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Table 1. Biochemical analysis of mutant mice
E)}/'crlszgelase hT\ rgf;gg}z; Biqpterin Dopamine  Norepinephrine  Serotonin
) (pmol/min/mg protein) (pmol/mg protein)
Newborn brain
Pis™ 4.12+047 19.9+1.7 620£0.79  6.69+0.66 6.65+1.04 5.12+1.29
Pis™ 0.29 = 0.08" 21.0£2.0 0.39+£0.04*  0.98+0.06" 0.42+0.07  0.40£0.09
@) (105) (6.3) (14.6) (6.3) (7.8)
Adult midbrain
Prs*™* 15£32 -° 10.6+0.7 12+23 3347 40£22
Pts™-DPS 10£3.7 —° 88+12 62+0.7 32+5.7 19+£2.5°
(67) (83) (52) (e (48)
Adult striatum »
Prs*™ T2+ 6.6 - 9.6x13 61822 - 1521
Pis™"-DPS 11+£43 -° 20+£04° 129 +29" -¢ ND
(5 @n 20

Newborn brain: Pts*™ (n=35), Pts™ (n = 4). Adult midbrain and striatum, n = 5. Values in parentheses are the enzyme activity
and content of biopterin and monoamines as a percentage of those in wild-type mice. *P < 0.01; "P < 0.05; “Not determined;
ND, Not detected. Quoted from Refs. 12 and 14, with permission and modification.

blotting with an anti-TH antibody confirmed the reduc-
tion in the amount of TH protein in the whole brain,
which was in dramatic contrast to the minor change in
the amount of TH mRNA detected by northern blot analy-
sis. Furthermore, immunohistochemistry revealed that
dopaminergic cell bodies located in the substantia nigra
and ventral tegmental areas of Pts™ mice were strongly
immunoreactive to anti-TH antibody. Interestingly, nerve
terminals projecting to the striatum were poorly stained
(Fig. 2). Because the same regions were immunoreactive
to anti-AADC antibody, it was suggested that nerve ter-
minals still project to the striatum, but TH protein con-
centrations were selectively reduced. Next, we intraperi-
toneally injected 50 mg/kg of BH. into Prs™ mice and
compared the amount of dopamine and serotonin in the
brain with those of vehicle-injected mice after 1 h. Bio-
pterin content in the brains of mice administered 50 mg/
kg BH., was 6 — 7 times higher than that of vehicle-treated
mice. Dopamine and serotonin content in the brains of
mice administered 50 mg/kg BH, were 1.5- and 10-times
greater than those of the vehicle-treated mice, respec-
tively. We then rescued Pts™™ mice by repetitive intra-
peritoneal injections of BH, (50 mg/kg) once a day for 7
days [postnatal day (P) 0 — 6]. On the following day (P7),
TH activity in the brain homogenates of Pts™ mice ad-
ministered 50 mg/kg BH, was 50% that of Prs™ mice
under the same treatment. Western blotting and immuno-
histochemistry using an anti-TH antibody confirmed in-
creases of TH protein in the whole brain.
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Fig. 2. Immunohistochemical staining of the striatum and midbrain
of newborn Prs” and Pis™ mice using anti-TH antibody. Upper
panels are the striata of wild-type (A) and Pss™ (B) mice. Lower
panels are the midbrains of wild-type (C) and Pzs™ (D) mice. CP,
caudate putamen; Cx, cortex; NAc, nucleus accumbens: SN, substan-
tia nigra; VTA, ventral tegmental area. Scale bars (500 gm) are indi-
cated in panels B and D. Quoted from Ref. 12, with permission and
modification.
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Although Pts™ mice can be rescued by supplementa-
tion of BH, and neurotransmitter precursors (13), we
tried to rescue Pts™ mice by genetic introduction of hu-
man PTS ¢cDNA under the control of the DBH promoter
(DPS) (14). The cause of neonatal death in the Pzs™ mice
was not precisely analyzed; however, dysfunction of the
symipathetic nervous system could be involved. DBH is
the enzyme that converts dopamine to norepinephrine, so
the promoter of DBH works in noradrenergic neurons
and adrenal glands (15, 16). We hypothesized that DPS
rescued the lethal phenotype by promoting BH, produc-
tion in the sympathetic nervous system and adrenal
glands but not in the dopaminergic region. We then es-
tablished DPS transgenic mice on a C57BL/6 background
(Pts™*-DPS), crossed them with heterozygous PTS

