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Dopamine neurons of the substantia nigra compacta (SNc) and ventral tegmental

area (VTA) are critical components of the neuronal machinery to control emotion and

movement in mammals. The slow and gradual death of these neurons as seen in

Parkinson’s disease has triggered a large investment in research toward unraveling the

molecular determinants that are used to generate these neurons and to get an insight

in their apparent selective vulnerability. Here, I set out to summarize the current view

on the molecular distinctions that exist within this mesodiencephalic dopamine (mdDA)

system and elaborate on the molecular programming that is responsible for creating such

diversity.
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1. INTRODUCTION

Regulation of behavior and more specific emotion is critically regulated by dopaminergic neurons
located in the mesodiencephalon. These dopaminergic (DA) neurons can be sub-classified within
their own groups by specific molecular features (reviewed in Smidt and Burbach, 2007; Veenvliet
and Smidt, 2014; Arenas et al., 2015). Recently, these apparent molecular differences have been
associated with selective vulnerability in terms of intrinsic higher dependency and/or related to
higher metabolic demand (Jacobs et al., 2007, 2011; Pacelli et al., 2015; Doucet-Beaupré et al., 2016).
This underscores the importance of understanding the exact molecular components that drive the
creation of this diversity. Recently, the initial gap between the theoretical description of molecular
distinct dopaminergic population and the actual description has been closed with the emergence of
detailed single cell transcriptome data of mdDA neurons (Poulin et al., 2014; Anderegg et al., 2015;
La Manno et al., 2016). Cluster analysis of such data together with in depth gene function analysis
(Smidt and Burbach, 2007; Veenvliet and Smidt, 2014; Arenas et al., 2015) has shown that both in
mice and humans mdDAneurons clear distictions can be made between neuronal subpopulations.
These data will open up new avenues in the understanding of the relation of specific molecular
programming and selective vulnerability as observed in SNc neurons. Moreover, such advances
will enhance the opportunities for the development of clinically relevant cell-replacement therapies
as an ultimate treatment for Parkinson’s disease (PD).

2. REGIONAL CODING THAT DRIVES mdDA DIVERSITY

A recent birth dating study (Bye et al., 2012) indicated that A9 (SNc) neurons precede A10 (VTA)
dopamine neurons. This might also indicate that part of the lineage differences may rely on specific
changes of ventricular zone radial glia in time to generate specific subsets of dopamine neurons,
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which may originate from the same position in the ventricular
zone. Such a mechanism would generate essential lineages which
depend on further sub-specification during their trajectory in
final differentiation and migration. This notion corresponds very
well with initial data on fate mapping studies with Gli1 and
Shh driven Cre-ERT2 alleles and ROSA-lox-stop-lox reporters
(Blaess et al., 2011). They show that the rostral/lateral positioned
dopamine neurons visualized at E12.5 are initially responding
(Gli1 activated) in precursors at E7.5 and start to express Shh
themselves around E9. From that data-set it is also clear that
the medial/caudal (VTA) DA neurons are labeled at later stages
of ventricular zone development. Note that this early coding
information is not directly coupled to the actual birthdating
events of DA precursors. Quantitative measurements indicate
that there is a continues shift of labeling of DA neurons from
rostral to caudal between E8.5 and E11.5 of Shh-expressing
precursors. They have substantiated this coupling by measuring
subset markers such as Girk2 (SNc) and Calbindin (VTA) in both
labeled DA neurons, where the early Shh expressing precursors
map the Girk2 population and the late group the Calbindin
population. This temporal phenomenon of Shh expression in
the ventricular zone precursors might be indicative of the
coding- and birth-dating differences between rostral (SNc) and
caudal (VTA) DA neuronal populations, although the molecular
mechanisms behind this phenomenon is not described in detail.
Noteworthy, the timing of the Shh response suggests that Shh
signaling does not have a role in the actual (late) differentiation
program. This notion has been substantiated by an independent
study where they used fate mapping of Shh induced Gli2A
activation at the peak time of DA neuronal birth (E11.5; Mesman
et al., 2014). Taken together, differential Shh coding seems
important during the early specification phase ofmdDAneuronal
precursors in the ventral ventricular zone of the midbrain region.

