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We report here that the pattern of loss of dopamine that 
occurs in the brains of adult mice carrying the autosomal 
recessive weaver gene is the consequence both of failed 
postnatal development of the dopamine-containing meso- 
striatal innervation and of the disappearance of the early 
forming dopamine-island system. For these studies, we 
compared the contents of dopamine extracted from 3 divi- 
sions of the striatum, the caudoputamen, nucleus accum- 
bens, and olfactory tubercle, and from the midbrain of weav- 
er and control littermate pups. Catecholamines were 
extracted from tissues dissected from serial brain slices and 
were separated and measured using high-performance liq- 
uid chromatography followed by electrochemical detection. 
The anatomical pattern formed by the catecholamine-con- 
taining innervation of the developing striatum was studied 
in 8-, 1 l-, 20-d-old, and 1.5month-old weaver and control 
mice using tyrosine hydroxylase immunohistochemistry. In 
weaver neonates (7-8 d old), the dopamine-containing in- 
nervation of the caudoputamen is characterized by near- 
normal concentrations of dopamine and by a normal ana- 
tomical arrangement of dopamine islands. Subsequently, 
however, the weaver disease is expressed in the caudo- 
putamen as a failure of the dopamine islands to persist and 
of the dopamine-containing innervation of the matrix to de- 
velop at a normal rate. Whereas the concentration of do- 
pamine increases 4.4-fold between days 7 and 33 in normal 
animals, it increases only 1.8-fold in the weaver. In spite of 
the severe reduction of dopamine, the weaver’s caudopu- 
tamen grows to near-normal size (85%). A correlation was 
found between the rate of development of the dopamine 
content of striatal regions and their vulnerability to the ef- 
fects of the mutant gene. The earliest developing region, the 
nucleus accumbens, is entirely spared, whereas the caudo- 
putamen, the slowest region to develop, is also the most 
severely affected. The effect of the weaver gene is first 
apparent in the striatum during the same postnatal period 
as was the previously known defect in granule cell migration 
in the cerebellum. 
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The autosomal recessive mutation carried by the weaver (gene 
symbol, WV) mouse exerts differential effects on the nigrostriatal 
and mesolimbic dopamine systems (Roffler-Tarlov and Gray- 
biel, 1984). The principal target of the nigrostriatal system, the 
caudoputamen, is severely depleted of its dopamine content, 
whereas dopamine is entirely conserved in the nucleus accumbens, 
a target of the mesolimbic system, and is moderately affected in 
the olfactory tubercle. These effects of the weaver mutation on 
striatal dopamine are gene-dose dependent (Roffler-Tarlov and 
Graybiel, 1986). Schmidt et al. (1982) reported the first evidence 
suggesting that the reduction in total striatal dopamine found 
in adult weaver mice is the consequence of a developmental 
defect rather than a degenerative one. Striatal dopamine levels 
are similar in young mutant and control mice, but by 1 month 
of age the pattern of reduction displayed in adults is established. 
The anatomical localization of dopamine characteristic of the 
weaver striatum is also evident by 1 month of age, and the 
differential effects on the dorsal and ventral striatum persist 
unaltered in both the definition of the boundaries of loss and 
the severity of loss within vulnerable regions as the animals age 
(Rolller-Tarlov and Graybiel, 1986). 

The fact that the defect in striatal dopamine appears during 
the first postnatal month is of great interest, because this is a 
time of dramatic changes in both the patterning and density of 
the dopamine-containing nigrostriatal innervation (Olson et al., 
1972; Tennyson et al., 1972; Nobin and Bjorklund, 1973; Gray- 
biel et al., 198 1; Kent et al., 1982; Graybiel, 1984a, b). At birth, 
much of this innervation is organized into macroscopic clusters, 
the so-called dopamine islands (Olson et al., 1972; Tennyson 
et al., 1972). Outside these clusters, the dopamine-containing 
innervation is sparse. With increasing age, the non-islandic or 
“diffuse” innervation gradually increases, so that eventually the 
dopamine islands are masked (Olson et al., 1972; Fuxe et al., 
1979). 

In the experiments reported here, we sought to determine 
when, during this critical postnatal period of development, the 
defect in striatal dopamine is first expressed in the weaver stria- 
turn. To obtain a quantitative assessment of catecholamine con- 
tent, we monitored endogenous dopamine isolated from extracts 
of normal (+/+) striatal tissue from animals ranging in age from 
postnatal day 1 to 60. To learn whether there were regional 
differences in the rates of development of dopamine content, 
we analyzed the caudoputamen, the nucleus accumbens, and 
the olfactory tubercle separately. We compared the development 
of dopamine content in the 3 striatal regions of homozygous 
weaver (WV/WV), heterozygous weaver (+/WV), and homozygous 
normal (+/+) mice ranging in age from postnatal day 7 to 30. 
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Figure 1. Dopamine concentrations (pmol dopamine/mg protein) in 
3 striatal regions and in the midbrains of normal (+/+) mice ranging 
in age from postnatal (P) day 1 to P60. Points are the averages of 3-10 
animals + SEM. Where there are no error bars, the point represents a 
single animal or the average of 2 animals. 

