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Normal mice (+/+) and homozygous weaver mutant mice 
(WV/WV) at 1 year of age were used for three-dimensional 
computer-aided reconstructions of the nucleus accumbens 
(NA) and neostriatum (ST) and for quantitative estimations 
of the total number of medium-sized neurons in the NA and 
ST, and for the total number of tyrosine hydroxylase (TH)- 
containing neurons in the ventral tegmental area (VTA) and 
substantia nigra (SN). The three-dimensional reconstruc- 
tions showed that the weaver NA and ST are smaller than 
they are in +/+. Quantitative volumetric measurements of 
the NA and ST showed WV/WV were smaller than +/+ by 
nonsignificant differences of 14% and 13%) respectively. 
The WV/WV group showed statistically significant depletion 
of neurons in all four structures. On average, NA neurons 
are reduced by 27%, ST neurons by 22%, VTA-TH neurons 
by 40%, and SN-TH neurons by 79%. In wv/wvanimals, there 
was a high positive correlation (r = 0.838) between the num- 
bers of SN-TH neurons and ST neurons and a moderate 
positive correlation (r = 0.534) between the numbers of SN- 
VTA neurons and NA neurons. The nuclei in TH-containing 
neurons in WV/WV and +/+ had the same diameters, but in 
all animals, the SN-TH neurons contained larger nuclei than 
the VTA-TH neurons. Cytoarchitectonic measurements in 
control and weaver NA and ST were also similar. In all ani- 
mals, the NA contains more densely packed neurons with 
smaller nuclei than those in the ST. 

[Key words: striatum, nucleus accumbens, ventral teg- 
mental area, substantia nigra, weaver mutant mouse, cell 
death, volumetric cell counts, three-dimensional computer 
reconstructions] 

Adult homozygous weaver (WV/WV) mutant mice have a severe 
depletion of dopamine neurons in the substantia nigra (Schmidt 
et al., 1982; Triarhou et al., 1986, 1988a; Gupta et al., 1987; 
Ghetti and Triarhou, 1992) and to a lesser extent in the ventral 
tegmental area (Triarhou et al., 1988a; Graybiel et al., 1990). 
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Substantia nigra neurons project massively to the neostriatum 
(Rosegay, 1944; Ungerstedt, 197 1; Nauta et al., 1974; Schwab 
et al., 1977; Faull and Mehler, 1978; Royce, 1978; Veening et 
al., 1980; Get-fen et al., 1982; Fisher et al., 1983; Jimenez- 
Castellanos and Graybiel, 1987) and the loss of nigral neurons 
is correlated with reduced dopamine content in the neostriatum 
of WV/WV mutants (Schmidt et al., 198 1, 1982). Ventral teg- 
mental area neurons project massively to the nucleus accumbens 
(Ungerstedt, 197 1; Carter and Fibiger, 1977; Nauta et al., 1978; 
Beckstead et al., 1979; Chronister et al., 1980; Groenewegen et 
al., 1980; Hokfelt et al,, 1980; Newman and Winans, 1980; 
Kalivas and Miller, 1984; Gerfen et al., 1987a; Kalsbeek et al., 
1987) and because of the milder cell loss in WV/WV mutants, 
dopamine content is unchanged in the nucleus accumbens (Rof- 
fler-Tarlov and Graybiel, 1987). However, the nucleus accum- 
bens in WV/WV mutants has below-normal dopamine uptake and 
storage (Doucet et al., 1989; Roffler-Tarlov et al., 1990), and 
reduced dopamine D2 receptors (Kaseda et al., 1990). Dopa- 
minergic neuronal degeneration has been seen as early as post- 
natal day 1 (Pl) (Ghetti and Triarhou, 1992~) and on P16 and 
P20 (Ghetti and Triarhou, 1992a,b). Cell loss has been quan- 
tified in the WV/WV substantia n&a on P20 (Triarhou et al.: 
1988a). The ventral tegmental area in young adults contains 
reduced immunostaining for tyrosine hydroxylase (Triarhou et 
al., 1988a; Graybiel et al., 1990) and a depletion of tyrosine 
hydroxylase-stained neurons (Triarhou et al., 1988a). In 1 -year- 
old WV/WV mice, the neostriatum has been deprived of normal 
dopamine levels for at least 11 months, and dopamine metab- 
olism in the nucleus accumbens may have been abnormal for 
that same period of time. 

The major focus of this article is to study quantitatively the 
neostriatum, nucleus accumbens, substantia nigra, and ventral 
tegmental area in l-year-old control (+/+) and WV/WV mice to 
determine if there are any differences between them and if those 
differences can be correlated between structures. We address 
three questions. First, does the gross appearance of the striatum 
and nucleus accumbens (as determined by computer-assisted 
three-dimensional reconstructions) differ between +/+ and WV/ 
WV mice? The three-dimensional images we show here indicate 
that the WV/WV striatum and nucleus accumbens are slightly 
smaller than they are in +/+, but they are very similar to +/ 
+ in overall appearance. Second, does the total number of neu- 
rons in the neostriatum and nucleus accumbens differ between 
+/+ and WV/WV? We report here that WV/WV animals have sig- 
nificantly fewer neurons than +/+ animals in both structures. 
Third, does the loss of dopamine neurons in the substantia nigra 
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Table 1. The data of each control (+/+) and each WV/WV animal along with their group means (2) 
and SD for the total numbers of neurons and the structural volumes of the nucleus accumbens (NA) and 
neostriatum (ST) and for the total numbers of TH-stained neurons in the ventral tegmental area (VTA) 
and substantia nigra (SN) 