knockout mice (Pts™), and repeated crossing with Pts™ -

to obtain rescued mice [DPS transgenic mice on Pts-null
background (Pzs™-DPS)]. PTS activity in the adrenal
gland of Pts™"-DPS mice was 2.7-times higher than that
of Pts™, and PTS activity in various brain regions was
5% — 15% of those in Pts™™ mice. The DBH promoter
does not work in hepatocytes, so rescued mice had a BHa
deficiency in the liver that resulted in hyperphenyl-
alaninemia, which was 37-times higher than that of Prs™
mice. Immunohistochemistry using an anti-human PTS
antibody confirmed the expression of human PTS in
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Fig. 3. Immunohistochemical staining of the striatum and midbrain
of adult Pts™ and Pts™™-DPS mice using an anti-TH antibody. Upper
panels are the striata of Pis™ (A) and Pts™-DPS (B) mice. Lower
panels are the midbrains of Pts™ (C) and Prs™-DPS (D) mice. CP,
caudate putamen; Cx, cortex; NAc, nucleus accumbens; SN, substan-
tia nigra; VTA, ventral tegmental area, Scale bars are indicated in B
(1 mm) and D (500 gm). Quoted from Ref. 14, with permission and
modification.

noradrenergic regions, including the locus ceruleus and
the adrenal medulla. PTS expression was also detected in
parts of cells in the dopaminergic region, such as the
substantia nigra and the ventral tegmental area. Immuno-
histochemistry using an anti-TH antibody revealed that
neural cell bodies located in the substantia nigra and
ventral tegmental areas of rescued mice were as strongly
immunoreactive as those of Pts™ mice. Immunoreactiv-
ity to the anti-TH antibody was retained in the medial
striatum, including the nucleus accumbens; however, TH
immunoreactivity was reduced in the lateral region of the
caudate-putamen (Fig. 3). Biochemical analysis corrobo-
rated the above results. Biopterin content in the midbrains
of Pts™"-DPS mice, where dopaminergic cell bodies lo-
calize, was 83% of that in Pts™* mice. In the striatum,
where nerve terminals project, biopterin content was
21% of that in Pts™" mice. Tyrosine hydroxylase activity
in the midbrains and striata of Pts™"-DPS mice was 67%
and 15% of that in Pts™ mice, respectively. Dopamine
content in the midbrains and striata of Pts™ -DPS mice
was 52% and 21% of that in Pts™”* mice, respectively.
Norepinephrine and serotonin content in the midbrains of
Pts™-DPS mice were 97% and 48% of that in Pts™* mice,
respectively (Table 1).

3. Pts”"-DPS mice turned out to be an interesting ani-
mal model for DRD

Recently, we reported that rescued mice showed im-
pairments in motor coordination, and we performed a
precise analysis of compartments in the striatum (17). At
the adult stage, TH reduction in the striatum was more
severe in the posterior than the anterior, and the Pts™ -
DPS mice showed motor impairment in the beam test.
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Fig. 4. Latency and foot slips on the beam walking test using adult
male mice. Pre-trained mice were made to traverse 50-cm bars of
6-mm width at a height of 50 cm. and latency and foot slips were re-
corded. Open columns represent Prs™ mice. and solid columns repre-
sent Pts”"-DPS mice. *P <0.005 (n=3, Student’s 7 test). Quoted
from Ref. 17, with permission and modification.
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The latency that rescued animals needed to traverse the
testing bars was significantly longer than those of Prs**
mice, and the count of foot slips was also higher (Fig. 4).
Furthermore, 83% of Pts™"-DPS mice showed the abnor-
mal posture of self-clasping (18) when they were sus-
pended by the tail at P14. The mean time for the appear-
ance of abnormal posture was P11. Graybiel et al. found
that the striatum contains two functionally different
compartments (19). One is the striosome, which exists as
a patch in the striatum where p-opioid receptors are
abundantly expressed, and the other is a matrix where
calbindin is predominately expressed. The authors pro-
posed that striosomal neurons project to the substantia
nigra pars compacta, and this feedback network controls
the activity of the striatum. An imbalance of activities
between the striosome and matrix is a possible cause for
movement disorders. We stained brain sections of adult
Pts™"-DPS mice with anti-TH and anti-u-opioid receptor
antibodies, a molecular marker of striosomes, and com-
pared the two results. This analysis revealed that a reduc-
tion of TH protein was more evident in the striosome.
We have not succeeded in quantifying the improved re-
sult of the beam test by L-DOPA supplementation, but
we observed that apomorphine-treated DPS mice exhib-
ited hyperactivity in open field conditions. Furthermore,
we injected apomorphine (5 mg/kg) intraperitoneally to
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adult Pts™-DPS mice and analyzed FosB induction in
the striatum (20). Although there was low TH labeling,
marked FosB induction was detected in the region of the
striosomes, which suggests that these neurons are acti-
vated by D/D- agonists. Indeed, this region could be
hypersensitive to dopaminergic stimuli by functional
desensitization. Next, we immunohistochemically ana-
lyzed the striatum of Pzs™"-DPS mice at PO, P7, P14, and
P28 using anti-TH antibody and quantified the intensity
of the staining by densitometer measurements. In the
striatum of Pss™* mice, the density of TH labeling in the
striosome reduced between P7 and P14. Tyrosine hy-
droxylase labeling in the matrix, however, increased
gradually during each developmental day. Interestingly,
there was a sharp decrease in TH labeling in the strio-
some in rescued mice in the same period, and TH labeling
in the matrix failed to increase (Fig. 5).