Finally, to determine whether the islandic system can be formed 
in the presence of the weaver gene, we studied the pattern of 
distribution of the developing nigrostriatal innervation by ty- 
rosine hydroxylase immunohistochemistry. 

Materials and Methods 
Weaver (gene symbol WV) and control mice 
The homozygous normal (+I+), heterozygous weaver (+/WV), and 
homozygous weaver (WV/WV) animals were on a C57BL/6JLe-AWJ x 
CBAKaGnLe F, hybrid background and were obtained by breeding 
heterozygote pairs established in our colony and originally purchased 
from the Jackson Laboratory, Bar Harbor, ME. Some +/+ animals 
were obtained from litters born of known +/+ parents on the C57BL6/ 
CBA background. After about 2 weeks of age, WV/WV animals were 
recognized behaviorally by their poor righting response, ataxia, hypo- 
tonia, and tremor (Sidman et al., 1965; Sidman, 1968). In order to 
distinguish the +/+ from the +/WV animals and to identify the genetic 
type of the younger pups used, we collected and weighed the cerebellum 
from each animal, fixed the cerebella by immersion in formalin, and 
subsequently examined them for the identifying features of the +/+, 
+/WV, and WV/WV phenotypes. The +/WV cerebellum can be distinguished 
from the +/+ cerebellum by a modest reduction in wet weight and by 
its slightly altered shape and a deflated appearance at the midline (Rakic 
and Sidman, 1973b; Roffler-Tarlov and Turey, 1982). The WV/WV cer- 
ebellum is visibly atrophic even at postnatal day 7. 

Biochemical measurements. 
Tissue dissection. All of the mice were anesthetized with Nembutal(40 
mg/kg) before arterial perfusion with ice-cold PBS (Zigmond and Ben- 
Ari, 1976). The cold-hardened brain was put on the stage of a tissue 
sectioner, covered with a 4% solution of agar (about 37°C) and sliced 
by the blade of the tissue sectioner into a transversely cut series of 420- 
pm-thick sections. The brain slices were collected on a cooling stage. 
The face of each slice was viewed with intense scattered illumination 
from below so that nuclei and fiber tracts could be distinguished even 
in the youngest animals by their differential translucency. The entire 
region to be analyzed was removed from each slice in which it appeared 
in the case of each striatal district. All of each midbrain slice was used. 
The dissection protocols were those established for adults (Roffler-Tar- 
lov and Graybiel, 1986) and were adopted for the smaller brains of the 
pups. 

Extraction and measurement of dopamine 
The catecholamines were extracted from the tissues in 0.1 M HClO, 
containing 1 mM sodium metabisulfite. The homogenates were centri- 
fuged at 15,000 x g, after which the resulting pellet was assayed for its 
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Figure 2. The content of perchloric acid-precipitable protein (Lowry 
et al., 195 i) in the caudoputamen and in the midbrain of normal (+/ 
+) mice ranging in age from Pl to P60. Points are the averages of values 
from 3 to 7 animals + SEM. Where there are no error bars, the point 
represents a single animal or the average of 2 animals. 

protein content by the method of Lowry et al. (195 1). The catechol- 
amines in the supematants were isolated on alumina and were subse- 
quently eluted with 0.4 NHClO, as described previously (Roffler-Tarlov 
and Graybiel, 1986). The catecholamines in the eluates were measured 
using electrochemical detection after their separation on a reversed- 
phase column using high-performance liquid chromatography (Moyer 
and Jiang, 1978). The recoverv of dooamine was estimated by the ad- 
dition ofa synthetic catechol substance, 3,4-dihydroxybenzylamine, as 
an internal standard to each sample before homogenization. The re- 
covery of the synthetic catechol averaged 67%. The data presented are 
not corrected for recovery. 

Immunohistochemistry 
Brains of 5 homozygous weaver mice and littermate or age-matched 
homozygous or heterozygous controls, aged 8, 11, and 20 d and 1.5 
months, were fixed by transcardial perfusion with a solution of 4% 
paraformaldehyde in 0: 1 M phosphate (PO,) buffer (0.9% PBS containing 
3-5% sucrose). After brief nostfixation and overnight rinsing in PBS- 
containing sucrose, the brains were frozen and cut at 20-30 pm on a 
sliding microtome. To demonstrate tyrosine hydroxylase (TH)-like im- 
munoreactivity, sections were processed by the peroxidase-antiperoxi- 
dase (PAP) method (Stemberger, 1979) with rabbit anti-tyrosine hy- 
droxylase antiserum kindly provided by Dr. T. Joh or purchased from 
Eugene Tech International (Lot 1012). The immunohistochemical pro- 
tocol described in detail elsewhere (Graybiel, 1984b) included initial 
pretreatment of free-floating sections with 10% MeOH/3% H,O, for 5 
min, with 0.2% Triton X-100 for 5 mitt, and with 1:30 normal goat 
serum (NGS) for 30 min. Primary antibody incubations (1:500) were 
carried out at 4°C for l-3 d, immunoglobulin IaG bridge incubations 
(1: 10) at 4°C for 30 min at room temperature (RT), and PAP incubations 
(1:30) for 30 min at RT. All stem were senarated bv buffer rinses in 0.5 
h T&saline buffer throughout primary and secondary incubations. One 
percent NGS and 1% normal rat serum were also added to the primary 
and secondary incubation solutions. Sections were then rinsed in 0.1 M 

