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Abstract

Symptoms in Parkinson’s disease are accompanied by bursting oscillation in the basal

ganglia. Although it is clinically important to elucidate the mechanism underlying the

oscillatory dynamics, complex interactions among the nuclei in the basal ganglia make
it difficult to understand. We review recent hypotheses on the origin of the bursting
oscillation, and explain an important role of the subthalamic nucleus and the regions

connected to it. We also discuss a computational model on the NMDA-activated burst

in the subthalamic nucleus.
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AR TS 2T AT L, BRNICKEEE TS
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ANDFRWE G ATRE STV A HHE T (subthalamic
nucleus) & ZORFDEIFEDOHENIOWTIHERL, &5
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BT 2HE@RET VY L, ZORRICOWVTHIT .
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), MR (striatum) %5 C, BEMEEED (substantia
nigra pars reticulata) & OEEKNE (internal seg-
ment of globus pallidus) (2% 2 B (direct path-
way) &, MUSBEELOIHED, MEWR, RERS
i (external segment of globus pallidus), K T
R L 7o, HVEMERES R R B RNENIC R B B
¥ (indirect pathway) &9, 2 DO DOTEEE/ N T
YADOMGPREIS N TEZY (Fig.1).
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REBRYVED, WEERNE R CHREMERT E vwo 7o, K
A DL  OMIBIZIHETH 5. 1EoT, EHE
FEOTEENIEINE, BEMNE R OB BRAEH OO
Pz 8 O, SURDOHIHI 25| X 3720, IR
BB G b 5. —0, MK TIE, EEKI
AT, sk ORER I G PR E LTS 512
bo7zH (Fig. 1), MEEOWESE)E, SURKERE %
RNEWALT 5. X=F vV VREETRONEHAD
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Fig.1 The diagram of the brain circuits associated with Parkinson’s disease. The connections having the

labels of (d), (i), and (h) correspond to the direct, indirect, and hyperdirect pathways, respectively.

GPe: the external segment of the globus pallidus, GPi: the internal segment of the globus pal-

lidus, STN: subthalamic nucleus, SNc: substantia nigra pars compacta, SNr: substantia nigra pars

reticulata.
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WX DIERDYET B &, KEEIROWH L 2 v —
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FREIC, /S=F 2V VREZOWREER, BUR, LUH
RTFHICBT, 4-5Hz D5/ y— A MEEAFHI &
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1,2,3,6-tetrahydropyridine (MPTP) % fi\v»C K—/¥
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3. NMDA IC&BBETHD/IN—X FREXDET IV

R TREOMBIE LIAAET 5, IVE I VY7
A NMDA Z#8IE, MR TH RS 5880 L
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¥ 5. NR2D %% NMDA %%4/F (NR2D/NMDA
ZRR) &, BETHWICAE SN S NR2A F/21F
NR2B 2 &0 ZH/ARELBKLT, (1)¥F 7R3y
7Y ADWFERERN 5s BELREW, (2)% 7 A
T ATE Y 7 X AAEAAEE L, #LEMAET
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NMDA 7 ¥ % T=A b D525, HWEADIER = ek
FTHZELHEINTHE N, NMDA ZBEEDHE
OG- ORI, BRICOEETH 5.

Zhu 5222%, $URTH O in vitro 2 5 4 A % v
7oFEBRIC LY, MBS AR 52 7 RET, B
Jiii i NMDA 2125 2 & T, BUR FRHRED N — 2
FEKERTIEEZWONIZLE T, N—A b7
FlERITF ¥ v AV E TR R, NMDA %
KEFES THRALIZA IS T LI X THEHALT 5, B
stiEERINE & Bt DIC (depolarization-activated
inward current) A5G TAHIEEHLMIILE. &
512, HETH O NMDA KU DIC 7% » 2 VD, i
BEAMAME & GO AT S S 2 L7z,

FIT, ZBHESIE, Zhu SOEERT— ¥ &I
NMDA Z#EK K DIC Otz itk Lizav 52 %
VAEFNVEMEEL, SNHDEF NV E, Terman 51
DR THARE T IVIIINZ 5 2 LT, UTOBEM
EFINEE.