ST 
NA Total Total VTA SN 

Animal Total volume Total volume Total Total 
number Genotype number (mm? number (mm? number number 

6196-1-1 +/+ 591,403 1.14 2,623,608 8.89 3,216 4,137 

6196-1-2 +/+ 589,625 1 .oo 2,950,618 8.20 3,231 4,574 

1 l OO-708- 1 +/+ 669,895 1.06 2,913,513 7.72 3,333 5,074 

1100-708-2 +/+ 579,146 0.96 3,113,314 7.59 4,107 4,295 

z 607,517 1.04 2,900,263 8.10 3,472 4,520 

SD 41,935 0.08 203,829 0.59 427 411 

0700-118 WV/WV 372,435 1.05 1,852,022 8.14 1,855 647 

0700-239 WV/WV 455,812 0.90 2,258,685 6.90 1,711 974 

0700-242 WV/WV 476,098 0.86 2,609,937 7.37 2,317 1,004 

0700-246 WV/WV 464,227 0.75 2,357,37 1 5.87 2,440 1,115 
2 442,143 0.89 2,269,504 7.07 2,081 935 

SD 47,211 0.12 315,184 0.95 352 201 

The WV/W means are significantly below (p < 0.05) the +/+ means for each cell number estimation. 

and ventral tegmental area in WV/WV correlate with any neuron 
loss in the neostriatum and nucleus accumbens? The counts of 
tyrosine hydroxylase-stained neurons show severe reduction in 
the substantia nigra and, by the age of 1 year, substantial re- 
duction in the ventral tegmental area. In WV/WV, there is a high 
positive correlation between cell losses in the substantia nigra 
and the neostriatum, and a moderate positive correlation be- 
tween cell losses in the ventral tegmental area and the nucleus 
accumbens. 

Materials and Methods 
For the three-dimensional reconstruction study and for all quantitative 
cell number estimation studies, the animal subjects were obtained from 
the colony of control and WV/WV mice at Indiana University School of 
Medicine maintained on the B6CBA-A--‘/A hybrid stock. All animals 
were killed on their first birthday by overdosing with sodium pento- 
barbital (35 mg/kg) and perfusion through the heart with 10% neutral 
buffered formalin. All the WV/WV animals showed the abnormal “weav- 
ing” gait patterns. In addition, the cerebellum was sectioned to confirm 
the WV/WV phenotype. In WV/WV, the cerebellum is severely reduced in 
size and has very few granule cells (Rakic and Sidman, 1973). For the 
cell estimation studies, the animals were also perfused with Bouin’s 
fixative to enhance the immunocytochemical staining of tyrosine hy- 
droxylase-containing neurons following the protocol of Triarhou et al 
(1988a). The methods chosen for three-dimensional reconstruction of 
the neostriatum and nucleus accumbens were identical to those used by 
Bayer and Altman (1991) in their study of neocortical development. 
Although both +/+ and WV/WV have sparsely scattered large neurons in 
the neostriatum and clusters of small neurons in the nucleus accumbens, 
we quantified only the medium-sized neurons in each structure, which 
make up the major part of the total population. The methods chosen 
for estimation of the medium-sized neurons were slightly modified from 
those used by Bayer et al. (1982) and Bayer (1982) in their study of the 
dentate granule cell population. That method is especially suitable for 
estimating cell numbers in large neuronal populations in structures with 
well-defined boundaries. The method is not based on cell counts but 
rather on the proportional volume taken up by neuronal nuclei in the 
entire structure. Since both the substantia nigra and ventral tegmental 
area do not have well-defined borders with adjacent brain structures, 
we used a different estimation procedure based on cell counts. The raw 
cell counts were corrected for split nuclei using the equation of Aber- 
crombie (1946) as modified by Konigsmark (1970). The average nuclear 
diameter was determined using the iterative subtraction method of Hen- 

dry (1976). The several steps involved in the three-dimensional recon- 
struction process and the cell number estimation studies are described 
in detail in the Appendix. 

Results 
Three-dimensional reconstructions of the nucleus accumbens 
and the neostriatum 
Figure 1 shows the computer-reconstructed nucleus accumbens 
(yellow) and neostriatum (green) with the same orientation and 
position as they are on the right side of the brain in both a 
control animal (+/+; left) and homozygous weaver (WV/WV; right) 
from three different views (Fig. IA-C) at exactly the same mag- 
nification (scale bars in C). When these two individual animals 
are compared, the weaver neostriatum and nucleus accumbens 
is smaller (by 25%) than the same structures in the control. 
However, the overall shape and orientation of these brain struc- 
tures is virtually identical in the two genotypes. The smaller 
nucleus accumbens lies ventromedial and anterior, while the 
much larger neostriatum lies dorsal, lateral and posterior. The 
prominent depression in the posteromedial neostriatum (Fig. 
1C) is caused by enlargement of the thalamus and the hippo- 
campus. At its most posterior part, only a thin wafer of neo- 
striatum is wedged between the neocortex on the exterior and 
the hippocampus and thalamus on the interior. The surrounding 
brain structures were not reconstructed, because their images 
would have masked the neostriatum and nucleus accumbens. 