In a few studies positional information in the ventricular zone
toward lineage selection was identified by FGF signaling events
and a transcriptional code within the floor plate (Lahti et al.,
2012; Panman et al., 2014). Lahti et al. suggest that two principle
DA neuronal populations exist in the mesodiencephalon, where
the mesencephalic population depends on correct FGF signaling.
Removal of this signaling induces a rostralisation effect were
(immature) DA neurons adopt a diencephalic signature. Since
later conditional ablation of FGF signaling, by Dat-Cre and Th-
Ccre drivers, had no detectable effects (Lahti et al., 2012) the
rostralisation effect in the absence of FGF signaling would rely
on changes in the early specification of the region. Panman et
al. described the medial exclusive expression of Sox6 next to
Otx2, of which the former population develops into the SNc.
In addition, through selective gene ablation they suggest that
Otx2 has a repressive effect on Sox6 expression. This mechanism
creates a permissive area in the medial floor plate where the SNc
lineage may be formed. In the manuscript no clear rostral/caudal
data is presented and therefore it is currently unknown how or
whether this medial Sox6 domain is changing on that axis in
the midbrain region. Nevertheless, it has been suggested that
dopamine neurons originate from the midbrain floorplate until
the floorplate/basal plate boundary (Mesman et al., 2014) and
that the medial section contains cells that are migrating outward,

which would suggest that they may form the lateral-located SNc
population. These data match very well with the suggested origin
of the Sox6 population at E11.5 which further strengthens that
data.

3. DESCRIPTION OF mdDA NEURONAL

SUBSETS

The first appearance of molecular differences between mdDA
subpopulations became apparent in Pitx3 mutant animals
(Nunes et al., 2003; Smidt et al., 2004). Since Pitx3 was present in
all terminally differentiating mdDA neurons (Smidt et al., 2004;
Maxwell et al., 2005) around E14.5, the selective vulnerability
as observed by the absence of most of the SNc in Pitx3
ablated animals, suggested the existence of SNc specificmolecular
determinants. In later studies downstream targets as Ahd2 were
found to be involved in this phenomenon and act through the
generation of retinoic acid (RA), which was subsequently able to
partly rescue the Pitx3 ablation (Jacobs et al., 2007). Subsequent
studies have elaborated on the possibility of the existence of such
molecular differences (Smits et al., 2006) and several TFs have
been implicated in the generation of molecular diversity among
mdDA neurons as discussed in more detail below. Through
initial basic expression studies several molecular determinants
of mdDA subsets were described as Ahd2 (Aldh1a1), Pbx1/3,
Cck, Adrb2, Girk2, and Dat (Slc6a3). For most of these factors
a clear distinction over the anterior/posterior axis of the mdDA
neuronal pool can be made already during development (Reyes
et al., 2012; Smits et al., 2013). Other studies more directed
to the elucidation of molecular coding have revealed additional
subset markers as Calb2, Rspo2, Sox6, Otx2, Nts, and Tle3 (Di
Salvio et al., 2010a; Panman et al., 2011; Hoekstra, E. J. et al.;
Veenvliet et al., 2013). In addition, it has become clear that
based on physiological properties a clear distinction can be made
within the mdDA neuronal pool (Roeper, 2013). Using clustering
techniques to group specific electrophysiological features of all
mdDA neurons it was suggested that 2 major groups exists each
for the SNc and VTA, with two to four subgroups within those
regions. Together with this distinction, it is suggested that such
functional diversity is linked to specific projections (Roeper,
2013). The relationship between the molecular details and such
physiological features, beyond the relative presence of Girk2 and
Dat, remains to be determined.

A essential step into the full description of molecular
description of mdDA neuronal diversity has been taken by the
introduction of single cell transcriptome analyzes approaches
(Poulin et al., 2014; Anderegg et al., 2015; La Manno et al., 2016;
Poulin et al., 2016). Initially, an approach was used were a known
set of genes was used to profile single cells from the mdDA
neuronal pool (Poulin et al., 2014). From the distribution of
these (96) genes (determined by known SNc and VTA expression
profiles) in the isolated single cells (96 cells), the authors
dissected the neuronal pool into 6 distinct subgroups (1A/B,
2A/B/C/D). Subsequent spatial expression analysis generated a
link between the molecular profile and the location of these
dopamine neurons. The 1A group is marked by high expression
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of Ahd2 and Sox6 and is located in the rostral SNc region without
the tip area. The 1B group is marked by Sox6 but does not express
Ahd2 and is located dorsally of the rostral SNc region. The 2A
group is defined by the unique expression of Slc32a1 (GABA
vesicular transporter, Vgat), among the genes tested, and locates
to the medial/caudal VTA region and intermingles there with
other subgroups. The 2B group is marked by Otx2, Ahd2 and
Calb1 and located to the ventral/medial VTA. The 2C group is
marked by Vip expression and is located in the peri aquaductal
gray (PAG) and dorsal raphe (DR) area. Noteworthy, although it
is known and confirmed here that the Dat is preferably expressed
in rostral/ventral mdDA subpopulations, using Dat-Cre here to
drive tdTomato (Slc6a3:Cre;Ai9 mice) did result in the isolation
and characterization of mdDA neuronal subgroups that are very
low or undetectable for Dat expression in the adult stage. The
data presented did confirm initial ideas and data on subset
specificity (Smidt et al., 2004; Smits et al., 2006, 2013 ) and were
the first to use single cell approaches to determine the possible
amount of subgroups present in this neuronal pool.

