Behavior Genetics, Vol. 31, No. 1, 2001

The Midbrain Dopaminergic System: Anatomy
and Genetic Variation in Dopamine Neuron Number
of Inbred Mouse Strains
Laszlo Zaborszky1,3 and Csaba Vadasz2,3

The mesotelencephalic dopamine system is genetically variable and affects motor behavior, motivation, and learning. Here we examine the genetic variation of mesencephalic DA neuron number in a quasi-congenic RQI mouse strain and its background partner and in a recombinant inbred strain with different levels of mesencephalic tyrosine hydroxylase activity (TH/MES). We
used B6.Cb4i5-␣6/Vad, C57BL/6By, and CXBI, which are known to express high, intermediate, and low levels of TH/MES, respectively. Unbiased stereological sampling with optical disector counting methods were employed to estimate the number of TH-positive neurons in the
A8–A9–A10 cell groups. Morphometric studies on the mesencephalic dopamine cell groups indicated that male mice of the B6.Cb4i5-␣6/Vad strain were endowed with a significantly lower
number of TH-positive cells than CXBI mice. In all strains studied, the right retrorubral field
(A8 area) had a higher number of dopamine neurons compared to the left A8 area. The results
suggest an inverse relationship between TH/MES and number of dopamine neurons in the
A9–A10 cell groups and significant lateral asymmetry in the A8 cell group. A detailed anatomical atlas of the mesencephalic A8–A9–A10 dopaminergic cell groups in the mouse is also presented to facilitate the assignment of TH-positive neurons to specific cell groups.
KEY WORDS: Complex trait; QTL introgression; tyrosine hydroxylase; dopamine neuron; stereology;
mesencephalon.

INTRODUCTION

(Hornykiewicz, 1979), attention-deficit hyperactivity
disorder (Faraone and Biederman, 1998), substance
abuse (Koob, 1999), and in the control of motor activity and learning (Beninger, 1983), attention (Yamaguchi and Kobayashi, 1998), and other behaviors.
Although it is well established that genetic factors contribute to variations at both the neural and the behavioral levels, it has been difficult to clarify the mechanisms by which these behaviors are modulated by a
specific genetic change in the mesotelencephalic
dopamine system. The integrated use of more refined
genomic, neurobiological, and behavioral strategies is
needed for the better understanding of these mechanisms. Toward this end, we conceptualized and experimentally tested quasi-congenic recombinant QTL
introgression (RQI) animal models for continuously
distributed quantitative traits by the development of
B6.C and B6.I replicate lines (Vadasz, 1990) and sets

In the past several decades, it was hoped that genetic
strain differences in neural phenotypes (e.g., in brain
morphology or in neurotransmitter level) would explain associated behavioral differences and that such
a discovery would lead to the development of animal
models for human pathological behavior. The mesotelencephalic dopamine system has been implicated in
several neuropsychiatric disorders, such as schizophrenia (Meltzer and Stahl, 1976), Parkinson’s disease
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of RQI strains (Vadasz et al., 1994a, b; 1996, 1998).
These lines were constructed by repeated backcrosses
to a background strain, C57BL/6By [B6; characterized
by intermediate mesencephalic tyrosine hydroxylase
(TH/MES)], with concomitant selection for high
(B6.C) and low (B6.I) expression of TH/MES activity. Subsequently, using B6.C-derived inbred RQI
strains we demonstrated that from the donor BALB/cJ
strain (characterized by high TH/MES), virtually all
major QTLs could be introgressed into a new strain,
B6.Cb4i5-␣6/Vad, which was about 95% identical genomically to the B6 background strain (Vadasz et al.,
1998). Here we present data on genetic variation of the
number of TH-expressing neurons in three mesencephalic cell groups. To facilitate the proper cell-group
assignment of TH-immunostained neurons, we provide
an anatomical atlas1 of the different TH-positive dopaminergic cell groups in the mesencephalon of the laboratory mouse.