Quantitative dlferences between control and weaver mice in 
the accumbens-neostriatal complex 

The nucleus accumbens. The total number of medium-sized 
neurons in the WV/WV nucleus accumbens is reduced by approx- 
imately 27% from the +/+ total mean number (from 607,5 17 
to 442,143; Table 1). These differences are significant using a 
single-factor analysis of variance (ANOVA) [F( 1,6) = 27.43, p 
< 0.00 11. The total volume of the WV/WV nucleus accumbens is 
reduced 14% below the +/+ volume (from 1.04 to 0.89 mm3; 
Table 1). Even though the data on total volume show the same 
trend as those on total number of cells, the ANOVA indicates 



The Journal of Neuroscience, November 1994, 14(11) 6903 

they are not significantly different [F( 1,6) = 4.18, p > 0.051, 
mainly due to the larger variability in the WV/WV group (WV/WV 
SD is 1.5 times greater than the +/+ SD; see Table 1). 

The neostriatum. The total number of medium-sized neurons 
in the WV/WV neostriatum is reduced by approximately 22% from 
the +/+ total mean number (from 2,900,263 to 2,269,504; 
Table 1). The ANOVA indicates that these differences are sig- 
nificant [F(1,6) = 11.3, p = 0.021. The total volume of the WV/ 
WV neostriatum is reduced 13% below the +/+ volume (from 
8.1 to 7.07 mm’; Table 1). Even though the data on total volume 
show the same trend as those on total number of cells, the 
ANOVA indicates they are not significantly different [F( 1,6) = 
3.4, p > 0.051, mainly due to the larger variability in the WV/ 
WV group (WV/WV SD is 1.6 times greater than the +/+ SD; see 
Table 1). 

Quantitative d&erences between control and weaver mice in 
the ventral tegmental area and the substantia nigra 

The substantial reductions in the ventral tegmental area (VTA) 
and the substantia nigra (SN) between +/+ and wv/wvare easily 
observed without any quantitative measurement (Fig. 2A,B). 
The total numbers of tyrosine hydroxylase (TH)-containing 
neurons in thewv/wv VTA is 40% below the +/+ total numbers 
(from 3472 to 208 1; Table 1). These differences are significant 
using a two-sample t test [t = 5.03, p = 0.002 (one tailed)]. The 
total numbers of TH neurons in the WV/WV SN is 79% below the 
+/+ total numbers (from 4520 to 935, Table 1). These differ- 
ences are significant using a two-sample t test [t = 15.66, p = 
0.00005 (one tailed)]. 

Correlations between cell loss in the ventral tegmental area 
and substantia nigra and cell loss in the nucleus accumbens 
and the neostriatum 

Table 1 lists the number and genotype of each animal for six 
different measures in the four structures that were analyzed. The 
x-y scattergrams in Figure 3 show completely nonoverlapping 
data clusters for the +/+ (squares) and WV/WV (circles) when the 
total numbers of neurons in the four structures analyzed are 
compared (Table 1, columns 3, 5, 7, 8). When Pearson corre- 
lation coefficients are determined for the combined groups, there 
are strong positive relationships between the total number of 
neurons in the ventral tegmental area and the nucleus accum- 
bens (r = 0.829; Fig. 3, left), and between the substantia nigra 
and the neostriatum (r = 0.839; Fig. 3, right) because WV/WV 
always have fewer neurons than control animals. The disparity 
between groups is largely responsible for these high correlations. 
The correlation coefficient of the control group alone drops dra- 
matically in both comparisons (VTA to NA, r = -0.34; SN to 
ST, r = 0.27 l), indicating virtually no relationship between the 
total numbers of VTA and NA neurons on the one hand and 
the total numbers of SN and ST neurons on the other. However, 
the correlation coefficient for the weaver group alone is much 
higher in both comparisons (VTA to NG, r = 0.534; SN to ST, 
r = 0.836), indicating that neuronal loss in the midbrain may 
be linked to neuronal loss in the accumbens/neostriatal com- 
plex. 

Cytoarchitectonic d$erences between the neostriatum, nucleus 
accumbens, ventral tegmental area, and substantia nigra 

During the close observation of the four brain structures that 
were analyzed, consistent differences were noticed between them. 

For example, tyrosine hydroxylase-stained neurons in the sub- 
stantia nigra appeared to be larger than those in the ventral 
tegmental area (compare Fig. 2C,D). The data collected to de- 
termine average nuclear diameter indicated that nuclei in sub- 
stantia nigra neurons were approximately 13% larger than those 
in ventral tegmental area neurons. The two-sample t test indi- 
cated no differences between +/+ and WV/WV regarding nuclear 
diameter in either structure (all p > 0.05) so the data were 
combined for the statistical tests. Figure 4A shows the data from 
individual animals (animals l-4 are +/+; 6-8 are WV/WV). In 
every animal there were smaller neurons in the ventral tegmental 
area than those in the substantia nigra. A within-subjects t test 
indicated a highly significant statistical difference [t(7) = - 14.63, 
p < O.OOOl]. On average, a nucleus in a VTA neuron had a 
diameter of 9.44 pm, while a nucleus in an SN neuron had a 
diameter of 10.7 pm. 