PO, buffer and were developed in diaminobenzidine (DAB)-H,O, for 
times determined by the appearance of trial sections. Sections from the 
weaver and control brains of each pair were divided into sets of sections 
that were treated identicallv. For the final DAB sten. weaver and control 
sections were reacted in the same staining dishes so that reaction times 
would be the same. 

Results 
Development of the dopamine-containing innervation of the 
homozygous normal striatum: the content of dopamine in the 
caudoputamen, the nucleus accumbens, and the olfactory 
tubercle 
The earliest measurements of dopamine in the normal caudo- 
putamen and nucleus accumbens were made at postnatal day 1 
(Pl; the day of birth is designated PO). The olfactory tubercle 



2366 Roffler-Tarlov and Graybiel . Effects of Weaver Gene on Development of Dopaminergic Systems 

. 
is .- 
E 

x 200 
0” 

2 

g 100 

Figure 3. Dopamine concentrations 
(pmol dopaminelmg protein) in the 
caudoputamen of +/+, +/WV, and WV/ 
WV animals ranging in age from P7 to 
P33. 
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formed a narrow rim along the ventral surface of the brain at 
Pl and was too thin to permit a reliable dissection to be done; 
therefore its dopamine content was first measured at P3. 

At Pl the concentration of dopamine in the caudoputamen 
was 17% of adult values (Fig. 1). In the nucleus accumbens the 
concentration of dopamine was 30% of adult values. An increase 
in striatal dopamine took place in the next weeks, and reached 
adult values more rapidly in the nucleus accumbens and in the 
olfactory tubercle than in the caudoputamen. Adult values of 
about 400 pmol dopamineimg protein were reached early in the 
third week of life in the nucleus accumbens. In the caudopu- 
tamen, the dopamine content did not reach adult levels (420 
pmol/mg protein) until 1 month of age. The developmental 
schedule of the olfactory tubercle was between that of its 2 
neighbors, with adult values for its dopamine content (300 pmol/ 
mg protein) being reached at the beginning of the third week 
(Fig. 1). At this time, values for the caudoputamen and olfactory 
tubercle were matched and about three-quarters of those in the 
nucleus accumbens. The rise in striatal dopamine per milligram 
protein seen after P21 appears to be due almost entirely to the 
increase in the caudoputamen. 

For all 3 striatal subdivisions, an acceleration in the rate of 
increase in dopamine was evident near the end of the second 
week (P14 for the nucleus accumbens and olfactory tubercle, 
P 17 for the caudoputamen), and the rapid rates were maintained 
until the curves reached their asymptotic values. Before P14, 
relatively steady slower increases occurred in the nucleus ac- 
cumbens and caudoputamen. In the olfactory tubercle, however, 
most of the increase in dopamine concentrations from the P3 
to P14 values occurred in the first week. The content of dopa- 
mine in the midbrain remained constant between Pl and adult- 
hood (Fig. 1). 

The content of protein in the homozygous normal 
caudoputamen and midbrain 
Figure 2 shows the results of measurements of perchloric acid- 
precipitable protein (Lowry et al., 1951) in the caudoputamen 
and in the midbrain of normal animals ranging in age from Pl 
to P60. The graphs illustrate the growth of these structures in 
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the neonatal period. Protein content of the caudoputamen in- 
creases 4-fold during the first 3 weeks of life, whereas it doubles 
in the midbrain during the first 2 weeks. 

The content of dopamine in 3 striatal regions of +/+, +/WV 
and WV/WV mice during the postnatal period 
Caudoputamen. Values for the dopamine extracted from the 
caudoputamen of normal and mutant animals 7, 11, 14, 17, 2 1, 
27, and 33 d old are shown in Figure 3, where comparisons are 
made among the 3 genetic types. The dopamine content of the 
caudoputamen was roughly equivalent for the 3 types at day 7 
after birth (about 23% of normal adult values), but even at this 
time there was a detectable deficit in dopamine in the homo- 
zygous weaver’s caudoputamen. After P7, dopamine in the 
weaver’s caudoputamen increased very little compared to that 
in homozygous normal controls: it was 70 pmol/mg protein at 
P7, and at P33, when the concentration of dopamine had reached 
adult values in the controls, the concentration in weaver was 
116 pmol/mg protein. By contrast, the content of dopamine in 
the caudoputamen of the homozygous normal mice increased 
from 96 pmol/mg protein at P7 to 423 pmol/mg protein at P33. 
This represents a 440% increase for the +/+ animals, in contrast 
to an increase of 166% for the WV/WV mice. 