METHODS
Animals
Animals were maintained in our Research Colony
at The Nathan Kline Institute Animal Facility on a
12/12-h light/dark schedule (lights on at 0600, lights
off at 1800) with free access to food (Purina No. 5008).
After weaning at the age of 5–6 weeks (depending on
the development of the litter), littermate males were
housed together. For immunocytochemistry, 16 adult
male mice weighing 22.5–30.4 g at the time of perfusion were used. Cell counting was carried out on four
male mice per strain. Subsequently, data from one
CXBI subject were excluded because of uneven staining in some of the sections.
To develop QTL introgression (QI) lines, we used
BALB/cJ (C) and CXBI/By (I) as donor strains because
previous research demonstrated that among several
highly inbred strains, C and I had the highest and lowest TH/MES (Vadasz et al., 1982). I is a recombinant
inbred strain carrying C57BL/6ByJ (B6) and C genes
(Bailey, 1981). B6 served as the background strain, because its TH/MES was intermediate between those of
the donor strains, and it had already been used as a
background strain for numerous congenic lines. QTLs
responsible for the continuous variation of TH/MES
1
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were introgressed onto the B6 strain background from
C and I donor strains with high and low TH/MES, respectively. F2 generations were derived from mating
B6 females to C or to I males. ␣ and ␤ closed replicate
lines were created by equal division of each (B6 ⫻ C)F2
and (B6 ⫻ I)F2 litter, resulting in four QI lines: B6.C-␣,
B6.C-␤, B6.I-␣, and B6.I-␤. The QTL transfer was
carried out in two directions by four or five backcross–
intercross cycles, with concomitant selection for the
extreme high and low expression of TH/MES in replicates, resulting in four QTL introgression lines. In the
B6.C and B6.I introgression lines the top and bottom
one-third of the population were selected, respectively.
A comparison of the population means for TH/MES
after five backcross–intercross cycles (i.e., in the b5i7
generation) indicated that, within introgression type
(B6.C or B6.I), the replicate lines were not significantly
different; however, B6.C and B6.I replicate lines expressed significantly higher and lower TH/MES than
that of the B6 background (one-way ANOVA followed
by Tukey’s post hoc multiple-comparison tests:
B6.C-␣, B6.C-␤ ⬎ B6 ⬎ B6.I-␣, B6.I-␤; HSD ␣ ⫽ .05,
df ⫽ 272).
To drive the heterozygous genes into a homozygous condition (fixation), the QTL introgression phase
was followed by initiation of b ⫻ s mating for at least
30 generations. As for the nomenclature, the full name
of an RQI strain, for instance, B6.Cb4i5-␣6/Vad, can be
abbreviated C4A6. The first letter, I (or C), stands for
the donor strain name; 4 designates the backcross–
intercross series (b4i5); A (or B) indicates the replicate
line ␣ (or ␤); and the last character, 6, is the identification number of the strain. Here the RQI strain is referred to as “quasi-congenic” in the same sense that
“congenic” is used for the recombinant congenic (RC)
series (Demant and Hart, 1986).
Immunocytochemistry
Under deep anesthesia with a mixture of diazepam
(220 l) and innovar (85 l), the animals were perfused
through the heart with 30 ml of saline followed by
100 ml of an ice-cold solution containing 4% paraformaldehyde, 15% picric acid, and 0.05% glutaraldehyde
in 0.1 M phosphate buffer (PB; pH 7.4). This was followed by 100 ml of the same fixative without glutaraldehyde. Brains were removed immediately and
postfixed in the second fixative containing 30% sucrose
for 1–2 days, before being cut into three series of 50-m
coronal sections using a sliding microtome. The first se-
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ries of sections was stained for TH, the second series
was processed with cresyl violet, and the third series
was stored in an antifreeze solution. Sections were
rinsed in 0.1 M PB and incubated for 36 h at 4°C in a
1:100 dilution of a mouse monoclonal TH antiserum
(Incstar) containing 0.5% Triton X-100 and 0.1% sodium
azide. The sections were rinsed three times in PB before
being incubated with biotinylated antimouse IgG (Vector; 1:100) for 2 h. Sections were subsequently treated
with the coupled oxidation reaction of Itoh et al. (1979),
with 3,3⬘-diaminobenzidine as chromogen intensified
with ammonium nickel sulfate. The sections were then
rinsed in PB, dehydrated, and coverslipped with DPX.
Caudal diencephalic sections, starting where the first
TH neurons (Fig. 1) the A9 cells appeared, were selected for subsequent morphometric analysis.
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Stereological Analysis
All cell counts were carried out with the help of an
interactive computer system (Neurolucida®, Stereo Investigator; MicroBrightField, Inc.) connected to a Zeiss
Axioplan microscope. The outlines and landmarks of
every third section from the midbrain, including the borders of the A8, A9, and A10 cell groups were drawn with
a 5 ⫻ lens. For cytoarchitectonical landmarks the adjacent cresyl violet-stained sections were consulted. Additionally, several series of TH-stained sections, subsequent
to the counting procedure, were counterstained with cresyl violet (Figs. 1, 2A–H). The outlined regions containing
TH-positive neurons were scanned under a 100⫻ objective lens (Zeiss Plan-NEOFLUAR; NA ⫽ 1.3) and neurons were recorded using systematic random sampling and
optical dissector methods (West et al., 1991, 1996). In all

Fig. 1. High-resolution image showing the rostral part of the substantia nigra, pars compacta. The dense fiber bundle is the nigrostriatal tract.
The original image was scanned with a Zeiss AxioCam digital camera with 2600 ⫻ 2060-pixel resolution using a Zeiss Axioscope microscope
with a 10⫻ Achroplan objective lens. The image was resized to 2492 ⫻ 1868 pixels using Adobe Photoshop 5.02. cp, cerebral peduncle; LM,
lateral mammillary nucleus; SuM, supramammillary nucleus; VTM, ventral tuberomammillary nucleus.
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Fig. 2. Series of sections showing TH-positive neurons in the A10 (red), A9 (black), and A8 (green) cell groups. The left sides of the figures
depict the original TH-stained sections counterstained with cresyl violet from a CXBI case (1483-1); the right sides show the distribution of
TH-positive neurons as plotted from the same sections using a 20⫻ objective lens and the Neurolucida® mapping software. Sections are separated by 100 m, except between A and B and C and D, where the distance is 250 m. A8–A10—catecholaminergic cell groups according to
Dahlstrom and Fuxe (1964); 3—oculomotor nucleus; bp—brachium pontis; df—medial longitudinal fascicle; DLG—dorsal lateral geniculate
nucleus; cp—cerebral peduncle; fr—fasciculus retroflexus; IP—interpeduncular nucleus; lfp—longitudinal fasciculus of the pons; ll—lateral
lemniscus; m5—motor root of the trigeminal nerve; MB—mammillary body; MGB—medial geniculate body; ml—medial lemniscus; Mn—
median raphe nucleus; MT—medial terminal nucleus; PAG—periaqueductal gray; PaR—pararubral nucleus; pc—posterior commissure; PMR—
paramedian raphe nucleus; Pn—pontine nuclei; PPT—pedunculopontine tegmental nucleus; R—red nucleus; rs—rubrospinal tract; RtTg—reticulotegmental nucleus of the pons; SNC—substantia nigra, compact part; SNR—substantia nigra, reticular part; ts—tectospinal tract; VL—ventral
nucleus of the lateral lemniscus; xscp—decussation superior of the cerebellar peduncle.

The Midbrain Dopaminergic System

51

Fig. 2. Continued.

cases the following stereological parameters were used:
sampling grid area, 10,000 m2; counting frame, 2500
m2; and height of optical disector, 14–15 m, depending on the measured section thickness (20–21 m). In

each subdivision of the ventral mesencephalon the average number of cell bodies sampled in the disector (per animal and per side) was as follows: A8, 118 (52–195); A9,
264 (180–486); and A10, 386 (248–687).
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Fig. 2. Continued.