Cm(ii_‘t/ = —Jieak — INa — Ik — IT — ICa
—Iagp — INnupa — Ipic + Lip; (1)

2T, VIIEEBMN, Cn ITHREOF v /32 5 VX,
Tiear 13 — 7B, Ing RO Ik \ZBEBEMAKSES B
VY WO A ) WER, Ir TELEWE T #H v
LB, oo IHLEWHEI VYT LB, Tapp
EHNV T A ) T AERE, Inupa (3 NMDA
ZHRE, Ipic 1 DIC Bift, Ly IEBERTH
%. NMDA &ild, KUtk hidksh s,

Inmpa = Gnupa(Vimn, hn)(V = V), (2)

. gnmnyhy
Gnupa(V,my, hy) = T Myl exp(—aV)’
(3)
dhn _ —hy +h¥ ([Caln) (4)
dt o ThN ’

L, Vy EREEM, gv I NMDA E—27 a0 %
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78 YA, my & hy &, ENENEEAK OAE
MALZEHTH 5. [Caln 1&, NMDA ZEAROEN I
o THAT MBI H IV Y 7 2 D, [Mg] &~
TATIAAFVRETH L. (3) ROHGEDHGTE
X, x4y va7ay 7255 NMDA F+ &
VOBEMKEEER LTS, 72, (4) RoBEK
h¥ ([Caln) = 1/{1+exp[([Caln —63')/o4']} &, A
JaR AN 5D EFIHE ) ZEROBUBAED %
FLTWA. DICBHDEF NI, KA THRENS.

Ipic = gom3 ([Caln)hp(V — Vp), (5)
dhp _ —hp +h5 (V)
T U (©6)

gp & DIC DY =2 a3 525 v A, hp EAEHEILZ
¥, Vp 3EEEM Y. (5) ROBEmSS ([Can) =
([Caln)?/[([Caln)® + K3 &, MBSV L
B EFIZHE S DIC oiFEEER Y. £/, (6) Ao
B hy (V) = 1/{1 + exp[(V — 0p)/op]} KT
(V) =15 +75/{1+exp[(V —0p)/op]} 1, IEE
RLAARAE L7z hp OFEIRRE L B B0 Z b2 T
LB CH L. NMDA Eifi & 0 DIC ® € 7 )V TRl
ENTWBIINT A—HFiF, Zhu 2P DEERTF— 4 &
DTy TAYTIZEYVPESINTNS.

ZOET VL, BR TRAERA OIS O A5 58K
2§08 (Fig. 2A), @ BHEEREINA 5 2 LT, 5K
P E s (Fig. 20). —77, NMDA &K FE N
TCi, BmWREKEOBHINZIE %R 5 2 (Fig. 2B),
EABEEREINZ S 2 & T/N— R NENIREEICER
3% (Fig.2D). Ih o 0MfEILE L, NMDA % it
WIZMZAZETHELS, BIRTHEOFRKISY -0
Zfba L CHBLTW5,

T, WA MNDPEAELIRET, In, 70y 77
5L, WEETEMOFENH ST, N—=Z b LIZIZH
U BOBEBMREGSR 515 (Fig. 2B, Ei). &
%b:, [NMDAy [D[c, Ileak‘ U\%O)éa\f@ﬂﬁ?%ﬁ% 7D v
7 L72ac b, MikoBEEMIRE A L5 (Fig. 2E,
B . ZORERIE, NMDA OiFE) & Z1ni4ES DIC
DIEWEDS, N— 2 N DIFEICARG R R %E 2 Ho L w
I EBAIRD L L HIE LTV S,

Fig.2D ® & 9 12, NMDA S&KE & @5 mitE
FOWGFEDNIN=Z MEKIZLETH B L) T &3,
INAS—EHEKE % U7 NMDA A &, kB BRI
oD GABA ATTORFPRHS 5, HIKTEOMR
HIFHEDS, BB RIHE OV T WA 2 k% Eik
LTw3 (Fig.l). $72, F—=sX3 v oREL)s, HE
THROBREMN OB E FFET 5 L) Jfk? 2 %,
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Fig.2 The response of the subthalamic nucleus neuron model. The NMDA conductance is not activated
(mnx = 0) in (A) and (C), whereas it is fully activated (my = 1) in (B) and (D). The injected
current I;,; = 0 for (A) and (B), whereas I;n; = —80 uA/em? for (C) and (D). (E) The solid line
shows the case of blocking Iy,, while the dashed line is the case where only Iyypa and Ipjc are
activated and all of the other active currents are suppressed.

