR R A FES): AESHMERERN N0 HEE
STN-GPe MR R IE [ 2552 Modolo &5 (2008) i ] T #i Jif B i 7Y
72 DBS R ) STN-GPe i& 141 . 4 Rubin Al Terman #5754 (2004 ££) AFE,
LI IR GPe MSCIRARTIIAN, AT ABI A AE 2% STN-GPe #& PE 2 PD (1) B
P, ARAUIR G FFAE ) 45 . DBS 1E BT INR X e M R T STN M G: 1
filKA (<20Hz) T, RAURERIRG MG %, MikE3E DBS MZ NN, HRGZHk] .
A NP, £5 DBS SR R, STN #1450 T ICIAEREE DBS Bk i 51 W0 5
B B, AT SRR 5 4 i



WA A E—FFrik, DBS @i k& TC 4 I8 shii N\ I Th e 4k f
FERILALIG R S I AT REME 2 A HE . H2E, STN-GPe [H] B2 75 i 5K 51 i i 8l
EAAMEE. Vim Fi 78 BL A DBS 18 FH A] 2% PD REEIG R 3555, IX Al REIE
/N AN 2 BG e ReZ2 5 7 R BN ™4, B BG A #| Vim E

(Bostan % A\, 2010; Helmich %5 (2011) . M4k, &R GV 2 SIS ShE N\ 1)
Fefih 45 DBS ¥677 30O A SR 5

3.1.3 KA [F] (4 F A5 A A R R e 51

Rubin Al Terman (2004) B8 (1) R A H Tl DBS W28 2508, 4 FH AR
(4l H #5x: STN, GPi fil GPe (Pirinietal, 2009) . 5 Rubin il Terman f#5 7
FEALAEL, STN DBS (A3 45 S 3 B B i 4k Dh e #5 LK &, T GPe A1 GPi DBS
o3 2B Re I BEEOE A TC kg A, X 5 SEE Al AR TESE —F.

Kumar %5 N\ C &G0 7 B AR Al iE X (2011 42) A GPe (2000 4>
ZAfL) A STN (1000 MM [RRFUB R 2%, X L RX 2% 48 ST A it I £ il A %
SRR T0 . IR AN RIS Poisson J8AY IR AVE N BIE$E ) GPe #1270
H120ms, WK T GPe Bl KIRIEG] L) GPe #4148 7T i L 18 2 (1) 14 i w45 4%
DR . BhAh, ST PR BRI v 1D T AT IR 5%
X STN FIMaTEHIN (LA 10 F 200Hz FISUR) , XTS5 MNEHEAAEANME
SR STN, AT 72 AR Bl T 38 SRR T 452 1k 1 R 98fill . R & T 100Hz 11
WRAE M. 2) X STN (10-150Hz) FI2% A PEAR N B FE JEPE Sl 2R
BEE AR IGE N, RBUREEMESRS (B YERIN) MThRE . &5, NAHEAER
P STN ¥, VMEFERA R 25, TERW At 2 5 0L At /MK Ik (7E 5
215 202040 My Lk —AF—DBEVUIKA (n={1, 2, 3}) . KILXFf
ST F1 S L ) B A RSB P R B iR % T B A A

R 7 o< T8 4R DBS AU AR PD AEIR 5 T A2 15 55 R E A R 1] /L A
AL AT REAR N, B e 00 T 0 FR e =43 DBS Jo U1 B 2 1 2K
FEMHEAR K BG KT ARG, LA DBS WHEE MBS, % AH 185Hz 11
By, BEA AR RURAAE, 0 i kb 06 ) S0 BRIk A o e A LA )
B iRz iE e (Brocker S8 N, 2013) o fEFFa i AR 55 AR Ml Al oy, A
e 40 AR 25 % AR R S i PR R DA 5% o 5y — TR FT it Fe R A 17 A
FHAS 308 00 ) 3 455 3G AK B DBS A 2 i A Y b A4 v A0 ) R KR R RE

(Summerson F¢ N, 2015) o XEAEFAGF | REHLAIEUE I, AP0 Or
FREE . HEBEE, EATN PD AAUFIKEL PD (6-OHDA) #EAIH, Al 148 Kk
DIFENL DBS FHUEAE [R] [a] b (IS FEAK, 1Mo B BT R p PR ARIE T 5 s A



KAE PD IEEEMR . {HEE, XUE4E R 5 McConnell 25 A\ 32 2131 5 & () H AR 52 4H
FlE. (2016) .

VA EATH 24 BFRg-AT R, NS 2 AN A7 3 (Hauptmann
&%, 2005; Tass, 2006; Tass 1 Majtanik, 2006; Hauptmann A1 Tass, 2010; Tass,
2011) o BT PDAER SIS CREYE) & ICiHaIMHE, Ftnr MR iEAE 2
(RSN . A 8 R 28 W 2% AN [ 25 o 4 ] Morris-Lecar #5 (Morris 1 Lecar,
1981) (HH BRI R A il T STN # et DACEREA MK E 5
71% (Hauptmann 5§, 2005) o fERIZSHCy “Ids%” AR @ JE G 1533
B3 (LFP) #HAERIEE 5. IR A5 LFP — &8, K45t LFP 12
BN A B REIR I (8] 5 3G B P I (R B 0%, g5 BRI, ShruEiES: DBS
FHEG, BEAA AR SRR HAA S R ok m ) 2 F2 DhRe, IF Hisb 7 RERE (nid
Z W 471

3.2 BG & EEE

BG [z it BRG] 7 BRI R IZ, Hoh BG 4 i@ v Th g # o,
T AR BN R A XD SHI R AT R, AR T s N T g oek—
AT AE N . .t BRI AAE T, AT LT sp 2 o e A
IR, I BB Al E AT PR 2 [ R B R M o BEAh, fE—EfE
JE b, SRR R DUSE LS RG] RIS RS Mt (Biln, Pirrie e
PED AH =0 WA

3.2.1 BEisEiRLE

SCEESE R B, SPATERSIEALL, PATERRSIE (RIT sl $Tie
LS HSshiBEZEHEASZ (Suri 2N, 1998; Berardelli Z A, 2001)
N T HEFEAE PD AR s i) i SRR AR % 1) B R T AR 12 3 T 5 02 B8 42 1) A
7, LT ET BG %P KRB AR T BG x5 5 =1 #% 1) D fig
77 % (Moroney 55, 2008) o iy 1 ¥l [t G5 J A 8 S (BN WLI A, % — A
USRI BG- Fe i B2 Rl 3EAT T8 (B 2) o “PDIRE” #EHEACH DA /K
FEA%, D2 SZARMGE G IMAT D1 2R B0E b LA e teizs shide (125
IS BN IS Z A Z AR Dhae 7 B ae 2k . i, — M STN A& i
K Stn () HEfEId A

