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Top i ca l Rev iew

Gene expression profiles of brain dopamine neurons
and relevance to neuropsychiatric disease
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Emory University School of Medicine, 505 Whitehead Biomedical Research Building, 615 Michael Street, Atlanta, GA 30322, USA

Dysfunction of dopamine neurons has been implicated in several neuropsychiatric disorders,

including Parkinson’s disease, addiction, bipolar disorder and depression. Recent elucidation of

gene expression profiles in dopamine neuron subpopulations has shed light on the function of

different groups of dopamine neurons in the CNS and on their dysfunction in disease states. In

particular, concerted differences in gene expression appear to underlie the unique properties of

distinct dopamine neurons. Specifically, dopamine neurons in the substantia nigra (SN), which

are prone to degenerate in Parkinson’s disease, express high levels of transcripts related to energy

metabolism, mitochondria and phosphate signalling pathways. In contrast, ventral tegmental

area (VTA) dopamine neurons prominently express genes related to synaptic plasticity and

neuropeptides, suggesting intriguing mechanisms for the involvement of VTA dysfunction in

addiction and mood disorders. As new functions of dopaminergic neurotransmission become

clearer, continued exploration of the transcriptional neuroanatomy of these unique neurons will

be vital for producing targeted, selective, and effective therapeutic agents.
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Due to their diverse anatomy and disparate
functions, different populations of dopamine neurons
have been specifically implicated in a variety of
neurological disorders. Parkinson’s disease (PD),
a common extrapyramidal movement disorder, is
associated with selective neurodegeneration of substantia
nigra (SN) dopamine neurons (Hirsch et al. 1988). Ventral
tegmental area (VTA) neurons are much less affected, and
other types of dopamine neurons are spared. This selective
anatomic pattern appears to be conserved between PD
patients and animal models of the disorder (Dawson
et al. 2002). In contrast, dysfunction of VTA dopamine
neurons is thought to play an important role in addiction,
mood disorders, attention disorders, and schizophrenia
(Bonci et al. 2003; Nestler & Carlezon, 2006). As one
might suppose, mainstays of therapy for these disorders
differ, an example being that dopamine replacement is
the standard of care for PD while dopamine antagonism
is an effective treatment for psychotic disorders.

One current drawback of dopaminergic therapy is
that it cannot be targeted to a specific subpopulation of
dopamine neurons. A consequence of this is significant
dopamine-related side-effects, such as hallucinations
or compulsive gambling during treatment for PD
or extrapyramidal and sexual side-effects caused by

antipsychotics. The ability to directly target symptoms
of interest will be impossible until understanding of
discriminators underlying specific dopamine neuron
functions is more complete. In addition, from the
standpoint of pathogenesis, it is clear that dopaminergic
neurotransmission is not the sole underlying factor
for selective neuronal dysfunction in these neurological
diseases.

Although extrinsic factors such as circuitry differences
assuredly are important in differential functions of
dopamine neuron subpopulations, recent evidence
suggests that there are intrinsic differences in trans-
criptional neuroanatomy between different groups of
dopamine neurons. Further understanding of the
significance of these inherent differences will go a long
way toward explaining and preventing dopaminergic
dysfunction in human diseases.

Dopamine neurons in the CNS

Dopamine neurons are compartmentalized into
anatomically and functionally distinct groups in the
mammalian central nervous system (Prakash & Wurst,
2006). The two largest groups are located in the midbrain
(Fig. 1). SN neurons are functionally a component of
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the basal ganglia and provide ascending dopaminergic
input to the neostriatum. They are involved in regulating
voluntary movements and postural reflexes. VTA neurons
located just medially to the SN give rise to mesolimbic and
mesocortical ascending dopaminergic fibres projecting
diffusely to multiple cortical and subcortical structures.
VTA neurons are thought to be involved in reward,
attention, and regulation of addictive or emotional
behaviours. A third population of midbrain dopamine
neurons resides in the retrorubral field and projects
primarily to the dorsal striatum and the pontomedullary
reticular formation; it is thought to play a role in orofacial
movements. There are also connections between the
retrorubral field and SN/VTA dopamine neurons.

There are at least four groups of dopamine neurons in
the hypothalamus that are intimately involved in neuro-
endocrine, hormonal and arousal processes.