4. Discussion: what did the BH,-deficient mice tell us
and what are the remaining questions?

The major findings of our study using Pts™ and Pts™"-
DPS mice were that catecholaminergic, serotonergic, and
NO systems are differentially affected by BHs-insuffi-
ciency. The amount of TH protein in dopaminergic nerve
terminals is strictly regulated by the intracellular concen-
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Fig. 5. Postnatal development of TH protein expression in the striatum of rescued mice compared with wild-type. Upper panels
(A — D) are the striata of wild-type mice. Lower panels (E — H) are those of rescued mice. Ages are indicated at the bottom of each
image. Optical density of the matrix (closed triangles) and striosomes (closed circles) of mice aged 0 weeks, 1 week, 2 weeks, 4
weeks, and adult stage are illustrated in panel 1 (wild-type. Pts™) and panel J (rescued mice, Pts™-DPS). Quoted from Ref. 17,

with permission and modification.
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tration of BH4. TH protein in the striatum could be in-
creased by BH; supplementation at an early date. In ad-
dition, TH was predominantly reduced in the striosome
rather than the matrix. Dopaminergic hypersensitivity in
TH-reduced regions was also confirmed. Tyrosine hy-
droxylase labeling in the striosome of Pzs™-DPS mice
decreased sharply between P7 and P14 and failed to in-
crease in the matrix. TH reduction was more severe in
the posterior lateral striatum than the rostro-ventral stria-
tum. At the adult stage, TH was markedly reduced in
both compartments of the caudal striatum. Finally, the
abnormal posture of self-clasping appeared in a high ratio
of Pts™-DPS mice, and the mean day of its appearance
was P11. Pts™"-DPS mice also showed motor impairment
in the beam test at adulthood.

Our study clearly showed that TH protein is reduced
by BH. deficiency, and this could be caused by a molecu-
lar basis common to DYTS5. Tyrosine hydroxylase and
TPH need BH, as a cofactor; however, protein concentra-
tions of TH were greatly reduced in the brain homog-
enates of BHy-depleted mice while TPH was not signifi-
cantly changed. Thus, BH, supplementation restored
serotonin levels more quickly than dopamine levels.

The regulatory mechanism of TH protein in the nerve
terminals by BH, is not fully understood. Tyrosine hy-
droxylase mRNA levels in the brains of BH,-depleted
mice did not show big differences when compared with
wild-type mice. One possibility is that BH, acts as a
chaperone for TH. Thony et al. reported that the kinetic
and thermal stability of TH is increased by BH, in vivo,
and they succeeded in increasing TH activity in the brains
of wild-type mice by oral supplementation of BH4 (21).
Tyrosine hydroxylase has also been reported to make a
stable and inactive complex with catecholamine and BH,4
(22, 23). Tyrosine hydroxylase protein could be synthe-
sized mainly in the cell body, and then the complex of
TH with BH, and/or dopamine could be transferred to the
nerve terminal by axonal flow. If a reduction of BH4 and/
or dopamine accelerated the instability of TH, TH protein
levels would be more severely reduced in the nerve ter-
minals than the cell bodies. Furthermore, phosphoryla-
tion of Ser40 decreases the K, for BH, and reduces the
affinity for catecholamines (24). Excitatory stimulation
could phosphorylate tyrosine hydroxylase in tlie nerve
terminal and shorten its half-life. o

