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We have examined several aspects of neurotransmitter 
function in the brains of mice carrying a deletion mutation 
in the gene encoding the purine salvage enzyme hypoxan- 
thine-guanine phosphoribosyltransferase (HPRT). During the 
first 6 weeks of postnatal development, dopamine levels in 
whole-brain extracts from the mutant mice (HPRT-) failed to 
increase at rates comparable to normal animals, resulting in 
40% lower dopamine levels throughout adulthood. Regional 
analysis in adult animals showed the caudoputamen to be 
the most severely affected region, with dopamine deficits of 
48-64%. Dopamine levels in other regions were normal or 
less severely affected. The decrease in dopamine was ac- 
companied by a decrease in tyrosine hydroxylase (TH) ac- 
tivity, the rate-limiting step in dopamine synthesis. Kinetic 
analysis of TH extracted from the caudoputamen of normal 
and HPRT- mice demonstrated a 45% decrease in V,,, with 
an increased affinity for the tetrahydropterin cofactor in 
the mutants. Labeling of midbrain dopamine neurons using 
TH immunohistochemistry revealed no obvious deficits in 
the number of midbrain dopamine neurons, but quantitative 
autoradiographic studies revealed significant reductions in 
the binding of 3H-fV-[ l -(2-benzo(8)thiophenyl)cyclohex- 
yllpiperidine (3H-BTCP) to dopamine uptake sites in the fore- 
brain of the mutants. In contrast to these abnormalities of 
the dopamine systems in the mutant mice, other neurotrans- 
mitter systems appeared relatively unaffected. Norepineph- 
rine, SHT, tryptophan hydroxylase, and glutamic acid de- 
carboxylase were present at normal levels in the brains of 
the mutants. ChAT activity was slightly lower than normal in 
the caudoputamen of the mutant animals, but was normal in 
all other brain regions examined. These results indicate that 
HPRT deficiency is associated with a relatively specific def- 
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icit in basal ganglia dopamine systems that emerges during 
the first 2 months of postnatal development. 

[Key Words: hypoxanthine-goanine phosphoribosyltrans- 
ferase, animal model, neorogenetics, neurochemistry] 

Our understanding of the pathophysiologic processes underlying 
a number of neurologic disorders has been greatly facilitated by 
the development of appropriate animal models. A number of 
hereditary mouse models discovered as spontaneous occur- 
rences have been identified. These include models for seizure 
disorders (Fisher, 1989) lysosomal storage diseases (Kobayashi 
et al., 1980; Birkenmeier et al., 1988) disorders of myelination 
(Nave et al., 1986; Popko et al., 1987; Readhead et al., 1987) 
neuromuscular disease (Sicinski et al., 1990), and neurodegener- 
ative or developmental processes (Epstein et al., 199 1; Messer 
et al., 1992). In addition to the spontaneous mutants, the avail- 
ability of techniques to generate mice carrying specific genes or 
mutations in specific genes provides the opportunity to generate 
hereditary mouse models of specific human genetic diseases 
(Jaenisch, 1988; Rossant, 1990). For example, mutant strains 
of mice carrying defects in the genes encoding the purine salvage 
enzyme hypoxanthine-guanine phosphoribosyltransferase 
(HPRT) and the lysosomal enzyme glucocerebrosidase have been 
produced as homologous genetic animal models for Lesch-Ny- 
han disease and Gaucher disease, respectively (Hooper et al., 
1987; Kuehn et al., 1987; Tybulewicz et al., 1992). As a greater 
number of mutations responsible for human diseases are iden- 
tified, it seems likely that additional mouse mutants will be 
developed. 

Mice carrying mutations in specific genes often exhibit a phe- 
notype that bears an obvious resemblence to humans carrying 
homologous mutations, but, in other cases the mice display a 
phenotype that is quite different from that observed in the hu- 
man (Erickson, 1989; Darling and Abbott, 1992). In fact, several 
genetically homologous mouse models exist for which an ab- 
normal phenotype is not overtly apparent. For example, mu- 
tations in the dystrophin gene have been identified as the cause 
of the neuromuscular disease in both mdx mice and patients 
with Duchenne’s muscular dystrophy (Hoffman et al., 1987; 
Sicinski et al., 1990). However, in contrast to the progressively 
disabling muscular weakness observed in patients with Du- 
chenne’s disease, mdx mice appear to suffer no overt impair- 
ment. Despite the absence of overt neurobehavioral abnormal- 
ities, these animals have proven useful for studying the 
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histopathologic and biochemical consequences of the disease 
(Fong et al., 1990; Menke and Jockusch, 1991; Mehler et al., 
1992; Dunn et al., 1993). 

The HPRT- mouse model also presents a phenotype different 
from that of human patients with Lesch-Nyhan disease. Al- 
though Lesch-Nyhan patients display a number of neurobehav- 
ioral impairments including choreoathetosis, dystonia, mental 
retardation, and compulsive aggressive and self-injurious be- 
havior (Emmerson and Thompson, 1973; Nyhan, 1973; Christie 
et al., 1982; Watts et al., 1982; Kelley and Wyngaarden, 1983), 
the HPRT- mice display no obvious neurobehavioral abnor- 
malities (Finger et al., 1988; Jinnah et al., 199 1, 1992b). Despite 
the absence of neurobehavioral deficits in these mice, several 
studies have demonstrated neurochemical abnormalities that 
are strikingly similar to those observed in Lesch-Nyhan disease. 
In particular, these animals have significant deficits in brain 
dopamine levels (Finger et al., 1988; Dunnett and Sirinathsin- 
ghji, 1989; Williamson et al., 199 1; Jinnah et al., 1993) similar 
to those that occur in Lesch-Nyhan patients (Lloyd et al., 198 1; 
Silverstein et al., 1985; Jankovic et al., 1988). The occurrence 
of this defect in the HPRT- mice provides a unique tool for 
studying the relationship between HPRT deficiency and brain 
dopamine systems. In the present studies, we have examined 
the basis of the abnormalities of the dopamine systems ‘in the 
brains of the HPRT- mice. 

Materials and Methods 
Materials. Chemicals were obtained from Sigma Chemical Co. (St. Lou- 
is, MO), except for 3-hydroxybenzylhydrazine (NSD 10 15) and GBR 
12909, which were obtained from Research Biochemical International 
(Natick, MA). The 14C-tyrosine, 14C-acetyl coenzyme A, and T-L- 
glutamic acid (specific activities, 45-55 mCi/mmol) were obtained from 
Amersham (Arlington Heights, IL). The 3 H-N-[ 1-(2-ben- 
zo(P)thiophenyl)cyclohexyl] piperidine (3H-BTCP; specific activity, 52 
Ci/mmol) was obtained from DuPont-New England Nuclear (Boston, 
MA). Conical polypropylene tubes, rubber stoppers, and centerwells for 
CO1 trapping assays were obtained from Fisher/Kontes (Vineland, NJ). 