% Stn(t) = —AsimStn(t) + (Bstn — Stn(t)) (Igorsin + Ltonicstn) — (Stn(t) — Dsin)10Ge(t — T@esin) (1)

Asw AR STN ARSI TER ;. Bsw M1 Dsw 70 AR STN L1
ERRARNIR (FFE NI FHRIE) 5 Tcosnm IURE L HHR MR IRT



FIPEPERIAN . Lioniesn fAFE STN #MF87E 5 Ge AR GPe I, Hafe MR
ER R IR 7 (FEIXFME DL TR 100 5 HEAE T gesn BILEIR (Moroney %5,
2008) . JERL ¥ DBS i3 &AL T/ F RIH BRI T STN DBS
-EANELENLE . @, I E GPe I EEII—MIHIHIN Ibbs, inn BT
STN & ok E R, B, SERrsEN&E — TSR
~(Stn(t)-Dsin)[10Ge(t- T Gesi)+HIppss inn]o LA GPe Hiy AU INAS M A E Kk
Bifl DBS 53 (455 8 STN B4t N R iisck, B, ElnE)s — &
AR H-(Stn(t)-Dsm)woss, a1 0Ge(t- T Gesm) o

MR 25 R, 183 (1 T BEOkEE E4OR B BREUIRRIE 1R+ DA #h4 T
Aeft. DA MR E IR B RN 12E 5/, RER R EmA, 4
IR H IZ BRI AR /N BLR - Ui DA AR = 38 PD BEARITHE
BRI BB AER ot T BN SR, AR SRS o (1 7 s Bl m] e 3 2L
A PR A3 o PR BV AR ASRAE TR — B BT 2 A 22368 o 1) i 45 e 19 21
FOTANTE, MR} 5 SRIE P A A R

RE BG K STEF AN, ZBAIEK, STN DBS WA L2 il
P FH STN #h], AL H B R30S fieh 2 vl B ) 12 A% N b SR DB T P2 A 1)
R HFEARTIER 77 2 T AR LS AT 58 B A A (Moroney 5, 2008) .
Bian, A9 rE Nl R UK B2 SR AL 5 () DBS 5350 GPi G TR, 24
1M, ABCE FIEAE NP2 S B 2205 5T GABA BRI, 380 STN 3 FEIK,
T SRR N 28 U EH T I8 %) 28 T I ¥ R il PRk 1) PRI ITT 3 B A = 2 » F
DBS /74, S STN &R 0.

3.2.2 UHhEEH T

#ikiE, STN DBS «5l#INMENER, wrhsh. A#F2, SR BG
SR 7 J2 1 B 2 W\ 0 DX 3R i 2 (1) BRI 5 T S B4 ) R RS R P ) Ll A
Wl AEXFSSELRYERE E, Frank (2005, 2006) JF& 7 —/ BG fif, Hdi@
AL E S B N R SRY R (IRGa)D shVEik £ A . £ Frank
(2005, 2006) FERIHEENT T AE R TG, 2 “Leabra” HESE ( “4%
STEFRIRS) HAHSCER), A% BT EE” ) SCUlR). e, B
[ R4 73 ) 5 HEAT AN BEAT VG B A OC, DA i 2 R BRAT B o) 5 e 1k i S8
PEHEWT, FENRUTESS ez B R A7 s A5t (AN, 321k 4 o e 3 B 7 T A B
ANIERD A=K DA 284k, DA WX LA AT & o e w ik, I AT g
FEC ) 16 55 e 30TV R P S A TH R Y, AT -3 BO6S TR SRE 1 27 I 45 BN 5 7
AR, STN MR T X B A5, DU AT B S B 2R . TR PR,



STN il 1] BG #ir i #% & 1% 4 J5) No-Go 15 5 R $2 i 1 3R [ {H . Frank (2005, 2006)
PIRERIR A, DA BRI RSN JE T 7 8 S8 1 1E s A 4B 2 8] O 4l 22 =

FEALELN o
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B/ 2: KA-RARAYET W& AANFATE, BNEEFTRGZHAZR/ A, EiXAP
BT, WA R EATEM (7% 8 Moroney ¥ A, 2008) .

B> DA FIERA PD, M0 DA JEH N, M AR Heisiid
ANTR] R e 2 BiE AR 7 52 BT 7R ) Go/No-Go RIKZE I RE /). STN-DBS HIRURAERL
RpROAR GEILZBR STN 40D s o8 ) STN Har it GHlad N HT s %
PRI o AEIXPIRIE DL, 5848 N 28 S 7 1) 5% 3 S50 3k S8 R 2 R AR B 1
PRI, AR TR HLE, AL AT S EUE A DBS ) PD B BEAT Bl
5. DBS ZEU AR AU, DI BUE X —#87> STN #t (9 ANy 3 4
BEAT AR i AT SO B STN B0 A3 S 7S I e 7 e e R SR A B STN AL 2
o se e MFR STN FHLIE 1 AR GEAR IS th 3 5 4% EL A7) U8 8 Lk SR 1] o

3.3, 7E 3D KPR E BN R

FEAEFKT b, T AR T se Rl & o)) 2 E /. DBS X H kR
ARE R ZMIER (Breit 28, 2004; Lozano %, 2002; Grill 5, 2001) . AFT
JAFD, HTHRPN N A E I 100 ns, RALN 10ms) , Fik
b 2R LU AH MR SE 28 Gy RO, I HOR TR IR BE 2T 4 b R Bl B 1 P 5% B 28 2 U
(Ranck, 1975; Rattay, 1999) . Fait%s FEREE #h AR Sk B0 0 B89 i m PG,
I HEE T FHAR R 40 2R LU SE I PHAN 1R b R S8 A R RERRCIIG - A, S5 a) B i) () £F



EAHLL, BOEPAT T R IR AT 4E A 4T o X M O by
“lambda-E” #A! (f4n, 20 Radman %, 2009) , H lambda & 5 4F4EX%T
FHIFE. HT AR, 9 A I AR RE CHRTTORE R
i, ERAGERRCIR &K, MM 2 (FEET RGN I H W
ARG Ko A 4ET7 1)

