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Weaver (gene symbol WV) is an autosomal recessive mu- 
tation in the mouse that causes the death of neurons in the 
cerebellum and of dopamine-containing neurons in the mid- 
brain. In the accompanying paper and in previous reports, 
the selective nature of the deficit produced by the gene in 
the dopamine-containing systems has been described after 
analysis of the patterns of the residual innervation in the 
striatum and the patterns of cell death in the midbrain. In the 
present report, we describe deficits in the terminals of the 
mesostriatal system occurring prior to a detectable dopa- 
mine deficiency in the striatum and prior to the onset of cell 
death in the mesencephalic dopamine-containing neurons 
during development. We have also found deficits in the re- 
maining terminals of the adult weaver’s striatum after the 
weaver pattern of innervation has been permanently estab- 
lished. 

Axonal terminals in the caudoputamen are impaired in 
weaver mice at postnatal day 7, before the onset of dopa- 
mine depletion in the caudoputamen and cell death in the 
midbrain. The impairment was revealed by a markedly de- 
ficient high-affinity uptake for 3H-dopamine by synapto- 
somes prepared from the caudoputamen. Throughout the 
remainder of development and in adulthood, the extent of 
the deficit in 3H-dopamine uptake was always greater than 
that for dopamine content. No striatal region was completely 
spared the effects of the gene. In the nucleus accumbens 
of the weavers, where dopamine content is normal, 3H-do- 
pamine uptake was reduced by 35% in the synaptosomal 
preparations. In the olfactory tubercle, dopamine levels were 
reduced by 44% but 3H-dopamine uptake was reduced by 
60%. We conclude that nerve terminals may be an initial 
site of vulnerability for the weaver defect and that at adult- 
hood surviving dopamine-containing terminals in weaver an- 
imals are affected by the weaver gene. These findings may 
be helpful in uncovering the molecular link between the ef- 
fects of the weaver gene as they are expressed in dopamine- 
containing mesostriatal projections and those expressed in 
the cerebellum. 
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The loss of endogenous dopamine in mice that carry the mutant 
gene weaver (WV) is remarkably selective. Within the mesostria- 
tal system as a whole, nigrostriatal fibers are more affected than 
the mesolimbic innervation, and there is further specificity of 
loss within the nigrostriatal system (see accompanying paper). 
The nucleus accumbens, a mesolimbic target, suffers no de- 
tectable loss of dopamine in weaver, although anatomical meth- 
ods show some loss of dopamine- and tyrosine hydroxylase 
(TH)-positive fibers there (Doucet et al., 1988, 1989; see accom- 
panying paper, Graybiel et al., 1990). Both the dopamine con- 
tent and TH-positive fibers are reduced in the olfactory tubercle 
(Roffler-Tarlov and Graybiel, 1986). Loss of TH-positive neu- 
rons and Nissl-stained neurons is striking in the dopamine- 
containing cell complex of the midbrain (Schmidt et al., 1982; 
Gupta et al., 1987; Roffler-Tarlov et al., 1987b; Smith et al., 
1988; Triarhou et al., 1988a; see accompanying paper, Graybiel 
et al., 1990). 

Measurements of the endogenous dopamine in the striatum 
during postnatal development suggest that the concentrations 
of dopamine in week-old weavers are not significantly different 
from normal control mice in any region (Roffler-Tarlov and 
Graybiel, 1987). The 7-d-old weaver’s caudoputamen also dis- 
plays a qualitatively normal anatomical distribution of its cate- 
cholamine-containing innervation. In histofluorescence prepa- 
rations and in sections stained for TH-like immunoreactivity, 
brightly fluorescent and TH-positive islands appear in a dimly 
fluorescent and weakly immunostained matrix. Furthermore, 
normal numbers of TH-positive cells are found in the 7-d-old 
weaver’s midbrain (Roffler-Tarlov et al., 1987a). A deficit in 
dopamine content in the weaver’s caudoputamen becomes de- 
tectable during the second week of postnatal life. The devel- 
opment of the dopamine-containing innervation of the caudo- 
putamen lags behind that of the normal controls throughout the 
first postnatal month so that when the animals are adults, the 
weaver’s caudoputamen contains only about 30% of the normal 
content of dopamine. Anatomical analysis of the weaver’s cau- 
doputamen shows a retarded development of TH-containing 
neuropil in the dorsolateral matrix and a disappearance, by 
maturity, of TH-positive fibers both in the matrix and in the 
dopamine islands in the same region. These studies suggest that 
the deficit in dopamine observed in weaver mice at maturity 
reflects both a failure of full development of the dopamine- 
containing innervation of the striatal matrix and a degeneration 
of part of the dopamine-containing innervation present at the 
time of birth. 