RESULTS
Anatomical Delineation of the Midbrain
A8–A9–A10 Dopaminergic Cell Groups
For practical purposes we adopted a simple
nomenclature following the original description of the

catecholaminergic cell groups in the rat by Dahlstrom
and Fuxe (1964).
A9 Cell Group. These TH-positive neurons are
confined mainly to the pars compacta of the substantia
nigra (SNC; Figs. 1, 2A and B). Although on cytoarchitectonic grounds, often the lateral part of the sub-
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Fig. 2. Continued.

stantia nigra is separated from the pars compacta
(Franklin and Paxinos, 1997), in our study the laterally
located TH-positive cells were included in the SNC. Additionally, scattered TH-positive cells can be observed,
mostly confined to the medial part of the zona reticulata.

The compact zone consists of three to six cell layers, to
which dorsally and medially the lateral wing of the A10
cells joins. However, no sharp border exists rostrally between the A9 and the A10 cell groups. More caudally
(Fig. 2C), the dorsomedial border of the A9 group is de-
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fined by the ventral fibers of the medial lemniscus (ml).
The TH-positive cells in the pars compacta often form
pockets containing high-density TH-positive groups separated by TH-free zones. One conspicuous unstained area
is represented by the small-celled medial terminal nucleus of the optic tract (MT; Fig. 2B). The ventrally located pars compacta cells give rise to dendrites extending ventrolaterally deep into the pars reticulata.
Dendrites of dorsally placed neurons course mediolaterally. Reticulata TH-positive cells often show a random
orientation.
A10 Cell Group. Dahlstrom and Fuxe (1964)
described this group as the largest dopaminergic cell
group in rat, situated mainly in the area dorsal to the
interpeduncular nucleus, corresponding largely to the
ventral tegmental area (VTA), and extending caudally
into the rostral linear nucleus (RLi). On the basis of
cytoarchitecture, in rat (Gonzalez-Hernandez and Rodriguez, 2000; Paxinos and Watson, 1998; Phillipson,
1979), mice (Franklin and Paxinos, 1997), cat (Taber,
1961), monkey, and human (Halliday and Tork, 1986;
McRitchie et al., 1998; Pearson et al., 1990), several
subgroups of the VTA have been distinguished: the
paranigral nucleus, a compact cluster of bipolar or triangular cells medial to the pars compacta and
dorsolateral to the interpeduncular nucleus; the parabrachial pigmented nucleus, large cells on the dorsal
aspect of the VTA toward the medial lemniscus; and
the interfascicular nucleus (IF), a dense small cell group
located on either side of the dorsal aspect of the interpeduncular nucleus. Dorsal to the interfascicular nucleus are the rostral (RLi) and caudal linear (CLi) nuclei. TH-positive cells in these aggregates extend
dorsally to the ventral aspect of the oculomotor nuclei
(3; Fig. 2F) and the dorsal raphe nucleus (DR; Figs.
2D–H), respectively. There is considerable controversy
as to the delineation of the different subdivisions of
the A10 group. Some studies, for example, that by
Swanson (1982), did not divide the VTA and use it as
a synonym for the A10 group; others adopted different
subdivisions (Deutch et al., 1988; German and Manaye, 1993; Giolli et al., 1985; Halliday and Tork, 1986).
For cell-counting purposes we did not subdivide the
A10 group.
In our study, the dorsal border of the A10 group
was defined as where dense TH neuropil staining with
a relatively sharp border blends into an area that contains only a few TH-positive fibers. Except for the most
rostral part of this group, the midline was used as the
medial border of the A10 (Fig. 2A). Cells of the A10
group show a characteristic position to the medial lem-
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niscus as these fibers pierce through the ventral portion of the midbrain: rostrally, the medial lemniscus
is dorsal to the A10 group (Fig. 2A); farther caudally
(Fig. 2B), the A10 cells are increasingly admixed with
the lemniscal fibers. Finally, at the level of Fig. 2E, most
of the TH-positive cells occupy a position dorsal to the
medial lemniscus. The interfascicular nucleus is characterized by very dense terminal staining that can be
easily defined at the middorsal aspect of the interpeduncular nucleus (Figs. 2B–D). More caudally, with
the appearance of the pontine nuclei (Pn; Fig. 2D), the
ventromedial part of the A10 group is still occupied
by the dense cells of the interfascicular nucleus, but
the rest of the VTA can be subdivided into a ventrolateral zone, which contains a few small cells but is
occupied by a dense neuropil, and a dorsal area, which
contains larger cells with less dense neuropil staining.
These two areas may correspond to the paranigral and
parabrachial pigmented nuclei of rodents and humans,
respectively. Between these two subdivisions the neuropil displays a reticular structure with few or no TH-positive cells. At the level of Fig. 2D, in the dorsolateral
portion of the A10 groups, a densely stained triangular group of large cells lies between the substantia
nigra and the A8 cell group (asterisk; Fig. 2D). Above
the interfascicular nucleus, there is an oval-shaped area
devoid of cells that is flanked by the cell-dense rostral
linear nuclei. Further caudally, the A10 group is split
by the crossing fibers of the pedunculus cerebellaris
superior (xscp; Fig. 2H) into a cell-dense dorsal area,
which constitutes the caudal linear nucleus, and a ventral area, which contains a few elongated cells that are
displaced ventrolaterally by this fiber system. Neither
TH-positive cells in the supramammillary region nor
those in the dorsal raphe nucleus are included in the
A10 group as defined here.
A8 Cell Group. In our delineation of the A8 cell
group we followed the description of Deutch et al.
(1988). This cell group appears rostrally as a small
group of neurons between the dorsolateral group of the
A10 cell group and the A9 neurons of the substantia
nigra (Figs. 2D and E). More caudally (Fig. 2G) the bilateral A8 groups become very prominent and a dorsally situated dense and a ventrally located, more diffuse cell group can be distinguished. At the larger
expanse of the crossing of the pedunculus cerebellaris
superior (xscp), only the compact dorsal group remains
(Fig. 2H). At the level of the parabigeminal nucleus
(PB), the most caudal portion of the A8 cell group is
located dorsomedially to the pedunculopontine tegmental nucleus (PPT).
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Genetic Variation in the Number of TH-Positive
Neurons in the Mesencephalon
We applied unbiased stereological methods using
optical dissector counting to estimate the number of
TH-positive neurons in the A8–A9–A10 dopaminergic cell groups in three mouse stains with different
TH/MES levels. Based on previous results, the B6,
C4A6, and CXBI strains were chosen, with intermediate, high, and low TH/MES, respectively (Vadasz
et al., 1982, 1998). The number of TH-positive neurons was counted separately in the left and right sides
of the A8, A9, and A10 cell groups. Preplanned comparison of the strains with the highest and lowest
TH/MES showed that CXBI mice are endowed with
a significantly higher number of TH-positive cells in
the A9–A10 cell groups than C4A6 mice [A9, 14,492
⫾ 597 vs 7787 ⫾ 1162 (mean ⫾ SE), p ⬍ .005; A10,
20,720 ⫾ 1359 vs 12,102 ⫾ 1395, p ⬍ .01; Fig. 3].