U4k, RTELK: DBS AR BCE AR 28 70 70 3R S ORI R A X3 o it o ) FL 3
I RE 23 R R A B S T LA 2 e 4L, IR 51 AR AR AR o i
A RES T AP CR R Bl R A ) AL e m& o, DARJR#MA T,
2 ARt mT R A S L W Ak SR R L, T 2T R o BT A A I R A
oo PrAXER NN, RS AT T AR R K 2 g s, T DA AR AR AL A
R, [EAERNE, ETARTIE (FEM) RIS 2 =iz o fl/m
R A SR T TR TR AL AR (VAT |, AR &
BB BRI ]

3.3.1 ZHE AR F 5 77 M A 15 B

Medtronic 3387 DBS §:£k (Medtronic, B JER[JAFILr, BHJEFRIEIM D I xT
FR FEM B T3 2 ) R OREHAE SR & s mEEH, H
SR TR, (IR R R R ER ) MR SRS TC et £
FERMEIR, fEE DBS MR, A48 MEs) AT Re S MG s i fs (Mclntyre 55
N> 2004b) o ZER, HAMRZTCH]RE RN ARG A SIS A FE T S0
MR R A T X8, XN 7 LU AT getE: DBS B3 24 H & s ik
3 PR o 28 T R ERT RIS S A A o SRR, IR EL A/l 5 Bt A DA AR T
X RIRT TS BG R BEIE B () 4% 38 - e Rz S A

3.3.2 HFEVEHERIE S

DBS Al e A BURMEIE A RE, JoHZ2/E STNDBS 1, Ky STN (K
/N5 DBS SR/, JFH STN BASF A D B8 XS i, 48 170 ) T A ek
WAB ) X etz — LA SRR ATA ) o BAk, ZF4ER (5T
KO S STN, GIanNEE, Blan, R e m st acm 2z X ekt , 2
51 T SO B ¥ B o 4TI DBS 51 2k R YA AR BRI T FE AR fih i 2
i (CEARN 1.27 20K, SEN 1.5 2K, SR m0y 0.5 Z2K) o A
Ak (1 5l L 37 A fid s ) BB R A 4 R ARORCES 7 LN, 2 51 FRLIR A 21 H A
Xz oho Flhn, HifeiE 2] STN JRiEz) X 2 R IXE STN Riazh X (14 B



SAE# (Frank 25, 2007; Zwartjes %%, 2013; Frankemolle %%, 2010) . XFjH
W7 AT R 5 0T 2515 L T LA 2 1) DBS OGN RIIE 3 A 6.

WAL, R I R A5CR T R e S AT TR G 8, I 7T e 75 200 AN [B]
ZtoetE. AN THBIE PR DBS 51t it it digidttr
SEMEH] (vanDijk 8, 2015; Martens 25, 2011; Pollo 2%, 2014) Ffifuk 71X
AN, F— A, fERZECEHTR) DBS MY, A bR Al T B AR B
PR, AR R A PG St Eyshl iR, A, EfHZA
firk 25RO T S FRLIAL A ] ARSI T e A s o ) L R A e R, XN S FUARAE N
J& JUAS N BB ZH 23 7 T A W] 3 4 1) BEATL A2 46 (1) 52 - Butson A1 Mclntyre(2008)
FER T —/> FEM #58L, DU € 78 il R ot FE A A i s R o0 A,
H S RS FEE LE R 00 AR ik 2 [B) A TC o AAULR B, T DL R IR
Z17 WAL, DLSeBlS BAR4L4i45 R (B STN B & ol GPi JEIELT4E) 1
fr# & (Miocinovic 28, 2006; Butson A1 McIntyre, 2008) . & 35 Skl il
FHEE, P fih i TR B RAL A2 3G 0 VAT KV

ERE RV FERA Ay 7 TH, 8 Medtronic DBS Hi £ ) & HEL A XS A% FEM
B 3387 Y (U JE Ry A by, BJB 73k D A 1 30 T8 AN e SR e A 2 Jn 4T 4
St AN [E) ISR ) v (Foutz A1 Mclntyre, 2010 55 ) o IXIUHF T A 45 LK,
EFRAERT 100ps FE T Bk oAE EG, HA S ko i P52 () AR R TR 1 PT 3 £H g 48 FX 3k
IR, 8 21k 64% R .

3.3.3 45T EHEHIEHE G LT DBS Hifr

DBS AL — AR, 75 ZEAE /N BRI 1PN R 2l R R R0
PAREIR T W E 515 K EIE B XCTR, 12— EHHFEN R . BT Rg
o m AR R AL AR 14 B ) A 35 R i DBS THE NI A il $2 4 VAT BRI S5
A THE, FTHEB) DBS 4if2id 2 (Butson %, 2007; Chaturvedi %, 2010);
Frankemolle %, 2010; Mclntyre 5§, 2014) . & &HIS TN AT H T & e &
EWA RO S HRE, W E 1 B AR ISR R A, [FIRAL 3R 2R 5 A5
X 35 B /ME. (Frankemolle 55, 2010) o
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HTH DBS RSt R TEVE B sh AR o & DA N EE 3h 3] .
P35 DBS & —Ff 58 R AE AR 20, Hrpal DUOHR e 0 10 e e 2 PR AR B ol R



FIIE AR GBI FSeih e FAR & (BN, FEElE Al ) A28 0 R S #
B BRI AR T 235 (Priori 2%, 2013) o

T ARG ALIC S () LEP [ Dh 338, A X Le 1% ()R 8 REAE 5 R B,
1B IR G AMERE A O, DA T Im PR A X7 ik o) A2 132 4k, mT BLRIE ik
JT RN . Hh AR E . Rosin 55, (2011 4F) 7EMAS: AR I 1 5™ 4 1)
MPTP B8 B, I T4 L0 B A% 1 bk v () A A9 X S mT DA IR S (1)
PR AR RS, AT PD iesh g . B4k, Little 5% (2013) f£
— I JF B AG R ST E R, STN LFP 1) B v P T ge 4t 1 PD 4545 i S Se A= Wb
10, I HHREE B IS TER 2 P € W BHE R, @S2 ptRlismT Ll is 3 U
REMENG . IEWZETHEBE b Ot BERE, &R ILX ML 2 B B s
YEH (Hauptmann F1 Tass, 2007) .