Animals. Mice carrying a deletion mutation in the HPRT gene (Hoo- 
per et al., 1987) were maintained in a colony for 6-12 generations by 
conaenic breeding with C57BW6J mice (Jackson Laboratories. Bar Har- 
bar,-ME). Previois studies have shown that mice carrying this’mutation 
have a complete absence of HPRT enzyme activity in brain tissue (Jin- 
nah et al., 1993). Animals were maintained on a 12 hr: 12 hr light/dark 
cycle with free access to food and water. All HPRT-normal (HPRT+ ) 
and HPRT-deficient (HPRT-) animals were identified by measuring 
HPRT activity in a 20 ~1 sample ofblood obtained from the tail (Jinnah 
et al., 1993). 

Measurement of monoamines and their metabolites. Mice were killed 
by cervical dislocation. Their brains were removed, rinsed briefly in 
ice-cold saline, and dissected on an ice-cooled platform. Whole brains 
or subregions including the olfactory bulbs, caudoputamen, accumbens 
(with olfactory tubercle), cortex, hippocampus, diencephalon, mesen- 
cephalon, brainstem, and cerebellum were collected into tubes and fro- 
zen at -70°C until analysis. Frozen samples were homogenized in at 
least 5 vol of ice-cold 5b mM sodium phosphate buffer, pH 6.8, con- 
taining 100 UM EDTA and 1 mM sodium metabisulfite. and 100 ul 
aliquojs were transferred immediately to tubes containing 10 ~1 of 215 
M perchloric acid on ice. After 30 min, the homogenates were spun at 
15,000 x g for 20 min. Tyrosine, tryptophan, dopamine, norepineph- 
rine, serotonin, 3,4-L-dihydroxyphenylalanine (L-dopa), 3-O-methyl- 
dihydroxyphenylalanine (3-MD), 3,4-dihydroxyphenylacetic acid (DO- 
PAC), homovanillic acid (HVA), 3-methoxytyramine (3-MT), 
5-hydroxytryptophan (5-HTP), and 5-hydroxyindoleaceticacid (5-H&4) 
in the supematants were measured by HPLC, coupled with electro- 
chemical detection as previously described (Jinnah et al., 1992b). 

Tyrosine hydroxylase assay. Tyrosine hydroxylase (TH) was measured 
using three different methods. A two-step modification of the decar- 
boxylase-coupled CO, trapping method of Waymire et al. (1971) was 

initially used to screen large numbers of samples. A modification of the 
method of Nagatsu et al. (1964) was used to determine kinetic param- 
eters for TH. The accumulation of r..-dopa in the caudoputamen follow- 
ing administration of the centrally active aromatic amino acid decar- 
boxylase (AADC) inhibitor NSD 1015 was used to measure TH activity 
in viva (Carlsson et al., 1972). Protein was measured by the method of 
Bradford (1976), using bovine serum albumin as a standard. 

For the CO? trapping assay, frozen tissues were disrupted by soni- 
cation in 5-10 vol of ice-cold 50 mM sodium phosphate buffer, pH 6.8, 
containing 0.2% Triton X-100 and 5 mM dithiothreitol. The first 
step of the assay included 100 PM 19C-tyrosine, 1 mM 
6-methyltetrahydropterin, 1 mM Fe(NH&(SO,),, 2000 U of catalase, 
and 1 M potassium phosphate buffer, pH 6.0, in a total volume of 100 
~1. The reaction was started by adding 50 J of tissue extract to 50 ~1 
of reaction substrate and allowed to proceed for 20-25 min at 37°C. 
The second step was initiated by the addition of 150 ~1 of 0.5 M Tris 
buffer, pH 8.0, 1.6 mM 3-iodotyrosine to block further tyrosine hy- 
droxylation, and 1 ~1 of partially purified hog kidney decarboxylase to 
liberate 14C02 from 14C-L-dopa. The 14C0, evolved was trapped using 
a rubber stopper with a centerwell containing a piece of filter paper 
containing 100 ~1 of methylbenzethonium hydroxide. The reaction was 
terminated by the addition of 100 ~1 of 6 N trichloroacetic acid, followed 
by a 2 hr incubation to allow complete CO2 trapping. The filters were 
then transferred to vials containing Ecoscrint and counted on a scintil- 
lation counter. 

For the measurement of TH kinetics, dissected caudoputamens from 
normal and HPRT- mice were pooled separately and sonicated in 1 ml 
ofice-cold 50 mM HEPES buffer, pH 6.0, containing 0.2% Triton X- 100, 
10 mM dithiothreitol, 1 mg/ml NSD 1015, and 1 PM pepstatin A. The 
homogenates were centrifuged at 45,000 x g for 30 min and 50 ~1 
aliquots of supematant were taken for each assay. The reaction con- 
tained 100 /LM L-3,5-‘H-tyrosine, 0.2 M sodium phosphate buffer, pH 
6.1,2000 U ofcatalase, 40 mM ascorbic acid, and varying concentrations 
of 6-methyltetrahydropterin (0.1, 0.125, 0.16, 0.25, 0.5, and 1 mM). 
The apparent K, and V.,,, values were calculated from Lineweaver- 
Burk plots using a computer program based on Michaelis-Menton ki- 
netics. 

For the measurement of TH activity in vivo, unanesthetized animals 
were given an intraperitoneal injection of 100 mg/kg of NSD 10 15, with 
or without 750 mg/kg y-butyrolactone (GBL; Carlsson et al., 1972). 
Caudoputamens were dissected 25 min later for measurement of L-dopa 
as described above. 

Choline acetyltransferase assay. ChAT was measured by a modifi- 
cation ofthe method of Fonnum (1975). The reaction mixture contained 
0.1 mM Y-acetyl CoA, 0.5 mg/ml bovine serum albumin, 100 PM 

physostigmine, 2 mM choline chloride, 9 mM EDTA, 300 mM NaCl, 
and 50 mM sodium phosphate buffer, pH 7.4, in a total volume of 20 
J. The reaction was started by adding 10 ~1 of diluted tissue extract to 
10 ~1 of reaction substrate and allowed to proceed for 30 min at 37°C. 
The reaction was terminated by adding 100 ~1 of ice-cold water and 
placing the tubes on ice. The 14C-acetylcholine formed was extracted 
from the samples with a mixture of 15% acetonitrile in toluene (by 
volume) with 0.5% tetraphenylboron, added to Ecoscint, and counted 
in a scintillation counter. 