Nitric oxide synthase activity was significantly reduced
in the brains of Pzs™" mice but not to the same degree as
TH activity. Bthylnitrosurea mutated siph-1 mice have
defective GCHI1 activity, and BH, content was 45% of
the control at the age of 1 month. TH protein in the stria-
tum reduced to 55 — 67% of control sampies, and brain
dopamine and serotonin reduced to 86% and 78% of
wild-type levels, respectively (25). The amount of TPH

protein in the brains of #ph-1 mice has not been docu-
mented, but NOS activity in brain homogenates of Aph-1
mice was identical to that of wild-type (26). Sepiapterin
reductase is the third enzyme of BH, biosynthesis, and
TH immunoreactivity in the striata and protein levels in
the brains of SPR knockout mice are reduced. Conversely,
the expression pattern and intensity of TPH (27) and
NOS protein level (28) in the brain were unchanged
compared with wild-type. One explanation for this dif-
ference is that the affinity of BH, for NOS is much higher
than it is for amino acid hydroxylases. The K, values of
BH. for NOS are reported to be between 0.02 and 0.3 uM
(29), whereas those for TH and TPH are 300 and 90 uM,
respectively (30). We have not done a precise analysis of
the NO system in BH.-deficient mice. However, NO
production in vivo might be affected by a severe BH,
deficiency because reductions of nitric oxide metabolites
in the CSF of human BH.-deficient patients were reported
(31). We should consider that hyperphenylalaninemia is
also causative for TH protein reduction because phenyl-
alanine competes with the transport of tyrosine and
tryptophan via the large neutral amino acid transporter 1
(LATI1) (32), which is an amino acid transporter that
functions from the bloodstream to the nervous system.
Impaired transport of tyrosine, a precursor to L-DOPA,
may cause a reduction of dopamine and its stabilizing
effect on TH. Furthermore, phenylalanine accumulation
in the brain also inhibits TPH and reduces 5-HT synthesis
(33).

Severe TH protein reduction without cell [oss has been
reported in human DRD (10) and BH.-deficient mice.
Thus, dystonia caused by BH, deficiency is a functional
disorder, which is the reason why DRD is responsible for
low doses of DOPA in contrast to Parkinson’s disease.
The pattern of TH in the BH,-deficient mice is very simi-
lar to the pattern in weaver mice, which lack inward K*
channels (34). TH reduction progresses developmentally,
and this movement could be controlled by the balance of
the ‘matrix-based direct and indirect pathways. It is also
modulated by the feedback system of the striosome to the
substantia nigra. Hornykiewicsz pointed out the critical
importance of the preferential loss of striosomal function

in the rostral striatum for dystonic symptoms (35). Ac-

cording to our results, a reduction of TH in the striosome

‘is more likely to be causative for dystonia than a reduc-

tion in the matrix of the rostral striatum at an immature
stage. Additionally, very severe loss of TH in both com-
partments, especially in the caudal striatum at an adult
stage, could be related to the observed reductions of
movement or parkinsonism (36).

There was abnormal maturation of the dopaminergic
system in the striatum of BH.-deficient mice, which
could be a cause for dystonia. However, it is difficult to
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explain how regional differences in TH reduction occur.
BH.-deficient mice showed TH reduction in nerve termi-
nals, in the posterior lateral striatum, and in the striosome,
but not the matrix. Motor controlling systems of the ni-
grostriatal pathway include heterogeneous neurons, and
the developmental order of these pathways could be re-
lated to cellular vulnerability (37). According to postnatal
development, TH protein turnover becomes rapid in
neurons with an increased firing rate (38); thus, those
cells would not be able to maintain TH protein levels.
BH. supplementation at this critical period would be
important. The other possibility is that more noradrener-
gic terminals project to the nucleus accumbens, substantia
nigra, and ventral tegimental area than the dorsal striatum,
and BH, synthesized in these noradrenergic terminals
could be taken up by dopaminergic neurons. Thus, it is
possible that higher BH, levels are available in the re-
gions where noradrenergic terminals densely project.
However, we could not find any articles comparing nor-
adrenergic innervation between the striosome and
matrix.

