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Abstract

The dopamine system in weaver mutant mice (B6CBA-A""’/A background) was studied. Dopa-
mine was 27% lower in the olfactory tubercle, 77% lower in the frontal cortex, and 75% lower in the
striatum of 6-month-old weaver mice compared to control mice of the same age. Norepinephrine
and serotonin were not lower in these brain areas. Tyrosine hydroxylase activity in the striatum was
measured with a radiometric assay and was 70% lower in weaver mice. Examination of mice from 11
to 180 days of age revealed that the dopamine system failed to develop in weaver mice. Motor
activity in individual animals was assessed using circular photocell activity cages with minimal
llumination. Apomorphine and pergolide, direct dopamine agonists, increased activity more in
weaver mice than in normal littermates. Amphetamine, which releases endogenous stores of
dopamine, was less active in mutant mice. These findings provide suggestive evidence that postsyn-
aptic dopamine receptors in weaver mutants might have become supersensitive as a result of lower
levels of dopamine in motor areas of the brain.

Anatomical evidence of dopamine system abnormalities was found in weaver mice by examination
of serial sections cut from the midbrain of mutant and normal mice. The pars compacta of the
substantia nigra in weaver mice appeared hypocellular when compared with the corresponding
sections from controls. Fewer large neurons were seen in the affected animals.

This study illustrates that weaver mice have specific deficiencies in the dopamine system. The
weaver mouse might provide a way of examining the biochemical and behavioral effects of long term

dopamine deficiency and a way to examine drugs to treat dopamine-deficient states in vivo.

The weaver mutant mouse (Sidman, 1968) is charac-
terized behaviorally by ataxia and a fine tremor. Histo-
logically, there is an atrophy of the cerebellum which is
secondary to a failure of migration and to the degenera-
tion of the cerebellar granule cells (Rakic and Sidman,
1973). However, there is evidence that the dopamine
system also is affected in the weaver mutant. Lane et al.
(1977) reported that the level of dopamine in the whole
brain of adult weaver mice was 50% lower than in normal
littermates. The present experiments were undertaken to
better define the alterations in the dopamine system in
weaver mice from a morphological, biochemical, and
behaviorally pharmacological standpoint and, in this re-
spect, to establish whether the weaver mouse could serve
as a model of human disorders characterized by dopa-
mine deficiency (e.g.,, Parkinson’s disease).
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Materials and Methods

Weaver mutant mice (B6CBA-A"’/A background)
and heterozygous littermates were obtained from the
Jackson Laboratories (Bar Harbor, ME) or raised from
Jackson stock in our colony. Animals were housed in 15
X 20 cm plastic cages at 23 to 24°C and were given water
and Purina Laboratory Chow ad [libitum. Mice were
weaned at 25 days of age and litters were kept together
until used. Control and weaver mice were evaluated
simultaneously in all assays or tests. However, due to the
difficulty in obtaining sizable numbers of animals of
specific ages on a given date, it was not possible to
include all ages simultaneously in longitudinal experi-
ments.

A histological examination of the substantia nigra was
made in weaver and control mice. Brain tissue was dis-
sected from mice which had been decapitated. The brain
stem, including the midbrain, was fixed in 10% formalin,
while the remainder was used for neurochemical deter-
minations in some cases. The brain stems from six weaver
mice and six control mice were fixed in formalin, dehy-
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drated in graded alcohols, and embedded in paraffin.
Serial sections (130 to 150) were cut (7 um thick) from
the midbrain and upper pons of each mouse. Sections
were stained alternatively with gallocyanin for Nissl sub-
stance and with hematoxylin/eosin. These series of sec-
tions were examined without prior knowledge of the
neurochemical results. Pathological findings then were
verified by an outside neuropathologist completely naive
to the project.

Monoamine levels in the olfactory tubercle, frontal
cortex, and striatum were determined using high pressure
liquid chromatography and electrochemical detection
(Fuller and Perry, 1977, 1981). Concentrations of dopa-
mine, norepinephrine, and serotonin were measured in
the olfactory tubercle, frontal cortex, corpus striatum,
cerebellum, and the brain stem. Data are expressed in
nanomoles of neurotransmitter per gm of tissue. The
amine metabolites, homovanillic acid and 5-hydroxyin-
doleacetic acid (5-HIAA), also were determined in these
brain areas (Perry and Fuller, 1979).