Fig. 3. Strain-dependent variation in mean dopamine neuron number. Significant differences were found between C4A6 and CXBI in
cell groups A9 ( p ⬍ .05) and A10 ( p ⬍ .01; preplanned comparisons,
independent-sample t test). Error bars show standard errors of the
means (SE).
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However, no significant strain differences were found
in the A8 cell group.
No significant lateral differences were detected in
the number of TH-positive neurons in the A9–A10 cell
groups. In contrast, in all three mouse strains studied,
the right A8 area had a higher number of TH neurons
compared to the left A8 area, indicating lateral asymmetry across strains. Combining individuals from the
three strains, the average ⫾ SE TH neuron number
in the left A8 area was 1461 ⫾ 221; while in the right
A8 region we counted 1704 ⫾ 194 neurons (pairedsample t test, N ⫽ 11, p ⫽ .01).
DISCUSSION
Using a simple and reproducible delineation
scheme the main results of this work are the following:
(1) the number of TH-positive cells is significantly
higher in the CXBI strain compared to the C4A6 strain
in the A9–A10 cell groups, and (2) there is a significant lateral asymmetry in the number of TH-positive
cells in the A8 area in all strains investigated. Because
previous studies established the midbrain TH activities
in these strains (Vadasz et al., 1998), these results suggest an inverse relationship between cell number and
TH activity in the midbrain.
Although the exact relationships between regional
brain neuron number and behavior is not known, it has
been suggested that quantitative variation in neuron
number is one of the significant variables underlying
individual differences in behavior or predisposing to
neurobehavioral disorders (Reis et al., 1981). Control
of complex traits, such as neuron number, involves both
genetic and environmental factors and their interactions
in the course of development. Examples of neuron number variations include mouse strain differences in granule cell number in the area dentata (Wimer et al., 1978),
in 5-HT neurons in the dorsal raphe nucleus (Daszuta
and Portalier, 1985), and in retinal ganglion cells
(Williams et al., 1998). Genetic variation in dopamine
neuron number was associated with strain-dependent
differences in midbrain TH activity (Baker et al., 1980;
Harris and Nestler, 1996; Ross et al., 1976) and behavior (Reis et al., 1981).
Strain-dependent variation in brain dopamine levels and TH activity have been reported by several laboratories (Ciaranello et al., 1972; Kessler et al., 1971;
Ross et al., 1976; Vadasz et al., 1982, 1985, 1986,
1987; Waller et al., 1983). It was suggested that a
20–50% difference in midbrain TH activity between
the mouse strains, BALB/c and CBA, was consequent
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to a 20% difference in the number of DA neurons in
the midbrain (Baker et al., 1980; Ross et al., 1976).
Also, the size of the caudate putamen in BALB/c was
significantly greater than that in CBA (Baker et al.,
1980). Examination of midbrain dopamine cell density
in two mouse lines selected for high (NR) and low
(NNR) cataleptic response to haloperidol suggested that
the increase in midbrain D2 autoreceptor density within
the substantia nigra zona compacta (SNzc), but not the
ventral tegmental area (VTA), was associated with a
41% increase in DA neuron number in the NNR line,
while no difference between lines was found in DA
neuron number in the VTA (Hitzemann et al., 1993).
These results were confirmed, demonstrating that the
TH-positive neuron number was increased in NNR/Np
mice compared to NR/Np mice, and the highest difference in DA neuron number between BALB/crl and
C57BL/crl was 43% in both rostral SNzc and caudal
VTA (Hitzemann et al., 1994). Using MPTP treatment
for modeling Parkinson’s disease, Muthane et al.
(1994) noted that MPTP treatment dramatically reduced
striatal levels of DA in C57BL/6 mice, while the effect
in CD-1 mice was minimal. In MPTP-treated animals
the reduction in the number of SNzc TH-positive neurons was significantly greater in C57BL/6 mice than
in CD-1 mice. On the other hand, there was no difference between the two strains in a subpopulation of
dopaminergic neurons that coexpress TH with calbindin. Studies on the striatal terminal field indicated
that mesostriatal neurons give rise to comparable axonal branching within the striatum in BALB/c and CBA
strains (Mattiace et al., 1989), even though the BALB/c
strain has significantly more midbrain DA neurons than
the CBA (Baker et al., 1980; German et al., 1983; Ross
et al., 1976). Mice of the BALB/cJ strain were more
sensitive to the action of amphetamine than those of
the CBA strain (Reis et al., 1983), suggesting that
strain-dependent differences in TH-positive cell number are associated with differential DA-mediated behaviors in BALB/c and CBA.
According to our study, midbrain TH activity was
significantly higher in the B6.Cb4i5-␣6/Vad strain
compared to CXBI mice (Vadasz et al., 1998), thus suggesting an inverse relationship between A9–A10 TH
activity and dopamine cell number. A similar inverse
relationship was observed between TH activity and cocaine-induced running (Vadasz, 1994a). Our findings
are in line with those of Harris and Nestler (1996), who
observed that 50% fewer TH-positive neurons in the
VTA of the Lewis rats were associated with a 45%