The deficit in dopamine in the homozygous weaver caudopu- 
tamen remained relatively constant during the first 2 weeks of 
life, but increased dramatically thereafter. From Figure 3 it is 
clear that this change reflects a failure of the dopamine content 
in the WV/WV caudoputamen to undergo the rapid increase after 
P17 that characterizes the dopamine content of the +/+ caudo- 
putamen. 

Differences between the dopamine concentrations in +/WV 
and +/+ animals became evident by about P2 1, at which time 
the development of dopamine concentrations in the normal 
caudoputamen reached maturity. 

The size of the caudoputamen of all 3 genetic types increased 
during the first 3 postnatal weeks. The growth of the weaver’s 
caudoputamen, as assessed through measurements of perchloric 
acid-precipitable protein and wet weight, was very slightly but 
consistently smaller than that of the controls after Pl 1. The 
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protein content more than doubled between P7 and P33 in 
homozygous weavers and controls (2.7 times in the controls and 
2.4 times in the weavers). No differences were discernible be- 
tween +/+ and +/WV animals at any age. At P33, the homo- 
zygous weaver’s caudoputamen contained 14% less protein than 
that of either control type, as reported previously for adult an- 
imals (Roffler-Tarlov and Graybiel, 1986). The increase in pro- 
tein for all genetic types was between 2- and 3-fold. 

Nucleus accumbens. At no postnatal age sampled between P7 
and P45 were statistically significant differences found among 
the 3 genetic groups in the concentration of dopamine in the 
nucleus accumbens (Fig. 4). At P7 the dopamine content of the 
nucleus accumbens in all 3 genetic types was already 62% of 
adult levels. The nucleus accumbens grew between P7 and P33 
as charted by the protein measurement, which increased ap- 
proximately 3-fold during this period, from 0.062 to 0.190 mg 
between P7 and P33. 
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Figure 4. Dopamine concentrations 
(pmol dopamine/mg protein) in the nu- 
cleus accumbens of +/+, +/WV, and 
WV/WV animals ranging in age from P7 
to P33. 

Olfactory tubercle. At the end of the first postnatal week, the 
olfactory tubercle contained approximately 50% of the dopa- 
mine concentrations found in adults, and its dopamine content 
was equivalent for the 3 genetic types (Fig. 5). In homozygous 
weavers the amount of dopamine in the olfactory tubercle did 
not appear to increase greatly after the first postnatal week. At 
P7, the dopamine concentration was 130 pmol/mg protein, and 
at P33 it was 159 pmol/mg protein. By contrast, the dopamine 
concentration in the olfactory tubercle of the homozygous nor- 
mal animals increased from 138 to 263 pmol/mg protein be- 
tween P7 and P33. Within this time interval, the increase in 
dopamine concentration in the normal olfactory tubercle oc- 
curred after P 14. Dopamine concentrations in the homozygous 
weaver’s olfactory tubercle failed to keep up; there was virtually 
no change after P14. 

The olfactory tubercle grew markedly during the interval be- 
tween 7 and 33 d after birth and the growth, as measured by 
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Figure 5. Dopamine concentrations 
(pmol dopamine/mg protein) in the ol- 
factory tubercle of +/+, +/WV, and WV/ 
WV animals ranging in age from P7 to 
P33. 
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Figure 6. Dopamine concentrations 
(pmol dopamine/mg protein) in the 
midbrain of +/+, +/WV, and WV/WV 
animals ranging in age from P7 to P33. 
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perchloric acid-precipitable protein content, was equivalent for 
the 3 genetic types. Protein content increased approximately 
4-fold between P7 and P33 in the tubercle, and adult values 
were reached in the third postnatal week. 

Midbrain. Figure 6 summarizes measurements of the dopa- 
mine content in the midbrains of +/+, +/WV, and WV/WV mice 
during the first postnatal month. In contrast to the dopamine 
concentrations in their striatal targets, dopamine in the mid- 
brain cell groups, as measured in pooled slices through the mes- 
encephalon, did not increase during the period between P7 and 
P33. A discrepancy between amounts of dopamine in weaver 
and control midbrains appeared by Pl 1. 