Tyrosine hydroxylase was measured in the corpus
striatum using a radiometric assay (Lerner et al., 1978).
Enzyme activity was assayed at saturating levels of co-
factor. Protein concentrations in the striatal extracts
were measured according to the procedures of Lowry et
al. (1951).

Motor activity was determined in the mice by placing
them individually in circular activity cages 25 c¢cm in
diameter. Each cage was equipped with a photocell con-
nected to a counter. Mice were allowed to adapt to the
new environment, which was minimally illuminated, for
60 min, and then, each was administered apomorphine
HCI (5 mg/kg, i.p.). Mice were returned to the cages and
the number of photocell breaks was recorded for three
successive 30-min periods. After a 10-day “washout,”
animals were administered pergolide mesylate, a direct
acting dopamine agonist in the ergoline class (Fuller et
al.,, 1979), at 1 mg/kg using the above paradigm. Ten
days after the pergolide experiment, animals were admin-
istered 2.5 mg/kg of amphetamine sulfate (intraperito-
neally), and activity was recorded for 120 min. Animals
were sacrificed by decapitation, and neurochemical de-
terminations of monoamines were made 2 weeks after
the amphetamine experiment. The dopamine concentra-
tions in weaver mice or control mice not administered
amphetamine or dopamine agonists were the same as
animals that had been given drugs. Therefore, data from
“drug-naive” animals and animals previously exposed to
the drugs were combined in computing the neurochemi-
cal results.

Results

Histology. The pars compacta of the substantia nigra
in 6-month-old weaver mice appeared hypocellular when
compared with the corresponding region in control litter-
mates (Fig. 1). In particular, fewer large neurons were
seen in the affected animals. The neuronal population of
the nucleus was not counted, and, although the histolog-
ical differences were remarkable, the present data need
confirmation by quantitative analysis.

Neurochemistry. There was a reduction in the concen-
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tration of dopamine in a number of brain areas of 6-
month-old weaver mutant mice (Table I). The level of
dopamine was 28% lower in the olfactory tubercle, 77%
lower in the frontal cortex, and 75% lower in the corpus
striatum. Dopamine was not decreased in the brain stem
and was not present to any degree in the cerebellum. A
major metabolite of dopamine, homovanillic acid, was
also lower in those areas where dopamine was reduced
(Table I).

The concentration of norepinephrine was not different
in control and weaver animals in any of the five brain
areas. Amounts of serotonin were also similar in the
control and mutant animals with the exception of the
cerebellum. Serotonin levels in the cerebellum of weaver
mice were 348% higher than in age-matched littermate
controls (Table I). The major metabolite of serotonin, 5-
HTAA, showed a similar pattern (i.e., an increase only in
the carebellum).

Dopamine was measured in the corpus striatum of
control and weaver mice 11 to 180 days of age (Fig. 2).
Dopamine concentrations were significantly lower at the
earliest time point. While dopamine increased from 20 to
approximately 60 nmol/gm of tissue in the normal mice
during the course of development, the maximum concen-
tration in weaver mice was 25 nmol/gm of striatum.
These amounts of dopamine decreased progressively
with age in the weaver mice such that dopamine concen-
trations were 75% lower in 180- compared to 21-day-old
weaver mice (Fig. 2).

Tyrosine hydroxylase activity was determined in stria-
tal tissue from control and weaver mice at 16 and also at
135 days of age (Fig. 3). Tyrosine hydroxylase activity
was 43% lower in weaver mice at 16 days of age and 77%
lower at 135 days of age. During this time period, tyrosine
hydroxylase activity did not change in normal animals;
however, there was a significant reduction in the striatum
of weaver mice during this same period.