higher level of TH compared to Fischer 344 rats (Har-
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ris and Nestler, 1996). Similar studies on BALB/c and
CBA/J mice, however, suggested positive association
between TH activity and cell number (Baker et al.,
1980; Ross et al., 1976). The discrepancies among the
reported studies in regional TH activity vs TH-positive
neuron number may derive from numerous factors, including the use of different species, strains, measurements of TH (activity vs amount of protein), maintenance conditions affecting gene expression, genetic
susceptibility to drug-induced TH-mRNA expression
(Marcel et al., 1998), anatomical delineation of dopaminergic cell groups, and methods of counting neurons
(West et al., 1991).
The underlying mechanism for this inverse relationship is unknown. It is possible that genetically
based variation in DA neuron number can lead to compensatory processes, such as altering TH activity per
DA neuron. Such genetically initiated plasticity can
lead to different behavioral processes depending on the
affected target areas of the mesotelencephalic dopaminergic system, including the nucleus accumbens, the prefrontal cortex, and the dorsal striatum.
The functional significance of A8 dopamine neurons
is not well known, and this is the first report to demonstrate lateral asymmetry in this cell group. In the rat,
A8 neurons were shown to contribute to the dopaminergic innervation of the hypothalamic median eminence,
an area concerned with neuroendocrine regulation
(Kizer et al., 1976), the striatum, nucleus accumbens,
olfactory tubercle, amygdala, and bed nucleus of
the stria terminalis, as well as innervating the pyriform and entorhinal cortices (Deutch et al., 1988). In
addition, via direct connections, A8 dopamine cells
may modulate the functional activity of the A9 and
A10 cell groups (Deutch et al., 1988). Supporting this
notion, feline studies have shown that a lesion in the
retrorubral area, which includes the A8 cell group,
produces motor programming deficits inherent to a
hypofunction of the A9 system (Arts et al., 1998). In
nonhuman primates, the A8 cell group innervates the
frontal cortex, which is commonly implicated in psychiatric and neurological disorders (Williams and
Goldman-Rakic, 1998). Also, it was suggested that the
A8–A10 projection to the hippocampus may have a
role in metamphetamine-produced hypermotility and
modulation of memory processes (Gasbarri et al.,
1996, 1997).
Animal and human experiments have shown that
neurochemical and anatomical asymmetries exist within
the basal ganglia. These asymmetries correlate with preferred direction of rotation and limb preference (Glick,
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1985; Kooistra and Heilman, 1988; Richter et al., 1999).
Recent works focusing on attention-deficit / hyperactivity disorder (ADHD) suggest a possible abnormal hemispheric asymmetry of attention functions in boys with
ADHD: they react more slowly to uncued targets in the
left visual field (Nigg et al., 1997). Electroencephalographic studies also support lateralization and a genderspecific atypical frontal brain activation in ADHD (Baving et al., 1999). Because dopamine neurotransmission
has been implicated in ADHD and in attention (Swanson, 2000; Swanson et al., 2000; Yamaguchi and
Kobayashi, 1998), it is possible that the A8 dopamine
cell group asymmetry found in our study plays a role in
the lateralized attention deficits in ADHD.
The progress in understanding the genetic control
of quantitative traits has been slow due to the involvement of multiple genes, the presence of multiple alleles, and their complex interactions. Using the RQI
method it is possible to transfer a QTL(s) onto the same
homogeneous genetic background (Vadasz, 1994) and
distribute the QTLs in recombinant strains (Vadasz
et al., 1998). After successful intogression of QTLs responsible for a complex trait, an RQI animal model can
be characterized using the armamentarium of modern
neuroscience to elucidate how genetic predisposition
could lead to quantitative differences in neural circuitry
and behavior. Phenotyping and genotyping of more
than 100 RQI strains will also allow the mapping of
relevant QTLs. The joint use of advanced animal models and molecular genetic manipulation of dopamine
system-specific genes can shed light on questions about
genetic differences in DA neuron number and information processing in circuitries. For example, if a genetically determined higher number of neurons is detected in one of the nodes of a neural circuitry, would
this gain be expressed in the target area and in each node
of a pathway? What is responsible for cell-number variation in the dopaminergic system: genetic differences
in neurogenesis or in postnatal survival (Baker et al.,
1982)? Answers to these and similar questions, identification of the involved genes, and further work on specific genetic manipulation of the mesotelencephalic
dopamine system can provide new insights into mechanisms related to Parkinson’s disease (de Silva et al.,
2000; Morino et al., 2000; Polymeropoulos et al., 1997;
Shimura et al., 2000), ADHD (Swanson et al., 2000),
substance abuse (Brodie and Appel, 2000; Duaux et al.,
2000; Noble, 2000), and other complex diseases (Ciaranello and Boehme, 1981; Dikeos et al., 1999; Ebstein
et al., 1997; Meloni et al., 1995; Serretti et al., 1999;
Thibaut et al., 1997).