Goldobin % NIRZE T 57— PP g , 1% 5 0% GLF51 118 H 42 LU 48 ik i 5%
LFP B3I M4 LA /b 4 JRiR &2 (2003)  GES RS 3.1.3 95) o fi FHAUE
B BH, AEIR AN 25 (U RE 8 20 & v] R B BURR e AR W 48 At e, AT
T ERPE R . B, T DA TR L (GAD MITERLAY H & AR T i,
DU 5 T 2 AR w0 2 80 e 0 A PR BB S SR A AR o
(Feng &, 2007a) » — MRt sl IX et B S8 BA 5 I 5K F . 51/ PD
SR B 5 A QB R AL U R BT IR

4.1. Vim DBS [ FAZR$s %

I A AR SRR 100 S it e G EAZ, Vim) [
FHiE5) (Mclntyre 2, 2004b) , Santaniello 25 (2011) 7T 7 HX LeLe o1
A1) LEP J2 15 AT FAE DBS i PP i 42 1) A8 1 o 22 B S A 2R 40 ) A
JERC IR TG 51 AT TEAL T TEBR ¥ 5T % 1) [R) M A 5 AR 1 s U5 R 1Y) 3mm ¥
N . A2, o LUK DBS B NIE LFP, J£H LFP 5 PD K
FEEE AR (Lenz 55, 1988) o JFETRNIES., SEH T PUFNAS ] B9 dAR =
IR EES), BISHHE, I B T DA E] B SR =R AR L A 7E
[ RE A SSIE Bl . HA AN [BAREY (ARX BE8Y) A T-##iA DBS #iA
FALFP #ih 2 IR R o T LT =K UA B SEL: 1) LI, 2) DBS
KN FEE, 3) DBS FFEREBL. R & MBI (130H2) ~, {8 Rk
P AAS SORIR S, AR LFP ThaR b 5EEA Xk, KSR
BRI EZHRFE . RIS DBS 1% 5 6 E BURAS N AFE 04 TGiE 3 1 R
HH AT I 34 DBS (Santanielloetal, 2011) &



4.2. STN DBS KA

Feng % (2007a, b) A F it A& Sk € A A 1¥) DBS Jal 1t sk i 1 i sl
B, AR S AR IORE AT 9, BB HE A 220, RS s T oF
i, JF7E Rubin A1 Terman J¥ &% ] BG M8 iii4T 74 E (Terman 2, 2002;
G E (2004) o flATIHR Y, 1T BN EEAE M A AR IR R N -
AR IO, DAME ] LB SR F G R nT 2 (s, I B 20 83
A% DBS IlIn W BHE. IhAh, AT RS FIH DBS S E 1) ATEH,
ZHERERA SR RIGE. &G, A THRER KK RIENE, FkBaResff
A FEZE BRI Y (ldn,  FaEATEANEE AV e .

GA ISEN T Jeib JEERT « B AR B B A —4H DBS 3% (H—4
WIS HER) AR MBS, XEWE, E£6Z00HFTT,
GPi 4 fu SR I AR O CAEBRIRZS) 15 B & IR AR Ik 52
CREDIRES) M RB IR S o L e/ MEIEZE R T SEBR RIS 20 R R A
BB ORI, PR TR S N iR B S B g, 4
—/NEZ > DBS IR BT AR FIRCR Y, A RS . R TR i
bk, BEDACIRAREEREM TR, (Ht FeR gt ViR, PAvd ik /5 2 v e i pe
5, DMELEIRPR DBS B fr s Y B G R SR “ T

4.3, BRAEBU/NE PP ]

AR TREHER GRE REmAERE (41 DBS) FA R AR,
FOAE R TSR AT T (Modolo %5, 20105 Beuter &5, 2014) . 7Eff4
=7, R ERe s B D MW WIZiEshk)ZE (M) #| STN FEE
FeiEmg; 2) M1 Z2FIINKERBE S Zii) “SEfmh” o EaE AR
YRR 235 R0 b, 2 B B B 03 BEAIR 35 H v B3 HE A o R 0% K R e
R ERG,  TAS 22 M A AR B S i HoAl k%% (Modoloetal, 2010)

5. &

IR SR (DBS) s oAH e A% BOm I BL € Tl it #8170, DBS fI#
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T oA E, JFH AT CUR RIS o . S AT 1 IR, H R
BORR] H T4 A 5k PD Ji BEAE BB A DBS /E FITBFENLHI IR & . C&8 &



W, SRR A S N 2R, R TVE2 U, B AR A 3 2 4
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S, ERRY], 5T EML, RIS AT LUEA RO R DBS
SRR Rhh, B EMEAE SR A R R s, 1EE 1 =4 DBS Al fig
TR R AR RIRR 22 A, XD DBS (175 42 R A A ] REAE DBS L fig ke 5L 22
e

(ThRE) MAREOR, SEI AN R T AL SENLEOR R RE 25 4 A 1 S A
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Bl LeAh, BENE R A RIEE AN KN 4 23 2 18] B3 LAH A FH AL AT DASE I — Fif
PLALis, HLEISKEN ) DBS J697, XAMATT AL 5 5 2 (K B fE i .

6. ZE MR

[1] Catchpole CK, Slater PJB. Bird Song Biological Themes and Variations,2nd Ed.
Cambridge, Massachusetts: Cambridge University press; 2008.

[2] Catchpole CK. Sexual selection and the evolution of song and brain structure in
Acrocephalus warblers. Advances in the Study of Behavior. 2000; 29:45-97.
https://doi.org/10.1016/S0065-3454(08)60103-5

[3] Alba-Ferrara, L M; Fernandez, F; Salas, R and De Erausquin, G A (2014). Transcranial
magnetic stimulation and deep brain stimulation in the treatment of alcohol dependence. Addictive
Disorders & Their Treatment 13: 159-169.

[4] Albin, R L et al. (1989). The functional anatomy of basal ganglia disorders. Trends in
Neurosciences 12: 366-375.

[5] Alexander, G E; De Long, M R and Strick, P L (1986). Parallel organization of
functionally segregated circuits linking basal ganglia and cortex. Annual Review of Neuroscience
9:357-381.

[6] Alexander, G E and Crutcher, M D (1990). Functional architecture of basal ganglia
circuits: neural substrates of parallel processing. Trends in Neurosciences 13: 266-271.

[7] Bar-Gad, I; Morris, G and Bergman, H (2003). Information processing, dimensionality

reduction and reinforcement learning in the basal ganglia. Progress in Neurobiology 71: 439-473.



[8] Benabid, A L; Pollak, P; Louveau, A; Henry, S and de Rougemont, J (1987). Combined
(thalamotomy and stimulation) stereotactic surgery of the Vim thalamic nucleus for bilateral
Parkinson’s disease. Applied Neurophysiology 50: 344-346.

[9] Benabid, A L et al. (1991). Long-term suppression of tremor by chronic stimulation of
the ventral intermediate thalamic nucleus. Lancet 337: 403-406.

