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Share Movement disorders arise from the complexinterplay of multiple changes to neural circuits. Successful treatments for these
g: disorders could interact with these complex changes in myriad ways, and as a consequence their mechanisms of action and their
amelioration of symptoms are incompletely understood. Using Parkinson’s disease as a case study, we review here how
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Responses computational models are a crucial tool for taming this complexity, across causative mechanisms, consequent neural dynamics /\
and treatments. For mechanisms, we review models that capture the effects of losing dopamine on basal ganglia function; for
/Of\ dynamics, we discuss models that have transformed our understanding of how beta-band (15-30 Hz) oscillations arise in the
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S T EE MR TAE.

YT B WBRG IR, EEEARE T =M BN PR, B AR RRAT PR R N T
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— RGN ILAE FEALA RO A0 52 ) I 8, 3k 2 e SO T VR 2T AR T . X K 285 T STN
(Y AR, TR B R R S B 30 v ) 3 B PR A

R TR 43R, PR i Y S ) S T AR A (T R AR AR X IR RR 2 T RS 2 T [S66]. NI,
T AR TRRIE ST RO S 50 SR 9 MK e K BN A 22 5 B L S M (R VEANAR AL (E B AL [1]) . X
SEAR A T BRI T RSN [S67], BRIk B S S R AR AR R A B AL, IR AR, R
O X ARy 2 STN i H AL

VFZBIERT T STN HIm Ao, STN-GPe MBS IIS2M, LR EATTIIIC &4 4o o >R e GPi &
FEMf 4 . XA - BEAER A, AT STN (el &8 Ve GPi %y SRR & i Th g
L [S68, S69]. XU IR STN Ml GPe [MMH4 AR R R AHEIAL GPi ML ik, JHFBER T b
SRR (B 3A), MifiTACh STN #hE o et SOt ks GPi i ey B0AH R AR s GPi R
RO AR T B A4S B (B 3AD.

AR TE T STN BUfIAE Y i 28N W B 5 RN [S70]). IX SRR R fi i, fE—A
HAVATIP, HB 50 RE BE A 5 B AR G PE B8 R BE [S70], [RIEARAL STN #LE 0 SN & S [S71, S72] (HH
o R IENAEEE STN-GPe BAGEE JEH /N, FHEE STN # RIS BOE) « 4 STN XM 57 i
SN GE GPi M4 TE ) R SRR R R AL B [S71, S72), XA M T STN sl ia R K2 GPi
LM 3R [S73, S74). S71) RIBALTIN, STN [IMKAS AR E T GPi () E R % P (K 3B),
KN STN Bix e it RN R AMKE T GPi & o et Gak STND F4piltE GEid GPe) A M-F
7. B —NVEGR YA (S61] E 6] TIKE STN Fl GPe X GPi M N T-H7 (2B R . X 2L/ 2%
PR AR ER L T — 26288, VLB AT 4 100Hz 2% Gt /M RA SRl 2% . R TEEAME DL L,
B GPi M ICA SA IRK—3 0 I B IEHRAS [S61, ST1].

SO P TAERG I T — AN E B IR RS EmG A sh A R K3 STN ) = Al
BRI SEIe Rt WO, TERII RS T Y, STN BRI NEE TR, ZERIEHN [S75]. Rubin At 1R
[S75] B, AT DA — MR SR AR R IR RS0 S5 Y, FEIX AN, AR v A2 S8 STN il 58k
LRI SR AU R 801140 T BB A R B PN 52 B, DA LA SR IR kv o Z AR TR, 7 AR, kR ) 2
SRELY), SEORELH ) SO R STN HFRIIER I . BEEME, AT H BRI T, 33 P 30 4
FMEAIIR M STN 1] GPe fl GPi R, RONEBRHIET STN 288 & M O B IR % M\ 2] STN, ]
UESE 7 IX—F, RO ATR R RIS ] T MPTP RAKZKEH STN FIE AR GPi 1 B
BRG] [S76]. QB IEfA 1S, XA FRA0 ] I ES A P RS AT PR RO S A s T R A B