Glutamic acid decarboxylase assay. Glutamic acid decarboxylase 
(GAD) activity was measured by a modification of the CO, trapping 
method of Roberts and Simonsen (1963). The final reaction mixture 
contained 25 mM unlabeled L-glutamic acid, 0.2 &i of 14C-r.,-glutamate, 
200 UM pyridoxal phosphate, and 0.1 M potassium phosphate buffer, 
pH 7.0, in a total volume of 120 ~1. The 14C0, evolved was trapped 
using a rubber stopper with a centerwell containing a piece of filter paper 
containing 100 bl of methylbenzethonium hydroxide. The reaction was 
started by adding 20 ~1 of tissue extract to 100 ~1 of reaction substrate 
and allowed to proceed for 30 min at 37°C. The reaction was terminated 
by the addition of 100 ~1 of 6 N trichloroacetic acid, followed by a 2 
hr incubation to allow complete CO, trapping. The filters were then 
transferred to vials containing Ecoscint and counted in a scintillation 
counter. 

Dopamine uptake site autoradiography. Sections were prepared from 
tissue frozen in isopentane cooled with liquid nitrogen. After preincu- 
bating representative sections with 200 mM NaCl in 50 mM Tris buffer, 
pH 7.0, for 20 min at 4°C to remove endogenous ligand, the sections 
were incubated in the same buffer containing 1 nM )H-BTCP at a specific 
activity of 52 Ci/mmol for 90 min at 4°C (Filloux et al., 1989). Non- 
specific binding was determined by including 1 PM GBR 12909 in the 
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Figure 1. Age-dependent concentrations of monoamines in extracts 
from whole mouse brains. Monoamines in whole-brain homogenates 
of male mice of differing ages were measured by HPLC with electro- 
chemical detection. Because of the difficulty in generating large numbers 
of mice simultaneously for a longitudinal study, animals were culled at 
random from different litters. Each symbol represents the monoamine 
concentration in the brain of a single animal. Solid triangles show data 
for normal animals (n = 2 l), while open triangles show data for HPRT- 
animals (n = 24). Although there was extensive overlap in dopamine 
(DA) concentrations of normal and mutant animals during the first 30 
d of development, there was absolutely no overlap after this time. In 
contrast, there was extensive overlap in norepinephrine (NE) and 5-HT 
levels between normal and mutant animals throughout development 
and aging. 

incubation medium of adjacent tissue sections. Radiolabeling was ter- 
minated by rinsing the sections in fresh buffer four times for 8 min each 
and then drying with cold, desiccated air. The slides were stored in 
dessicated containers at 4°C before being apposed to tritium-sensitive 
Hyperfilm. Tritium-impregnated Microscale standards (Amersham) were 
included with the tissues. After 60 d, the film was developed by im- 
mersing in Kodak D-19 developer for 5 min, rinsing for 30 set, and 
then fixing in Kodak Rapidfix for 5 min. Quantitative analysis ofrelative 
optical densities was conducted using a microcomputer imaging system 
(Imaging Research Inc., St. Catherines, Ontario, Canada). 

Results 
Age-related changes in whole-brain monoamines. The levels of 
dopamine, norepinephrine, and 5-HT were compared in whole- 
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Figure 2. Regional analysis of dopamine, DOPAC, and HVA. Do- 
pamine (DA) and its metabolites DOPAC and HVA were measured in 
the caudoputamen (STR), accumbens/olfactory tubercle (ACC), olfac- 
tory bulb (OB), diencephalon (DIEN), midbrain (MES), cortex (CTX’), 
brainstem (BS), and hippocampus (HPC) of 12-week-old HPRT+ (so/id 
bars, n = 8) and HPRT- (hatched bars, n = 8) male mice. Results show 
average values in ng/mg protein i SE. The levels ofdopamine, DOPAC, 
and HVA were below detectable limits in the cerebellum; DOPAC was 
also below detectable limits in the hippocampus. Statistical analysis was 
performed on each compound separately by ANOVA with brain region 
as a repeated measure. For dopamine, statistically significant effects were 
observed for HPRT group [F( 1,14) = 3 1.6, p < O.OOl] and for the 
interaction ofgroup x region [F(6,84) = 22.9, p < O.OOl]. For DOPAC, 
statistically significant effects were also observed for HPRT group [F( 1,14) 
= 6.0, p < 0.031 and for the interaction of group x region [F(6,84) = 
4.0, p < 0.002]. For HVA, statistically significant effects were also 
observed for HPRT group [F(1,14) = 7.8, p < 0.021 and for the inter- 
action of group x region [F(7,98) = 2.1, p < 0.051. Asterisks (*) denote 
significant differences between normal and mutant animals in particular 
brain regions. 

brain homogenates prepared from normal and HPRT- mice 
during development and aging. In normal animals, whole-brain 
dopamine levels increased from birth until 30-60 d of age (Fig. 
1). Afterward, dopamine was maintained at a stable level for 
up to 8 months. In HPRT- animals, the dopamine levels in- 
creased from birth until approximately 30 d of age before reach- 
ing stable adult levels. There was considerable overlap in whole- 
brain dopamine levels in HPRT+ and HPRT- mice up to 30 d 
of age; after this age, the differential increases in the dopamine 
levels of normal and mutant animals resulted in the appearance 
of a 40% difference in the levels of dopamine in whole-brain 
extracts of normal and mutant adult mice (Fig. 1). 

The levels of norepinephrine and 5-HT also increased during 
postnatal development in whole-brain homogenates from the 
mice, reaching stable adult values at approximately 30 d of age 
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Figure 3. Regional analysis of norepinephrine, 5-HT, and 5-HIAA. 
Norepinephrine (NE), S-HT, and the 5-HT metabolite 5-HIAA were 
measured in the caudoputamen (STR), accumbens/olfactory tubercle 
@CC), olfactory bulb (OB), diencephalon @ZEN), midbrain (A&X), 
cortex (CTX), brainstem (BS), hippocampus (HPC), and cerebellum 
(CRB) of 1 a-week-old HPRT+ (solid bars, n = 8) and HPRT- (hatched 
bars, n = 8) male mice. Results show average values in ng/mg protein 
* SE. Statistical analysis was performed on each compound separately 
by ANOVA with brain region as a repeated measure. For norepineph- 
rine, there was a significant main effect of HPRT group [F( 1,14) = 7.1, 
p < 0.021, but no significant interactive effects ofgroup x region [F(8,114) 
= 1.4, p > 0. IO]. For 5-HT, there were no statistically significant effects 
of HPRT group [F( 1,14) = 2.7, p > 0. lo] or group x region interactions 
[F(8,112) = 0.7, p > 0. lo]. For 5-HIAA, there was a statistically sig- 
nificant effect of HPRT group [F( 1,14) = 10.2, p < O.OOS], and a sig- 
nificant interactive effect of group x region [F(8,112) = 2.1, p < 0.05]. 
Asterisks (*) denote significant differences between normal and mutant 
animals in particular brain regions. 

(Fig. 1). In contrast to the reduced levels of dopamine observed 
in adult HPRT- mice, the levels of norepinephrine and S-HT 
in these animals were normal throughout development and ag- 
ing. 