Our studies of both the striatum and the midbrain in weaver 
have emphasized the selective patterns of cell death in the do- 
pamine-containing systems. However, neither the biochemical 
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nor the anatomical experiments tested the functional capacity 
of the dopamine-containing terminals of the young weaver’s 
striatum prior to the onset of cell death. Nor have the biochem- 
ical and anatomical studies tested whether the functional ca- 
pacity of the surviving dopamine-containing terminals in the 
adult weaver’s striatum is normal or whether even these do- 
pamine-containing terminals are abnormal. Recently, Doucet 
and colleagues (1988, 1989) have reported an abnormal ana- 
tomical appearance of fibers in the adult weaver’s caudoputa- 
men labeled in vitro by incubating slices in 3H-dopamine. In 
the study reported here and briefly elsewhere (Roffler-Tarlov et 
al., 1987a; Roffler-Tarlov and Graybiel, 1988b), we have used 
synaptosomal preparations to test the functional capacity of 
dopamine-containing terminals from affected and unaffected re- 
gions of the weaver’s striatum to accumulate 3H-dopamine. We 
analyzed separately for the adult mice the 3 main districts of 
the striatum: the caudoputamen, nucleus accumbens, and ol- 
factory tubercle. In another set of experiments in which im- 
mature mice were examined, we assessed the capability of the 
high-affinity uptake system for dopamine in the caudoputamen 
of mutant and control animals at weekly intervals during the 
first postnatal month beginning at postnatal day 7. 

The results of these experiments reveal pathology in residual 
dopamine-containing axons in the mature weaver’s striatum, as 
well as pathological changes in nigrostriatal axons that occur 
during development before alterations in other dopamine-re- 
lated characteristics are detectable. 

Materials and Methods 
Animals. Homozygous normal (+/+) and homozygous weaver (WV/WV) 
mice were used for these studies. All mice were on C,,Bl/6JLe-A-r x 
CBAKaGnLeF hybrid background. All of the WV/WV animals and some 
of the +/+ animals were the offspring of heterozygote breeding pairs 
purchased from the Jackson Laboratory, Bar Harbor, ME and main- 
tained in the laboratory colony. Some adult +/+ animals used in the 
studies were the progeny of known +/+ pairs on the same background 
also from the Jackson Laboratory. Although the clinical phenotype for 
weaver is inherited as a recessive gene, much of the histopathology and 
also the neurotransmitter-related defects are inherited in a semidomi- 
nant manner (Rezai and Yoon, 1972; Rakic and Sidman, 1973a, b; 
Roffler-Tarlov and Turey, 1982; Roffler-Tarlov and Graybiel, 1986; 
Herrup and Trenkner, 1987). Therefore, care was taken to employ only 
+/+ animals as controls to avoid possible heterozygote effects. The 
animals were adults (2-8 months old) and 7-, 14-, and 21-d-olds. The 
WV/WV animals 14 d old and older were clearly identifiable both by their 
ataxia, hind-limb weakness, and tremor and by the small size of the 
cerebellum in these mice (Sidman et al., 1965; Sidman, 1968). The 7-d- 
old WV/WV mice and +/WV animals of all ages were distinguished from 
each other and from their +/+ littermates by differences in the size, 
shape, and weight of their cerebella (Rezai and Yoon, 1972; Rakic and 
Sidman, 1973a, b; Roffler-Tarlov and Turey, 1982). 