Behavioral pharmacology. Weaver mutant mice were
hyper-reactive when handled and were not able to main-
tain their balance when placed on elevated metal discs of
progressively decreasing size (M. J. Schmidt, unpub-
lished observations). Weaver mice were also hyperactive
when placed in the locomotor activity chamber (Fig. 4, A
to C). The locomotor stimulation by apomorphine (5 mg/
kg) or pergolide (1 mg/kg), direct acting dopamine ago-
nists (Fuller et al., 1979), was significantly greater and of
longer duration in weaver mice than in control mice (Fig.
4, A and B). However, the stimulation by amphetamine
(2.5 mg/kg), an indirect dopamine stimulant, was of lower
magnitude and shorter duration in weaver mutants (Fig.

4C).

Discussion

We have shown that, in the weaver mutant mouse,
there is a marked reduction in the concentration of
dopamine in dopamine-rich areas of the brain. Differ-
ences in weaver and normal littermates were observed as
early as 11 days of age. Tyrosine hydroxylase activity
was also substantially lower in the corpus striatum of
weaver mice. A reduction in the number of nerve cell
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Figure 1. Substantia nigra (pars compacta) from a 6-month-old unaffected mouse (A) and
from a littermate weaver mutant (B). Note that nerve cells in the control mouse are more
numerous and larger than in the mutant.

TABLE I

Neurotransmitter and metabolite concentrations in brain areas of control and weaver mice
Data represent the mean + SEM of six animals per group.

('l)l‘tfml ryle lémnta] Striatum Cerebellum g::::
nmol/gm tissue
Transmitters
Dopamine Control 15.03 £ 1.25 11.69 + 2.49 58.33 = 7.81 0.08 £ 0.02 0.18 £ 0.0
Weaver 10.92 + 1.01° 2.69 = 0.46" 14.41 + 2.86° 0.09 £ 0.02 0.20 + 0.02
Norepinephrine Control 1.64 + 0.20 2.32 £ 0.31 0.70 + 0.39 210 £ 0.22 3.76 £ 045
Weaver 2,19 = 0.30 2.48 + 0.32 1.02 + 0.16 3.78 £ 0.71 3.99 + 0.44
Serotonin Control 5.39 £ 0.45 441 + 0.67 4.78 £ 0.62 0.66 £ 0.11 4.94 + 0.36
Weaver 6.18 + 0.58 4.69 = 0.65 5.63 + 0.71 296 + 0.44° 557 £ 0.59
Metabolites
Homovanillic acid Control 2.07 £0.21 1.64 + 0.27 5.59 + 0.65 0.08 £ 0.02 0.18 + 0.04
Weaver 1.82 £ 0.22 0.88 + 0.13 291 £ 0.57* 0.10 = 0.03 0.21 £ 0.01
5-HIAA Control 1.69 + 0.25 1.08 £ 0.25 2.26 £ 0.39 0.36 = 0.09 297 +£0.24
Weaver 2.03 + 0.30 1.16 + 0.23 3.23 + 0.60 1.54 + 0.30° 3.63 £ 0.43

“ Values significantly different (p < 0.05) from controls.

perikarya was detected in the substantia nigra of the and metabolites were reduced in dopamine-rich areas of

weaver. ) the brain, but norepinephrine and serotonin were not
The abnormalities in the weaver mouse monoamine affected (Table I). Examination of the substantia nigra

system appear quite specific. Dopamine concentrations revealed that, although there were fewer neurons (Fig. 1,
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Figure 2, Striatal dopamine concentrations in control and
weaver mice. The points and vertical lines represent the mean
+ SEM of six to eight animals per age group. Ages without
vertical lines indicate that the standard errors are encompassed
by their respective points. Upper curve, control; lower curve,
weaver mutant mice.
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Figure 3. Comparison of striatal tyrosine hydroxylase activity
between weaver mutant mice and heterozygous littermates at
16 and 135 days of age. Corpus striata were homogenized in 20
vol (w/v) of distilled water with glass-glass homogenizers. The
homogenates were centrifuged for 20 min at 1500 X g at 4°C.
The supernatants were assayed for tyrosine hydroxylase activ-
ity according to the method of Lerner et al. (1978). Incubations
were performed at 37°C for 15 min. The results are expressed
as picomoles of tyrosine oxidized per hr per mg of protein.