[10] Benabid, A L etal. (1993). Chronic VIM thalamic stimulation in Parkinson’s disease,
essential tremor and extra-pyramidal dyskinesias. Acta Neurochirurgica 58: 39-44.

[11] Benabid, A L al. (2000). Subthalamic stimulation for Parkinson’s disease. Archives of
Medical Research 31: 282-289.

[12] Benabid, A; Benazzous, A and Pollak, P (2002). Mechanisms of deep brain stimulation.
Movement Disorders 17: S73-S74.

[13] Benazzouz, A; Breit, S; Koudsie, A; Pollak, P; Krack, P and Benabid, A (2002).
Intraoperative microrecordings of the subthalamic nucleus in Parkinson’s disease. Movement
Disorders 17: S145-S149.

[14] Benecke, R; Rothwell, J C; Dick, J P; Day, B L and Marsden, C D (1986). Performance
of simultaneous movements in patients with Parkinson’s disease. Brain 109: 739-757.

[15] Berardelli, A; Rothwell, J C; Thompson, P D and Hallett, M (2001). Pathophysiology of
bradykinesia in Parkinson’s disease. Brain 124: 2131-2146.

[16] Bergman, H; Wichmann, T; Karmon, B and DeLong, M R (1994). The primate
subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism. Journal of
Neurophysiology 72: 507-520.

[17] Beuter, A; Lefaucheur, J P and Modolo, J (2014). Closed-loop cortical neuromodulation
in Parkinson’s disease: An alternative to deep brain stimulation? Clinical Neurophysiology 125(5):
874-885.

[18] Beuter, A and Modolo, J (2009). Delayed and lasting effects of deep brain stimulation
on locomotion in Parkinson’s disease. Chaos 19: 026114.

[19] Boccard, S G J et al. (2014). Deep brain stimulation of the anterior cingulate cortex:
targeting the affective component of chronic pain. NeuroReport 25: 83-88.

[20] Bostan, A C and Strick, P L (2010). The cerebellum and basal ganglia are
interconnected. Neuropsychology Review 20: 261-270.

[21] Breit, S; Schulz, J B and Benabid, A (2004). Deep brain stimulation. Cell Tissue
Research 318: 275-288.

[22] Brocker, D T et al. (2013). Improved efficacy of temporally non-regular deep brain

stimulation in Parkinson’s disease. Experimental Neurology 239: 60-67.



[23] Brown, P; Oliviero, A; Mazzone, P; Insola, A; Tonali, P and Di Lazzaro, V (2001).
Dopamine dependency of oscillations between subthalamic nucleus and pallidum in Parkinson’s
disease. The Journal of Neuroscience 21: 1033-1038.

[24] Brown, P (2003). Oscillatory nature of human basal ganglia activity: relationship to the
pathophysiology of Parkinson’s disease. Movement Disorders 18: 357-363.

[25] Brown, P and Williams, D (2005). Basal ganglia local field potential activity: character
and functional significance in the human. Clinical Neurophysiology 116: 2510-2519.

[26] Butson, C R; Cooper, S E; Henderson, J M and McIntyre, C C (2007). Patient-specific
analysis of volume of tissue activated during deep brain stimulation. Neurolmage 34: 661-670.

[27] Butson, C R and Mclntyre, C C (2008). Current steering to control the volume of tissue
activated during deep brain stimulation. Brain Stimulation 1: 7-15.

[28] Calabresi, P; Centonze, D and Bernardi, G (2000). Electrophysiology of dopamine in
normal and denervated striatal neurons. Trends in Neurosciences 23: S57-S63.

[29] Cagnan, H et al. (2009). Frequency-selectivity of a thalamocortical relay neuron during
Parkinson's disease and deep brain stimulation: a computational study. European Journal of
Neuroscience 30: 1306-1317.

[30] Chaturvedi, A; Butson, C R; Lempka, S F; Cooper, S E and McIntyre, C C (2010).
Patient-specific models of deep brain stimulation: influence of field model complexity on neural
activation predictions. Brain Stimulation 3: 65-77.

[31] Chiken, S and Nambu, A (2015). Mechanism of deep brain stimulation: inhibition,
excitation, or disruption? The Neuroscientist 1-10. doi:10.1177/1073858415581986.

[32] Costa, R M et al. (2006) Rapid alterations in corticostriatal ensemble coordination
during acute dopamine-dependent motor dysfunction. Neuron 52: 359-369.

[33] Davidson, C M; De Paor, A M and Lowery, M M (2014). Application of describing
function analysis to a model of deep brain stimulation. IEEE TBME 61(3): 957-965.

[34] DeLong, M R (1971). Activity of pallidal neurons during movement. Journal of
Neurophysiology 34: 414-427.

[35] DeLong, M R (1990). Primate models of movement disorders of basal ganglia origin.
Trends in Neuroscience 13: 281-285.

[36] Dostrovsky, J and Lozano, A (2002). Mechanisms of deep brain stimulation. Movement
Disorders 17: S63-S68.

[37] Elder, C M and Vitek, J L (2001). The motor thalamus: alteration of neuronal activity in
the parkinsonian state. In: K Kultas-Ilinsky and I A Ilinsky (Eds.), Basal Ganglia and Thalamus in
Health and Movement Disorders. (pp. 257-265). New York: Kluwer Academic.



[38] Eusebio, A et al. (2008). Effects of low-frequency stimulation of the subthalamic
nucleus on movement in Parkinson’s disease. Experimental Neurology 209: 125-130.

[39] Figee, M et al. (2014). Deep brain stimulation induces striatal dopamine release in
obsessive-compulsive disorder. Biological Psychiatry 75: 647-652.

[40] Feng, X-J; Shea-Brown, E; Greenwald, B; Kosut, R and Rabitz, H (2007a). Towards
closed-loop optimization of deep brain stimulation for Parkinson’s disease: concepts and lessons
from a computational model. Journal of Neural Engineering 4: L14-L21.

[41] Feng, X-J; Shea-Brown, E; Greenwald, B; Kosut, R and Rabitz, H (2007b). Optimal
deep brain stimulation of the subhtalamic nucleus — a computational study. Journal of
Computational Neuroscience 23: 265-282.

[42] Filion, M and Tremblay, L (1991). Abnormal spontaneous activity of globus pallidus
neurons in monkeys with MPTP-induced parkinsonism. Brain Research 547: 142-151.

[43] Fogelson, N et al. (2005). Frequency dependent effects of subthalamic nucleus
stimulation in Parkinson’s disease. Neuroscience Letters 382: 5-9.