TX HLEARE 7V ) 2 A S T B R ) 22 ROBE PR T o IR SRR 55 AT S SRR SR il SR PR s
FIH T L TR A9 1 T A 280 S TBOR 21 /0 I 285 RS PR TEARABE Y, 81 A 2R84 PR A RIASE b A T P S 1 5
M PRI O PR O 28 AR o T T A A 0 286 A58 2 o 928 J2 DR ASLA0L (R 96 97 LA e T AN [ B Tt o R0 b, ax ey
DR I Y6 B AL 22 s A vh STN #P 4 Jo IR A AR ORI . SR, 104 7 BT R R A% 18 R A T MR R il
WO R 1 EACRE I IR R (0818, MR FR A2 90Hz K DL AT I ()8 e s AR fa L. (ANSEMAZ, Serifli e
AL AR Z IR ) TAE [S77) BARMERE, FOVE MM E A RERER 7T0Hz BA R [S71)D. &
H— MR B RR R PR A, STN FI3 0 ) o i 1 32 3 B J2 1) e 5878 ok s B Ly 7 /E A [ST8,
S79].



5 ARG A AR AL FAPIR

A w1 Qut 411 Out g
&, E W\/IIII“ | EX
= 8
STNelll UL, GPj o—L_1IL | Tl“c’!?ﬁl”ﬂ\h} % STN ellllllilly GPj e—lLULLLIL__, Tha'.an‘L.s g‘
t 3 1
| |
ST, At in o
B Stimulation on 100 ] On  Off
5 o [
& g o A A
G{E “'a-; 50 1 On Off
©
o 1 1emR 11
E E On Off
’ S T
i T
’ ' 0 10 20 30

R.5) Time (s)
Kl 3: 3t STN FlRERFRIEAN A= B AR

(A) IENALER IR B [S68]). Bl BIRFIMAEI &AM AR, B STN BRI GPi #H£4 Tt 1)
PR, FRIE 75 Bl e . R AT, B 0o R A S NAR B, BB 1§ HLAL S
AN AL (R ). AR BRI SR T STN (ZLtig AL, FEZ Mk GPi i i iE
RS T AR (B) WA EEE, AR [ST1). ALK MR BEBRIERL T STN Rl (af)
JE I FELR ) = 48, X X STN & e 7R T T B B . KB R2 5 A0 48 70 A A S B il %
W /N BE b (RS BR R R AR ) o R (a): BRIk, TP 5 STN VRGN, 3 S5
GPi Al GPe MJ—RAFIE UM OeE: BN E0—17, BN SE—NMEBRMD . LK PR
TR 3 2 1 i ATUR 2 5 3 GPi frH VRS N, BATE R T =AM el 1 Mg (B #f] Ob) A
RAZFEM CF o LAY A AN S 87 (1) B9 5 RAS SR Sh A 0¥ 7 1 v Afl s i 2010 b — 28 [S 73]



6 JTJBCH Il AU & A R T % LR

6 FFARYIEIREANE B AR AVIE BR

FATTF B AR T SR AR A S T PR [R] R AR R . AE R R, B REE T A DI Re M ARE T
R, SR AU, B 51 S ) A B AR A % D e i Ja SR . AEIXHL, RATTR B3 A &5 A P 4T
NPT R SRR AL RN, 2 LA RS DR S A A4 AL . 2 5 —FhUB R o, B H 2 PR
TN AL TT BN 1A IR T IR S D AR IE R AT 3R, A B e TR S B ThRe - 6 BBk G IR, X
P ER 2 A B T JRA TER AR A < AR AL A ROR T R 2 H Az

FEFATTX WA <= AR5 (0 BE A AR T 5 THAAFAE G VE 2 I [S80]. — N2 ik IR AH 42 Py it A MR L mT AT VR YT
H¥ro fEEIT—ANEY YIRS, Lindahl A1 Hellgren-Kotaleski[22] 81} 1 XA a8, £ ELJ&
FEIR AR T A TR ST R AE MR IR G AT QU7 772002 2R G0t 0 A Y g iR e AR A, 2 i o X £
WRFGMEL . F— A, BT RAMERS 6 BBURG IR BFU™ A, e TN N B 5o D2 B
22T NSRS B W BURGE B R TR . M, R B RGEIRT STN-GPe FRE& 5 1Y
WONRIRE SR I I B e BURGBAL. BR, REERILERE 15T 8 WBHRG I AL R #E g 2 18]
R — ML RSB E RS 4