A and B), the entire area was not devoid of cells, sug-
gesting that perhaps only the dopaminergic neurons were
affected in the brain stem of the weaver mouse. The
positive correlation between the loss of dopamine in the
striatum and the hypocellularity of the substantia nigra
in the weaver mutant is in line with reductions in dopa-
mine in the striatum produced experimentally by chem-
ical lesions of the substantia nigra (Ungerstedt, 1971). To
our knowledge, the weaver mutant mouse represents the
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only natural and noninvasive model of dopamine defi-
ciency in the brain. In this respect, it offers advantages
over the other means by which dopamine-deficient states
are created (e.g., electrolytic lesions or chemical lesions
with 6-hydroxydopamine). In the latter cases, the lesions
are not subtle or discrete and other transmitter systems
are affected in many instances. The specificity of the
amine loss in the weaver now has been well documented.

Enhanced motor activity (Zigmond and Stricker, 1980)
and stereotyped behavior (Ungerstedt, 1971) in response
to dopaminergic drugs occur following lesions of the
substantia nigra with 6-hydroxydopamine. There are in-
dications that changes in the corpus striatum might have
occurred in weaver mice as a result of the dopamine
deficiency. For example, the response of the region to
direct acting dopamine agonists was heightened mark-
edly in weaver animals (Fig. 4, A and B), indicating
supersensitive dopamine receptors. We are presently
measuring dopamine receptor binding sites in the corpus
striatum as a biochemical index of such supersensitivity.

There are a number of analogous changes in the do-
pamine system in the weaver mouse and in dopamine-
deficient states in humans, such as Parkinson’s disease
and related disorders (Schmidt, 1981). Dopamine concen-
trations are lower in the striatum, there is neuronal loss
in the substantia nigra, tyrosine hydroxylase activity is
reduced, and Parkinson patients are initially highly re-
sponsive to dopamine agonists. However, the weaver
mutant differs from the Parkinson patients in several
respects. The weaver mutant has cerebellar degenera-
tion, whereas this is not present in parkinsonism. Also,
in the nerve cell perikarya of the weaver, we have not
recognized cytological lesions comparable to those ob-
served in Parkinson’s disease (e.g., Lewy bodies). Fur-
thermore, the chronology of the dopamine deficiency
differs in weaver mice and Parkinson patients. The onset
of Parkinson’s disease occurs in mid-life at the earliest,
with the greatest incidence during late middle age. In
contrast, the nigrostriatal dopamine system in the weaver
mouse fails to develop normally as indicated by a lower
level of tyrosine hydroxylase activity (Fig. 3), lower levels
of dopamine (Table I), and a plateauing of the dopamine
developmental curve well below normal levels (Fig. 2). It
is possible that, in the weaver, cell loss occurs very early
in life, perhaps even prenatally. The fact that tyrosine
hydroxylase activity declines between 16 and 180 days of
age (Fig. 3) does suggest a continuing degeneration of the
system, a possibility to be evaluated further by anatom-
ical examination of the substantia nigra in weaver mice
at early ages.

Although the weaver mouse does not seem to be an
appropriate model to study the causes of nigrostriatal
neuronal degeneration in Parkinson’s disease, it does
represent a noninvasive model of dopamine deficiency.
New models are needed to study the causes and treat-
ment of Parkinson’s disease (Breese et al., 1978; Silber-
geld and Calne, 1981) and to evaluate the therapeutic
potentials and limitations in the pharmacotherapy of
dopamine-deficient states. The weaver mouse might pro-
vide a way of examining the biochemical and behavioral
effects of long term dopamine deficiency and a way to
examine drugs to treat dopamine-deficient states in vivo.
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Figure 4. Mice were placed individually in circular motor activity cages and allowed to equilibrate for 60 min. Apomorphine
(A), pergolide (B), or amphetamine (C) then was administered (intraperitoneally) and activity was monitored for 90 to 120 min.
Activity is expressed as the mean photocell breaks per 30 min + SEM of six to eight mice per group. Control data are depicted by
the solid line and weaver mice data are shown by the dashed line.
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