[44] Foutz, T J and Mclntyre, C C (2010). Evaluation of novel stimulus waveforms for deep
brain stimulation. Journal of Neural Engineering 7: 066008. doi:10.1088/1741-2560/7/6/066008.

[45] Frank, M J (2005). Dynamic dopamine modulation in the basal ganglia: a
neurocomputational account of cognitive deficits in medicated and nonmedicated parkinsonism.
Journal of Cognitive Neuroscience 17: 51-72.

[46] Frank, M J (2006). Hold your horses: a dynamic computational role for the subthalamic
nucleus in decision making. Neural Networks 19: 1120-1136.

[47] Frank, M J; Samanta, J; Moustafa, A A and Sherman, S J (2007). Hold your horses:
impulsivity, deep brain stimulation, and medication in parkinsonism. Science 318: 1309-1312.

[48] Frankemolle, A M M et al. (2010). Reversing cognitive-motor impairments in
Parkinson’s disease patients using a computational modelling approach to deep brain stimulation
programming. Brain 133: 746-761.

[49] Gardinaru, V; Mogri, M; Thompson, K R; Henderson, J] M and Deisseroth, K (2009).
Optical deconstruction of Parkinsonian neural circuitry. Science 324: 354-359.

[50] Gatev, P; Darbin, O and Wichmann, T (2006). Oscillations in the basal ganglia under
normal conditions and in movement disorders. Movement Disorders 21:: 1566-1577.

[51] Goldobin, D; Rosenblum, M and Pikovsky, A (2003). Controlling oscillator coherence
by delayed feedback. Physical Review. E, Statistical, Nonlinear, and Soft Matter Physics 67:
061119.



[52] Gradinaru, V; Mogri, M; Thompson, K R; Henderson, J M and Deisseroth, K (2017).
Optical deconstruction of parkinsonian neural circuitry. Science 324: 354-359.

[53] Grill, W and McIntyre, C (2001). Extracellular excitation of central neurons:
implications for the mechanisms of deep brain stimulation. Thalamus Rel. Syst. 1: 269-277.

[54] Guo, Y; Rubin, J E; McIntyre, C C; Vitek, J L and Terman, D (2008). Thalamocortical
relay fidelity varies across subthalamic nucleus deep brain stimulation protocols in a
Data-drivencomputational model. Journal of Neurophysiology 99: 1477-1492.

[55] Gurney, K; Prescott, T J and Redgrave, P (2001a). A computational model of action
selection in the basal ganglia. I. A new functional anatomy. Biological Cybernetics 84: 401-410.

[56] Gurney, K; Prescott, T J and Redgrave, P (2001b). A computational model of action
selection in the basal ganglia. II. Analysis and simulation of behaviour. Biological Cybernetics 84:
411-42.

[57] Hammond, C; Bergman, H and Brown, P (2007). Pathological synchronization in
Parkinson’s disease: networks, models and treatments. Trends in Neurosciences 30: 357-364.

[58] Hashimoto, T; Elder, C M; Okun, M S; Patrick, S K and Vitek, J L (2003). Stimulation
of the subthalamic nucleus changes the firing pattern of pallidal neurons. The Journal of
Neuroscience 23: 1916-1923.

[59] Hautpmann, C; Popovych, O and Tass, P A (2005). Effectively desynchronizing deep
brain stimulation based on a coordinated delayed feedback stimulation via several sites: a
computational study. Biological Cybernetics 93: 463-470.

[60] Hauptmann, C and Tass, P A (2007). Therapeutic rewiring by means of
desynchronizing brain stimulation. Biosystems 89: 173—181.

[61] Hauptmann, C and Tass, P A (2010). Restoration of segregated, physiological neuronal
connectivity by desynchronizing stimulation. Journal of Neural Engineering 7: 056008.

[62] Heida, T; Marani, E and Usunoff, K G (2008). The subthalamic nucleus. II: Modelling
and simulation of activity. Advances in Anatomy, Embryology and Cell Biology 199.

[63] Heimer, G et al. (2006). Dopamine replacement therapy does not restore the full
spectrum of normal pallidal activity in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine primate
model of Parkinsonism. The Journal of Neuroscience 26: 8101-8114.

[64] Helmich, R C; Janssen, M J R; Oyen, W J G; Bloem, B R and Toni, I (2011). Pallidal
dysfunction drives a cerebellotahalamic circuit into Parkinson tremor. Annals of Neurology 6:
269-281.

[65] Hodgkin, A L and Huxley, A F (1952). A quantitative description of membrane current

and its application to conduction and excitation in nerve. The Journal of Physiology 117: 500-544.



[66] Holgado, A J; Terry, J R and Bogacz, R (2010). Conditions for the generation of beta
oscillations in the subthalamic nucleus—globus pallidus network. The Journal of Neuroscience 30:
12340-12352.

[67] Hornykiewicz, O and Kish, S J (1987). Biochemical pathophysiology of Parkinson’s
disease. Advances in Neurology 45: 19-34.

[68] Hutchison, W D et al. (1994). Differential neuronal activity in segments of globus
pallidus in Parkinson’s disease patients. NeuroReport 5: 1533—1537.

[69] Huys, D et al. (2014). Motor improvement and emotional stabilization in patients with
Tourette syndrome after deep brain stimulation of the ventral anterior and ventrolateral motor part
of the thalamus. Biological Psychiatry 79(5): 392-401. doi:10.1016/j.biopsych.2014.05.014.

[70] Kringelbach, M L; Jenkinson, N; Owen, S L F and Aziz, T Z (2007). Translational
principles of deep brain stimulation. Nature Reviews Neuroscience 8: 623-635.
doi:10.1038/nrn2196.

[71] Kuhn, A A et al. (2006). Modulation of beta oscillations in the subthalamic area during
motor imagery in Parkinson’s disease. Brain 129: 695-706.

[72] Kuhn, J et al. (2014). Deep brain stimulation of the nucleus basalis of Meynert in
Alzheimer’s dementia. Molecular Psychiatry 20(3): 353-360. doi:10.1038/mp.2014.32.

[73] Kumar, A; Cardanobile, S; Rotter, S and Aertsen, A (2011). The role of inhibition in
generating and controlling Parkinson’s disease oscillations in the basal ganglia. Frontiers in
Systems Neuroscience 5. doi: 10.3389/fnsys.2011.00086.

[74] Lalo, E et al. (2008). Patterns of bidirectional communication between cortex and basal
ganglia during movement in patients with Parkinson disease. The Journal of Neuroscience 28:
3008-3016.