Preparation of synaptosomes and measurement of 3H-dopamine ac- 
cumulation and endogenous dopamine. The animals were anesthetized 
with sodium pentobarbitol (Nembutal, 40 mg/kg, i.p.) and perfused 
transcardially with ice-cold 0.1 M PBS to remove blood and to harden 
the brain prior to sectioning (Zigmond and Ben Ari, 1976). Each brain 
was placed on the stage of a tissue sectioner, encased in a 4% agar 
solution cooled to about 37°C and then sliced into a series of 420~pm- 
thick transverse sections. The sections were illuminated from below and 
viewed with a stereomicroscope to identify anatomical landmarks. Each 
striatal region was removed bilaterally from each section in which it 
appeared according to previously established guidelines (Roffler-Tarlov 
and Graybiel, 1986). The samples ofcaudoputamen were collected from 
single animals but samples of nucleus accumbens and olfactory tubercle 
included tissue from 3 animals because these structures singly were too 
small to provide a sufficient quantity of synaptosomes for quantitative 
assessment of ‘H-dopamine accumulation. The experiments were per- 
formed over a 2-year-long period when the opportunity arose to obtain 
a sufficient number of age-matched pairs of mice at all the ages needed. 

Homogenates enriched for synaptosomes were made by homogeniz- 
ing tissues in 30 volumes of ice-cold 0.32 M sucrose using a Teflon 
pestle-glass mortar pair (Gray and Whittaker, 1962). The homogenate 
was centrifuged for 10 min at 1000 x g at 4°C to remove nuclei and 
debris. Aliquots of the synaptosome-containing crude supematant were 
taken for the dopamine uptake measurements, measurement of endog- 
enous dopamine, and measurement of protein. Aliquots of 50 ~1 of the 
supematant were diluted with Krebs-Ringer phosphate buffer (pH 7.2) 
and were gently agitated at 37°C in a water bath (Coyle and Snyder, 
1969). Nonspecific uptake was determined using nomifensine, a potent 
inhibitor ofdopamine uptake (Hunt et al., 1974; Dubocovich and Zahni- 
ser, 1985). The nomifensine was a gift from Hoechst-Roussel Phar- 
maceuticals (Somerville, NJ). After an initial 2 min incubation with 
either 50 PM nomifensine or vehicle, the synaptosomes were incubated 
for another 2 min in the presence of .05 PM 3H-dopamine (New England 
Nuclear; specific activity, 10.6-34.4 Ci/mmol). 

After incubation, the synaptosomes were isolated on 45 brn filters 
under mild vacuum. The filters were then dissolved in counting vials 
containing acid, scintillation fluid was added, and the radioactivity of 
the samples was determined by liquid scintillation counting. The ac- 
cumulation of 3H-dopamine by synaptosomes was linear for varying 
concentrations of synaptosomes and for a concentration range for do- 
pamine of from 0.025 to 0.10 FM and for incubation periods of l-6 
min. Nonspecific uptake of 3H-dopamine assessed by nomifensine 
averaged 5% of total uptake and was approximately equal to the ac- 
cumulation of 3H-dopamine by the sucrose vehicle containing no syn- 
aptosomes. All samples taken for synaptosomal accumulation of 
3H-dopamine were assessed in triplicate. The data for ‘H-dopamine 
accumulated were calculated as counts/min/mg protein and were av- 
eraged for the triplicate samples and converted to pmol dopamine/mg 
protein/2 min. The protein content of aliquots of each synaptosome- 
rich supematant prepared from each of the 3 striatal regions was de- 
termined according to the method of Lowry et al. (195 1). 

Dopamine was extracted from aliquots of the synaptosome-rich su- 
pematant by homogenization in equal volumes of 0.2 N HClO,. After 
centrifugation, catecholamines in the supematant were partially purified 
by alumina column chromatography as described previously (Roffler- 
Tarlov et al., 1984). Subsequently, the dopamine in the column eluate 
was isolated and quantitated by high-performance liquid chromatog- 
raphy followed by electrochemical detection (Moyer and Jiang, 1978). 
The recovery of catecholamine was monitored by the addition of a 
synthetic catechol, 3,4-dihydroxybenzylamine, as an internal standard 
to each sample before homogenization. The recovery of the synthetic 
catechol averaged 75%. The results were not corrected for recovery. 

Statistical analysis of the data for dopamine uptake and dopamine 
content was performed both for samples from individual weaver+on- 
trol pairs (littermates or matched for age) and for the set of samples for 
weaver-control pairs at each age for the developmental study of cau- 
doputamen for each striatal division for the adults. The mean differences 
calculated by pair were similar to the differences between the overall 
means for the 2 sets. The mean values + SEM are reported by set, and 
these were used to calculate confidence limits (2-tailed Student’s t-test). 
These values are shown in Tables 1 and 2. The data were illustrated 
(Figs. 1, 2) by expressing the values for weaver samples as percentages 
of controls summed across experiments. 