With regard to the nucleus accumbens and neostriatum, it 
became easy to determine which structure was being sampled 
in the high-magnification photographic series because the nu- 
cleus accumbens contains closely packed neurons with smaller 
nuclei (Fig. SA), while the neostriatum, except for a thin dor- 
somedial strip, has more widely spaced neurons with larger 
nuclei (Fig. 5B). Because the ANOVA indicated no significant 
differences between +/+ and WV/WV in the average nuclear vol- 
ume and nuclear packing density in both the nucleus accumbens 
and the neostriatum [F( 1,6) = 0.23 to 1.36, all p > 0.051, the 
data were combined. Figure 4B shows that the average nuclear 
volume in the nucleus accumbens is smaller in every animal 
than it is in the neostriatum (animals 14 are +/+; 5-8 are WV/ 
WV). The mean average nuclear volume in the neostriatum is 
2.8 x lo-’ mm3, which is nearly 23% larger than the mean 
average nuclear volume in the nucleus accumbens 2.28 x lo-’ 
mm3. A within-subjects t test indicated a highly significant sta- 
tistical difference [t(7) = -8.33, p < O.OOOl]. Figure 4C shows 
that nuclear packing density, as measured by the proportion of 
the sample areas occupied by nuclei, is always lower in the 
neostriatum than it is in the nucleus accumbens. On average, 
only 9.2% of a sample area in the neostriatum is taken up by 
medium-sized neuronal nuclei, while 11.33% of the sample ar- 
eas in the nucleus accumbens are occupied by neuronal nuclei. 
A within subjects t test indicated a highly significant difference 
[t(7) = 7.54, p < 0.0001]. 

Discussion 
Gross anatomy of the neostriatum and nucleus accumbens 
To our knowledge, this is the first three-dimensional reconstruc- 
tion of the neostriatum and nucleus accumbens that has been 
carried out. The reconstructions in Figure 1 show an overall 
size reduction in the WV/WV but otherwise normal morphology 
is maintained in spite of abnormal dopamine innervation. This 
is not surprising in view of the fact that cursory light microscopic 
examination of conventionally stained histological sections of 
both the neostriatum and nucleus accumbens appear to be nor- 
mal in WV/WV. It has also been reported that the distribution of 
D, dopamine receptors is normal in the WV/WV neostriatum (Ohta 
et al., 1989). However, motor function ascribed to dopaminergic 
innervation of the basal ganglia is abnormal in WV/WV (Triarhou 
and Ghetti, 1987), and the volumetric studies show that there 
are significant depletions in the total number of basal ganglionic 
neurons. 
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F~gnre 1. Three-dimensional recon- 
structtons of the nucleus accumbens 
(&/ow) and striatum (green) in +/+ 
(I&) and homozygous W/WY (rrght). A, 
Front view (the observer is viewing 
straight down the z-axis, dorsal is on 
the top, ventral on the bottom, lateral 
IS left, and medial right). B. Lateral view 
(the image in .4 has been rotated +45” 
in the y-axis). C, Medial view (the im- 
age m A has been rotated -90” in the 
y-axis, anterior is left, and posterior is 
right). In this view, the WV/W accum- 
bens/neostnatal complex appears larg- 
er than that in +/+ because it is shorter 
in the z-axis and slightly broader in the 
anterior part of the x-axis, which pro- 
duces the optical illusion of more bulk. 
Thts view is shown to demonstrate es- 
sentially normal morphology in the me- 
dial 1~/~~~accumbens/neostriata1 com- 
plex. 

- .-.- .-,-, -1 mm 

Cell depletion in weaver mutants ies establish that neuronal loss is progressive with age in both 
structures with the major wave occurring in the first 90 d. Re- 

The data in Table 1 show severe depletion of substantra mgra 
(SN) neurons in 1 -year-old WV/~Y (- 80% below +/+) and sub- 
stantial depletion in the ventral tegmental area (VTA; 40% be- 
low +/+). These are greater than the deficits reported by Triar- 
hou et al. (1988a) in 90-d-old n~/~t’r (SN, 69%; VTA, 26%) but 
are less than the 85% reduction in the SN found in 2-year-old 
n~/n’r (Ghetti and Triarhou, 1992). Taken together, these stud- 

cently, Sauer and Oertel(1994) demonstrated that degenerative 
events in the midbrain dopaminergic cell bodies occur only after 
initial changes at the level of the axon terminals. Several studies 
have reported either anatomically or neurochemically abnormal 
dopamine terminals in the n~‘n~ neostriatum and nucleus ac- 
cumbens (Triarhou et al.. 1988b: Doucet et al., 1989; Kaseda 
et al., 1990: Roffler-Tarlov et al.. 1990). and the progressive 
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decline in midbrain dopamine neurons may be related to initial 
deficits in their axon terminals. 