57

ACKNOWLEDGMENTS
The work described in this paper was supported by
NIH Grants NS23945 (L.Z.) and AA11031 (C.V.) for
morphometric studies and NS19788 (C.V.) for the development of the RQI system. Special thanks are due to
Mr. Paul Anderson and Mr. Istvan Kiraly for expert technical assistance. This work could not have been completed without the enthusiastic and expert contribution
of Drs. I. Sziraki, L. Murthy, P. Kabai, Gy. Kobor, A.
F. Badalamenti, M. Juhasz, M. Sasvari-Szekely, B.
Juhasz, and I. Laszlovszky, during the construction and
characterization of the RQI strains.
REFERENCES
Arts, M. P., and Bemelmans, F. F., and Cools, A. R. (1998). Role of
the retrorubral nucleus in striatally elicited orofacial dyskinesia
in cats: Effects of muscimol and bicuculline. Psychopharmacology (Berlin) 140:150–156.
Bailey, D. W. (1981). Strategic uses of recombinant inbred and congenic strains in behavior genetics research. In Gershon, E. S.,
Matthysse, S., Braekefield, X. O., and Ciaranello, R. D. (eds.),
Genetic Research Strategies for Psychobiology and Psychiatry,
Boxwood Press, Pacific Grove, CA, pp. 189–198.
Baker, H., Joh, T. H., and Reis, D. J. (1980). Genetic control of number of midbrain dopamine-neurons in inbred strains of mice: Relationship to size and neuronal density of striatum. Proc. Natl.
Acad. Sci. USA 77:4369–4373.
Baker, H., Joh, T. H., and Reis, D. J. (1982). Time of appearance
during development of differences in nigrostriatal tyrosine hydroxylase activity in two inbred mouse strains. Brain Res.
256:157–165.
Baving, L., Laucht, M., and Schmidt, M. H. (1999). Atypical frontal
brain activation in ADHD: Preschool and elementary school boys
and girls. J. Am. Acad. Child Adolesc. Psychiatry 38:1363–1371.
Beninger, R. J. (1983). The role of dopamine in locomotor activity
and learning. Brain Res. 287:173–196.
Brodie, M. S., and Appel, S. B. (2000). Dopaminergic neurons in the
ventral tegmental area of C57BL/6J and DBA/2J mice differ in
sensitivity to ethanol excitation. Alcohol Clin. Exp. Res.
24:1120–1124.
Ciaranello, R. D., and Boehme, R. E. (1981). Biochemical genetics
of neurotransmitter enzymes and receptors: Relationships to
schizophrenia and other major psychiatric disorders. Clin. Genet.
19:358–372.
Ciaranello, R. D., Barchas, R., Kessler, S., and Barchas, J. D. (1972).
Catecholamines: Strain differences in biosynthetic enzyme activity in mice. Life Sci. 11:565–572.
Dahlstrom, A., and Fuxe, K. (1964). Localization of monoamines in
the lower brain stem. Experientia 20:398–399.
Daszuta, A., and Portalier, P. (1985). Distribution and quantification
of 5-HT nerve cell bodies in the nucleus raphe dorsalis area of
C57BL and BALBc mice. Relationship between anatomy and
biochemistry. Brain Res. 360:58–64.
Demant, P., and Hart, A. A. (1986). Recombinant congenic strains—
A new tool for analyzing genetic traits determined by more than
one gene. Immunogenetics 24:416–422.
de Silva, H. R., Khan, N. L., and Wood, N. W. (2000). The genetics
of Parkinson’s disease. Curr. Opin. Genet. Dev. 10:292–298.
Deutch, A. Y., Goldstein, M., Baldino, F., Jr., and Roth, R. H. (1988).
Telencephalic projections of the A8 dopamine cell group. Ann.
N.Y. Acad. Sci. 537:27–50.

58

Dikeos, D. G., Papadimitriou, G. N., Avramopoulos, D., Karadima,
G., Daskalopoulou, E. G., Souery, D., Mendlewicz, J., Vassilopoulos, D., and Stefanis, C. N. (1999). Association between
the dopamine D3 receptor gene locus (DRD3) and unipolar affective disorder. Psychiatr. Genet. 9:189–195.
Duaux, E., Krebs, M. O., Loo, H., and Poirier, M. F. (2000). Genetic
vulnerability to drug abuse. Eur. Psychiatry 15:109–114.
Ebstein, R. P., Macciardi, F., Heresco-Levi, U., Serretti, A., Blaine,
D., Verga, M., Nebamov, L., Gur, E., Belmaker, R. H., Avnon,
M., and Lerer, B. (1997). Evidence for an association between
the dopamine D3 receptor gene DRD3 and schizophrenia. Hum.
Hered. 47:6–16.
Faraone, S. V., and Biederman, J. (1998). Neurobiology of attentiondeficit hyperactivity disorder. Biol. Psychiatry 44:951–958.
Franklin, K. B. J., and Paxinos, G. (1997). The Mouse Brain in
Stereotactic Coordinates, Academic Press, New York.
Gasbarri, A., Packard, M. G., Sulli, A., Pacitti, C., Innocenzi, R., and
Perciavalle, V. (1996). The projections of the retrorubral field
A8 to the hippocampal formation in the rat. Exp. Brain Res. 112:
244–252.
Gasbarri, A., Sulli, A., and Packard, M. G. (1997). The dopaminergic mesencephalic projections to the hippocampal formation in
the rat. Prog. Neuropsychopharmacol. Biol. Psychiatry 21:1–22.
German, D. C., and Manaye, K. F. (1993). Midbrain dopaminergic
neurons (nuclei A8, A9, and A10): three-dimensional reconstruction in the rat. J. Comp. Neurol. 331:297–309.
German, D. C., McDermott, K. L., Sanghera, M. K., Schlusselberg,
D. S., Smith, W. K., Woodward, D. J., Speciale, S. G., and
Saper, C. B. (1983). Three-dimensional reconstruction of
dopamine neurons in the mouse: Strain differences in regional
cell densities and pharmacology. Soc. Neurosci. Abstr. 9:1150.
Giolli, R. A., Blanks, R. H., Torigoe, Y., and Williams, D. D. (1985).
Projections of medial terminal accessory optic nucleus, ventral
tegmental nuclei, and substantia nigra of rabbit and rat as studied by retrograde axonal transport of horseradish peroxidase.
J. Comp. Neurol. 232:99–116.
Glick, S. D. (1985). Heritable differences in turning behavior of rats.
Life Sci. 36:499–503.
Gonzalez-Hernandez, T., and Rodriguez, M. (2000). Compartmental
organization and chemical profile of dopaminergic and
GABAergic neurons in the substantia nigra of the rat. J. Comp.
Neurol. 421:107–135.
Halliday, G. M., and Tork, I. (1986). Comparative anatomy of the
ventromedial mesencephalic tegmentum in the rat, cat, monkey
and human. J. Comp. Neurol. 252:423–445.
Harris, H. W., and Nestler, E. J. (1996). Immunohistochemical studies of mesolimbic dopaminergic neurons in Fischer 344 and
Lewis rats. Brain Res. 706:1–12.
Hitzemann, B., Dains, K., Kanes, S., and Hitzemann, R. (1994). Further studies on the relationship between dopamine cell density
and haloperidol-induced catalepsy. J. Pharmacol. Exp. Ther. 271:
969–976.
Hitzemann, R., Qian, Y., and Hitzemann, B. (1993). Dopamine and
acetylcholine cell density in the neuroleptic responsive (NR)
and neuroleptic non-responsive (NNR) lines of mice. J. Pharmacol. Exp. Ther. 266:431–438.
Hornykiewicz, O. (1979). Brain dopamine in Parkinson’s Disease
and other neurological disturbances. In Horn, A. S., Dorf, J.,
and Westerink, B. H. C. (eds.), The Neurobiology of Dopamine,
Academic Press, London, pp. 633–654.
Kessler, S., Ciaranello, R. D., Shire, J. G. M., and Barchas, J. D.
(1971). Genetic variation in catecholamine synthesizing enzyme
activities. Genetics 68:s33.
Kizer, J. S., Palkovits, M., and Brownstein, M. J. (1976). The projections of the A8, A9 and A10 dopaminergic cell bodies: evidence for a nigral-hypothalamic-median eminence dopaminergic pathway. Brain Res. 108:363–370.
Koob, G. F. (1999). The role of the striatopallidal and extended

