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el of Parkinson's disease similar to human 
parkinsonism. In an initial study of such 
monkeys, the activity of STN neurons was 
increased over that in normal animals (3). 
Moreover, in the animals used in the present 
study we also observed increased tonic dis- 
charge rates of STN neurons after treatment 
with MPTP as compared to before treat- 
ment (5) .  We present here the behavioral 
effects of lesions of the STN in MPTP- 
treated monkeys (Fig. 1C). 

Reversal of Experimental Parkinsonism by In two African green monkeys (Cercopithe- 

Lesions of the Subthalamic Nucleus cus aethiops aethiops; monkeys C-67 and D- 
32), recording chambers were attached to 
the skull to allow access to the subthalamic 

HAGAI BERGMAN, THOMAS WICHMANN, MAHLON R. DELONG area (6). During all subsequent stages of the 
experiment, the behavior of the animals was 

Although it is known that Parkinson's disease results from a loss of dopaminergic objectively quantified (7). First, the animals 
neurons in the substantia nigra, the resulting alterations in activity in the basal ganglia were treated systemically with MPTP (6).  
responsible for parkinsonian motor deficits are still poorly characterized. Recently, The earliest behavioral effect was akinesia, 
increased activity in the subthalamic nucleus has been implicated in the motor which appeared 5 to 6 days after the first 
abnormalities. To test this hypothesis, the effects of lesions of the subthalamic nucleus injection and increased until both monkeys 
were evaluated in monkeys rendered parkinsonian by treatment with 1-methyl-4- sat largely motionless in their cages (7) (Fig. 
phenyl-1,2,3,6-tetrahydropyridine (MPTP). The lesions reduced all of the major 2A). Several days after the appearance of 
motor disturbances in the contralateral limbs, including akinesia, rigidity, and tremor. akinesia, they developed muscular rigidity 
This result supports the postulated role of excessive activity in the subthalamic nucleus with cogwheeling (7)  (Fig. 2B) and an 
in Parkinson's disease. intermittent 5-Hz postural tremor involving 

the proximal limb muscles and trunk (7) 

P ARKINSON'S DISEASE IS CHARACTER- rons. The resulting reduction of cortical (Fig. 2C). Other parkinsonian signs such as 
ized by akinesia (poverty of move- activation would then account for some of postural instability and drooling were also 
ment), muscular rigidity, and tremor. the parkinsonian signs. observed. 

Traditionally, akinesia has been viewed as a In this model, excessive output from the After the animals had developed stable 
"negative" sign, that is, a loss of function STN is postulated play a critical role in parkinsonian signs, a combined injection- 
due to tissue damage per se that cannot be the pathophysiology of Parkinson's disease. recording device, which allowed simulta- 
restored by subsequent lesions. In contrast, The two lines of evidence needed to confirm neous injection of drugs and recording of 
rigidity and tremor have been viewed as this hypothesis are (i) direct measurement of neuronal activity close to the injection site, 
"positive" signs, resulting from excessive increased activity of STN neurons in parkin- was used to map the subthalamic area and to 
activity of the remaining neuronal systems sonian animals and (ii) a determination of place injections of ibotenic acid (IBO) (6) in 
(1) .  the effects of lesions of the STN in such the STN under electrophysiological guid- 

Several lines of evidence (2, 3) suggest animals. These questions are best studied in ance. Within 1 min after the injection, both 
that loss of dopamine in Parkinson's disease monkeys treated with 1-methyl-4-phenyl- monkeys began to move the contralateral 
ultimately results in an increased (inhibi- 1,2,3,6-tetrahydropyridine (MPTP), a mod- extremities (Fig. 3A). Purposeful move- 
tory) output from the basal ganglia to the 
thalamus (Fig. 1, A and B). Because the net 
action of doparnine appears to be different Fig, 1, ~ ~ ~ t i ~ ~ a l  connectivity A B c 
on two subpopulations of striatal 'output within the basal ganglia-thalamo- 
neurons, doparnine depletion results also in cortical circuit. (A) Nmnal. Open 

different effects. Loss of striatal dopamine arrows> excitatory connections; 
Wed arrows, inhibitory connec- 

causes a decrease in the activity of (inhibi- tions. SNc, substantia nigra pars 
tory) striatal neurons projecting directly to compacta; VL, ventro lateral nucle- 
the internal division of the globus pallidus us of the thalamus. The putamen 
(GPi) and an increase in the activity of (the "input" stage of the circuit) is 

connected with GPi (the "output" (inhibitory) striatal neurons projecting to stage) by direct and indirect projec- 
the external division of the globus pallidus tions (,ia ~p~ and the STN). l-he 
(GPe). Increased inhibition of the GPe al- postulated differential effects of do- 
lows more activity in the subthalamic nucle- pamine on the two striatal output 
us (STN). The increased activity of STN are indicated schematically. 