The data presented in Table 1 indicate that the HY/WV nucleus 
accumbens (NA) and neostriatum (ST) have 73% and 78%, 
respectively, of the normal number of neurons. Although other 
studies have speculated on neuronal loss in the ST (Kaseda et 
al., 1990), and degeneration has actually been seen in the su- 
bependymal layer of the developing ST (Ghetti and Triarhou, 
1992~): the present report is the first to demonstrate neuronal 

F1gure2. Illustrations of the dramatic 
depletion of tyrosme hydroxylase neu- 
rons m the midbrains of homozygous 
weavers (B) compared to controls (.3) 
(IP. mterpeduncular nucleus: Xv, sub- 
stantla nigra pars compacta; IT.4, ven- 
tral tegmental area: 6 Km paraffin sec- 
tions counterstained wth hematoxylin). 
The areas labeled C and D m .1 are 
shown at higher magnification. Cshows 
the smaller neurons m the VTA, and D 
shows the larger neurons in the SN. Scale 
bars: .4 and B. 0.5 mm: C and D. 0.25 
/rm. 

loss quantitatively in both NA and ST. Furthermore, there is 
no overlap between the data on total neuron number (Table 1, 
Fig. 3) from the control and weaver groups even though one 
homozygous weaver (animal 0700- 118) has a larger ST and NA 
than some of the control animals. 

A chief aim of this research is to see if loss of tyrosine hy- 
droxylase neurons in the VTA/SN of HY/HY correlates with neu- 
ronal loss in the NA/ST complex. There are at least three pos- 
sible causes ofneuronal loss in the NA and ST. First, the missing 
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VTA:NA SN:ST 

Figure 3. Scattergrams comparing the total numbers of neurons in 
anatomically related structures in controls (squares) and homozygous 
weaver mutants (circles). On the left. the ventral tegmental area OJ-axis) 
is compared to the nucleus accumbens (x-axis). On the right, the sub- 
stantia nigra @-axis) is compared to the neostriatum (x-axis). In both 
comparisons, controls have more neurons than weavers. Within the 
weaver group, larger numbers of neurons in the NA or ST correlates 
with slightly more surviving tyrosine hydroxylase-stained neurons in 
the midbrain, while that relationship does not hold in the control group. 

neurons may require normal dopamine levels and normal in- 
nervation for survival. From lesion studies in the olfactory sys- 
tem (and other brain systems), it is known that some neurons 
die after they are deprived of a major afferent input (Carlsen et 
al., 1982). It is also known that the few surviving dopamine 
axon terminals in the weaver neostriatum fail to establish an 
adequate synaptic connectivity pattern, thus contributing fur- 
ther to functional dopamine denervation (Triarhou et al., 1988b). 
Although only four animals in each group were used in this 
study, the positive correlation in WV/WV between the total num- 
bers of neurons in the VTA and the NA on the one hand (Fig. 
3, left), and the very high positive correlation between total 
numbers of SN and ST neurons on the other (Fig. 3, right) 
support the hypothesis that some neurons in the NA and ST 
require dopaminergic input for survival. However, more ani- 
mals would have to be analyzed to see if the positive correlations 
reported here are repeatable. This hypothesis is further sup- 
ported by a recent quantitative study of multiple systems at- 
rophy in humans where neuronal losses in the substantia nigra 
and the caudate putamen complex were correlated (Kume et al., 
1993). A second possibility is that the weaver gene may have a 
direct lethal effect on a small proportion of accumbens and 
neostriatal neurons. The best way to test this possibility will be 
to estimate the total number of ST and NA neurons before the 
major period of cell death in the midbrain. Studies on dopamine 
content in preweaned WV/WV (Roffler-Tarlov and Graybiel, 1987; 
Simon et al., 1994) suggest that the major deficit in dopamine 
occurs after postnatal days 7-10. Thus, we assume that prior to 
P7, the numbers of SN and VTA neurons in WV/WV may be 
closer to the control levels in spite of the evidence of degener- 
ation at the time of birth (Ghetti and Triarhou, 1992~). We have 
collected a litter of obligatory homozygous WV/WV (offspring of 
a mating between homozygous parents) on the day of birth and 
plan to investigate this possibility by quantifying the four struc- 
tures at that age. A third possibility is that the weaver gene 
might cause a general depletion of neurons throughout the ner- 
vous system. To investigate that, volumetric studies of neuron 

Figure 4. A, The average neuronal diameter in the ventral tegmental 
area (dark bars) and the substantia nigra (light bars) in the eight animals 
used in this study (animals l-4 are +/+; 5-8 are WV/WV). Note that in 

q VI-A-Al0 q SNA9 
A 

NA q ST 

8 

every animal, substantia nigra nuclei are larger than those in the ventral 
tegmental area. B, The average nuclear volume in the neostriatum (ST; 
light bars) and the nucleus accumbens (NA; dark bars). Note that in 
every animal, neostriatal nuclei are larger than those in the nucleus 
accumbens. C, Nuclear packing density in the neostriatum (ST, light 
bars) and the nucleus accumbens (NA; dark bars). Note that in everv 
animal, neostriatal nuclei are less densely packed than those in the 
nucleus accumbens. 
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Figure 5. Randomly selected high-magnification samples of (A) the nucleus accumbens (AM) and (B) the neostriatum (ST) from control animal 
6 196-1-1. Typically, the NA has smaller nuclei that tend to be more closely packed than those in the ST (6 pm paraffin sections, hematoxylin 
stain). 

numbers in a brain structure not receiving any dopamine in- 
nervation would have to be compared in WV/WV and +/+ to see 
if neuronal numbers are similar in both groups. We plan to 
investigate the third possibility in future studies. 