Results 
Endogenous dopamine and 3H-dopamine uptake capacity of 
synaptosomes prepared from caudoputamen of normal and 
weaver mice during postnatal development 
On postnatal day (P) 7, the concentration of endogenous do- 
pamine in the synaptosomal fractions of homogenates prepared 
from the weaver caudoputamen was 100% of that found in 
controls (Table 1, Fig. 1). At each subsequent age tested, the 
dopamine content of the weaver’s caudoputamen had failed to 
increase normally, so that at P14, P21, P30 (Table 1, Fig. l), 
and adulthood (Fig. 2), the discrepancy between the dopamine 
content of control and weaver grew wider. This outcome was 
essentially the same as reported earlier for animals in which 
dopamine was extracted from acid homogenates of caudopu- 
tamen (Roffler-Tarlov and Graybiel, 1987). 
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Figure 1. Comparison of endogenous dopamine in and accumulation 
of )H-dopamine by synaptosomal preparations made from the caudo- 
putamen of weaver mice 7, 14, 21, and 30 d old. Data are expressed as 
percentages of control values. Controls are +/+ littermates or age 
matched +/+ mice. Between 4 and 9 animals of each genetic type were 
examined in each age group. 

In contrast to the equivalence of the content of endogenous 
dopamine in synaptosomes from the P7 weaver and control 
caudoputamen, the capacity for accumulation of )H-dopamine 
by synaptosomes from weavers was only 57 f 5% of control 
values (Fig. 1, Table 1). An even greater discrepancy between 
the capacity for accumulation of 3H-dopamine by weaver and 
control synaptosomal fractions was found for caudoputamenal 
samples collected at successive weeks during postnatal devel- 
opment (Fig. 1). At P14, the dopamine content of the synap- 
tosomal preparations from weaver caudoputamen was reduced 
to 82 f 4% of normal values. At the same age, 3H-dopamine 
uptake in weaver caudoputamen was reduced to 5 1 f 5% of 
control values (Table 1, Fig. 1). At P21, synaptosomes from 
weaver caudoputamen contained 52 + 10% of the dopamine 
of preparations from +/+ animals (Table 1, Fig. l), whereas 
the accumulation of 3H-dopamine by these synaptosomes from 
weaver was reduced to 31 f 3% of normal values. At 1 month 
of age, when the normal controls achieved adult values of do- 
pamine in the synaptosomal fractions, the values for weavers 
were 28 f 2% of normal. At the same time, the values for the 

Table 1. Effects of the weaver gene on the developing caudoputamen: 
capacity of synaptosomes to accumulate 3H-dopamine and the content 
of endogenous dopamine in the synaptosomal fraction at 4 postnatal 
ages in homozygous normal (+/+) and homozygous (WV/WV) mice 

Uptake of 3H-dopamine Endogenous dopamine 
Age in (pmol/mg protein12 min) (pmol/mg protein) 
days +/+ WV/WV +/+ WV/WV 

7 41 +4 23 f 2h 110 * 7 111 f 13 
14 43 k 6 23 + 2” 201 f 17 164 k 9 
21 84 * 11 26 f 5h 265 +- 37 137 k 28h 
30 58 -c 6 12 f 10 418 + 16 120 * 11” 

“p < 0.001. 
“p < 0.01. 
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Figure 2. Comparisons of dopamine content and the accumulation of 
3H-dopamine by synaptosomes prepared from caudoputamen, olfactory 
tubercle, and nucleus accumbens of weaver adults. All values are ex- 
pressed as percentages ofcontrols (+/+ littermate or age-matched +/+ 
animals). Each sample of synaptosomes from olfactory tubercle and 
nucleus accumbens used for the 3H-dopamine uptake studies consisted 
of tissues from 3 animals. Each synaptosomal sample of caudoputamen 
was from a single animal. The means were calculated from 4-l 5 samples. 
Samples are from adult animals ranging in age from 2 to 9 months. 

accumulation of 3H-dopamine by the weaver synaptosomal frac- 
tions was 22 f 1% of normal (Table 1, Fig. 1). 