Finally, there are populations of dopaminergic amacrine
cells in the retina that contribute to neural adaptation to
light, and also some dopamine cells in the olfactory bulb.

Identification of dopamine neurons

Identification of these subpopulations of dopamine
neurons has been possible for years using immuno-
histochemical and, to a lesser extent, electrophysiological,

Figure 1. Isolation of dopamine neurons
A, Nissl staining of a midbrain section depicting SN and VTA. Inset, SN
neurons isolated by LCM, Nissl-staining. B, rapid tyrosine hydroxylase
immunofluorescence (THIF) in a midbrain section. Note: TH-positive
neurons in SN and VTA. Inset, SN neurons isolated by LCM,
TH-staining. Reprinted from Neurobiology of Disease Greene et al.
(2005), with permission from Elsevier.

Table 1. Several known differentially expressed genes confirmed
using large scale expression profiling

Higher in SN Reference

D2 receptor Hurd et al. 1994
mGluR1 Shigemoto et al. 1992
Parvalbumin Alfahel-Kakunda & Silverman,

1997
Glutamate decarboxylase Hedou et al. 2000
IGF1 Garcia-Segura et al. 1991
GIRK2 Schein et al. 1998
Aldehyde dehydrogenase 1A7 McCaffery & Drager, 1994

Higher in VTA

Calbindin Liang et al. 1996
BDNF Seroogy et al. 1994
Neurotrophin 3 Seroogy et al. 1994
Neuromedin K receptor Massi et al. 2000
α1B Adrenergic receptor Andersson et al. 1994
Cholecystokinin Seroogy et al. 1989
GTP cyclohydrolase I Dassesse et al. 1997

techniques, but only in the last decade have techniques
developed to take advantage of specific identification
on a transcriptional level. Immunohistochemistry for
tyrosine hydroxylase (TH), the rate-limiting enzyme for
dopamine synthesis, is the classic method for identification
of dopamine neurons. Actually, TH staining identifies
all catecholaminergic neurons, including noradrenergic
neurons. Since noradrenergic neurons in the CNS are
limited to the lower brainstem, identification of dopamine
neurons is made easily on anatomic grounds.

Due to its relative speed and reliability, coupling
immunological identification procedures with laser
capture microdissection (LCM) has become the
preferred method for obtaining homogeneous
populations of dopamine neurons for subsequent
expression profiling (Fig. 1) (Fasulo & Hemby, 2003).

This review will focus on data obtained from relatively
homogeneous dopaminergic populations. While data
from macro-dissected tissue can provide interesting
information, the heterogeneous cell composition of brain
tissue makes interpretation vastly more complex.

Transcriptional neuroanatomy of dopamine neurons

The question of what makes different populations of
dopamine neurons unique lends itself well to large-scale
gene expression profiling techniques. Dopamine neurons
are easily identifiable and have been extensively studied,
providing a substantial foundation for interpretation of
results. Recent experiments have not only confirmed
results previously obtained using candidate-mechanism
approaches, but have also suggested new avenues of
investigation.
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Table 2. Recent independently identified genes expressed differently between SN
and VTA neurons

Gene symbol Gene name Higher region

MARCKS Myristolated alanine-rich C-kinase substrate VTA
GSYN Gamma-synuclein SN
ADCYAP1 Pituitary adenylate cyclase activating polypeptide VTA
NMDAR2C N-methyl-D-aspartate receptor subunit 2C SN
LPL Lipoprotein lipase VTA

Experiments to date have focused almost exclusively
on SN and VTA dopamine neurons, predominantly
in rodents. Several studies have spotlighted effects of
experimental manipulations on dopamine neurons, but
recent experiments have explored in detail baseline
differences between SN and VTA dopamine neurons.
These studies are important because keys to selective
vulnerability and unique functions of dopamine neuron
subpopulations are likely to be expressed at baseline,
prior to any experimental insult or manipulation. Under-
standing the ‘normal’ situation will be vital to provide a
backbone for interpretation of experimental results.