Irnmunohistochemistry 
The immunohistochemical findings were unequivocal in dem- 
onstrating the existence of dopamine islands in the neonatal 
weaver striatum. As shown in Figure 7, these zones of dense 
TH-like immunoreactivity were well developed in both the 
weaver and control brains at P8. Considerable immunoreactiv- 
ity was also present in the striatal regions lying outside the 
regions of islandic innervation. In both the controls and the 
mutants, the islands were 0.1-0.2 mm in diameter, tended to 
have angular cross-sectional shapes, and were spaced at 0.2-0.5 
mm intervals. As has been described for the newborn rat (Gray- 
biel, 1984a, b), the islands in the dorsolateral part of the caudo- 
putamen (the dorsal-island system) were especially intensely 
stained. Staining patterns were more complex and mottled in 
the rostra1 and ventral parts of the caudoputamen, and islands 
expressing intense immunoreactivity, like those in the latero- 
dorsal caudoputamen, were not present. Medially, the immuno- 
staining was nearly uniform. TH-like immunoreactivity was as 
intense in parts of the nucleus accumbens and olfactory tubercle 
as in the dorsal-island system; in each ventral striatal subdivi- 
sion the immunostaining was organized in complex patterns 
(see Groenewegen et al., 1980; Herkenham et al., 1984). 

Two pairs of Pl 1 weavers and controls were prepared. One 
pair, with a homozygous control, is shown in Figure 7B; the 
second pair had a weaver heterozygote as control. Dopamine 
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islands were present in all of these mice. Comparison of the 
weavers and their controls gave the impression of more vivid 
islandic patterning in the weaver homozygotes than in either 
the heterozygote or the normal homozygote. Dorsoventral and 
mediolateral differences in staining patterns in the caudoputa- 
men were present at P 11, as in the younger pair; staining in the 
ventral striatum was intense in all brains. 

A dramatic shift in the patterns of TH immunostaining oc- 
curred between Pl 1 and P20 in the homozygous normal mouse 
(Fig. 7). TH-like immunoreactivity lost its islandic patterning 
and was present throughout the caudoputamen in a distribution 
that was nearly homogenous except ventrally, where some pock- 
ets of reduced staining were present. By contrast, in the P20 
weaver mouse (Fig. 7C) TH-positive islands were still apparent 
dorsally, where matrix staining was weak. There was a gradient 
of increasingly dark immunostaining in progressively more ven- 
tral parts of the caudoputamen. 

Evidence that the TH-positive islands eventually disappear 
from the weaver’s dorsolateral caudoputamen is shown in Figure 
70. In the 1 S-month-old weaver striatum, the dorsolateral gra- 
dient is markedly depleted of immunohistochemically detectable 
TH, whereas ventrally, and especially ventrolaterally, considerable 
staining remains. Hints of TH-poor gaps in immunostaining 
were evident in some sections at levels just ventral to the dor- 
solateral zone of maximum TH depletion. The littermate con- 
trol shows the typical dense TH immunostaining throughout 
the caudoputamen. 

Discussion 

The main finding of this study is that the deficit of dopamine 
characteristic of the adult weaver striatum is the consequence 
both of thwarted development and of degenerative changes in 
the nigrostriatal innervation during the early postnatal period. 
Taken alone, our biochemical measurements, like those of 
Schmidt et al. (1982) pointed to failure of development as the 
only etiologic factor. We found that the content of dopamine 
in the weaver caudoputamen is nearly as great as that in the 
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caudoputamen of normal controls at P7, but fails to increase 
with age as does the dopamine content of the normal caudo- 
putamen. Our anatomical findings showed that this single ac- 
counting for the defect is inadequate. TH immunohistochem- 
istry demonstrated that the dopamine-containing dorsal-island 
innervation is present and appears to be normal in the neonatal 
weaver brain, but clearly must undergo degeneration afterwards, 
as we have shown here and previously (Roffler-Tarlov and Gray- 
biel, 1984, 1986). TH-positive dopamine islands do not remain 
in the dopamine-depleted dorsal caudoputamen of the weaver 
striatum at maturity. It is not yet clear whether the occasional 
gaps in TH immunostaining just ventral to the main zone of 
depletion are related to the disappearance of the islands farther 
dorsally. 

This combination of biochemical and anatomical findings 
suggests that the weaver mutation has different effects on the 
islandic and diffuse dopamine-containing innervations of the 
striatum. The early forming dopamine islands innervate the 
weaver caudoputamen in a pattern that seems normal initially 
and that in fact may reflect full development of the dorsal- 
islandic system. This early forming system disappears after the 
third postnatal week in weaver animals. The later developing 
diffuse innervation of the dorsolateral matrix never develops 
fully, presumably being curtailed by the end of the second week 
of life, perhaps because significant numbers of the dopamine 
containing cell bodies in which these projections to the matrix 
originate are missing in weaver animals. Observations in the 
cat (Jimenez-Castellano and Graybiel, 1985, 1986) suggest that 
the islandic and diffuse mesostriatal innervations originate in 
different parts of the substantia nigra pars compacta and the 
associated A8 cell group. Findings in the rat also point to sep- 
arate origins in the substantia nigra for island and matrix sys- 
tems (Gerfen, 1986). It is possible that the weaver gene affects 
these subdivisions differently. 