(B) MPTP-induced parkinsonism. 
neurons exerts an enhanced (excitatory) After treaunent with MmP, the 
drive on neurons in GPi. The increased GPi S N ~  is damaged. Resulting &anges 
output leads in turn to increased inhibition in the overall activity in individual projection systems are indicated by changes in the width of arrows. 
of the thalamus and thalmocortic- neu- Inactivation of, the nigroputaminal projection increases GPi activity, secondary to an increase in 

excitatory drive from the STN and a decrease in direct inhibitory input from the striaturn. The resulting 
overinhibition of thalamocortical circuits may account for some of the parkinsonian motor signs. (C) 

~ep-ent of Neurology, ~~h~~ ~~~h~ Hospital, Effect of STN lesions in parkinsonism. Inactivation of the STN reduces GPi output to the thalamus 
Baltimore, MD 21205. toward more normal levels, thus reducing parkinsonian motor signs. 
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Fig. 2. Parkinsonian signs in MPTP-treated 
monkeys. (A) Akinesia and tremor. Bars represent 
the amount of time per 30 min (mean f SEM) 
that in monkey D-32 movement (shaded bar) and 
tremor (solid bar) were present in the head, trunk, 
and limbs before (five observations) and after 
MPTP treatment (four observations). *P < 0.01; 
t test. ( 9 )  hg ih ty .  Bars represent the maximal 
forearm displacement (mean 2 SEM) in monkey 

induced by elbow torque pulses, before 
observations) and after MPTP treatment 
observations). *P < 0.01; t test. (C) Trem- 
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of 1024 d 
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fied as a negative sign. 1 
akinesia by STN lesions SI 

that akinesia may result in : 
excessive STN and GPi activity. AS 

akinesia could now be viewed as a pc 
sign, because it too results from excl 
activity of remaining neural systems an 
be reversed by subsequent lesions. 

The marked effect of STN lesions on 
tremor was also unexpected because parkin- 
sonian tremor has generally been posnilar~d 
to result from oscillatory activity of tha 
cortical loops, independent of basal g; 
circuitry (9, 10). Our findings sugges 
the basal ganglia may participate direc 
tremor production in Parkinson's di 
Conceivably, tremor could result fror 
hanced pacemaker-like activity in a 
populations of neurons in the basal g; 
or from oscillations of unstable cortico, 
ganglia circuits due to increased gain ( 
Alternatively, STN lesions 
oscillatory activity in thalamc 
indirectly by reducing excess 
put to the thalamus. 
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ments were markedly increased, such th 
the animals were again able to feed ar 
groom themselves. However, some residual 
akinesia and clumsiness still remained in the 
contralateral limbs. Tremor was almost 
com~letelv abolished contralaterally (Fig. 
31 logical examination and assess- 
m jue responses (Fig. 3B) showed 
th tone was markedly reduced in 
the contralateral limbs as compared to the 
ipsilateral limbs. After lesioning, both ani- 
mals developed transient dyskinesias of the 
contralateral arm and leg. In one monkey 
(C-67), dyskinesias appeared gradually after 
24 hours, lessened within several days, and 
were no longer detectable after 1 week. In 

ma1 weeks after lesioning, the mon- 
keys were killed with an overdose of pento- 
barbital, and the brains were processed his- 
tologically. In both monkeys, tyrosine hy- 
droxylase staining revealed an almost com- 
plete bilateral loss of dopaminergic cells in 
the substantia nigra with less damage in the 
ventral tegmental area. The lesioned STN 
showed marked gliosis and loss of neurons 
in cresyl violet stains (Fig. 3C). Lesions 
were confined to the STN, with no evidence 
of damage to nearby structures, such as the 
globus pallidus or the thalamus. 

Our results support the postulated role of 
excessive STN activity in the pathophysiolo- 
gy of motor abnormalities in Parkinson's 
disease. Considering the traditional distinc- 
tion between positive and negative parkin- 
sonian signs, however, it was not expected 
that inactivation of the STN would improve 
all of the parkinsonian motor disturbances, 
in particular akinesia. Since previous at- 
tempts to ameliorate akinesia by lesions have 
been unsuccessful (8, 9), akinesia was classi- 
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(8, 9). The effect of STN lesions on rij 
may result from removal of excessive 
and phasic excitatory drive on GPi, 
resultant lowering of GPi output to 
normal levels. 

The development of transient dyskinesias 
of contralateral limbs after lesions of the 
STN was also not surprising, because such 
dyskinesias are well documented both in 
experimental animals (12) and in man (13). 
Although the dyskinesias gradually de- 
creased, the amelioration of parkinsonian 
signs remained unchanged. 