One thing that appears clear is that SN and VTA
dopamine neurons have similar gene expression profiles
such that relative to the total number of genes expressed
in these neurons, the number of genes differentially
expressed is low (< 5%) (Grimm et al. 2004; Chung et al.
2005; Greene et al. 2005). Confirming this, unsupervised
hierarchical clustering of four catecholaminergic cell
populations, including SN and VTA dopamine neurons,
based on gene expression profile has indicated that SN
and VTA gene expression is highly correlated. That
experiment also revealed that hypothalamic dopamine
neurons were distinct from their midbrain counterparts,
and that noradrenergic neurons in the locus coeruleus are
even more dissimilar (Grimm et al. 2004).

Despite their similarities, there are some critical
differences in gene expression between SN and VTA
neurons, both at the level of individual genes and in several
potentially relevant cellular pathways. In general, unbiased
gene expression profiling has successfully confirmed nearly
every previously noted difference in gene expression
between the regions (Table 1), proving that the large
datasets produced by profiling experiments are reliable
‘jumping-off points’ for developing testable hypotheses
(Grimm et al. 2004; Chung et al. 2005; Greene et al. 2005).

In general, the large amount of data obtained from
a microarray experiment can be approached either by
‘cherry-picking’ individual genes of interest or by systems
analysis of the data. Data from dopamine neurons have
been considered both ways.

Individual genes. Several interesting individual genes are
differentially expressed between SN and VTA neurons in
addition to those previously identified. Table 2 list five
genes independently confirmed as differentially expressed

in three separate large-scale microarray experiments
(Grimm et al. 2004; Chung et al. 2005; Greene et al.
2005). Considering that these experiments were performed
on different species, with different techniques, and on
different microarray platforms, this is an extremely
stringent list.

MARCKS (myristoylated, alanine-rich C-kinase
substrate) has recently been found to be an important
regulator of dendritic spine plasticity through an activity-
and PKC-dependent pathway (Calabrese & Halpain,
2005). These functions of MARCKS are important for
learning and memory and the plastic synaptic events
that underlie them, such as long-term potentiation (LTP)
(Matus, 2005). Interestingly, MARCKS gene expression is
altered in postmortem brains from suicide patients, and
its expression is down-regulated by the mood stabilizer
lithium (McNamara et al. 1999; Wang et al. 2001). Since
dysfunctional VTA dopamine neurons are thought to

Figure 2. Schematic of transcriptional neuroanatomy of
midbrain dopamine neurons in rodents
Note that SN dopamine neurons that degenerate in parkinsonism
project primarily to the motor striatum, where as mesolimbic and
mesocortical fibres involved in addiction and mood disorders emerge
from the VTA. The lists highlight substantial categorical differences in
gene expression between the two regions. Abbreviations: SN,
substantia nigra; VTA, ventral tegmental area; FC, frontal cortex; STR,
striatum, NAc, nucleus accumbens; H, hippocampus.
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be involved in addiction behaviour and mood disorders,
higher MARCKS expression in this neuronal population
provides a tantalizing clue for further investigation.

Pituitary adenylate cyclase activating polypeptide
(ADCYAP1 or PACAP) is known to support survival of
dopamine neurons, and lipoprotein lipase may protect
cells from damage caused by oxidized lipoproteins (Takei
et al. 1998; Paradis et al. 2003; Reglodi et al. 2004).

Figure 3. Categorical enhancement of energy metabolism transcripts in SN
A, hierarchical clustering analysis using 15 significantly different energy metabolism genes sorts SN and VTA
samples separately. Red depicts higher expression levels and blue lower; deeper shade indicates larger difference.
B, expression ratios determined by microarray analysis (mean ± S.E.M.) for significantly different energy metabolism
transcripts. † Difference in transcript was confirmed using quantitative RT-PCR. C, Q-RT-PCR of selected energy
metabolism transcripts indicates that expression in dentate gyrus granule cells (DG) is markedly lower than in both
types of midbrain dopamine neurons. ∗ DG is significantly lower than SN and VTA (P < 0.05, ANOVA with post
hoc Bonferroni test). # Significantly lower than SN, but not VTA. D, frequency distribution of expression ratios for
75 energy metabolism transcripts (filled bars) and 17 proteasome transcripts (open bars) categorized by Kyoto
Encyclopedia of Genes and Genomes (KEGG) categories. The dashed line is the distribution of all expressed genes,
which is normal. Note that while the distribution of proteasome genes is normal (P < 0.05, Shapiro-Wilk normality
test), the distribution of energy metabolism genes is skewed toward SN. Reprinted from Neurobiology of Disease,
Greene et al. (2005) with permission from Elsevier.