WAV 22 HAh AT 7 ) REURT DA T SRS R T 0ok ok, AEBEIRAT R BRI B LA

o 2 UURAERE A LI R IR, TR SOR s SR SR MR SN % AR H 4 02
BERE T AR A () — VBB, % PUHEAE STN-GPe RERRABLR 4 (R [20]: % FUBHO 2 56 (8 20 7 37
AR 5 MBI B [S53]. 4 ELMREIE R SO P 58 il T A F B th A 3%
BHE LS 21].

o VEARMREAY [33] BTN A 22 ELARE TR S P 38 A2 S AT S M R A 225 (AR 22 30 0 22 1) . B K D e S
REMA?

o WBITIHEAIRIIVIBR TR [S81,582] Xof 3 Jek 5 AN EE |2 [ B2 Jo- 5L Ji 19 A (1030 1 A AT Asmin ? i 5iAs
PR AR T AL R DT RS A < AR R IR A 22 A B A HIRE R . Ay SRR AR K 2 B A o, X i ok
MR- R BRI (0 GPD AR IR, TRMBAL LINRE, PRy e (I i 22 7 2 g e
WE. B, fE EmEBEKRA g BBIRG MR, Kk STN &f#1k g Ik, K2R, H
BB GPe (R GPD KIESERr BRI RIZ. Rk, MR RAERE A2V F AR
RO, X AMRIR SR AR . — MEERIB TS 2, SRR R 2 3 h RE PR 2 SR RL L
BRI AR KR 1 IEH RORIN SIS [S83]- SR T HA TS HE S psh 22717 - BRIW) A ELAE I 2 b, B ALK
AR 2581k, DRI (21, S84] PRI 73— Sk M AR 2, W SR 5% S S5 R BEH L) A AR 2 S
LNZH, MAIRAAS I BRI T A RN (EIXEERE T, X G AR A (R B I e 1
RRATIRAL, W AMRE — 2852 5 RE

o X ENLIHIRANMI L Z) Jg 2 B AL LT B I () HERS TR 5 00 2 S HREOL T, TF SR R AR B AR A AT
MRS Z B Y. SR, 2 ELREAN e TR AR R AR, T MRS ) A B AL S R R .
Z U R R, WSRO SR, £ 2 BT R 5IRYG « FEDIEAOR R AR
WZ A AE R IR I TR SC & [S85, S86], 1X 3 W 7 BT AR TR Sk FiN o 22 A2 A ¥ R SR I o

o T A RE BT SR R IR AR AR 2 A rER RO %, RIFE 100Hz VLR ROTEE (1 A IUHE
kR e A, BEE — AR ) (SR RS TR, JURKEERE RiR%: 1 Rt Ardy . — MR S22



6 JTJBCH Il AU & A R T % NI

FofFE 3R PR AR R, A e o B 28 (10 SR BR8P DR Ak 5 S0 ) St 3 B 28 (R RISt
TURESE [S87) AIHIE NI [S88] HHR ML 1 UEHE, IE B AR R & o Jcmf s vl RE LU A e T T REAH
o IR 53— N IE R A Uk PRI i X AR M2 Peter Tass IIPPMEE B E, HIFEHL
R 2 B UL B PR Y [S89]-1%07 & Lk R B AK SR I 1 IR E W] [S90]. HE— BT SRR E
fig [ ik BLA VR 22 1)L, AR B PR R Boe b i, 3 HE oAy 20800 o v R0 S BRI 3

BRI H X IS AT R AL . Dy T BB, e ARG, JFR R IR IRELEYINLE] . B
MIAGEH S BAIEB LR : i, fEMGNEiE GPe WAL T 2 ML chE [S64, S91, S92], REAMFRLITHE
FERRM AT AA —HAFKERE, XERX g B BURG MW AR IR A [S93]. THEAAL H bnkt oy
FATH ISR B A PARL, B RATHE S AR BRAER I 5 3L, WAL FRATTARE, I LR ATT S g g FE AR B ¢
N



7 HAEn

7 B

Mark D. Humphries HEE“2HT 5% i4x (MRC) AR IR RHT 7T & (MR/J008648/1) Billh. Jakob Kisbye
Dreyer H R Jb%:44> (Grant 2013-12906) % 5.