[75] Laxpati, N G; Kasoff, W S and Gross, R E (2014). Deep brain stimulation for the
treatment of epilepsy: circuits, targets, and trials. Neurotherapeutics 11: 508-526.

[76] Leblois, A; Boraud, T; Meissner, W; Bergman, H and Hansel, D (2006). Competition
between feedback loops underlies normal and pathological dynamics in the basal ganglia. The
Journal of Neuroscience 26: 3567-3583.

[77] Lenz, F A et al. (1988). Single unit analysis of the human ventral thalamic nucleur
group: correlation of thalamic ‘tremor cells” with the 3-6 Hz component of Parkinsonian tremor.
The Journal of Neurocience 8: 754-764.

[78] Levy, R; Ashby, P; Hutchison, W D; Lang, A E; Lozano, A M and Dostrovsky, J] O
(2002). Dependence of subthalamic nucleus oscillations on movement and dopamine in

Parkinson’s disease. Brain 125: 1196-1209.



[79] Limousin, P et al. (1995). Effect on parkinsonian signs and symptoms of bilateral
subthalamic nucleus stimulation. Lancet 345: 91-95.

[80] Little, S etal. (2013). Adaptive deep brain stimulation in advanced Parkinson disease.
Annals of Neurology 74: 449-457.

[81] Lopes da Silva, F (1992). Neural mechanisms underlying brain waves: from neural
membranes to networks. Electroencephalography and Clinical Neurophysiology 79: 81-93.

[82] Lozano, A; Dostrovsky, J; Chen, R and Ashby, P (2002). Deep brain stimulation for
Parkinson’s disease: disrupting the disruption. Lancet Neurology 1: 225-231.

[83] Magnin, M; Morel, A and Jeanmonod, D (2000). Single-unit analysis of the pallidum,
thalamus and subthalamic nucleus in parkinsonian patients. Neuroscience 96: 549-564.

[84] Mallet, N; Ballion, B; Le Moine, C; Gonon, F (2006). Cortical inputs and GABA
interneurons imblance projection neurons in the striatum of Parkinsonian rats. The Journal of
Neuroscience 26: 3875-3884.

[85] Mallet, N et al. (2008). Disrupted dopamine transmission and the emergence of
exaggerated beta oscillations in subthalamic nucleus and cerebral cortex. The Journal of
Neuroscience 28(18): 4795-4806.

[86] Martens, H C F et al. (2011). Spatial steering of deep brain stimulation volumes using a
novel lead design. Clinical Neurophysiology 122: 558-566.

[87] McConnell, G C; So, R Q and Grill, W M (2016). Failure to suppress low-frequency
neuronal oscillatory activity underlies the reduced effectiveness of random patterns of deep brain
stimulation. Journal of Neurophysiology. jn.00822.2015. doi: 10.1152/jn.00822.2015. [Epub
ahead of print]

[88] Mclntyre, C C.; Savasta, M; Kerkerian-Le Goff, L and Vitek, J L (2004a). Uncovering
the mechanism(s) of action of deep brain stimulation: activation, inhibition, or both. Clinical
Neurophysiology 115: 1239-1248.

[89] Mcintyre, C C; Grill, W M; Sherman, D L and Thakor, N V (2004b). Cellular effects of
deep brain stimulation: model-based analysis of activation and inhibition. Journal of
Neurophysiology 91: 1457-1469.

[90] Mclntyre, C C; Chaturvedi, A; Shamir, R R; Shamir, R R and Lempka, S F (2014).
Engineering the next generation of clinical deep brain stimulation technology. Brain Stimulation
8(1): 21-26.

[91] Miller, W C and DeLong, M R (1988). Parkinsonian symptomatology. An anatomical
and physiological analysis. Annals of the New York Academy of Sciences 515: 287-302.



[92] Miocinovic, S et al. (2006). Computational analysis of subthalamic nucleus and
lenticular fasciculus activation during therapeutic deep brain stimulation. Journal of
Neurophysiology 96: 1569-1580.

[93] Meijer, H G E et al. (2011). From parkinsonian thalamic activity to restoring thalamic
relay using deep brain stimulation: new insights from computational modeling. Journal of Neural
Engineering 8: 066005.

[94] Mink, J W (1996). The basal ganglia: focused selection and inhibition of competing
motor programs. Progress in Neurobiology 50: 381-425.

[95] Modolo, J; Bhattacharya, B; Edwards, R; Campagnaud, J; Legros, A and Beuter, A
(2010). Using a virtual cortical module implementing a neural field model to modulate brain
rhythms in Parkinson’s disease. Frontiers in Neuroscience 4: 45.

[96] Modolo, J; Henry, J and Beuter, A (2008). Dynamics of the subthalamo-pallidal
complex in Parkinson’s disease during deep brain stimulation. Journal of Biological Physics 34:
251-266.

[97] Moro, E; Esselink, R; Xie, J; Hommel, M; Benabid, A and Pollak, P (2002). The impact
on Parkinson’s disease of electrical parameter settings in STN stimulation. Neurology 59:
706-713.

[98] Moroney, R; Heida, T and Geelen, J (2008). Increased bradykinesia in Parkinson’s
disease with increased movement complexity: elbow flexion—extension movements. Journal of
Computational Neuroscience 25: 501-519.

[99] Morris, C and Lecar, H (1981). Voltage oscillations in the barnacle giant muscle fiber.
Biophysical Journal 35: 193-213.

[100] Nambu, A; Tokuno, H and Takada, M (2002). Functional significance of the
cortico-subthalamo-pallidal ‘hyperdirect” pathway. Neuroscience Research 43: 111-117.

[101] Nambu, A (2005). A new approach to understand the pathophysiology of Parkinson’s
disease. Journal of Neurology 252 suppl. 4, [V/1-1V/4.

[102] Pessiglione, M et al. (2005). Thalamic neuronal activity in dopamine depleted primates:
evidence for a loss of functional segregation within basal ganglia circuits. The Journal of
Neuroscience 25: 1523-1531.

[103] Pirini, M; Rocchi, L; Sensi, M and Chiari, L (2009). A computational modeling
approach to investigate different targets in deep brain stimulation for Parkinson’s disease. Journal
of Computational Neuroscience 26: 91-107.

[104] Plenz, D and Kital, S T (1999). A basal ganglia pacemaker formed by the subthalamic

nucleus and external globus pallidus. Nature 400: 677-682.



[105] Pollo, C et al. (2014). Directional deep brain stimulation: an intraoperative
double-blind pilot study. Brain 137: 2015-2026. doi:10.1093/brain/awul02.