Regional concentrations of monoamines in adult mice. The 
levels of monoamines in different regions of the brains of 12- 
week-old animals were examined to determine if the reduction 
in dopamine found in whole-brain homogenates of the HPRT- 
mice was due to a global reduction of dopamine throughout the 
brain, or if the deficit was limited to particular subregions. Do- 
pamine levels in normal mice varied considerably among dif- 
ferent brain regions, with the highest levels in the caudoputamen 
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Figure 4. Pathways of brain dopamine metabolism. Tyrosine hydrox- 
ylase (TH), the rate-limiting step in the synthesis of dopamine, converts 
tyrosine (TYR) to L-dopa in the presence of tetrahydrobiopterin. L-dopa 
is then converted rapidly to dopamine (DA) by the action of aromatic 
amino acid decarboxylase (AADC), an enzyme that is inhibited by the 
drug NSD 1015. Catechol-0-methyltransferase (COMT) converts L-do- 
pa and dopamine to 3-0-methyl-dopa (3MD) and 3-methoxytyramine 
(3MT), respectively. DOPAC is produced from dopamine by the action 
of monoamine oxidase (MAO). Homovanillic acid (HVA) is produced 
from DOPAC (by the action of COMT) or from 3-MT (by the action 
of MAO). These pathways have been described in detail previously 
(Westerink, 1985; Wood and Altar, 1988). 

(Fig. 2). In the HPRT- mice, dopamine levels were significantly 
reduced in some, but not all, brain regions. The most pro- 
nounced reductions in dopamine levels were observed in the 
caudoputamen (-47.5%). Smaller reductions in dopamine lev- 
els were observed in the diencephalon (-23.7%) midbrain 
(- 19.9%) and brainstem (- 15.5%). In contrast, the HPRT- 
mice had normal levels ofdopamine in the accumbens, olfactory 
bulbs, and cortex (Fig. 2). 

The levels of the dopamine metabolites DOPAC and HVA 
were also reduced in some, but not all, brain regions from the 
HPRT- mice (Fig. 2). DOPAC levels were significantly reduced 
in the caudoputamen (-26.2%) diencephalon (- 16.5%) and 
midbrain (- 18.3%), but not in other regions. HVA levels were 
significantly reduced in the diencephalon (- 16.4%), midbrain 
(-31.9%) cortex (-23.1%) and brainstem (- 10.8%). 

In contrast to the decreases in dopamine levels in the HPRT- 
mice, norepinephrine and 5-HT levels appeared relatively nor- 
mal (Fig. 3). The levels of 5-HIAA also appeared relatively 
normal; small but significant reductions were observed in the 
midbrain (- 16.3%) and brainstem (- 15.6%) only. 

Tyrosine hydroxylation in the caudoputamen. To determine 
if the decreased levels of dopamine in the caudoputamen of 
HPRT- mice might be associated with a decrease in the syn- 
thesis of dopamine in this region, we examined the activity of 
TH, the rate-limiting step in the production of dopamine (Fig. 
4). TH activity in vivo was measured following the administra- 
tion ofNSD 10 15 as previously described (Carlsson et al., 1972). 
Since this drug causes a complete blockade of brain AADC, it 
is possible to measure the accumulation of L-dopa as an indirect 
measurement of tyrosine hydroxylation in vivo. Tyrosine hy- 
droxylation was also measured in the presence of GBL, a drug 
that increases the synthesis of dopamine by suppressing impulse 
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Figure 5. Effects of NSD 1015 on brain dopamine metabolism. L-dopa, 3-MD, dopamine, DOPAC, HVA, and 3-MT were measured in the 
caudoputamen of HPRT+ and HPRT- male mice 25 min after treatment with saline, 100 mg/kg of the decarboxylase inhibitor NSD 1015, or 
NSD 10 15 + GBL (750 mg/kg). Results show average values in ng/mg protein + SE. A total of seven normal mice (solid bars) and seven mutants 
(hatched bars), all at least 12 weeks of age, were tested under each condition. Statistical analysis was performed using multivariate ANOVA with 
HPRT group and treatment condition as factors. Significant main effects of HPRT group and treatment condition were observed for each of the 
metabohtes measured (p < 0.001). This analysis also revealed statistically significant interactive effects of HPRT x treatment for each of the 
metabolites (D i 0.05) extent donamine (0 > 0.10). Univariate ANOVA and Tukev tests were used to compare differences between HPRT+ and 
HPRT- mice within treatment groups, and to compare the effects of drug treatments on each metabolitewithin HPRT group. An asterisk (*) 
indicates a statistically significant difference between normal and mutant animals within a treatment category (p < 0.05). A dagger (t) indicates a 
statistically significant of the drug treatment in comparison with saline-treated animals of the same HPRT status (p < 0.05). 

flow and reducing dopamine autoreceptor-mediated feedback 
inhibition in dopaminergic neurons (Haubrich and Pflueger, 
1982; Anden et al., 1983a; Yarbrough et al., 1984). By increasing 
dopamine synthesis, GBL may amplify any potential differences 
in dopamine synthesis rates. 

The levels of L-dopa in untreated HPRT+ and HPRT- mice 
were similar, although the measurement of small differences was 
difficult because the concentrations of this compound were near 
our limit of detection (0.5 ng/mg protein). However, L-dopa was 
readily detected 25 min after the administration of NSD 10 15 
(Fig. 5). The r.,-dopa accumulation in the HPRT- mice was 
33.4% lower than in normal mice. Concurrent administration 
of GBL resulted in an amplification of the accumulation of 
L-dopa in both normal and mutant animals, but the total levels 
of L-dopa were, again, 39.8% lower in the HPRT- mice than 
in normal animals. The GBL-stimulated increase in L-dopa ac- 
cumulation was similar in magnitude in HPRT+ and HPRT- 
mice; relative to animals treated with NSD 1015 alone, the 
addition of GBL increased L-dopa levels 2.6-fold in normal mice 
and 2.4-fold in mutants. Changes in the levels of 3-MD, a me- 
tabolite of L-dopa, closely paralleled those of L-dopa (Fig. 5). 
These results demonstrate that the rate-limiting step in the syn- 
thesis of dopamine is impaired in vivo in the HPRT- mice. 

Consistent with previous results, the levels of dopamine in 
the HPRT- mice were significantly lower than normal in all 
three treatment groups (Fig. 5). The average decreases in do- 
pamine levels in HPRT- mice were -59.1%, -63.9%, and 
-49.1% in the saline, NSD 10 15, and NSD 10 15 + GBL groups, 
respectively. Treatment with NSD 10 15 alone had an insignif- 

icant effect on dopamine levels in both normal and mutant 
animals. In contrast to the reductions in L-dopa and dopamine 
observed in the HPRT- mice, the levels oftyrosine were normal, 
with or without drug treatments. The average tyrosine contents 
of normal and HPRT- mice were 262 + 7.1 and 244.6 f 12.9 
ng/mg protein, respectively. This result indicates that the re- 
duction in dopamine synthesis is not due to substrate limitation. 