The data on cell loss in the ST can be related to neurochemical 
studies on dopamine receptor densities in the dorsolateral neo- 
striatum (Kaseda et al., 1987, 1990; Ohta et al., 1989) that 
indicate an upregulation in homozygous WV/WV at 6 months 
followed by a drop to below control levels by 12 months. Kaseda 
and coworkers found reduced protein content in the neostriatum 
of homozygous wv/wvs, and hypothesized that cell loss may have 
occurred between 6 months and 1 year. The present study pro- 
vides evidence for striatal cell loss, which may explain why 
dopamine D, receptors are reduced to low levels at one year of 
age. It is not known if neuronal loss in the neostriatum is a 
progressive phenomenon. However, we have collected some 
2-year-old animals for a volumetric study similar to this one to 
see if there are greater depletions in ST and NA. 

Greater animal variability in WV/WV mutants 
The relatively large interindividual variances in WV/WV recorded 
in Table 1 call for further comment. The WV/WV mutation is 
maintained by repeated crossing of affected or carrier animals 
to a C57BW6 x CBA Fl hybrid mate, and intercrossing the 
progeny to generate litters segregating for WV/WV homozygotes. 
These litters will also be segregating at all other genetic loci at 
which the C57BL/6 and CBA strains carry different alleles. This 
uncontrolled and undefined genetic variability is a likely factor 
in the variances, and implies that it might be possible to identify 

other genes that quantitatively modulate the dopaminergic sys- 
tem. Other possible reasons for the variance relate to interin- 
vestigator variability (see Appendix) and undefined nongenetic 
variability among the mice. 

Cytoarchitectonic d$erences 
Statistical tests indicated that the data on cell diameter in the 
VTA and SN and the data on nuclear size and packing density 
in the NA and ST were not different between +/+ and WV/WV. 
Such a finding implies that the surviving neurons in the VTA 
and SN maintain a normal appearance even though the intensity 
of tyrosine hydroxylase staining was always lower in WV/WV than 
in +/+ animals (compare Fig. 2AJ). The normal cytoarchi- 
tecture in the NA and the ST in WV/WV is maintained in spite 
of severely depleted dopamine levels and abnormal dopamine 
connections. 

However, there are clear cytoarchitcctonic differences be- 
tween the VTA and the SN and between the NA and the ST. 
The data in Figure 4A indicate that the nuclei of tyrosine hy- 
droxylase-immunoreactive neurons in the SN are larger than 
those in the VTA. That agrees with the study of German and 
Manaye (1993) in rats where both the long and short axes of 
SN neurons were found to be larger than the same measures in 
VTA neurons. The data in Figure 4, B and C, indicate that the 
ST contains larger neurons that are less densely packed than 
those in the NA. No doubt, the decreased packing density in 
the ST is due to the thick bundles of axons coursing through it 
and connecting to various neocortical areas. To our knowledge, 
a quantitative study comparing nuclear size and packing density 
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in these two structures has not been done. Mensah (1977) ob- 
served that the dorsolateral part of the neostriatum had larger 
neurons than medial or ventral parts. Our observations agree 
with that. In fact, dorsomedial parts of the neostriatum appear 
very similar to the nucleus accumbens. Herkenham (1984) did 
an extensive study of cell clustering in the nucleus accumbens 
of rats, observing that clusters are more prevalent near the ven- 
tromedial edge than in other parts. Our observations in mice 
indicate that clustering can be found throughout the nucleus, 
and clustering is probably more prominent in mice than it is in 
rats. 

Appendix 
Quantitative studies of the neostriatum and nucleus 
accumbens: methodological details 
Three-dimensional reconstructions. For three-dimensional re- 
constructions, one representative control female (+I+) and one 
representative homozygous weaver female (WV/WV) were killed 
on their first birthday by perfusion through the heart with 10% 
neutral buffered formalin. The tissue block containing the neo- 
striatum and nucleus accumbens on the right side of the brain 
was embedded in methacrylate (JB4, Polysciences) after dehy- 
dration. Plastic embedding was used because plastic sections 
have more regular expansion in the tissue bath after sectioning, 
which eliminates some of the artifacts that often show up in 
three-dimensional reconstructions of paraffin-sectioned mate- 
rial. Serial sections (3 Km, every 20th) were placed on micro- 
scopic slides and were stained with toluidine blue. 

The three-dimensional reconstruction method is described in 
detail elsewhere (Bayer and Altman, 199 1). Briefly, low-mag- 
nification photographs of sections approximately 100 pm apart 
were taken with a photomacroscope (Leitz/Wild) connected to 
an automatic exposure unit. The photographs were printed at 
a final magnification of 35 x , and the outlines ofthe neostriatum 
and nucleus accumbens were drawn on the photographs with a 
rapidograph pen. 