As shown in Figure 2, the deficit in uptake capacity for ‘H- 
dopamine persisted in older weavers and continued to exceed 
the deficit in endogenous dopamine content. In the adult weaver 
caudoputamen, the content of endogenous dopamine in the syn- 
aptosomal preparations was 32 f 1% of control, whereas the 
capacity for 3H-dopamine uptake was 17 + 2% of control (Table 
2, Fig. 2). 

Endogenous dopamine and ‘H-dopamine accumulation by 
synaptosomes prepared from nucleus accumbens, olfactory 
tubercle, and caudoputamen of adult weaver and normal 
animals 

In agreement with our previous measurements from acid-ex- 
tracted tissue homogenates (Roffler-Tarlov and Graybiel, 1986), 
analysis of synaptosomal fractions prepared from the weaver 
nucleus accumbens demonstrated normal amounts ofdopamine 
in this striatal region (Table 2). Despite the normal dopamine 

Table 2. Effects of the weaver gene in 3 striatal regions of adult 
mice: capacity of synaptosomes to accumulate 3H-dopamine and the 
content of endogenous dopamine in the synaptosomal fractions in 
homozgyous normal (+/+) and homozygous weaver (WV/WV) mice 

XH-dopamine uptake 
(pmol/mg Endogenous dopamine 
protein/2 min) (pmol/mg protein) 

Striatal region +/+ WV/WV +/+ WV/WV 

Caudoputamen 35 2! 3 6 + la 496 -c 23 159 * 5” 
Olfactory tubercle 35 f 5 14 f 1* 209 f 15 163 f 9 
N. accumbens 25 k 1 16 f 2h 386 + 14 392 + 12 

“p < 0.001. 

hp -c 0.01. 
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content, uptake of ‘H-dopamine was reduced to 65 f 2% of 
normal values in synaptosomal fractions from weaver nucleus 
accumbens (Table 2, Fig. 2). The concentration of dopamine in 
synaptosomal fractions prepared from weaver olfactory tubercle 
was 56 ? 3% of control values. The capacity for 3H-dopamine 
uptake was even more severely reduced, to 40 f 5% of the +/+ 
values (Fig. 2, Table 2). 

The values expressed as percent control for the weaver’s nu- 
cleus accumbens and olfactory tubercle are plotted together with 
those for the caudoputamen in Figure 2. The defects in the 
accumulation of 3H-dopamine show the same rank order as the 
defects in dopamine content (the nucleus accumbens being least 
affected and caudoputamen most affected), but the degree of 
deficit for each structure is greater for dopamine uptake, the 
limiting case being the nucleus accumbens, which has no per- 
ceptible abnormality in the content but a 35% loss in uptake 
capacity. 

Discussion 
Two important conclusions emerge from this study. First, the 
earliest and most severe actions of the weaver gene on the me- 
sostriatal system appear to be directed towards the terminals of 
the dopamine-containing neurons. Second, although the effects 
of the weaver gene discriminate in degree between nigrostriatal 
and mesolimbic systems, there may be no wholly invulnerable 
part of the dopamine-containing mesostriatal system. 

Uptake capacity and storage capacity of dopamine-containing 
terminals 
At all ages studied, the capacity of synaptosomal fractions from 
the weaver’s caudoputamen to accumulate 3H-dopamine was 
even more compromised than the content of endogenous do- 
pamine in the same synaptosomal preparation. A vivid dis- 
crepancy between the values of the 2 dopamine system-related 
parameters occurred at 7 d of age when 3H-dopamine uptake 
in the weaver’s caudoputamen was reduced to 57% of normal 
values, whereas the content of endogenous dopamine was still 
not significantly different from that in normal controls. The 
principle of greater damage to uptake capacity than to the con- 
tent of endogenous dopamine extended to the ventral striatum. 
In the olfactory tubercle, 3H-dopamine uptake was reduced by 
60% relative to that in controls, whereas endogenous dopamine 
was reduced by 44% compared with control values. In the nu- 
cleus accumbens, where endogenous dopamine content is en- 
tirely spared in weavers of all ages, the uptake capacity of the 
synaptosomal preparations was reduced by 35% relative to con- 
trol values. 