5. Concluding remarks

In this review, we summarized our findings obtained
from the study of BHs-depleted mice. TH protein at nerve
terminals was strictly regulated by intracellular BH..
This is a novel regulatory mechanism -of monoamine
biosynthesis, and abnormal metabolism of BH, may re-
late to some movement and neuropsychiatric disorders.
We also have evidence that dystonia mediated by BHj
deficiency is closely linked with neural development and
could be caused by a functional imbalance of the strio-
some and matrix in the striatum. We are studying the
precise mechanisms of TH regulation and how to control
the symptom of dystonia.
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} B F# (subthalamic nucleus : STN).

4) Y (substantia nigra). BITHIEES (substantia ni-
gra pars reticulata : SNr) & {0 (substantia nigra
pars compacta : SN¢) {2/MT H L5,

S0 LA L BUE FEARBIEHED AL THD.
KRB DU OFUEA S HETEA N Z-ZTT0 5. UFD3
B L T AMEoRHUE, BT DRI ERIN G -

MRS TWEA

PRI S5 LS (Fig. 2)*

1) Wi (direct pathway) : ﬁﬁ'fdﬁa)&iﬂ‘:l - P
A, F—s33 yDLZFHR v 7 3 7t (y-aminobutyric
acid : GABA)., P (substance P) #ffoCwnbHh =2 —
0t Wi IRATIRINE - TR L Tu SR,

2) [HEEE Gindirect pathway) @ S5k~
NHH, F—3 D2 HEWK GABA, =77 7Y ¥
(enkephalin) Fff-> Twd = a—T X% FERIMHIZE
GPL. SR FHEEEILLT, &2+ 7 ARICHT RN - 1
VIR L 45 D RS,
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5 AL F GBI P D o — 1 VA%, PRIRERING - BT
PR L Co D RElR. A S — i RE, R E
OB AL T, IR L D b, SRATERNE -
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KBTI S, LAcht> < KRIRHZ T & Iofmigs & R
SEEEHRE N — TR E LT ORI figf }\ I AL IS v
— 7 cortico-basal ganglia loop) (Fig. 1, 2 ZHEH R
KHGBE R - RIFIEREE L — 71&, 1Y &’i’f’%\»‘i"’ﬂ)xﬂﬁfb xarh

= LTSl —7" (motor loop) WIS, [RERH
b — 7 (oculomotor loop). i i i’l‘f ¥ v — 7 (prefrontal
loop), MiEFHA N —7 (limbic loop) %Y. FhZFNRHIET
B KIAKe PRI & ORISR NERE. BURIERE A5 % B b — 79
(FHELT0AEY., 2K ILh—72L T, KEJEREIE
P O RETHE A 0 Cr {0 WARRAUEY e 8 K BGE, Wil X
bariru—-nrLTws
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Fig.1 Human basal ganglia shown in a coronal
N o section and in a lateral view (inset). The basal
Caudate nucleus | ganglia reccive cortical inputs, dnd return pro-
Putamen cessed information to the cerebral cortex through
the thalamus (cortico-basal ganglia loop) and to
the brainstem.

Caudate nucleus.
Putamen

Striatum[_

Globus pallidus
external segment:
internal segment-

Subthalamic nucleus

Substantia nigra

pars compacta Brainstem

Limbic Loop l i
Prefrontal Loop ' ;
Oculomotor Loop | i
Motor Loop t
l Cx l :(glu)
Hyperdirect,
pathway
( Indirect
pathway
T GPi/SNr
1 Spinal cord
L

Fig. 2 Basic cireuitry of the basal ganglia, including the Cx-STN-GPiI/SNr Ayperdirect, Cx-Str-GPi/SNr direct and Cx-Str-GPe-STN-
GPi/SNr indirect pathways. Open and filled arrows represent excitatory glutamatergic (glu) and inhibitory GABAergic (GABA) projections,
respectively. The gray arrow represents dopaminergic (DA) projections. Cx, cerebral cortex ; GPe, external segment of the globus pallidus
GPi, internal segment of the globus pallidus ; SNe¢, substantia nigra pars compacta ; SN, substantia nigra pars reticulata ; STN, subthalamic
nucleus ; Str, striatum ; Th, thalamus. (Modified from Nambu et al™)
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pathway | |pathway and indirect

pathways

Inhibit other
motor programs

Hyperdirecti llndirect Hyperdirect Direct pathway "
........................... - |