8 ZEINR EERRAY

8 BEEk

1 Rubin JE, McIntyre CC, Turner RS, et al. Basal ganglia activity patterns in parkinsonism and com-
putational modeling of their downstream effects. Eur J Neurosci 2012;36:2213-28.

2 Schroll H, Hamker FH. Basal Ganglia dysfunctions in movement disorders: what can be learned from
computational simulations. Mov Disord 2016;31:1591-601.

3 Rubin JE. Computational models of basal ganglia dysfunction: the dynamics is in the details. Curr
Opin Neurobiol 2017;46:127-35.

4 Richfield EK, Penney JB, Young AB. Anatomical and affinity state comparisons between dopamine D1
and D2 receptors in the rat central nervous system. Neuroscience 1989;30:767-77.

5 Meador-Woodruff JH, Mansour A, Healy DJ, et al. Comparison of the distributions of D1 and D2
dopamine receptor mRNAs in rat brain. Neuropsychopharmacology 1991;5:231-42.

6 Kordower JH, Olanow CW, Dodiya HB, et al. Disease duration and the integrity of the nigrostriatal
system in Parkinson’ s disease. Brain 2013;136:2419-31.

7 Surmeier DJ, Ding J, Day M, et al. D1 and D2 dopamine-receptor modulation of striatal glutamatergic
signaling in striatal medium spiny neurons. Trends Neurosci 2007;30:228-35.

8 Gerfen CR, Surmeier DJ. Modulation of striatal projection systems by dopamine. Annu Rev Neurosci
2011;34:441-66.

9 Surmeier DJ, Graves SM, Shen W. Dopaminergic modulation of striatal networks in health and Parkin-
son’ s disease. Curr Opin Neurobiol 2014;29:109-17.

10 Moyer JT, Wolf JA, Finkel LH. Effects of dopaminergic modulation on the integrative properties of
the ventral striatal medium spiny neuron. J Neurophysiol 2007;98:3731-48.

11 Nair AG, Gutierrez-Arenas O, Eriksson O, et al. Sensing positive versus negative reward signals
through Adenylyl Cyclase-Coupled GPCRs in direct and indirect pathway striatal medium spiny neurons. J
Neurosci 2015;35:14017-30.

12 Yapo C, Nair AG, Clement L, et al. Detection of phasic dopamine by D1 and D2 striatal medium
spiny neurons. J Physiol 2017;595:7451-75.

13 Humphries MD, Lepora N, Wood R, et al. Capturing dopaminergic modulation and bimodal membrane
behaviour of striatal medium spiny neurons in accurate, reduced models. Front Comput Neurosci 2009;3:26.

14 Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia disorders. Trends Neurosci
1989;12:366-75.

15 DeLong MR. Primate models of movement disorders of basal ganglia origin. Trends Neurosci 1990;13:281-

16 Humphries MD, Wood R, Gurney K. Dopamine-modulated dynamic cell assemblies generated by the
GABAergic striatal microcircuit. Neural Netw 2009;22:1174-88.

17 Damodaran S, Evans RC, Blackwell KT. Synchronized firing of fast-spiking interneurons is critical
to maintain balanced firing between direct and indirect pathway neurons of the striatum. J Neurophysiol
2014;111:836-48.

18 Gurney K, Prescott TJ, Redgrave P. A computational model of action selection in the basal ganglia.



8 ZEINR FA

II. Analysis and simulation of behaviour. Biol Cybern 2001;84:411-23.

19 Frank MJ. Dynamic dopamine modulation in the basal ganglia: a neurocomputational account of
cognitive deficits in medicated and nonmedicated Parkinsonism. J Cogn Neurosci 2005;17:51-72.

20 Humphries MD, Stewart RD, Gurney KN. A physiologically plausible model of action selection and
oscillatory activity in the basal ganglia. J Neurosci 2006;26:12921-42.