Uptake deficit in the ventral striatum 

taining innervation of the lateral part of the nucleus accumbens 
region. The dissections carried out for the nucleus accumbens 
samples in the present analysis, as in our past studies, included 
the entire medial part of the nucleus accumbens and part of the 
core: the knife cuts separating the caudoputamen and nucleus 
accumbens were made along a straight line from the foot of the 
lateral ventricle to the medial edge of the anterior commissure 
(see Roffler-Tarlov and Graybiel, 1984). The dissection protocol 
was identical for the measurements of dopamine content and 
3H-dopamine uptake. The fact that dopamine content in the 
nucleus accumbens was normal but 3H-dopamine uptake was 
subnormal therefore cannot reasonably be attributed to a sam- 
pling bias. The measurements are more likely to be accurate 
reflections of a difference in total content and total uptake ca- 
pacity of the tissue. 

It is less straightforward to interpret the apparent disparity 
between normal dopamine content of the nucleus accumbens 
samples and the apparent depletion of TH-like and dopamine- 
like immunoreactivity in the lateral part of the region (see ac- 
companying paper). Conceivably, there was up-regulation of 
dopamine in the medial part of the nucleus accumbens sufficient 
to offset the lateral depletion. However, it is certain that our 
dissection leaves part of what is defined as the “core” or lateral 
nucleus accumbens with the ventral caudoputamen. Thus, it is 
likely that a lateral deficit may have been masked by normal 
medial values because only a small part of the lateral region is 
included in our nucleus accumbens samole and because the 
dopamine-containing innervation is much more dense in the 
medial than in the lateral part of the nucleus accumbens, even 
normally. In the olfactory tubercle, the deficit in 3H-dopamine 
uptake was paralleled by dopamine depletion. Our previous 
anatomical observations have shown that the loss of innervation 
is most severe in, and possibly restricted to, the lateral half of 
the olfactory tubercle. This topography of loss of dopamine- 
containing innervation is similar to that now recognized for the 
nucleus accumbens. It is worth emphasizing that the functional 
capacity of dopamine terminals in each affected striatal region 
appears more severely damaged than dopamine storage in these 
regions. 

Pathologic origins of the dopamine uptake deficit in the weaver 
striatum 
High-affinity uptake of dopamine is a characteristic of dopa- 
mine-containing terminals in the brain and has the physiological 
function of terminating the action of released dopamine by re- 
capturing it for storage or metabolism in the presynaptic ter- 
minal. The reduced capacity to accumulate 3H-dopamine seen 
here in synaptosomal preparations from the weaver’s striatum 
could be caused by a number of different pathological alter- 

An amended view of the consequences of the weaver gene for ations. Fewer dopamine-containing fibers may exist in the nu- 
dopamine-containing mesostriatal systems is necessary. The cleus accumbens of adult weavers and in the 7-d-old weaver’s 
brunt ofthe damage inflicted is borne by the nigrostriatal system, caudoputamen despite the normal content of dopamine of these 
but both systems suffer a decline in terminal function as mea- structures. Such an explanation demands the existence of com- 
sured by accumulation of 3H-dopamine, even in ventral striatal pensatory mechanisms in residual fibers to account for the nor- 
regions in which quantitative measurement shows dopamine ma1 transmitter content. Compensation of this type does not 
content to be normal or nearly so. occur in similar conditions in which pathology has been created 

As has been demonstrated in earlier reports, no damage to acutely by the neurotoxin 6-hydroxydopamine. In this circum- 
the nucleus accumbens of weaver mice is betrayed at any age stance, dopamine-containing terminals are destroyed in pro- 
by quantitative measurement of endogenous dopamine (Roffler- portion to parallel and equivalent declines of endogenous do- 
Tarlov and Graybiel, 1984, 1986, 1987). Both Doucet et al. pamine in 3H-dopamine uptake in the striatum (Iversen and 
(1988, 1989) and ourselves (see accompanying paper) have not- Uretsky, 1970; Zigmond et al., 1984). Similarly, administration 
ed, however, an abnormal appearance of the dopamine-con- of 1 -methyld-phenyl- 1,2,5,6-tetrahydropyridine (MPTP) to 
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mice results in an equivalent decrease in 3H-dopamine uptake 
and in endogenous dopamine content (Heikkila et al., 1984). 