Selected motor program

Direct pathway

Hyperdirect, l Indjrect
pathwayl lpathway

Disinhibition
e LT

4

Movement

o L1111

Fig.8 Spatial and temporal distribution of basal ganglia activity during voluntary movements. Signals through the direct pathway inhibit
GPifSNr neurons in the center area, activate thalamic neurons by disinhibition, and finally release the selected motor program. On the other
hand, signals through the hyperdirect and indirect pathways have broad excitatory effects on GPi/SNr neurons in temporal and spatial do-
mains, making clear initiation and termination of the selected motor program and inhibiting other irrelevant motor programs. Open and
filled neurons represent excitatory glutamatergic and inhibitory GABAergic neurons, respectively. (Modified from Nambu™)

WERTBY, el <Tvws (Fig. 2). F—s3 >

i, #etkoliElo o —a Y LTIR F—/33 D1

FARE A LCHARMELS, MR = 2 —m S LTI D27%
FRZ A UCHilic iy < -

. KRBEEEROBAE

KR IEAE O W D) C & B Y AT BRI - VT R .
GABA{EBItE MYk = 2 — 0V THD W TH Y, WHIE
(BhFHz) THHEMICBE LTV A OT, #IH6ETH 5 BUE
RO 2 — 0 A&, ISR R KRB S 5 (Fig.
3). KBEHAPSOANTE»T, ek o —a TN
ThHE, PHEBOBSRA- PR - BRI
HEZ O, SRATIRVIET - BTN = 2 — T > E BRI
s s, Zoshi W S oMk L7z lhs— 1
[ZBRAAL (BLEIH © disinhibition), X% TH 2B = =
—0 YR, FORICDHLREEEFHAES 5. CoR, &
LhlmAgl &R Shs ™.

= Ji A 2R — R B, A ERIA - HUVRIHIR
IGO0 L, S 2 — 0 YIS 20
ZHHD LWL GRETNTHEERIEETEZL L,
Y. A Sl S L7 S 7 VAR O ) & S
L, RIS E S L2 7 B L. Sk ik ic s
ERLAYTFASIMT SIS, LEdaT, N
N & WS, RIS X - THI AR S S b W)

DR E LRV LT L E2 H51b (Fig 3)*°.

A AR, DR, MR, SO & ISR
MY THL EMIISL Ty o, HHREBESROR S
N HURE BT L0k L. A 28— TR N o &
ITHUR FE R R BRI, JATERA - BTG
EOHE WG S8, L > THIROIKOHRE RT3 2
LIlhd, Thidb, N S-SR E AT B 7T
M, BlERI SNDMEE) S S 2V BIRO I F i
WL, FLERMIEIHL TS (Fig. 3)457,

IOX I A3k, BiH, MR AT S
Tk, IR, BRI HHE - K oI
Gx. BERBIEEYL Y4 I/ THERIL, A
B A W 2 WA B DI 5 T D, 3 b bHlos#k
REffoTwarEERALNEG. T2k, B -
FIEFTRL, IR, WEE. URRN— 7S TR
L. BB A h =X A€, ZREho K06z Wi
LTwh,

II. KEEESKRBORE

KIS S b L. Parkinson 39 & 9 1l
R BTS2 A HE L, A 328 2 4 (hemiballism).
Huntington# (Huntington's disease), ¥ A b =T ¥ D
B CABEEI R D B Ash b, Fh, HRRRLIERE
HRT, S HGIEIET L Tu 5, KERILIS B ORE
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A Parkinson’s disease

Hyperdirect Direct pathway
and indirect

Akinesia

B Dystonia

Disinhibition

Involuntary movements

Fig.4 Pathophysiology of movement disorders. A, In Parkinson's disease, decreased activity along the direct pathway and increased activi-
ty along the hyperdirect and indirect pathways induce decreased inhibition in the GPi/SNr, and subsequently reduction of disinhibition in
the Th, resulting in akinesia. B, In dystonia, increased activity along the direct pathway induces increased inhibition in the GPi/SNr, and
subsequently increased disinhibition in the Th, ﬁ'esulting in involuntary movements.

i N S—EER R, MEROFBIMED T v RHE
MhKIBHEKOMDMORMFREAETEILICLY,
BHT B EATESY.