To produce a three-dimensional reconstruction, it is necessary 
to place the sections in register, as they are in the brain before 
sectioning. Using a sagittally sectioned mouse brain from ap- 
proximately the same age (taken from our histological set of 
normal specimens), we determined the curvature of the dorsal 
part of the neostriatum. Three fiducial marks were placed onto 
a the photograph of a section at a level midway between the 
anteroposterior extent of the striatum; this became the “ori- 
entation section.” The orientation section was taped onto a light 
board for transillumination, and the photograph of the section 
in front of it was placed on top. Several anatomical landmarks 
were lined up along with the offset between the tops of the two 
sections (determined by calculating the distance between them 
and the curvature from the sagittal section photograph). The 
fiducial marks from the orientation section photo were copied 
onto the photo of the section being aligned. The orientation 
section was removed from the light board, and the fiducial marks 
around the section that had just been aligned were used as a 
template to align the next-most anterior section. This process 
was continued until all sections in front ofthe orientation section 
had been aligned. The same procedure was used to align the 
sections behind the orientation section. 

The photographs were next placed onto a Summagraphics 
digitizer interfaced to an IBM computer (PS/2, model 60). The 
fiducial marks along with the contours around the neostriatum 
and the nucleus accumbens were traced by hand with the cross 
hair of a cursor. A program stored the x- and y-coordinates of 

closely spaced points on the contours, and showed the outlines 
of the contours on the screen during the tracing. The section 
number was used as a code for the z-coordinate. The entire data 
file was transferred to a Silicon Graphics workstation (IRIS 
4D20), where a conversion program (MOR~DAT) aligned the sec- 
tions using the fiducial marks. That file was read by S-A, a 
three-dimensional reconstruction program written by Dr. J. 
Prothero and his coworkers at the University of Washington in 
Seattle. SKANDA constructed solid surfaces by drawing polygons 
between points on adjacent contours and filling them in with 
the selected color (green, neostriatum; yellow, nucleus accum- 
bens; Fig. 1). 

Determination of the total number of neurons. For this part 
of the study, four control females (+I+) and four homozygous 
weaver females (WV/WV) from our retired breeding stock were 
perfused through the heart, first with 10% neutral buffered for- 
malin and later with Bouin’s fixative. The brains were dissected 
so that the entire neostriatum, nucleus accumbens, substantia 
nigra, and ventral tegmental area on the right side of the brain 
were in the same block of tissue. The blocks were embedded in 
paraffin and sectioned at 6 pm. Every 10th section through the 
nucleus accumbens and neostriatum was saved. After deparaf- 
finization in xylenes and rehydration in graded alcohols, the 
slides were stained with hematoxylin. 

The total number of medium-sized neurons in the nucleus 
accumbens and neostriatum on the right side of the brain was 
estimated using a previously described method (Bayer, 1982; 
Bayer et al., 1982). Briefly, we based our calculations on the 
equation N = V,lV,, where N is the total number of cells, V, is 
the total volume of all medium-sized neuronal nuclei, and V, 
is the average volume of an individual nucleus. Both V, and V, 
were estimated with statistical techniques, and the equation was 
solved for N. 

The first and last sections that contained the nucleus accum- 
bens and neostriatum and sections at approximately 60-l 00 pm 
intervals in between were photographed at low magnification 
with a Leitz/Wild photomacroscope. Outlines of the neostria- 
turn and nucleus accumbens were drawn onto the photographs 
with a rapidograph pen. One or two randomly selected areas in 
these structures were photographed at high magnification with 
a Zeiss photomicroscope III (25 x objective). The areas in the 
high-magnification photographic prints were relocated in the 
microscope, and the contours around each complete and partial 
nucleus judged to be in a medium-sized neuron (Chang et al., 
1982; Kita and Kitai, 1988) was outlined with a rapidograph 
pen by one of the present authors (S.A.B.). Endothelial nuclei 
and small dark nuclei (judged to be in oligodendroglia and mi- 
croglia) were not included. Large nuclei, presumably in the cho- 
linergic intemeurons, were also not included as well as small 
nuclei in neurons resembling those in the islands of Calleja that 
were scattered through the nucleus accumbens. 

The prepared photographs were placed onto a Summagraph- 
its digitizer interfaced to an IBM PC (PS/2, model 60). Using 
the low-magnification photographs, the contours of the entire 
neostriatum and nucleus accumbens were traced by hand with 
a cursor. With these data (x- and y-coordinates), the computer 
program determined the area of the nucleus accumbens and 
neostriatum in each section and calculated the total volume of 
each structure using the distances between sections as the z-coor- 
dinates. Using the high-magnification photographs, the outlines 
of the sample area, the contours of each complete nucleus, and 
the contours of all partial nuclei at the borders of the sample 
area were traced by hand with a cursor. The computer program 
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used these data to determine the sample area, the individual 
areas of each complete and partial nuclear profile, and the pro- 
portion of each sample area that was taken up by nuclei (i.e., 
packing density). The total volume of each structure and the 
packing density of the medium-sized neuronal nuclei were used 
to calculate V,. Finally, the areas of all complete nuclei were 
sorted into various size classes, and the average area was cal- 
culated by the iterative subtraction method of Hendry (1976). 
The average area was then used to determine the average volume 
(V,) of a nucleus in both the neostriatum and the nucleus ac- 
cumbens. 