Zaborszky and Vadasz

amygdala systems in drug addiction. Ann. N.Y. Acad. Sci. 877:
445–460.
Kooistra, C. A., and Heilman, K. M. (1988). Motor dominance and
lateral asymmetry of the globus pallidus. Neurology 38:388–390.
Marcel, D., Raison, S., Bezin, L., Pujol, J. F., and Weissmann, D.
(1998). Plasticity of tyrosine hydroxylase gene expression within
BALB/C and C57Black/6 mouse locus coeruleus. Neurosci. Lett.
242:77–80.
Mattiace, L. A., Baring, M. D., Manaye, K. F., Mihailoff, G. A., and
German, D. C. (1989). Mesostriatal projections in BALB/c and
CBA mice: A quantitative retrograde neuronanatomical tracing
study. Brain Res. Bull. 23:61–68.
McRitchie, D. A., Cartwright, H., Pond, S. M., van der Schyf, C. J.,
Castagnoli, N., Jr., van der Nest, D. G., and Halliday, G. M.
(1998). The midbrain dopaminergic cell groups in the baboon
Papio ursinus. Brain Res. Bull. 47:611–623.
Meloni, R., Laurent, C., Campion, D., Ben Hadjali, B., Thibaut, F.,
Dollfus, S., Petit, M., Samolyk, D., Martinez, M., Poirier, M. F.,
et al. (1995). A rare allele of a microsatellite located in the
tyrosine hydroxylase gene found in schizophrenic patients. C.R.
Acad. Sci. Ser. Iii Sci. Vie 318:803–809.
Meltzer, H. Y., and Stahl, S. M. (1976). The dopamine hypothesis of
schizophrenia: A review. Schizophr. Bull. 2:19–76.
Morino, H., Kawarai, T., Izumi, Y., Kazuta, T., Oda, M., Komure,
O., Udaka, F., Kameyama, M., Nakamura, S., and Kawakami, H.
(2000). A single nucleotide polymorphism of dopamine transporter gene is associated with Parkinson’s disease. Ann. Neurol.
47:528–531.
Muthane, U., Ramsay, K. A., Jiang, H., Jackson-Lewis, V., Donaldson, D., Fernando, S., Ferreira, M., and Przedborski, S. (1994).
Differences in nigral neuron number and sensitivity to 1-methyl4-phenyl-1,2,3,6-tetrahydropyridine in C57/bl and CD-1 mice.
Exp. Neurol. 126:195–204.
Nigg, J. T., Swanson, J. M., and Hinshaw, S. P. (1997). Covert visual
spatial attention in boys with attention deficit hyperactivity disorder: Lateral effects, methylphenidate response and results for
parents. Neuropsychologia 35:165–176.
Noble, E. P. (2000). Addiction and its reward process through polymorphisms of the D2 dopamine receptor gene: A review. Eur.
Psychiatry 15:79–89.
Paxinos, G., and Watson, C. (1998). The Rat Brain in Stereotaxic
Coordinates, Academic Press, San Diego, CA.
Pearson, J., Halliday, G., Sakamoto, N., and Michel, J.-P. (1990).
Catecholaminergic Neurons, In Paxinos, G. (ed.), The Human
Nervous System, CA, pp. 1023–1049. Academic Press, San
Diego.
Phillipson, O. T. (1979). The cytoarchitecture of the interfascicular
nucleus and ventral tegmental area of Tsai in the rat. J. Comp.
Neurol. 187:85–98.
Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia,
A., Dutra, A., Pike, B., Root, H., Rubenstein, J., Boyer, R., Stenroos, E. S., Chandrasekharappa, S., Athanassiadou, A., Papapetropoulos, T., Johnson, W. G., Lazzarini, A. M., Duvoisin,
R. C., Di Iorio, G., Golbe, L. I., and Nussbaum, R. L. (1997).
Mutation in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science 276:2045–2047.
Reis, D. J., Baker, H., Fink, J. S., and Joh, T. H. (1981). A genetic
control of the number of dopamine neurons in mouse brain: Its
relationship to brain morphology, chemistry, and behavior. In
Gerson, E. S., Matthysse, S., Breakefield, X. O., and Ciaranello,
R. D. (eds.), Genetic Research Strategies for Psychobiology and
Psychiatry, Boxwood Press, Pacific Grove, CA, pp. 215–229.
Reis, D. J., Fink, J. S., and Baker, H. (1983). Genetic control of the
number of dopamine neurones in the brain: Relationship to behavior and responses to psychoactive drugs. In Kety, S. S., Rowland, L. P., Sidman, R. L., and Matthysse, S. W. (eds.), Genetics of Neurological and Psychiatric Disorders, Raven Press,
New York, pp. 55–75.