A striking finding in the immunohistochemical study was that 
at PI 1 and, to an even greater extent, at P20 the dorsal islands 
were more prominent in the weaver than in the control caudo- 
putamen. The most likely explanation for the clearer view of 
the islands in the weaver is the failure of the diffuse innervation 
of the matrix to mask the islands as much in the normal. By 
this time, the biochemical measurements already showed an 
increase in dopamine in the normal caudoputamen relative to 
P7 values and a failure of such an increase in the weaver cau- 
doputamen. The visual impression of relative weakness of the 
TH-like immunoreactivity in the matrix might therefore reflect 
retarded or thwarted development of the diffuse innervation, 
with the islandic innervation not yet as fully affected. 

The biochemical evidence for increased dopamine content 
during the development of each of the striatal districts almost 
certainly reflects increases in dopamine in the matrix, given the 
large volume of the matrix compared to that of the regions of 
islandic innervation. The results of our comparison of the de- 
velopment of dopamine content in the caudoputamen of the 
weaver and of controls show that the large increase in dopamine 
in the matrix, which normally occurs between the first and fourth 
weeks of life, fails to occur in the weaver caudoputamen. The 
caudoputamen grows greatly in size during this period both in 
the weaver and the control mice. As judged by our measure- 
ments of perchloric acid-soluble protein, there is a doubling in 
striatal size in all 3 genetic types. Thus the lack of a normal 
dopamine-containing innervation does not appear to affect 

greatly the growth of the caudoputamen in the weaver mutants. 
The protein content of the weaver’s caudoputamen is reduced 
by only 15% as compared to that of heterozygotes and homo- 
zygous normal animals. 

It is not clear whether the observed increase in striatal do- 
pamine in the weaver is restricted to more ventral parts of the 
caudoputamen, where the defect in dopamine is not marked 
when viewed anatomically (Roffler-Tarlov and Graybiel, 1984, 
1986) or whether dopamine levels rise slightly even in the dor- 
solateral quadrant, where the greatest defect is present in the 
mature weaver. We cannot exclude the possibility that the dif- 
fuse innervation of a restricted dorsolateral region of matrix 
undergoes degeneration, in addition to being unable to increase 
normally with development. Biochemical measurements of do- 
pamine, following regional dissections in neonates and adults, 
could help to settle this point. 

A second finding that we wish to emphasize concerns the 
different rates of maturation found for the dopamine-containing 
innervation of the caudoputamen, nucleus accumbens, and ol- 
factory tubercle. Each of these 3 striatal regions showed a char- 
acteristic time course of increasing concentrations of dopamine 
during the postnatal period, and there was a clear order of mat- 
uration of their dopamine content, the nucleus accumbens being 
first, the olfactory tubercle second, and the caudoputamen the 
last to reach maturity in terms of dopamine content. Values for 
dopamine content per milligram protein reached adult levels in 
both the nucleus accumbens and olfactory tubercle ofthe control 
mice more than a week before those in the caudoputamen. These 
differences did not simply reflect the asymptotic values for do- 
pamine per milligram protein in the 3 striatal subdivisions. For 
example, adult values for dopamine content were nearly the 
same in the nucleus accumbens and caudoputamen. Nor were 
the different rates paralleled by different amounts of postnatal 
growth of the 3 striatal subdivisions, as judged by measurements 
of protein content. The different rates of development of do- 
pamine content in these 3 striatal districts did accord with their 
differential vulnerabilities to the effects of the weaver gene. The 
nucleus accumbens, first to acquire adult levels of dopamine, is 
least (in fact, undetectably) vulnerable. The olfactory tubercle, 
intermediate in the rate of maturation of its dopamine content, 
shows intermediate vulnerability. The caudoputamen, last to 
attain adult levels of dopamine, is most vulnerable, having only 
30% normal dopamine in the mature homozygous weaver. 

This correlation raises the possibility that the dopamine-con- 
taining cell groups of the midbrain giving rise to the 3 mesostri- 
atal projections are affected according to a particular develop- 
mental schedule that favors the survival of the earliest forming 
over the later forming mesostriatal connections. Maturational 
gradients in either the midbrain or in the striatum might account 
for such a schedule. However, our measurements showed no 
change in dopamine content of whole midbrain in either weaver 
or controls between the first and fourth postnatal week. This 
stands in marked contrast to the dramatic developmental changes 
in the striatal targets of the midbrain’s dopamine-containing 
neurons. Thus, if a developmental gradient is reflected in the 
pattern of the dopamine defect in the weaver, it seems likely 
that the gradient is present in the striatum, rather than in the 
midbrain. Of great interest in this regard is the report of Pro- 
chiantz et al. (198 1) that striatal membranes from 2- and 3-week- 
old mice enhanced the maturation of cultured mesencephalic 
DA-containing neurons. 
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Figure 7. Development of islandic and diffuse mesostriatal innervations in the caudoputamen of weaver (WV/WV; A/-D’) and litterrnate control 
(+/WV or +/+; A-D) mice illustrated by pairs of sections stained for tyrosine hydroxylase (TH)-like immunoreactivity. Controls in A and D were 
+/WV. Controls in B and C were +/+. Sections are from 8-d-old (A, A’), 1 l-d-old (B, B’), 20-d-old (C, C’), and 1.5-month-old (D, D’) mice. Each 
pair of sections was processed, as nearly as possible, identically. All sections were photographed at the same contrast between stain and nonspecific 

