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Tourette Syndrome: Prediction of Phenotypic 
Variation in Monozygotic Twins by Caudate 

Nucleus D2 Receptor Binding 
Steven S. Wolf, Douglas W. Jones, Michael B. Knable, 

Julia G. Gorey, Kan Sam Lee, Thomas M. Hyde, 
Richard Coppola, Daniel R. Weinberger* 

Tourette syndrome, a chronic tic disorder with autosomal dominant inheritance, ex- 
hibits considerable phenotypic variability even within monozygotic twin pairs. The 
origins of this variability remain unclear. Recent findings have implicated the caudate 
nucleus as a locus of pathology, and pharmacological evidence supports dopami- 
nergic involvement. Within monozygotic twins discordant for Tourette syndrome se- 
verity, differences in D2 dopamine receptor binding in the head of the caudate nucleus 
predicted differences in phenotypic severity (r = 0.99); this relation was not observed 
in putamen. These data may link Tourette syndrome with a spectrum of neuropsy- 
chiatric disorders that involve associative striatal circuitry. 

Georges Gilles de la Tourette originally de- 
scribed Tourette syndrome (TS) in 1885 as a 
neuropsychianic disorder characterized by 
chronic motor and vocal tics that begin in 
childhood (1). The tics are not strictly invol- 
untary but commonly involve a compelling 
urge to perform rapid, sudden movements or 
vocalizations. TS is found in all cultures and 
racial groups; although an accurate prevalence 
rate for TS has not been established. it is 
increasingly recognized as being a relatively 
common disorder (2). Family studies suggest 
that TS is inherited as a single autosomal dom- 
inant gene with incom~lete Denetrance (3). - . . 
Twin studies reveal higher concordance rates 
for TS within monozygotic twin pairs than 
within dizygotic pairs, supporting a primary 
genetic contribution. However, discordance for 
symptom severity between identical twins with 
TS indicates that nongenetic factors, including 
possible prenatal influences, modify the clinical 
expression of this disorder (4). 

Several lines of evidence suggest that dopa- 
minergic function is a factor in the phenotypic 
expression of TS, including the observed effi- 
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cacy of dopamine D2 receptor antagonists such 
as haloperidol and pimozide and the exacerba- 
tion of symptoms by dopamimetic agents (for 
example, L-dopa and methylphenidate) (2). 
Although -research has focused on the basal 
ganglia as a likely locus of pathology (2), direct 
evidence for an abnormality of the sniatal do- 
paminergic system is limited (5). Thus far, in- 
vestigations have not revealed an alteration of 
dopamine D2 receptor density in TS patients 
compared with persons without the disease (6), 
and linkage analyses have not identified a ma- 

Fig. 1. Placement of 
ROls for measurement 
of [1231]IBZM binding. 
The 4-hour time-aver- 
aged SPECT image (top 
row) was used for coreg- 
istration of the MRI scan 
(bottom row). ROls (in 
red), created on the MRI 
images for the head of 
the caudate nucleus 
(left), putamen (middle), 
and cerebellum (right), 
are shown transposed to 
the summed SPECT im- 
age (in white). Actual 
binding measurements 
were taken from individ- 
ual time points (7  1). 

jor gene effect of the dopamine receptor loci or 
of genes involved in dopamine metabolism and 
transport (7). Although the cause of TS does 
not appear to be an abnormality of dopamine 
receptors, the efficacy of antidopaminergic 
drugs suggests that differences in receptor func- 
tion, perhaps in specific brain regions, could be 
a factor in phenotypic variance between indi- 
viduals. One brain area rich in D2 receptors 
that has recentlv been shown to be functionallv 
and morphometrically abnormal in TS is the 
sniatum (8). 

We studied identical twins to explore the 
role of dopamine receptor function as a mod- 
ifying factor that might account for differenc- 
es in clinical expression of TS. Identical twins 
discordant for severity of TS provide a pow- 
erful statistical design to discern extragenetic 
factors that correlate with phenotypic varia- 
tion because genetic factors are controlled for. 
If, for example, differences in striatal dopa- 
mine function modulate the clinical expres- 
sion of TS, they should be more apparent in 
the more symptomatic twin. 

Five sets of monozygotic twins concor- 
dant for the diagnosis of TS but discordant 
for symptom severity (9) (Table 1) were 
studied with single-photon emission com- 
puted tomography (SPECT). Striatal bind- 
ing of [I 123]iodobenzamide ([1231]IBZM), a 
potent D2 receptor antagonist (lo), was 
measured through use of anatomical regions 
of interest (ROIs) drawn on coregistered 
magnetic resonance imaging (MRI) scans 
(11) (Fig. 1). To analyze the time course 
ROI data, we used an integral method that 
yielded a measure proportional to D2 recep- 
tor availability (12) (Fig. 2). 