An alternative interpretation that is more readily compatible 
with the observed normal dopamine content in the week-old 
weaver caudoputamen is that in early development, dopamine- 
containing terminals may be present in normal numbers, and 
synthesis and storage of transmitter may not be compromised, 
even though uptake capacity is already subnormal. It is also 
possible that dopamine uptake is down-regulated in the face of 
altered synthesis and depletion resulting in the potentiation of 
the effects of released dopamine. These interpretations would 
fit well with our findings from cell counts in the midbrain of 
neonatal weavers: at P7, no decrease in TH-positive cells is 
apparent despite the major loss of such neurons at adulthood 
(Roffler-Tarlov et al., 1987b, and unpublished observations). 

Given the early appearance of the uptake deficit found in the 
weaver’s caudoputamen and the severe reduction in uptake borne 
by residual axons in adult weavers, a parsimonious interpre- 
tation of our findings is that the pathological alterations in do- 
pamine uptake represent a fundamental defect in the disease. 
When the terminal defects are severe enough, they may result 
in the death of subpopulations of the neurons located in the 
dopamine-containing cell groups of the midbrain. 

The finding of axonal pathology in the dopamine-containing 
systems in weaver suggests a link to pathology occurring in the 
granule cell in the cerebellum of this mutant. The cerebellar 
granule cells, which fail to migrate postnatally in weaver, are 
direct cellular targets of the weaver gene, as shown by studies 
of chimeric animals (Goldowitz and Mullen, 1982; Goldowitz, 
1989) and as strongly suggested by studies of weaver and normal 
granule cells and glial cells in reciprocal cocultures (Hatten et 
al., 1986). Like the dopamine-containing systems of the stria- 
turn, there are also marked regional differences in vulnerability 
in the cerebellum to the action ofthe gene (Herrup and Trenkner, 
1987). Observations of cultured granule cells from early post- 
natal mice show that, as in viva, large numbers of granule cells 
from weaver mice die, whereas those cultured from normal mice 
have a much higher survival rate (Willinger et al., 1981; Wil- 
linger and Margolis, 1985a, b; Hatten et al., 1986). 

Neurite development on the part of the surviving granule cells 
from weavers is known to be markedly different from that of 
normal granule cells in 3 ways (Willinger and Margolis, 1985a, 
b). First, the incidence of neurite initiation detectable by time- 
lapse photography is increased among the weaver’s granule cells. 
Second, neurite elongation is severely impaired in the weaver’s 
granule cells in both those that are destined to die and those 
that survive. The neurites of weaver’s granule cells are less than 
20% as long as those from the control’s granule cells. Third, the 
morphology of the weaver’s neurites is characterized by an un- 
even thickness, which contrasts with the slender cylinders formed 
by the controls’ neurites. A description of the processes of cul- 
tured dopamine-containing neurons from weavers is not yet 
available. Our present observations, however, point to severe 
functional disability of these axonal processes, immunohisto- 
chemistry suggests that the nigrostriatal neuropil has an abnor- 
mal distribution (Graybiel et al., 1988; Triarhou et al., 1988b; 
and accompanying paper), and the studies of Doucet et al. (1988, 
1989), in which the residual dopamine axons in the weaver’s 
striatum are viewed autoradiographically after incubation with 
‘H-dopamine, suggest abnormally thin and spindly nigrostriatal 
axons in the weaver striatum. If, as our observations here sug- 
gest, the terminal dysfunction is an early and primary defect, 

the effects of the weaver gene on neurites might be key both in 
the striatum and in the cerebellum. 

These considerations suggest that a step in the genetic pathway 
regulating the development of cell membrane components of 
both cerebellar granule cells and mesencephalic dopamine-con- 
taining neurons may be affected by the mutant gene weaver. 
Among these 2 neuronal populations, however, there may be 
no fully spared subdivisions, even though subpopulations of 
both cell types die and others survive despite the pathology 
evident in their processes. An interesting further possibility is 
that the neurons affected by the weaver mutation may not be 
limited to cerebellar granule cells and the dopaminergic mes- 
encephalic neurons, but may include a wide variety of cells as 
yet undiscovered as cellular targets because of the subtle nature 
of the defect. Within the cerebellum, for example, the weaver 
gene is known to affect the viability of a subpopulation of Pur- 
kinje cells as well as granule cells, and these Purkinje cells may 
be an additional primary cellular target of the gene (Herrup and 
Trenkner, 1987; D. Goldowitz, personal communication). Con- 
ceivably, the defect wherever it appears may result from the 
absence of a key molecule necessary for many or all cells during 
a restricted developmental time window. An essential neuron- 
glial contact may be involved. In this light, an important clue 
may be found in the observed requirement of astroglial-derived 
fibroblast growth factor for successful process outgrowth by cer- 
ebellar granule cells (Hatten et al., 1988). In this case, neuronal 
systems would be vulnerable because of their developmental 
stage rather than because of their identities within particular 
neural systems per se. Alternatively, overexpression of a mo- 
lecular species leading to toxicity might play a key role in the 
pathology ofthe neurites and their terminals (Collins and Olney, 
1982). 