The pathologies caused by the action of the weaver gene are The defects expressed in the cerebellum and in the nigrostriatal 
now known to be expressed in 2 brain regions unconnected by system have several characteristics in common: The impairment 
direct anatomical links: the cerebellum (Rakic and Sidman, in each is gene-dose dependent, shows regional variation in the 
1973a, b) and the nigrostriatal system and certain other dopa- extent of expression in both of the affected cell populations, and 
mine-containing regions (Roffler-Tarlov and Graybiel, 1986). includes cell loss (Rakic and Sidman, 1973a, b, Schmidt et al., 
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background, with nonspecific background levels used as the reference standards for printing. The asterisks in A, A’, and c’ indicate examples of 
TH-positive dopamine islands. Note, in C and C’, that TH-positive dopamine islands are masked by P20 in the normal mouse, but are still visible 
in the weaver mouse. By 1.5 months (0, D’) the islandic innervation is no longer visible in the weaver. CP, caudoputamen; NA, nucleus accumbens; 
Olf T, olfactory tubercle; S, septum. Calibration bars, 0.5 mm for all photographs. 

1982; Herrup and Trenkner, 1985; Roffler-Tarlov and Graybiel, found by Hatten et al. (1984a, b) will also be characteristic of 
1986; Triarhou et al., 1986). It is not clear whether the reduction the affected mesotelencephalic dopamine-containing neurons in 
in neurite outgrowth described for the weaver’s cerebellar gran- weaver. However, the present study demonstrates that the mea- 
ule cells by Willinger and Margolis (1985) and the failure of surable expression of the gene is first detectable during devel- 
attachment between granule cells and Bergman glial guide fibers opment at approximately the same postnatal time period in the 
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cerebellum and mesostriatal system. It thus seems possible that 
the normal allele at the WV locus produces a product that is 
necessary during this period for the development of a subpop- 
ulation both of granule cells and neurons of the mesostriatal 
system. 

References 
Fuxe, K., K. Anderson, R. Schwartz, L. F. Agnati, M. Perez de la Mora, 

T. Hokfelt, M. Goldstein, L. Ferland, L. Possani, and R. Tapia (1979) 
Studies on different types of dopamine nerve terminals in the fore- 
brain and their possible interactions with hormones and with neurons 
containing GABA, glutamate, and opioid peptides. Adv. Neurol. 24: 
199-215. 

Gerfen, C. R. (1986) The developmental and biochemical basis of 
dual “Patch” and “Matrix” niarostriatal douamineraic svstems in the 
rat. Sot. Neurosci. Abstr. 12:?327. - - . 

Graybiel, A. M. (1984a) Correspondence between the dopamine is- 
lands and striosomes of the mammalian striatum. Neuroscience 13: 
1157-l 187. 

Graybiel, A. M. (1984b) Modular patterning in the development of 
the striatum. In Cortical Integration, F. Reinoso-Suarez and C. Az- 
mone-Marson, eds., pp. 223-235, Raven, New York. 

Graybiel, A. M., V. M. Pickel, T. H. Joh, D. J. Reis, and R. P. Elde 
(198 1) Discontinuous distribution of tyrosine hydroxylase in im- 
munoreactivity in the striatum of the fetal and neonatal cat and its 
relation to compartments of acetylcholinesterase staining and met- 
enkephalin immunoreactivity. Neurosci. Lett. 7: S476. - 

Groeneweaen. H. J.. N. E. H. M. Becker. and A. H. M. Lohman (1980) 
Subcorttsal’afferents of the nucleus accumbens septi in the cat studies 
with retrograde axonal transport of horseradish peroxidase and bis- 
benzimid. Neuroscience 5: 1903-l 9 16. 

Hatten, M. E., R. K. H. Liem, and C. A. Mason (1984a) Defects in 
specific associations between astroglia and neurons occur in micro- 
cultures of weaver mouse cerebellar cells. J. Neurosci. 4: 1163-l 172. 

Hatten, M. E., R. K. H. Liem, and C. A. Mason (198413) In vitro 
recombination of neurons and astroglia purified from normal and 
weaver mouse cerebellum. Sot. Neurosci. Abstr. 10: 164. 

Herkenham. M.. S. Moon-Edlev. and J. Stuart (1984) Cell clusters in 
the nucleus accumbens ofthe iat, and the mosaic relationship of opiate 
receptors, acetylcholinesterase and subcortical afferent terminations. 
Neuroscience 11: 56 l-593. 