Iodobenzamide binding to D2 receptors in 
the caudate nucleus was greater in all five of 
the more affected TS patients compared with 
their less affected siblings (sign test, P = 
0.03), and mean caudate nucleus binding val- 
ues differed by 17% between twins (mean + 
SEM: 1.49 + 0.16 compared with 1.25 + 
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Table 1. Clinical ratings of symptom severity for more affected compared with less affected TS twins 

Twin pair Shapiro symptom 
checklist Yale global tic severity Yale tic count Aggregate score 

Sex Age More Less More Less More Less More Less 
(years) affected affected affected affected affected affected affected affected 

Male 3 1 22 18 72 54 8 8 102 80 
Male 3 1 32 17 63 39 34 16 129 72 
Male 18 15 5 29 14 12 1 56 20 
Female 42 18 1 1  32 22 5 1 55 34 
Male 25 17 0 59 13 18 1 94 14 

Mean ? SE 29 2 4 21 2 3* 10 ? 3* 51 ? 9* 28 t- 8* 15 i 57 5 i 31 87 ? 14* 442 14' 

*P = 0.04. I-P = 0.07. 

0.10; Wilcoxon test, P = 0.04). In contrast, 
no significant differences were observed in the 
putamen (2.03 i- 0.1 1 compared with 2.05 2 
0.24, P = 0.89) (13). Intrapair differences in 
binding and'the corresponding differences in 
clinical ratings correlated highly, again exclu- 
sively for binding in the caudate nucleus (Ta- 
ble 2). The correlation 1r = 0.99) with the 
aggregate clinical score suggests that differ- 
ences in D2 binding in the caudate nucleus 
account for almost all variance in intrapair 
phenotype. The credibility of this finding is 
strengthened by the absence of any significant 
results in the adjacent putamen, eliminating a 
role for confounding cohort effects and sys- 
tematic errors. 

The prdsent flndlngs also cannot be at- 
trlbuted to leglonal cerebral blood flow ef- 
fects We studled all subjects w ~ t h  ["""'Tcl- 
labeled HMPAO (hexamethylpropylene- 
amine oxime) SPECT and found no signifl- 
cant differences within pairs for either 
caudate nucleus or outarnen 114). It is also . , 

unlikely that our findings are due to medi- 
cation-induced dopalnine receptor up-regu- 
lation because subjects were neuroleptic-free 
for an extended period before the study (9). 
Partial volume effects ~robablv account for 
the consistently lower binding'data for cau- 

date nucleus compared with putamen in all 
subjects but would not affect within-pair 
cornoarisons for either structure. In contrast. 
small but significant reductions in caudate 
nucleus volume have been observed in the 
more severely affected of monozygotic TS 
twin palrs (8). However, volume reductions 
would likelv reduce the atmarent IBZM 

L .  

binding, in c'ontradiction to our findings; the 
difference in binding in caudate nucleus may 
therefore have been even greater than we 
observed. A strong within-pair concordance 
was also observed in the time to attain peak 
IBZM binding (15). Considering the many 
factors (including cerebral blood flow, pe- 
ripheral metabolism, and blood-brain perme- 
ability) that determine radioligand kinetics, 
this flnding further confirms the biological 
similarity within monozygotic twin pairs. 

Our results support the hypothesis that 
dopamine D2 receptor "supersensitivity" ex- 
plains the phenotypic variation in TS. Rela- 
tively large clinical variations in the expres- 
sion of TS may result from subtle changes in 
receptor availability, at least within monozy- 
gotic twins in whom most potential con- 
founders are held constant. By analogy, a sim- 
ilar phenomenon may also explain the fluctu- 
ations in clinical severity typically observed 

Fig. 2. Representative 6000- B 
analysis of ['231]1BZM up- 
take over time. (A) Typical .- .- - =.. 
[i231]lBZM time-activity $ 40 
curves from one patient 2 
(solid lines) illustrating to- 
tal uptake in putamen (a), 
caudate nucleus (a), and 2 
cerebellum (A). Specific 2 20 
binding curves (dashed 0 

lines), calculated by sub- 
track, cerebekr mea- 
surements from total up- 
take in putamen (0) and O' , 
caudate nucleus (01, are '0 60' I;O 180 240 0 60 120 180 240 
also shown. (6) Time in- Time after injection (min) Time after injection (min) 

tegrals of the ['231]1BZM- 
specific binding curves shown in (A), for putamen (0) and caudate nucleus (0). The least squares 
linear-regression lines, used to calculate peak specific bind~ng from the linear poriion of the integral, are 
indicated by dashed lines (12). 