Parkinson i D&, BEBERO F—/83 k= 2
— T HEME - BHEL., F—N3 VI X 2RABONER=
2—O Y ~OREMANE, WEH= 2 — 0 o ~OMEITEA
NAET S50, ZORR, BHBITHICKRE T, 585
HICAND A>T, B2 -5, HELEL
Bd. —F, MBS -0 Y KEHETA LS 105.
SOLSBERICE T, RERABOMHARIL, F7-
FLDREIMAL, ZOKE BKE+TH. Mcss
(b, EBIHREMAMBTS (Fig. 44)°.

INYRA (BETHOMEE), Huntington 7 (ﬁ%&ﬂi
OEER= 2 — 1 > DOBE) OBEE. N4 —HEK 1
BREAT Y7 F AR LT0E. YR F=TOHAE,
BERENTI S 7FVEHBL TS, Thodidd, K
IR B0/ S RIG T A HRERAM IR E 2 MME G225 L,
ZOMR, BUR - KBREAKE QBRI Sh, FLEAL
WAFEL %54 3 > 7 TR B, ?&b%f%ﬁﬂ%#&
L% (Fig. 4B)”.
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IV. BURFHOEREA DX A

Parkinson 5§ 1238 U CIREIRAIRHEKRTHE Y — 4 v b
& U7 IR IE SR B3 i: (deep brain stimulation : DBS) #%
BTN B Lo TES. Parkinson#EFNLH LD
PURTHREZHM TS L, ERPEBRTHI bR, i
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v 9’?'/6 L RIR Lt)’i?b‘ﬁb‘?)‘%) Lﬂ’?:b‘

—fb‘ STV A P=TELICDYTI VA P 7ISH LT,
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KBHEBAED LD piiEE R LTVE00, L
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Physiological Circuits of the Basal Ganglia :
To Understand Pathophysiology of Movement Disorders

Atsushi NamBU

Division of System Neurophysiology, National Institute for Physiological Sciences

Information processing through the cortico-basal gan-
glia loop is essential to control voluntary limb movements,
The subthalamic nucleus (STN) and the striatum, the in-
put structures of the basal ganglia, receive direct excitatory
cortical inputs and send projections to the output nuclei,
the internal segment of the globus palhdus (GPi) and the
substantia nigra pars reticulata (SNr), via the following
three pathways : hyperdirect (cortico-STN-GPi/SNr), direct
(cortico-striato-GPi/SNr), and indirect [cortlco-stnato-ex-
ternal pallido (GPe) -STN- GPi/SNr] pathways.

Neurons in the GPi/SNr fire at high frequencies and con-
tinuously inhibit their target structures, the thalamus and
cortex. A signal through the direct pathway inhibits a spe-
cific population of GPi/SNr neurons, resulting in disinhibi-
tion of the thalamus and cortex. On the other hand, signals
through the hyperdirect and indirect pathways excite wide
areas of GPi/SNr, resulting in further inhibition of the thal-
amus and cortex. In the time domain, signals through the
hyperdirect, direct and indirect pathways sequentially

reach GPi/SNr and control their activity dynamically. Thus,
only a selected motor program is released at a selected tim-
ing, while other competing'motor programs are suppressed
through information processing in the basal ganglia.

In a pathological state such as Parkinson's disease, a sig-
nal through the indirect pathways becomes stronger, and a
signal through the direct pathway becomes weaker in both
spatial and temporal domains. Thus, intended motor pro-
grams cannot be released, resulting in akinesia. On the
other hand, in a pathological state such as dystonia, a sig-
nal through the direct pathway becomes stronger spa-
tiotemporally. Thus, unintended movements are randomly
released, resulting in involuntary movements.

Recent developments in stereotaxic surgery have shown
that lesions or high frequency stimulation, i.e., deep brain
stimulation (DBS), in the basal ganglia, ameliorates the
motor disabilities of movement disorders. The mechanism
of the effectiveness of DBS is still unclear ; DBS may inhibit
or excite local neuronal elements.
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