In this experiment, the levels of DOPAC and HVA were also 
significantly lower than normal in the HPRT- mice, with or 
without treatment with NSD 10 15 or GBL (Fig. 5). NSD 10 15 
caused a significant drop in the levels of these metabolites in 
both normal and mutant animals. The levels of 3-MT were also 
significantly lower in the HPRT- mice. The administration of 
NSD 10 15 had little effect on 3-MT levels, but the administra- 
tion of NSD 10 15 with GBL caused a marked reduction in 3-MT 
levels in both HPRT+ and HPRT- mice. These effects of GBL 
on the dopamine metabolites are consistent with its ability to 
suppress the in vivo release of dopamine by dopaminergic neu- 
rons (Anden et al., 1983a,b). When averaged across all treatment 
groups, the decreases in DOPAC, HVA, and 3-MT levels of the 
HPRT- mice were - 32.2%, -28.8%, and -20.3%, respect- 
ively. 

Tryptophan hydroxylation in the caudoputamen. The synthe- 
sis of 5-HT involves the hydroxylation of tryptophan to 5-HTP, 
followed by decarboxylation by AADC to produce 5-HT. Since 
the administration of NSD 10 15 blocks the decarboxylation of 
5-HTP as well as L-dopa, it is possible to measure the accu- 
mulation of 5-HTP as an indirect measurement of the activity 
of tryptophan hydroxylase in vivo (Carlsson et al., 1972). The 
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Figure 6. Effects of NSD 1015 on brain serotonin metabolism. 5-HTP, SHT, and 5-HIAA were measured in the caudoputamen of HPRT+ and 
HPRT- male mice 25 min after treatment with saline, 100 mg/kg of the decarboxylase inhibitor NSD 1015, or NSD 1015 + GBL (750 mg/kg). 
Results show average values in ng/mg protein f  SE. A total of seven normal mice (solid bars) and seven mutants (hatched bars), all at least 12 
weeks of age, were tested under each condition. Statistical analysis was performed using multivariate ANOVA with HPRT group and treatment 
condition as factors. This analysis revealed a statistically significant main effect of treatment for all three measures (p < 0.01). No significant 
differences were observed when HPRT was used as a grouping factor, and no significant interactive effect of HPRT group x treatment condition 
was observed (p > 0.05). A dugger (t) indicates a statistically significant effect of the drug treatment in comparison with saline-treated animals of 
the same HPRT status (p < 0.05). 

levels of S-HTP in untreated animals were below the level of 
detection in our assay (0.5 ng/mg protein). The administration Table 1. Neurotransmitter synthetic enzymes in HPRT+ and 

of NSD 1015 caused a significant increase in 5-HTP levels, 
HPRT- mice 

which was further augmented by GBL in both normal and mu- GAD 
tant animals (Fig. 6). In contrast to the reduced accumulation 

TpHmol/min/mg) 
ChAT (nmol/ 

of L-dopa in HPRT- mice treated with NSD 1015, the accu- (nmol/min/mg) min/mg) 

mulation of 5-HTP was similar in the brains of HPRT+ and 
HPRT- (with or without GBL). The HPRT- mice had normal 

Caudoputamen 
HPRT+ 118.91 f  5.22 15.25 f  0.85 4.40 + 0.42 

levels of tryptophan, 5-HT, and 5-HIAA. These results dem- HPRT- 79.52 f  2.93* 12.75 + 0.43* 3.91 ?I 0.19 
onstrate that tryptophan hydroxylation, the rate-limiting step Accumbens 
in the synthesis of 5-HT, is not impaired in the HPRT- mice. HPRT+ 29.52 + 3.90 10.11 + 0.92 9.55 ST 0.46 

In vitro assays for TH, ChAT, and GAD in d&vent brain HPRT- 22.91 i 1.81 9.02 f  0.31 8.62 + 0.34 
regions. Results obtained after treatment of normal and HPRT- Cortex 
animals with NSD 10 15 demonstrate that the reduced dopamine HPRT’ 1.27 f  0.85 4.27 f  0.21 4.14 * 0.20 
levels in the brains of the HPRT- mice are associated with HPRT- 0.85 i 0.05* 3.81 i 0.13 4.20 -c 0.28 
normal levels of the precursor tyrosine but decreased tyrosine 
hydroxylation. These results suggest a deficiency in TH enzyme 

Hippocampus 
HPRT’ 0.54 k 0.07 3.37 i 0.14 4.05 k 0.16 

activity in the brains of the HPRT- mice. Therefore, different HPRT- 0.45 * 0.03 3.29 t 0.08 4.32 I! 0.11 
brain regions from normal and mutant animals were dissected 
for direct in vitro measurements of TH activity (Table 1). TH 

Diencephalon 
HPRT+ 2.82 f  0.15 3.27 + 0.25 9.38 f  0.21 

activity was significantly lower (-33.1%) in the caudoputamen HPRT- 2.52 f  0.14 3.20 f  0.22 9.15 f  0.12 
of HPRT- as compared to normal mice (p < 0.001). TH was Midbrain 
also significantly decreased in the cortex of the HPRT- mice HPRT’ 2.10 f  0.25 3.56 + 0.21 9.52 + 0.30 
(-33. lo/o), but not in other regions. HPRT- 1.81 + 0.12 3.74 f  0.12 9.75 + 0.16 

For comparison, the activities of ChAT and GAD were mea- Brainstem 
sured in the same tissue homogenates used for the TH assay HPRT+ 1.15 i 0.27 4.89 + 0.96 4.35 t 0.11 
(Table 1). ChAT activity was slightly but significantly reduced HPRT- 0.93 * 0.03 4.84 I 0.22 4.51 * 0.15 
(- 16.4%) in the caudoputamen of the HPRT- mice, but was Cerebellum 
normal in all other regions. GAD activity was normal in all HPRT’ 0.19 + 0.01 0.38 k 0.06 2.98 k 0.16 
brain regions from the HPRT- mice, including the caudopu- HPRT- 0.21 If- 0.04 0.36 k 0.02 3.02 k 0.12 
tamen. In subsequent experiments with three independent groups 
of animals, TH activity was consistently found to be reduced Neurotransmitter synthetic enzymes in different brain regions of HPRT’ (n = 5) 

by 30-35% in caudoputamen of the mutants. The reduction in 
and HPRT- (n = 7) male mice. Results show average values i SE (units/mg 
protein). Brain regions from 12-week-old adults were dissected rapidly on an ice- 

ChAT activity in the caudoputamen of the HPRT- mice was 
also reproducible, but the magnitude of the change was always 
quite small (lo-20%). 