GABA oMM EERAMILT 2L I HEDLH B, NMDAERE DICOY—2ar 575 VR (gn
D, BFERT F— I VARRORERELZ LT, 5l KWgp) 25/ XT 2 — 5 & L CHIEMIT %175 72.
RTHOBGEEBE LT, RETFTVERBON—-Z T gy 223 E7254 (Fig.3A), gp #Z(L8E/23
IRENPBESINDTREEDSH L EEZOND. 4 (Fig.3B) o&H5%h, Thooary ¥ 752 A0

IN— A MRBIOIERE & 2 2 BEEMIRD (Fig. 2E) A% 3N & ) ZEFHEIARLENL T, BELY I v
L DIERIINFERE L TDORX I =X LT 57 M A 7 VA3 T 5 supercritical Hopf 43I A5k &
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Fig.3 Bifurcation analysis of the subthalamic nucleus neuron model with changes in the peak conduc-
tances of the NMDA current and DIC (gn and gp, respectively). The active currents other than
these two currents are eliminated (i.e., Cm% = —lieak — Inmpa — Ipic + Iinj) to examine the
membrane oscillation underlying the bursting oscillation. XPPAUT software®” was used for the
analysis. (Parameters: gp = 20 in (a), gy = 20 in (b))

BT ENRENT. E612, gy-gp FilE LT Hopf 47 L7 B & UK TR OFBHREN 2" 2 HHT 2 720,

Bz 7ay b LR, R&wvgy & gp ORITH, KD NMDA GO E 7 V2 % AT, ZE»

FEVIREN IS AT R 7% & & AR &7z (Fig. 3C). SOIFEEATIDEET BT 5, BUR THARED Y 3 =
S5, ERIICBEEING, N N—HEERERH V- arafior.
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Fig.4 The response of the model neuron when the
NMDA conductances are activated by Pois-
son spikes which represent cortical oscilla-
tion. (A)—(D) show the time courses of the
Poisson input rate R(t) (A), activation vari-
able my of the NMDA currents (B), the
calcium concentration [Ca]y mediated by
NMDA activation (C), and the membrane
voltage V' (D).
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Figure 4 \Z7R$ & 9 12, REDIRE)IZME:-> T NMDA
ZHREMEMALT 5 & (Fig. 4A, B), AV 7 AGA
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ATIHEKE R(E) BE— I FEICETE259 43I0 7L
FIZ—HLTWwa.

C D, fWRRE T IV DIAET B AN, 2 HOET A
~7 MV (Fig.5A), ROREANDS 43I v 7Lk
BRSSO a e — L v 2 (Fig.5B) &, R(t) ®
IRE AW B TH S 0.7Hz FFEICB W THRWE -2 %
RL7c. CoRERIE, BRI HE L 72BUR T O
IN— A MEBIUE, N S—EERKO NMDA AT
Lo TRILIBILERLTWS. 5, BRE»S
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GABA AJIORF D ZE L 72A1L, ThoovF 7
AANTTE DB DS, HURTH D NMDA #df/3—
2 MEBNCRIZTEEIIOWTHEN T2 2 L5, 5
VOBEELPIRE LTEZONS.

4. 8 bH W I
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e T YAT LN, FENENRL LEAOR R
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3. EEOEBEM O L o T, KINIEER O
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Fig.5 Predicted firing statistics of the neuron model, which is activated by oscillatory cortical inputs. (A)

HEE

Log plots (base 10) of the autospectrum of the spike train generated by the neuron. The dashed line

corresponds to the autospectrum for the random Poisson point process, and the two dotted lines

represent the upper and lower 95% confidence limits. (B) The coherence between the cortical inputs

and the spike train of the postsynaptic neuron. The dashed line shows the upper 95% confidence

limit based on the assumption of independence. Neurospec 2.0 software (www.neurospec.org) was

used for the data analysis®".
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