over time in individuals with TS. The mech- 
anism of this increased D2 receptor binding is 
uncertain and mav involve increased receotor 
density, receptor-ligand affinity, endogeAous 
dopamine concentrations, or any combina- 
tion of these factors. Prevlous dopamlne re- 
ceptor imaging studies in which unrelated 
groups were compared found no significant 
differences between TS patients and persons 
without the disease (6). Most likely, this lack 
of an effect is due to relatively large interin- 
dividual variations in radioligand binding 
(16). Because we studied monozygotic twins, 
the effect of interindividual variability has 
substantially reduced; the matched-pair de- 
sign controlled for genetic factors and many 
environmental influences. 

These results complement earlier find- 
ings of striatal pathology in TS (5 ,  8)  and 
point to a concomitant sensitivity of dopa- 
mine receotor function within the head of 
the caudate nucleus. Although neural net- 
works involved in TS have not been iden- 
tified, functional brain imaging studies of 
persons with obsessive-compulsive disorder, 
a frequently comorbid condition, implicate 
the head of the caudate nucleus together 
with its projections from orbitofrontal and 
cingulate cortices (17). Our finding that 

Table 2. Correlations within monozygotic pairs of 
differences in clinical scores and ['231]lBZM bind- 
ing. The first row is aggregate score data; the 
subsequent three rows are post hoc analyses of 
component scales. 

Caudate nucleus Putamen 

Aggregate 0.99 <0.001 0.22 0.72 
score 

Shapiro 0.95 <0.01 0.38 0.52 
symptom 
checklist 

Yale global 0.93 c0.02 0.02 0.97 
tic 
severity 

Yale tic 0.88 <0.05 0.40 0.50 
count 

1226 SCIENCE VOL. 273 30 AUGUST 1996 



tics also relate to caudate nucleus function 
adds to the 'evidence that TS and obsessive- 
compulsive disorder are overlapping neu- 
robehavioral conditions. 

The  caudate nucleus is a key node in cer- 
tain behavior-linked neural circuits, which 
are distinct from putamenal motor circuits 
(18). Our study may aid in understanding the 
curious motor behaviors of TS because it links 
these behaviors to associative, noninotor stri- 
atal circuits and distinguishes them, as long 
suspected, from traditional hyperkinetic 
movement disorders that are linked to motor 
striatal circuits. Although there is insufficient 
basic neuroscience data to explain precisely 
how variation in D2 receptor availability in 
the head of the caudate nucleus accounts for 
the variable expression of TS, we speculate 
that involvement of the caudate nucleus may 
be related to the "compulsive" component of 
tics, a unique feature that helps to distinguish 
tics from other hyperkinetic movements. Do- 
paminergic dysfunction in the caudate nucle- 
us may well be the common link between the 
ideational and motor components of TS. 
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KUZ, a Conserved Metalloprotease-Disintegrin 
Protein with Two Roles in Drosophila 

Neurogenesis 
Jenny Rooke, Duojia Pan, Tian Xu,* Gerald M. Rubin 

During neurogenesis in Drosophila both neurons and nonneuronal cells are produced 
from a population of initially equivalent cells. The kuzbanian (kuz) gene described here 
is essential for the partitioning of neural and nonneuronal cells during development of 
both the central and peripheral nervous systems in Drosophila. Mosaic analyses indi- 
cated that kuz is required for cells to receive signals inhibiting the neural fate. These 
analyses further revealed that the development of a neuron requires a kuz-mediated 
positive signal from neighboring cells. The kuz gene encodes a metalloprotease-disin- 
tegrin protein with a highly conserved bovine homolog, raising the possibility that kuz 
homologs may act in similar processes during mammalian neurogenesis. 

Neurogenesis in the  fruit fly Drosophila 
melanogaster requires that cells from initially 
equivalent populations be selected to  adopt 
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different fates ( 1  ). In  both the  central and 
peripheral nervous systems, the  selection of 
neural cells occurs in a stepwise process 
controlled by two groups of genes (2). First, 
genes of the  proneural class confer equiva- 
lent neural potential o n  groups of cells. 
Subsequently, members of the  neurogenic 
gene class ensure that only a single cell in 
each group is allowed to  achieve its neural 
potential, whereas the  others become epi- 
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