TH enzyme kinetics. Since the previously described mea- 
surements of TH activity were performed with a single concen- 
tration of substrate, it was not possible to determine if the de- 
creases in TH activity were due to reductions in V,,, or changes 
in the affinity of the enzyme for its cofactor. To compare kinetic 
parameters for caudoputamen TH in normal and mutant ani- 

cooled platform and frozen at -70°C prior to assay. Tyrosine hydroxylase (TH), 
choline acetyltransferase (ChAT), and glutamic acid decarboxylase (GAD) were 
measured as described in Materials and Methods. The results for each enzyme 
were examined separately by ANOVA with brain region as a repeated measure. 
For TH there was a significant main effect of HPRT group [F( 1,lO) = 36.6, p < 
O.OOl] and a significant interaction for HPRT x region [F(7,70) = 43.2, p < 
O.OOl]. For ChAT there was also a significant main effect of HPRT group [F(l, 10) 
= 21.3, p < 0.011 and significant interaction of HPRT x region [F(7,70) = 2.9, 
p < O.Ol]. For GAD, no significant effect of HPRT group [F( 1,lO) = 0.5, p > 
0. lo] and no significant interaction of HPRT x region were observed. 

* Significant differences between normal and mutant animals in particular brain 
regions (p < 0.05). 
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Figure 7. Kinetic analysis of TH in 
the caudoputamen of HPRT+ (solidcir- 
ties, n = 6) and HPRT- (open circles, 
n = 6) mice. TH activitv in tissue ho- 6 , 1 
mogenates was measure-d in the pres- 
ence of varying amounts of the 
6-methyltetrahydropterin cofactor. This 
analysis indicated V,,,, values of 1.19 
and 0.66 nmol/min/mg for HPRT+ and 
HPRT- mice, respectively. K,,, values 
were 507 and 245 for the HPRT’ and 
HPRT- mice, respectively. Thus, the 
maximal enzyme velocity was reduced 
by 45% but the affinity for the pterin 
cofactor was increased. Data from nor- 
mal and mutant mice were fit to inde- 
pendent regression lines (correlation 
coefficients > 0.99) with significantly 
different slopes (p < 0.001) and y-in- 
tercepts (p i 0.001). 

3 4 5 6 7 8 9 IO 

1 /[cofactor1 

mals, we conducted TH assays with varying concentrations of 
the 6-methyltetrahydropterin cofactor. Reverse reciprocal plots 
of TH activity versus cofactor concentration demonstrated that 
caudoputamen TH from the HPRT- animals had a I’,,,,, that 
was 45% lower than in normal animals, but an increased affinity 
for the pterin cofactor (Fig. 7). These results confirm the decrease 
in maximal caudoputamen TH activity in the HPRT- mice, 
and demonstrate additional changes in its regulatory properties. 

TH immunohistochemistry. The most obvious explanation 
for the reductions in dopamine and TH in the caudoputamen 
of the HPRT- mice is a loss of midbrain dopamine neurons or 
a reduction in dopamine fiber projections to the caudoputamen. 
These possibilities were examined using anatomical techniques. 
Nissl stains of serial sections spaced at 100 @Urn intervals through- 
out the brain failed to reveal any obvious neuroanatomical ab- 
normalities in the HPRT- mice. Regional morphology and cell 
densities appeared grossly normal in all brain regions. In par- 
ticular, there was no evidence for loss of neurons in the midbrain 
(not shown). Immunohistochemical labeling of TH in serial 
sections from the brains of normal and mutant animals also 
demonstrated no obvious abnormalities in the distribution or 
density of TH-positive elements in the brains of the HPRT- 
mice (Fig. 8). Labeling of midbrain dopamine neurons by in situ 
hybridization methods also failed to reveal any obvious loss of 
neurons (not shown). 

Quantitative autoradiography of dopamine uptake sites in the 
caudoputamen. We used quantitative autoradiography to mea- 
sure the binding of 3H-BTCP to dopamine uptake sites as an 
indirect measure of dopamine fiber density in the basal ganglia 
of normal and HPRT- mice (Filloux et al., 1989). Binding of 
ZH-BTCP in the HPRT- mice was lower than that of normal 
animals in all three forebrain regions examined (Fig. 9). In par- 
ticular, )H-BTCP binding was reduced by 25% in the caudo- 
putamen of the mutant mice. 

Discussion 

Although the HPRT- mice do not exhibit any obvious neuro- 
behavioral abnormalities, neurochemical analysis clearly indi- 
cates that their brains are not entirely normal. HPRT deficiency 
in the mouse does not produce global neurochemical deficits, 
despite the fact that HPRT is expressed in all brain cells as a 
so-called “housekeeping” enzyme (Jinnah et al., 1992a). The 
dopamine systems are selectively vulnerable in the HPRT- mice 
while the noradrenergic, serotonergic, GABAergic, and cholin- 
ergic systems appear spared. The abnormalities of the dopamine 

0 HPRT’ 0 HPRT- 

VIllW I .19 0.66 

Kill 507 245 

systems in the brains of these mice are also regionally selective 
in that the most severe deficits occur in the caudoputamen, while 
other regions are normal or less severely affected. The reduction 
in dopamine levels in the brains ofthe HPRT- mice is analogous 
to that reported for patients with Lesch-Nyhan disease (Lloyd 
et al., 1981) and the observation that reduced basal ganglia 
dopamine levels are associated with HPRT deficiency in both 
mouse and man indicates an important role for this enzyme in 
normal basal ganglia dopamine function. 

Basis of the dopamine deficit. The availability of the HPRT- 
mice allowed us to address potential defects underlying the do- 
pamine defect. The decrease in caudoputamen dopamine in the 
HPRT- mice was accompanied by a decrease in TH, the rate- 
limiting step in the synthesis of dopamine. These results suggest 
that a decrease in dopamine synthesis is at least partly respon- 
sible for the decreased levels of dopamine. At the biochemical 
level, a decrease in TH activity in vivo could result from de- 
creased availability of tyrosine as a substrate, a decreased avail- 
ability of the pterin cofactor, regulatory changes that decrease 
the specific activity of TH, or a decrease in the number of TH 
enzyme molecules present. The presence of normal levels of 
tyrosine in the brains of the HPRT- mice argues against sub- 
strate limitation as a cause for reduced TH activity. Further in 
vitro kinetic studies ofcaudoputamen TH from the HPRT- mice 
indicated that the decreased activity was due to a reduction in 
maximal enzyme velocity with an increased affinity for its pterin 
cofactor. These results are consistent with the interpretation that 
the caudoputamen of the HPRT- mice has fewer TH enzyme 
molecules with a compensatory upregulation in the specific ac- 
tivity of the remaining TH molecules. It is unlikely that these 
changes in TH activity result from a direct effect of the HPRT 
mutation on the TH enzyme or a second mutation in the TH 
gene. We believe these changes to be a secondary effect of a 
neurophysiologic abnormality in the mesotelencephalic dopa- 
mine neuron systems resulting from the absence of HPRT. 
Changes in the regulatory properties of TH similar to those 
described in the current studies have been observed in previous 
studies and appear to result from phosphorylation ofthe enzyme 
at a number of different sites (Goldstein and Greene, 1987). 