The Midbrain Dopaminergic System

Richter, A., Ebert, U., Nobrega, J. N., Vallbacka, J. J., Fedrowitz,
M., and Loscher, W. (1999). Immunohistochemical and neurochemical studies on nigral and striatal functions in the circling
(ci) rat, a genetic animal model with spontaneous rotational behavior. Neuroscience 89:461–471.
Ross, R. A., Judd, A. B., Pickel, V. M., Joh, T. H., and Reis, D. J.
(1976). Strain-dependent variations in number of midbrain
dopaminergic neurones. Nature 264:654–656.
Serretti, A., Macciardi, F., Catalano, M., Bellodi, L., and Smeraldi,
E. (1999). Genetic variants of dopamine receptor D4 and psychopathology. Schizophr. Bull. 25:609–618.
Shimura, H., Hattori, N., Kubo, S., Mizuno, Y., Asakawa, S., Minoshima, S., Shimizu, N., Iwai, K., Chiba, T., Tanaka, K., and
Suzuki, T. (2000). Familial Parkinson disease gene product,
parkin, is a ubiquitin-protein ligase. Nature Genet. 25:302–305.
Swanson, J. M. (2000). Dopamine-transporter density in patients with
ADHD [letter; comment]. Lancet 355:1461–1462.
Swanson, J. M., Flodman, P., Kennedy, J., Spence, M. A., Moyzis,
R., Schuck, S., Murias, M., Moriarity, J., Barr, C., Smith, M.,
and Posner, M. (2000). Dopamine genes and ADHD. Neurosci.
Biobehav. Rev. 24:21–25.
Swanson, L. W. (1982). The projections of the ventral tegmental area
and adjacent regions: A combined fluorescent retrograde tracer
and immunofluorescence study in the rat. Brain Res. Bull. 9:
321–353.
Taber, E. (1961). The cytoarchitecture of the brainstem of the cat. I.
Brainstem nuclei of the cat. J. Comp. Neurol. 116: 27–69.
Thibaut, F., Ribeyre, J. M., Dourmap, N., Meloni, R., Laurent, C., Campion, D., Menard, J. F., Dollfus, S., Mallet, J., and Petit, M. (1997).
Association of DNA polymorphism in the first intron of the tyrosine hydroxylase gene with disturbances of the catecholaminergic
system in schizophrenia. Schizophr. Res. 23:259–264.
Vadasz, C. (1990). Development of congenic recombinant inbred
neurological animal model lines. Mouse Genome 88:16–18.
Vadasz, C., Baker, H., Joh, T. H., Lajtha, A., and Reis, D. J. (1982).
The inheritance and genetic correlation of tyrosine hydroxylase
activities in the substantia nigra and corpus striatum in the CXB
recombinant inbred mouse strains. Brain Res. 234:1–9.
Vadasz, C., Baker, H., Fink, S. J., and Reis, D. J. (1985). Genetic effects and sexual dimorphism in tyrosine hydroxylase activity in
two mouse strains and their reciprocal F1 hybrids. J. Neurogenet. 2:219–230
Vadasz, C., Sziraki, I., Murthy, L. R., and Lajtha, A. (1986). Genetic
determination of striatal tyrosine hydroxylase activity in mice.
Neurochem. Res. 11:1139–1149.

59

Vadasz, C., Sziraki, I., Murthy, L. R., Vadasz, I., Badalamenti, A. F.,
Kobor, G., and Lajtha, A. (1987). Genetic determination of mesencephalic tyrosine hydroxylase activity in the mouse. J. Neurogenet. 4:241–252.
Vadasz, C., Laszlovszky, I., and Fleischer, A. (1994a). Dopamine
system-specific QTL introgressed lines: Response to cocaine.
Mouse Genome 92:699–701.
Vadasz, C., Sziraki, I., Murthy, L. R., Sasvari-Szekely, M., Kabai,
P., Laszlovszky, I., Fleischer, A., Juhasz, B., and Zahorchak, R.
(1994b). Transfer of brain dopamine system-specific quantitative trait loci onto a C57BL/6ByJ background. Mammal.
Genome 5:735–737.
Vadasz, C., Sziraki, I., Sasvari, M., Kabai, P., Laszlovszky, I., Juhasz,
B., and Zahorchak, R. (1996). Genomic characterization of two
introgression strains (B6.Cb4i5) for the analysis of QTLs. Mammal. Genome 7:545–548.
Vadasz, C., Sziraki, I., Sasvari, M., Kabai, P., Murthy, L. R., Saito,
M., and Laszlovszky, I. (1998). Analysis of the mesotelencephalic dopamine system by quantitative-trait locus introgression. Neurochem. Res. 23:1337–1354.
Waller, S. B., Ingram, D. K., Reynolds, M. A., and London, E. D.
(1983). Age and strain comparisons of neurotransmitter synthetic enzyme activities in the mouse. J. Neurochem. 41:1421–
1428.
West, M. J., Slomianka, L., and Gundersen, H. J. (1991). Unbiased
stereological estimation of the total number of neurons in the
subdivisions of the rat hippocampus using the optical fractionator. Anat. Rec. 231:482–497.
West, M. J., Ostergaard, K., Andreassen, O. A., and Finsen, B.
(1996). Estimation of the number of somatostatin neurons in the
striatum: An in situ hybridization study using the optical fractionator method. J. Comp. Neurol. 370:11–22.
Williams, R. W., Strom, R. C., and Goldowitz, D. (1998). Natural
variation in neuron number in mice is linked to a major quantitative trait locus on Chr 11. J. Neurosci. 18:138–146.
Williams, S. M., and Goldman-Rakic, P. S. (1998). Widespread origin of the primate mesofrontal dopamine system. Cereb. Cortex
8:321–345.
Wimer, R. E., Wimer, C. C., Vaughn, J. E., Barber, R. P., Balvanz,
B. A., and Chernow, C. R. (1978). The genetic organization of
neuron number in the granule cell layer of the area dentata in
house mice. Brain. Res. 157:105–122.
Yamaguchi, S., and Kobayashi, S. (1998). Contributions of the
dopaminergic system to voluntary and automatic orienting of
visuospatial attention. J. Neurosci. 18:1869–1878.