Herrup, K., and E. Trenkner (1985) The weaver mutation: Regional 
variations in cerebellar development and proposed early time of gene 
action. Sot. Neurosci. Abstr. 11: 989. 

Jimenez-Castellanos, J., and A. M. Graybiel (1985) The dopamine- 
containing innervation of the striosomes: Nigral subsystems and their 
striatal correspondents. Sot. Neurosci. Abstr. 11: 1249. 

Jimenez-Castellanos, J., and A. M. Graybiel (1986) Innervation of 
striosomes and extrastriosomal matrix by different subdivisions of 
the midbrain A8-A9-Al0 dopamine-containing cell complex. Sot. 
Neurosci. Abstr. 12: 1327. 

Kent, J. L., C. B. Pert, and M. Herkenham (1982) Ontogeny of opiate 
receptors in rat forebrain: Visualization by in vitro autoradiography. 
Dev. Brain Res. 2: 487-504. 

Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall (195 1) 

Protein measurement with the Folin phenol reagent. J. Biol. Chem. 
193: 265-275. 

Moyer, T. P., and N. S. Jiang (1978) Optimized isocratic conditions 
for analysis of catecholamines by high performance reversed-phase 
paired-ion chromatography with amperometric detection. J. Chro- 
matogr. 153: 365-373. 

Nobin, A., and A. Bjorklund (1973) Topography of the monoamine 
neuron system in the human brain as revealed in fetuses. Acta Physiol. 
Stand. (Suppl. 388) 88: l-40. 

Olson, L., A. Seiger, and K. Fuxe (1972) Heterogeneity of striatal and 
limbic dopamine innervation: Highly fluorescent islands in devel- 
oping and adult rats. Brain Res. 44: 283-288. 

Prochiantz, A., M. C. Daguet, A. Herbet, and J. Glowinski (198 1) 
Specific stimulation of in vitro maturation of mesencephalic dopa- 
minergic neurones by striatal membranes. Nature 293: 570-572. 

Rakic, P., and R. L. Sidman (1973a) Organization of cerebellar cortex 
secondary to deficit of granule cells in weaver mutant mice. J. Comp. 
Neurol. 152: 133-161. 

Rakic, P., and R. L. Sidman (1973b) Sequence of developmental ab- 
normalities leading to granule cell deficit in cerebellar cortex ofweaver 
mutant mice. J. Comp. Neurol. 152: 103-132. 

Roffler-Tarlov, S., and A. M. Graybiel (1984) Weaver mutation has 
differential effects on the dopamine-containing innervation of the 
limbic and nonlimbic striatum. Nature 307: 62-66. 

Roffler-Tarlov, S., and A. M. Graybiel (1986) Expression of the weaver 
gene in dopamine-containing neural systems is dose-dependent and 
affects both striatal and non-striatal regions. J. Neurosci. 6: 33 19- 
3330. 

Raffler-Tarlov, S., and M. Turey (1982) The content of amino acids 
in the developing cerebellar cortex and deep cerebellar nuclei of gran- 
ule cell deficient mutant mice. Brain Res. 247: 65-73. 

Schmidt, M. J., B. D. Sawyer, K. W. Perry, R. W. Fuller, M. M. Foreman 
and B. Ghetti (1982) Dopamine deficiency in the weaver mutant 
mouse. J. Neurosci. 2: 376-380. 

Sidman, R. L. (1968) Development of intemeuronal connections in 
the brain of mutant mice. In Physiological and Biochemical Aspects 
of Nervous Integration, F. D. Carlson, ed., p. 163, Prentice-Hall, NJ. 

Sidman, R. L., M. C. Green, and S. H. Appel (1965) Catalog of the 
Neurological Mutants of the Mouse, Harvard U. P., Cambridge, MA. 

Sternberger, L. A. (1979) Immunohistochemistry, Wiley, New York. 
Tennvson. V. M.. R. E. Barrett. G. Cohen. L. Cote. R. Heikkila. and 

C. Mytilneou (1972) The developing neostriatum’of the rabbit:‘Cor- 
relation of fluorescence histochemistry, electron microscopy, endog- 
enous dopamine levels, and (3H) dopamine uptake. Brain Res. 46: 
25 l-285. 

Triarhou, L. C., W. C. Low, and B. Ghetti (1986) Transplantation of 
ventral mesencephalic anlagen to hosts with genetic nigrostriatal do- 
pamine deficiency. Proc. Natl. Acad. Sci. USA 83: 8789-8793. 

Willinger, M., and D. M. Margolis (1985) Effect of the weaver (WV) 
mutation on cerebellar neuron differentiation II. Quantitation of neu- 
ron behavior in culture. Dev. Biol. 107d: 173-l 79. 

Zigmond, R., and Y. Ben-Ari (1976) A simple method for the serial 
sectioning of fresh brain and the removal of identifiable nuclei from 
stained sections for biochemical analysis. J. Neurochem. 26: 1285- 
1287. 