The weaver nigrostriatal defect in relation to MPTP-induced 
toxicity 
Additional clues for the cause of cell death in weaver may be 
provided by the mechanisms of neurotoxins. We have noted a 
strong resemblance between the disease expressed in the weav- 
er’s mesostriatal system and that produced in mice after the 
administration of the neurotoxin MPTP (Roffler-Tarlov and 
Graybiel, 1988a). The similarities between the condition pro- 
duced by the neurotoxin and that produced by the mutant gene 
in the midbrain are introduced here because it is possible that 
both could have an origin in direct effects on dopamine-con- 
taining terminals resulting in retrograde degeneration. To sum- 
marize the similarities briefly, both the weaver gene and high 
doses of the neurotoxin administered to adult mice produce 
permanent depletion of dopamine (Roffler-Tarlov and Graybiel, 
1986; Ricaurte et al., 1987; Saitoh et al., 1987), and greater 
vulnerability is shown by the nigrostriatal pathway than by the 
mesolimbic system (Roffler-Tarlov and Graybiel, 1984; Du- 
voisin et al., 1986; Sundstrom et al., 1987). It follows, too, that 
the most severe cell loss in the dopamine-containing cell groups 
of the midbrain occurs in the substantia nigra in both types of 
mice, the ventral tegmental area being relatively, though not 
completely, spared in MPTP-treated mice and completely or 
relatively spared in weavers (Heikkila et al., 1984; Gupta et al., 
1986, 1987; Roffler-Tarlov et al., 1987b, and accompanying 
paper; Sundstrom et al., 1987; Triarhou et al., 1988a). 

Direct evidence for retrograde effects on the vulnerable neu- 
rons has been provided in studies in which MPTP was admin- 
istered in the forebrain of monkeys and caused cell death in the 
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midbrain (Imai et al., 1988). In mice, too, evidence points to a 
retrograde reaction after MPTP administration (Heikkila et al., 
1985). In an autoradiographic demonstration of dopamine up- 
take sites in MPTP-treated mice using the ligand )H-mazindol, 
Donnan et al. (1987) found pronounced deficits in uptake in 
MPTP-treated mice. These were most severe in the terminal 
regions of the nigrostriatal neurons, whereas the cell bodies were 
much more resistant. Only a 15% reduction in 3H-mazindol 
binding occurred in mesencephalic dopamine-containing cells 
of MPTP-treated mice, whereas reductions amounting to nearly 
60% took place in dorsolateral regions of caudoputamen. 

Pathological alteration of dopamine-containing terminals is 
thus a characteristic of the striatum both in weavers and in the 
MPTP-treated animals, though it is not known to what extent 
the pathological changes are similar in detail. For the weaver 
mouse, the studies of )H-dopamine accumulation into striatal 
synaptosomes described here have uncovered an early sign of 
pathology in axonal terminals and may also point to an initial 
site of vulnerability. The pathology, when severe enough, may 
lead eventually to retrograde changes and the ensuing death of 
certain of the dopamine-containing mesostriatal neurons. 

It is now clear that although cell death is confined to restricted 
groups of dopamine-containing neurons in the midbrain, the 
processes of some or all of the residual neurons are affected by 
the weaver gene. This discrepancy raises the possibility that the 
mutant gene weaver affects all dopamine-containing neurons, 
all cerebellar granule cells, and even many other neurons and 
glial cells, but that because of threshold effects is lethal only to 
subclasses, and not to the entire population of cells in each 
region. More generally our findings raise the possibility that 
other genes thought to be specific for particular types of neurons 
may actually affect larger populations of cells whose relative 
vulnerability might differ, for example, according to the timing 
of expression of the gene relative to the developmental stage of 
the cells or the environment in which the vulnerable group is 
set. 
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