Determining the total number of neurons in the substantia 
nigra and the ventral tegmental area. Using the brains of the 
same animals that were processed for the volumetric studies of 
the neostriatum and nucleus accumbens, the portion of the block 
that contained the substantia nigra and ventral tegmental area 
was cut at 6 Wm. Every section was saved in five different sets 
of slides (sets A, B, C, D, and E). After deparaffinization in 
xylene and rehydration in graded alcohols, immunocytochem- 
ical staining for tyrosine hydroxylase was done on a Sequenza 
Immunoanalyzer (Shandon/Lipshaw) following previously de- 
scribed protocols (Triarhou et al., 1988a). One set of control 
slides and a corresponding set of weaver slides (e.g., set A) from 
all of the animals in the group were stained together so that any 
variations due to different staining runs were minimized. In all, 
four of the five sets were stained successfully, and our quanti- 
fications relied mainly on the use of the D set and some of the 
B set. After immunostaining, the slides were lightly counters- 
tained with hematoxylin, dehydrated in graded alcohols, cleared 
in xylene, and coverslipped with Permount. 

Beginning with the first section that showed a tyrosine hy- 
droxylase-stained neuron in either the ventral tegmental area 
or the substantia nigra, every nuclear profile in tyrosine hy- 
droxylase-stained cells was counted in sections approximately 
30 pm apart until the substantia nigra and ventral tegmental 
area disappeared. Nuclei in unstained cells and nuclei in stained 
cells that were not in the substantia nigra or ventral tegmental 
area were excluded. The borders of the substantia nigra and the 
ventral tegmental area corresponded closely to those used by 
German and Manaye (1993) with the following two exceptions. 
First, the interfascicular nucleus, a small group of neurons in 
the ventral midline just anterior and above the anterior inter- 
peduncular nucleus, was included as part of the ventral teg- 
mental area in our counts. Second, the scattered tyrosine hy- 
droxylase-stained neurons among the fibers of the medial 
lemniscus were considered to be the most anterior extension of 
the retrorubral field, whereas German and Manaye included 
these neurons in the ventral tegmental area. Two of the present 
authors (S.A.B. and L.C.T.) conferred to standardize the divi- 
sions between the ventral tegmental area, substantia nigra, and 
retrorubral field on low-magnification photographs of several 
sections from each animal. 

The actual counts were used to calculate the total number of 
neurons according to the equation N, = N,J’(tlt + d), where n, 
is corrected counts, N, is actual counts, P is total number of 
sections/total number of sections counted, t is section thickness, 
and d is nuclear diameter (Abercrombie, 1946; Konigsmark, 
1970). 

To determine d, a series of high-magnification photographs 
were taken of tyrosine hydroxylase neurons in the substantia 
nigra and ventral tegmental area in each animal. The edge of 
the nucleus in each stained cell in the photographs was outlined 
with a rapidograph pen, and the areas of these nuclei were mea- 

sured with a Summagraphics digitizer interfaced to a model 60 
IBM computer. A computer program calculated the nuclear 
diameters from the measured areas and put them into a his- 
togram of large to small size classes. The iterative subtraction 
method of Hendry (1976) was used to calculate the average 
diameter. 

Technical note: accounting for individual d$erences between 
computer operators. Because of the massive amount of data 
collection needed to estimate the total number of neurons in 
the neostriatum and nucleus accumbens (approximately 60-70 
sections and 100-l 50 high-magnification samples for each an- 
imal), it was necessary for several different people to measure 
areas with the digitizer. In all, six different operators worked 
together to collect data. There were virtually no differences (al- 
ways within l-2%) between operators’ measurements of the 
large areas of the nucleus accumbens and neostriatum in the 
low-magnification photographic series. However, we discovered 
consistent differences (20-35%) between operators’ measure- 
ments of the small individual nuclear profile areas in the high- 
magnification photographic series. To control for these differ- 
ences, each operator was tested with a randomized sequence of 
10 different sets of six perfect circles in a range of sizes similar 
to those of the nuclei as they were magnified in the photographic 
prints (from 100 mm2 to 2.5 mm2). The computer calculated 
the true area of these circles using the radius, the operator’s 
deviation from the true area, and determined a series of cor- 
rections (one for each size class of measured circles). Another 
computer program identified the operators who measured each 
sample and applied their individual correction factors to the 
data, using the correction factors for larger circles on larger 
nuclei and the correction factors for smaller circles on smaller 
nuclei. The result was a corrected data file that reduced the 
variability due to operator’s individual differences. 

This approach is similar to that pursued by astronomers in 
the first half of the 19th century. Bessel discovered that indi- 
vidual differences in the measurement of the transit times of 
stars were caused by the subjective aspects of the measurement 
process; this was called the personal equation (Boring, 1950). 
In our case, the outlining of nuclei on a digitizer is a complex 
psychomotor task requiring operator judgement, and each op- 
erator has a unique personal equation. Correcting the measure- 
ment error resulting from an operator’s personal equation in- 
creases the reliability of the dependent variable and accordingly 
increases the power of the related statistical tests (Lipsey, 1990). 
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