At the anatomic level, the reduction of caudoputamen TH 
could be due to a loss in the number of TH-containing midbrain 
dopamine neurons and/or a reduction in TH-containing fibers 
extending to the caudoputamen. The integrity of midbrain do- 
pamine neurons was evaluated with a combination of Nissl 
stains, TH immunohistochemistry, and TH in situ hybridiza- 
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Figure 8. Immunohistochemical labeling of TH neurons in the midbrain of HPRT+ and HPRT- mice. Sections of formaldehyde fixed tissue (25 
pm) cut at 100 pm intervals through the midbrain of 12-week-old male animals were immunohistochemically stained for TH using the ABC 
method. Although stained cells were not counted, there was no obvious loss of TH-positive cells in the midbrain of the mutant animals. Results 
from normal animals are shown in A (low power) and B (high power). Results from HPRT- animals are shown in C and D. 

tion. These studies failed to provide any evidence for loss of 
TH-positive midbrain neurons in the HPRT- mice, consistent 
with a previous study (Finger et al., 1988). The density,of do- 
pamine fibers in the caudoputamen was estimated by measuring 
the binding of 3H-BTCP to dopamine uptake sites located on 
the dopamine fibers (Filloux et al., 1989). The quantification of 
dopamine uptake sites has been used previously as an indirect 
measure of dopamine fiber density (Roffler-Tarlov et al., 1990; 
Richter et al., 1992; Simon and Ghetti, 1992) and is preferable 
to TH immunohistochemistry because enzyme-amplified im- 
munohistochemical procedures may be unreliable for the quan- 
titation of small differences in dopamine fiber density in the 
caudoputamen (Raisman-Vozari et al., 1991). The results in- 
dicated a significant reduction in 3H-BTCP binding in the cau- 
doputamen of the HPRT- mice. These results suggest the pres- 
ence of normal numbers of midbrain dopamine neurons that 
have a reduced density of dopamine fibers extending to the 
caudoputamen. The hypothesis that HPRT- mice have normal 
midbrain dopamine neurons with reduced extension of fibers 
to the caudoputamen is supported by biochemical results show- 
ing that TH and dopamine are more significantly reduced in the 
caudoputamen than in the midbrain. 

The role of development. As noted above, the dopamine def- 
icits in the HPRT- mice are age dependent and emerge between 
30 and 60 d of postnatal development, a time that parallels 
several important changes in the development of the dopamine 

STR ACC OT 

Figure 9. Quantitative analysis of forebrain dopamine uptake sites 
using )H-BTCP. The density of binding was determined from exposed 
films and standards with the aid of a microcomputer-linked image anal- 
ysis system. Results show average values ? SE obtained from six normal 
(solid bars) and six HPRT- (hatched bars) mice. The data were analyzed 
by two-way ANOVA with brain region as a repeated measure. This 
analysis showed a significant main effect for HPRT status [F( 1,s) = 
7.25, p < 0.051. The main effect for brain region and the interactive 
effect of HPRT status x brain region were not statistically significant. 
A t test for a priori orthogonal contrasts revealed a significant difference 
in ‘H-BTCP binding between normal and HPRT- mice in the caudo- 
putamen (STR; t = 2.38, p < 0.05), but not in the accumbens (ACC) 
or olfactory tubercle (OT). 
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system. In the first 2 weeks of postnatal development in normal 
rats and mice, dopamine-containing fibers appear localized in 
discrete patches or “islands” throughout the caudoputamen. In 
the next few weeks, additional dopamine-containing fibers begin 
to fill in the gaps or “matrix” to produce the relatively homo- 
geneous pattern of staining observed in the adult (Roffler-Tarlov 
and Graybiel, 1987; Voorn et al., 1988). The appearance of 
normal levels of dopamine in the brains of the HPRT- mice 
prior to day 30 suggests the intriguing possibility that the deficit 
occurs as the result of a failure of the second stage of dopamine 
fiber development, that of matrix innervation. Alternatively, 
the HPRT- mice may suffer from metabolic derangements or 
failed maturation of synaptic specializations in the caudopu- 
tamen. 

As pointed out in previous studies, it is difficult to separate 
the potential effects of abnormal development from early de- 
generative processes through biochemical analysis of brain ho- 
mogenates (Roffler-Tarlov and Graybiel, 1987). A detailed neu- 
roanatomical analysis of the development of forebrain dopamine 
fibers in the HPRT- mouse will be required to address this issue 
fully. However, the absence of a progressive decrease in dopa- 
mine levels during aging argues against the existence of a con- 
tinuing degenerative process in the HPRT- mice. 

Mechanisms by which HPRT dejiciency causes the dophmine 
de&it. These studies raise an important question: how does 
HPRT deficiency lead to the relatively selective abnormalities 
of brain dopamine systems? Since there is no known direct 
biochemical connection between the functions of HPRT and 
brain dopamine systems, it seems likely that the abnormalities 
of the dopamine systems in HPRT- mice and Lesch-Nyhan 
patients are an indirect effect of a disturbance in purine metab- 
olism. HPRT plays a critical role in the salvage pathway for 
purines, recycling free hypoxanthine and guanine into their re- 
spective nucleotides. In principle, an impairment of purine re- 
cycling could result in the depletion of some essential purinergic 
compound during development. Alternatively, degeneration of 
dopaminergic fibers could result from the buildup of a toxic 
purine metabolite. However, we have found no evidence for 
purine depletion or the accumulation of a toxic purine metab- 
olite in the HPRT- mice (Jinnah et al., 1993). In addition, global 
purine depletion in the brain and/or the production of a diffus- 
ible toxic metabolite seem inconsistent with the neuroanatom- 
ically and neurochemically specific deficits of the basal ganglia 
dopamine systems observed in the HPRT- mice. Any hypoth- 
esis concerning the mechanism responsible for the neurochem- 
ical abnormalities must take into account the selective vulner- 
ability of basal ganglia dopamine systems. 

Comparison to previous studies. Using different HPRT- mouse 
strains, previous investigators have also noted neurochemical 
abnormalities in the brain (Finger et al., 1988; Dunnett and 
Sirinathsinghji, 1989; Williamson et al., 1991). However, our 
results differ from the previous studies in several important 
respects. In the earlier studies, small reductions in dopamine 
levels (- 19% to - 30%) were observed in most brain regions of 
the HPRT- mice. Global reductions of dopamine levels in all 
brain regions were not observed in the present study. Our study 
revealed large reductions in dopamine levels in the caudopu- 
tamen (-48% to -64%) while other regions were unaffected 
(e.g., olfactory bulb). The previous studies also described normal 
levels of the dopamine metabolites DOPAC and HVA in all 
brain regions. In our studies, small but statistically significant 
reductions in striatal DOPAC, HVA, and 3-MT were observed 

in four independent groups of animals. Finally, the previous 
studies described decreases in brain 5-HT levels, whereas we 
did not observe significant abnormalities in 5-HT levels or tryp- 
tophan hydroxylase activity. 