[106] Priori, A; Foffani, G; Rossi, L and Marceglia, S (2013). Adaptive deep brain (aDBS)
controlled by local field potential oscillations. Experimental Neurology 245: 77-86.

[107] Radman, T; Ramos, R L; Brumberg, J C and Bikson, M (2009). Role of cortical cell
type and morphology in subthreshold and suprathreshold electric field stimulation in vitro. Brain
Stimulation 2: 215-228.

[108] Ranck, B R (1975). Which elements are excited in electrical stimulation of mammalian
central nervous system: a review. Brain Research 98: 417-440.

[109] Rattay, F (1999). The basic mechanism for the electrical stimulation of the nervous
system. Neuroscience 89: 335-346.

[110] Raz, A; Vaadia, E and Bergman, H (2000). Firing pattern and correlations of
spontaneous discharge of pallidal neurons in the normal and the tremulous MPTP vervet model of
parkinsonism. The Journal of Neuroscience 20: 8559-8571.

[111] Riva-Posse, P et al. (2014). Defining critical white matter pathways mediating
successful subcallosal cingulate deep brain stimulation for treatment-resistant depression.
Biological Psychiatry 76: 963-969.

[112] Rizzone, M et al. (2001). Deep brain stimulation of the subthalamic nucleus in
Parkinson’s disease: effects of variation in stimulation parameters. Journal of Neurology,
Neurosurgery, and Psychiatry 71: 215-219.

[113] Romanelli, P; Esposito, V; Schaal, D W and Heit, G (2005). Somatotopy in the basal
ganglia: Experimental and clinical evidence for segregated sensorimotor channels. Brain Research
Reviews 48: 112-128.

[114] Rosenblum, M and Pikovsky, A (2004). Delayed feedback control of collective
synchrony: an approach to suppression of pathological brain rhythms. Physical Review. E,
Statistical, Nonlinear, and Soft Matter Physics 70: 041904.

[115] Rosin, B et al. (2011). Closed-loop deep brain stimulation is superior in ameliorating
parkinsonism. Neuron 72: 370-384.

[116] Rubin, J E and Terman, D (2004). High-frequency stimulation of the subthalamic
nucleus eliminates pathological thalamic rhythmicity in a computer model. Journal of
Computational Neuroscience 16: 211-235.

[117] Rubin, J E; Mclntyre, C C; Turner, R S and Wichmann, T (2012). Basal ganglia
activity patterns in parkinsonism and computational modelling of their downstream effects.

European Journal of Neuroscience 36: 2213-2228.



[118] Santaniello, S; Fiengo, G; Glielmo, L and Grill, W M (2011). Closed-loop control of
deep brain stimulation: a simulation study. IEEE Transactions on Neural Systems and
Rehabilitation Engineering 19: 15-24.

[119] Schneider, J S and Rothblat, D S (1996). Alterations in intralaminar and motor
thalamic physiology following nigrostriatal dopamine depletion. Brain Research 742: 25-33.

[120] Squire, L R; Bloom, F E; McConnell, S K; Roberts, J L; Spitzer, N C and Zigmond, M
J (2003). Fundamental Neuroscience, 2nd edition, Academic Press. The Basal Ganglia, 815-839.

[121] Summerson, S R; Aazhang, B and Kemere, C (2015). Investigating irregularly
patterned Deep brain stimulation signal design using biophysical models. Frontiers in
Computational Neuroscience 9: 78.

[122] Suri, R E; Albani, C and Glattfelder, A H (1998). Analysis of double-joint movements
in controls and in parkinsonian patients. Experimental Brain Research 118: 243-250.

[123] Tachibana, Y; Iwamuro, H; Kita, H; Takada, M and Nambu, A (2011).
Subthalamo-pallidal interactions underlying parkinsonian neuronal oscillations in the primate
basal ganglia. European Journal of Neuroscience 34: 1470-1484.

[124] Tang, J et al. (2005). Firing rates of pallidal neurons are similar in Huntington’s and
Parkinson’s disease patients. Experimental Brain Research 166: 230-236.

[125] Tass, P A (2006). Phase Resetting in Medicine and Biology: Stochastic Modelling and
Data Analysis. Berlin: Springer Verlag.

[126] Tass, P A and Majtanik, M (2006). Long-term anti-kindling effects of desynchronizing
brain stimulation: a theoretical study. Biological Cybernetics 94: 58—66.

[127] Tass, P A (2011). Long-lasting neuronal desynchronization caused by coordinated
reset stimulation. BMC Neuroscience 12 (Suppl. 1): K3.

[128] Terman, D; Rubin, J E; Yew, A C and Wilson, C J (2002). Activity patterns in a model
for subthalamopallidal network of the basal ganglia. The Journal of Neuroscience 2: 2963-2976.

[129] Timmermann, L; Gross, J; Dirks, M; Volkmann, J; Freund, H J and Schnitzler, A
(2003). The cerebral oscillatory network of parkinsonian resting tremor. Brain 126: 199-212.

[130] Timmermann, L et al. (2004). Ten-Hertz stimulation of subthalamic nucleus
deteriorates motor symptoms in Parkinson’s disease. Movement Disorders 19: 1328—1333.

[131] Van Dijk, K J et al. (2015). A novel lead design enables selective deep brain
stimulation of neural populations in the subhtalamic region. Journal of Neural Engineering 12.

doi:10.1088/1741-2560/12/4/046003.



[132] Vlachos, I; Deniz, T; Aertsen, A and Kumar, A (2016). Recovery of dynamics and
function in spking neural networks with closed-loop control. PLoS Computational Biology 12.
doi:10.1371/journal.pcbi.1004720.

[133] Wang, H C; Lees, A J and Brown, P (1999). Impairment of EEG desynchronisation
before and during movement and its relation to bradykinesia in Parkinson’s disease. Journal of
Neurology, Neurosurgery, and Psychiatry 66: 442—446.

[134] Wichmann, T; Bergman, H; Starr, P A; Subramanian, T; Watts, R L and DeLong, M R
(1999). Comparison of MPTP-induced changes in spontaneous neuronal discharge in the internal
pallidal segment and in the substantia nigra pars reticulata in primates. Experimental Brain
Research 125: 397-409.

[135] Wichmann, T and Soares, J (2006). Neuronal firing before and after burst discharges
in the monkey basal ganglia is predictably patterned in the normal state and altered in
parkinsonism. Journal of Neurophysiology 95: 2120-2133.

[136] Zwartjes, D G M et al. (2013). Cortically evoked potentials in the human subthalamic

nucleus. Neuroscience Letters 539: 27-31.