21 Schroll H, Vitay J, Hamker FH. Dysfunctional and compensatory synaptic plasticity in Parkinson’ s
disease. Eur J Neurosci 2014;39:688-702.

22 Lindahl M, Hellgren Kotaleski J. Untangling basal ganglia network dynamics and function: role of
dopamine depletion and inhibition investigated in a spiking network model. eNeuro 2016;3:ENEURO.0156-
16.2016-16.

23 Leblois A, Boraud T, Meissner W, et al. Competition between feedback loops underlies normal and
pathological dynamics in the basal ganglia. J Neurosci 2006;26:3567-83.

24 Bergstrom BP, Garris PA. “Passive stabilization” of striatal extracellular dopamine across the lesion
spectrum encompassing the presymptomatic phase of Parkinson’ s disease: a voltammetric study in the
6-OHDA-lesioned rat. J Neurochem 2003;87:1224-36.

25 W ightman RM, Zimmerman JB. Control of dopamine extracellular concentration in rat striatum by
impulse flow and uptake. Brain Res Brain Res Rev 1990;15:135-44.

26 John CE, Jones SR. Voltammetric characterization of the effect of monoamine uptake inhibitors and
releasers on dopamine and serotonin uptake in mouse caudateputamen and substantia nigra slices. Neu-
ropharmacology 2007;52:1596-605.

27 Reed MC, Best J, Nijhout HF. Passive and active stabilization of dopamine in the striatum. Biosci
Hypotheses 2009;2:240-4.

28 Best JA, Nijhout HF, Reed MC. Homeostatic mechanisms in dopamine synthesis and release: a
mathematical model. Theor Biol Med Model 2009;6:21.

29 Dreyer JK, Herrik KF, Berg RW, et al. Influence of phasic and tonic dopamine release on receptor
activation. J Neurosci 2010;30:14273-83.

30 Dreyer JK, Hounsgaard J. Mathematical model of dopamine autoreceptors and uptake inhibitors and
their influence on tonic and phasic dopamine signaling. J Neurophysiol 2013;109:171-82.

31 Dreyer JK. Three mechanisms by which striatal denervation causes breakdown of dopamine signaling.
J Neurosci 2014;34:12444-56.

32 Hansen AK, Knudsen K, Lillethorup TP, et al. In vivo imaging of neuromelanin in Parkinson’ s
disease using 18F-AV-1451 PET. Brain 2016;139:2039-49.

33 Navntoft CA, Dreyer JK. How compensation breaks down in Parkinson’ s disease: Insights from
modeling of denervated striatum. Mov Disord 2016;31:280-9.

34 Schultz W, Dayan P, Montague PR. A neural substrate of prediction and reward. Science 1997;275:1593

35 Bayer HM, Glimcher PW. Midbrain dopamine neurons encode a quantitative reward prediction error
signal. Neuron 2005;47:129-41.



8 ik £ |

36 Bayer HM, Lau B, Glimcher PW. Statistics of midbrain dopamine neuron spike trains in the awake
primate. J Neurophysiol 2007;98:1428-39.

37 Houk JC, Adams JL, Barto AG. A model of how the basal ganglia generates and uses neural signals
that predict reinforcement. In: Houk JC, Davis J, Beiser D, eds. Models of information processing in the
basal ganglia. Cambridge, MA: MIT Press, 1995:249-70.

38 Montague PR, Dayan P, Sejnowski TJ. A framework for mesencephalic dopamine systems based on
predictive Hebbian learning. J Neurosci 1996;16:1936-47. 39 Reynolds JN, Hyland BI, Wickens JR. A cellular
mechanism of reward-related learning. Nature 2001;413:67-70.

40 Gurney KN, Humphries MD, Redgrave P. A new framework for cortico-striatal plasticity: behavioural
theory meets in vitro data at the reinforcement-action interface. PLoS Biol 2015;13:€1002034.



	引言【Introduction】
	纹状体中多巴胺耗竭的后果
	模拟多巴胺神经元丧失对多巴胺浓度和D1、D2信号传导的影响
	帕金森病神经振荡的机制
	脑深部刺激治疗帕金森病的机制
	开放的问题和富有成果的道路
	致谢
	参考文献