Both are intriguing in that VTA dopamine neurons are
relatively protected from degeneration in parkinsonism.
The neuronal role of γ -synuclein is not clear, but it has
been reported to be involved in regulation of the cell cycle,
abnormalities of which have been implicated in neuro-
degeneration (Inaba et al. 2005). NMDAR2C may possibly
be involved in excitatory neurotoxicity in SN dopamine
neurons (Kress & Reynolds, 2005).
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Several single gene products discovered by expression
profiling to be higher in the VTA have been successfully
tested in vitro against dopaminergic neurotoxins,
including the aforementioned PACAP, as well as gastrin-
releasing peptide (GRP) and calcitonin/calcitonin
gene-related peptide alpha (CGRP), providing further
verification of the quality of experimental leads generated
(Chung et al. 2005).

Categorical pathways. The discussion above highlights
several interesting individual genes in the context
of functional differences between dopamine neuron
subtypes. However, even though it is small, the number of
individual transcript differences between subtypes makes
it unlikely that single gene differences are responsible for
the uniqueness of different neuronal populations. In fact,
it seems intuitively obvious that it is not a single gene, but
multiple genes, all differentially expressed, that accounts
in the majority for functional differences.

Recently, ‘systems’ approaches have been applied to
expression analysis of dopamine neurons whereby the
data were not examined on an individual level, but
on a categorical one, with startling results. There are
concerted differences in gene expression between different
subpopulations of dopamine neurons (Fig. 2), and it is
likely that these broad categorical and pathway differences
account for the distinctiveness of the neuron types (Chung
et al. 2005; Greene et al. 2005).

In examining Table 1, one can note at least five genes
potentially related to ‘neuroprotection’ are higher in VTA
dopamine neurons, including four neuropeptide-related
genes, and the calcium binding protein, calbindin.
In fact, profiling experiments have confirmed that
neuropeptide genes as a category are more highly expressed
in VTA dopamine neurons than in those from the SN
(Chung et al. 2005; Greene et al. 2005). This suggests that
large differences in a single neuropeptide may not be as
important or as protective as a concerted difference in
multiple genes in the pathway. This concept may have
significant consequences for attempts at development
of effective neuroprotective therapies, in that a cocktail
of compounds may be much more effective than any
one alone. It also has ramifications for mood disorders,
suggesting that neuropeptide modulation may be an
effective targeting strategy to regulate dopaminergic
neurotransmission from the VTA.

The other most prominent categorical difference
between SN and VTA dopamine neurons is energy
metabolism (Fig. 3). Multiple genes related to energy
pathways, electron transport and mitochondria are more
highly expressed in the SN than the VTA (Chung et al.
2005; Greene et al. 2005). This is particularly interesting
because mitochondrial dysfunction may be critical to
the pathogenesis of PD. These profiles suggest that SN
dopamine neurons are more metabolically active than their

counterparts in the VTA, that they rely more on oxidative
energy metabolism, and/or that they have less energetic
reserve capacity available to them. These data provide
circumstantial evidence that SN dopamine neurons are
under greater metabolic stress, and potentially provide
an explanation for why these neurons are selectively
susceptible to mitochondrial toxins and why they are more
likely to degenerate in PD (Greene et al. 2005).

A recent experiment in postmortem human SN appears
to confirm the pathophysiological relevance of differences
in energy metabolism gene expression in dopamine
neuron vulnerability in that one significantly altered
category of gene expression in PD was nuclear-encoded
mitochondrial genes (Hauser et al. 2005).

Another report profiling individual dopamine neurons
from PD patients revealed potential differences between
DA neurons containing Lewy bodies (a pathological
hallmark of PD) and those without (Lu et al. 2005).
Furthermore, analysis of midbrain dopamine neurons
from cocaine-overdose victims has revealed selective
changes of gene expression patterns in the VTA (Tang
et al. 2003). Gene expression profiles of postmortem
human disease remain in the early stages, especially since
gene expression profiles from normal human dopamine
neurons have not been described in detail.

Conclusions

Expression profiling of dopamine neurons in the CNS
remains incomplete, but acquiring detailed information
about dopamine neuron transcriptional neuroanatomy is
critical for elucidating the functions of dopamine neurons
in health and disease.
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