Our results suggest a potential cl 
application for surgical or pharmacolc 
(14) inactivation of the STN as a treat 
for Parkinson's disease. However, further 
studies in experimental animals are necessary 
to examine the long-term effects of STN 
lesions and possible interactions with ' 

treatment. 
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Xotch, the Xenopws Homolog of Drosophila Notch 

During the development of a vertebrate embryo, cell fate is determined by inductive 
signals passing between neighboring tissues. Such determinative interactions have 
been dif3icult to characterize M y  without knowledge of the molecular mechanisms 
involved. Mutations of ~roso~hila and the nematode-~aenorhabditis elegans have been 
isolated that dehe  a family of related gene products involved in similar types of 
cellular inductions. One of these genes, the Notch gene from Drosophila, is involved 
with cell fate choices in the neurogenic region of the blastoderm, in the developing 
nervous system, and in the eye-antennal imaginal disc. Complementary DNA clones 
were isolated from Xenopus embryos with Notch DNA in order to investigate whether 
cell-cell interactions in vertebrate embryos also depend on Notch-like molecules. This 
appfoach identified a Xenopus molecde, ~ o t c h ;  which is remarkably similar to 
Drosophila Notch in both structure and developmental expression. 

vosophila Notch IS A GENE RE- 

quired for local cell-cell interac- 
tions that specify cell fate in the fly 

embryo (1). Although the mechanisms un- 
derlying these interactions are not fully un- 
derstood, the Notch gene product probably 
fhctions at the cell surface by permitting 
determinative interactions between cells. Be- 

an early neurula Xenopus cDNA library with 
Notch DNA using low stringency hybridiza- 
tion (2-4). This screening resulted in two 
overlapping cDNA clones that correspond 
to a 10-kb transcript and encode the amino 
acid sequence of Xotch (Fig. 1A). Xotch 
contains the three structural features by 
which Notch and the two nematode nenes " 

cause similar forms of cell interactions may lin-12 and glp-I are classified as a family of 
also occur in vertebrate embryos, we probed determinative, cell interaction molecules 

(Fig. 1B) (2, 5-7). Two of these features 
C, Coffman and W, Harris. DeDment of Bioloev, form a single extracellular domain consisting 

o,, 
University of California, La ~olla, 'CA 92093. of multiple epidermal growth factor (EGF)- 
C. Neurobiology labor at or^, The like repeats (10 to 36) and three lin-12/Notch Salk Institute of Biological Studies, P.0. Box 85800, 
San Diego, CA 92138. repeats (defined by a region of similarity 

between these two genes) (2, 6). The third 
feature is within the intracellular domain 
and consists of six cdclOISWI6 repeats, a 
motif shared by molecules associated with 
cell-cycle regulation in yeast (cdclO, S WI4, 
and SWI6), human erythrocyte ankyrin, a 
sex-determining gene in C. elegans (fern-I), 
and a human proto-oncogene (bcl-3) (8). 
Xotch, like Notch, has exactly 36 EGF-like 
repeats. If the regions containing the EGF- 
like repeats in Notch and Xotch are aligned, 
51% of the amino acids are identical. A 
similar alignment of Xotch to either lin-12 or 
glp-I produces a lower match (36% and 
39%, respectively) (5-7). Closer analysis of 
individual re~eats shows that Xotch and 
Notch share k i n 0  acids in addition to the 
ones that make up the consensus sequence 
and that even iriegular spacings are pre- 
served between corresponding repeats. This 
conservation implies that the repeats are not 
interchangeable and that minor differences 
between each repeat are required for func- 
tion. Such an interpretation is supported by 
genetic analysis of Dvosophila Notch in which 
a single amino acid change within the repeat 
region can result in a mutant phenotype (9, 
10). The portion of Xotch most highly con- 
served relative to Notch (70% identity) con- 
tains the cytoplasmic cdclO/S W16 repeats and 
downstream 30 amino acids. This degree of 
conservation further indicates the probable 
involvement of this region in mediating the 
intracellular functions of the Xotch and Notch 
proteins (8). 

Some areas of similarity between Notch 
and Xotch are not shared by lin-12 and glp-I. 
One area is a stretch of polyglutamine resi- 
dues encoded by a sequence referred to in 
Dvosophila as the opa or M-repeat (11). The 
opa repeat has no known function, but is a 
molecular feature found in many Dvosophila 
genes. The presence of an apparent skeleton 
of the opa repeat in the Xotch sequence is 
further evidence of the relatedness of these 
molecules. Another area of similarity, at the 
extreme COOH-terminus, contains a cluster 
of proline, serine, and threonine residues 
referred to as a PEST sequence, some of 
which are putative sites of phosphorylation 
(12, 13). The PEST sequence may be in- 
volved in decreasing protein stability. The 
similarities between Xotch and Notch indicate 
that the two are homologs and suggest that 
both could have identical functions during 
development. 

To analyze the functions of Xotch, we 
began by studying the expression of Xotch 
RNA during frog embryogenesis using a 
ribonuclease (RNase) protection assay (14). 
The pattern of Xotch expression was similar 
in many respects to the pattern of Notch 
expression that has been described for fly 
development (9, 15). Xotch RNA was pre- 
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