The reasons for the differences between our results and the 
previous studies are unclear, but may be due to a number of 
methodological issues. The earlier studies were conducted with 
a mouse strain genetically unrelated to the one used in this study 
(Finger et al., 1988; Dunnett and Sirinathsinghji, 1989). The 
mice also carry a different mutation in the HPRT gene, which 
was produced by infecting embryonal stem cells with high ratios 
of retroviral vector to target cell (Kuehn et al., 1987). Thus, the 
neurochemical deficits in earlier studies may be influenced by 
the genetic background of the mouse strain, the nature of the 
mutation, or additional retroviral insertions in other genes. An- 
other explanation is provided by the results in Figure 1, showing 
that the age of the animals is an important variable affecting 
the severity of the dopamine deficit in HPRT- mice. Although 
the ages of the mice used in one study were not reported (Finger 
et al., 1988) the mice used in the second study were only 8 
weeks of age (Dunnett and Sirinathsinghji, 1989). Because of 
the age-related changes in dopamine levels in normal and mu- 
tant mice, we restricted our studies to animals at least 12 weeks 
of age. 

A deficiency in brain dopamine has also been described for 
the weaver mouse, a mutant unrelated to the HPRT- mouse 
(Schmidt et al., 1982; Roffler-Tarlov and Graybiel, 1984, 1987). 
Both mutants have a depletion of brain dopamine that is more 
severe in the caudoputamen than in other regions. Despite the 
neurochemical similarity, there are a number of important dif- 
ference between these mutants. For example, the decrease in 
basal ganglia dopamine in weaver mice is associated with a 
significant loss of midbrain dopamine neurons (Schmidt et al., 
1982; Roffler-Tarlov and Graybiel, 1984, 1987; Gupta et al., 
1987; Triarhou et al., 1988; Graybiel et al., 1990) whereas 
midbrain dopamine neurons appear to be preserved in the 
HPRT- mice. In addition to the loss of midbrain dopamine 
neurons, the weaver cerebellum demonstrates abnormal migra- 
tion and loss of granule cells as well as marked increases in 5-HT 
content (Schmidt et al., 1982; Hatten et al., 1986). In contrast, 
the HPRT- mouse cerebellum appears structurally and chem- 
ically intact. Weaver mice also display several abnormal be- 
haviors such as ataxia and hindlimb grasping reflexes (Lalonde, 
1987; Triarhou and Ghetti, 1987) that are not observed in the 
HPRT- mice (Finger et al., 1988; Jinnah et al., 1991, 1992b). 
Although there are some phenotypic similarities to olivocere- 
bellopontine atrophy of humans (Chou et al., 199 l), the weaver 
mouse is not commonly accepted as an animal model for a 
specific human disease. The HPRT- mouse, on the other hand, 
was produced as a genetically homologous animal model for 
Lesch-Nyhan disease. Perhaps the most significant difference 
between the weaver and HPRT- mutants is that the molecular 
mutation and gene product(s) responsible for the weaver phe- 
notype are unknown. By comparison, the mutation and func- 
tions of the gene product in the HPRT- mouse have been well 
characterized, providing obvious leads for further pathogenetic 
studies. 

Relevance to Lesch-Nyhan disease. As previously noted, there 
are several genetically homologous mouse models of human 
neurogenetic diseases that have phenotypes differing consider- 
ably from their human counterparts. Because normal mice and 
humans have dissimilar biologies, it should not be surprising 
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Table 2. Phenotypic similarities in Lesch-Nyban disease and the HPRT- mice 

Feature LND HPRT- mouse 

Molecular level 
HPRT gene 
HPRT mRNA 

Biochemical level 
HPRT activity 
Purine synthesis 
Dopamine 
ChAT 
Other monoamines 

Anatomical level 
Gross anatomical defects 
Midbrain dopamine neurons 
Forebrain dopamine fibers 

Behavioral level 
Self-injurious behavior 
Dystonia 
Choreoathetosis 
Mental retardation 

Multiple mutations 
Multiple mutations 

<l-2% 
t 5-l O-fold 
J 70-90% 
1 60-70% 

Normal 

None 
Unknown 
Reduced 

Yes 

Yes 

Yes 

Yes 

Two mutations 
Undetectable levels 

<0.5% 
f  4-5-fold 
4 40-60% 
1 lo-20% 

Normal 

None 
Normal 
Reduced 

No 

No 

No 

Unknown 

that the pathophysiologic consequences of the same genetic de- 
fect may lead to differences in the final phenotype in mouse and 
man. The phenotype presented by the model will determine 
which elements of the disease process will be amenable for study 
using the model; the absence of a perfect phenocopy does not 
necessarily mean that the model is not useful. 

Although the lack of neurobehavioral abnormalities in the 
HPRT- mice similar to those observed in Lesch-Nyhan disease 
is disappointing, the reduction in dopamine levels in the brains 
of the HPRT- mice is strikingly similar to that reported for 
patients with Lesch-Nyhan disease. However, the HPRT- mice 
appear less severely affected than their human counterparts. 
Dopamine levels are reduced by 70-90% in Lesch-Nyhan pa- 
tients (Lloyd et al., 1981) but only by 48-64% in the HPRT- 
mice. Although the dopamine deficit appears to be less severe 
in the mouse than in the human, it is important to note that 
the absolute magnitude of the deficit is less important than the 
questions it allows to be addressed. For example, our anatomical 
studies in the HPRT- mice suggest that the dopamine deficit is 
due to a reduction in dopamine fiber arborization in the cau- 
doputamen, possibly the consequence of impaired development. 
In fact, positron emission scans in Lesch-Nyhan patients, using 
a probe that binds to the dopamine transporter, have recently 
confirmed the existence of a similar defect in dopamine fiber 
density in the Lesch-Nyhan brain (Harris and Wong, personal 
communication). The phenotypic elements of Lesch-Nyhan dis- 
ease and those so far identified in the HPRT- mice are compared 
in Table 2. 

The value of an animal model of a human neurologic disease 
lies not in how much it can be made to resemble superficially 
its human counterpart, but in how it can be used to reveal the 
workings of the normal and abnormal brain. The abnormalities 
of brain dopamine systems in the HPRT- mice provide an 
invaluable tool for studying the pathophysiologic mechanisms 
responsible for the dopamine abnormalities, and the relevance 
of these abnormalities to the Lesch-Nyhan phenotype. In ad- 
dition, these mutants provide a new window on how a single 

gene (or its absence) can result in dysfunction of basal ganglia 
dopamine systems. 
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