A second essential dataset was recently provided by using
single cell RNAseq approaches in dopamine neurons from
mice, humans and stem cells. Moreover, they included timeline
analysis in humans and mice (human 6 weeks were matched
to mouse E11.5 and human 10 weeks to mouse E14.5) to
follow the developmental trajectory (Chakrabarty et al., 2012)
in these two species (La Manno et al., 2016). In developmental
stages, three subsets are defined marked by proneural genes
and Th (DA0), expression of additional factors as Dat (DA1)
and finally additional factors like Ahd2 and Lmo3 (DA2). This
initial distinction is conserved between mice and humans. When
focusing on the adult subsets, it was shown that 5 subgroups exist,
one mapping to the SNc and 4 in the VTA region, confirming
earlier data (Poulin et al., 2014). The SNc group is mainly located
in a lateral position running from rostral to caudal. The more
medial area consists of the 4 remaining VTA groups. Some genes
are distributed over several distinctive groups as is the case for
Ahd2 which is present in the SNc and VTA(2). Most enriched
or unique genes for each group do exist and are as described
follows: SNc: Lix1, Ptpn5, Fgf1, Nostrin, Serpine2, Kcnip3, Grik1;
VTA1: Lypd1, Pou3f1, Cd9; VTA2: Otx2, Neurod6, Grp, Tcf12,
Calca, Grp83; VTA3 (PAG): Vip, Cck, Cnr1, Nphp1, Chtf8 and
finally VTA4: Slc32a1, Ctxn3, Etv1, Lmx1a. The 5 subgroups in
the mature system and their description of 3 subgroups during
development, raised the issues that possibly the specification of
additional subgroups is a consequence of environmental cues
rather than genetic programming initiated during development
(La Manno et al., 2016).

4. MOLECULAR CODING THAT DRIVES

DEVELOPMENTAL SUBSETS

4.1. Intersectional Coding by Pitx3 and En1
The possible interplay between En1 and Pitx3 became apparent
when transcriptome analysis on Pitx3 mutants revealed an
upregulation of En1 and En2 in Pitx3 ablated mdDA neurons
(Jacobs et al., 2011) and this upregulation was not due to

the indirect absence of RA signaling. Initial analysis on En1
mutants indicated that they die at around birth and show severe
hindbrain defects with relative subtle defects in the mdDA
neuronal population (Wurst et al., 1994). Subsequent analyzes
have indicated that En1 is involved in development and especially
maintenance of mdDA neurons (Simon et al., 2003; Albéri et al.,
2004; Sonnier et al., 2007; Alvarez-Fischer et al., 2011; Rekaik
et al., 2015). Later it became apparent that part of the hindbrain
phenotype together with the perinatal lethality was due to dosage
differences of En2 caused by genome background differences in
the used mutant strains. After several backcrosses to C57BL6J
as a background strain it became possible to study adult En1
mutants which did not have a hindbrain defect (Bilovocky et al.,
2003). Initial analyzes of these En1mutants indicated that specific
part of the SNc and VTA regions were affected by En1 ablation
(Veenvliet et al., 2013). This neuronal loss partly mimicked the
specific SNc loss as observed in Pitx3 mutants (Nunes et al., 2003;
Smidt et al., 2004), suggesting possible crosstalk between these
two transcription factors. Subsequent transcriptome analysis
revealed that genes like Cck and Ahd2 were co-regulated by En1
and Pitx3, were the expression of Cck is depending on En1 and
suppressed by Pitx3 in rostral areas, whereas Ahd2 is depending
on both En1 and Pitx3 presence. When common target genes
are selected, most genes are reciprocally regulated by En1 and
Pitx3, which suggests that depending on the exact location the
local concentration of Pitx3 and En1 in a neuron will define its
local phenotype. Mechanistic analyzes on the crosstalk hinted
toward a common mechanism where Pitx3 and En1 are able to
influence Nurr1 expressed genes by the co-regulation of Hdac
activity, where Pitx3 and En1 act as ligands to Nurr1 (Jacobs et al.,
2009; Veenvliet et al., 2013). Furthermore, En1 expression itself is
regulated by Pitx3 and vica versa. Finally, Pitx3 is able to regulate
En1 modulators like Pbx1/3 and Tle3 (Veenvliet et al., 2013). The
former Pbx1 has recently been shown to act as a promoter of Pitx3
expression, which suggest that these factors are cross-interacting
at the transcriptional level as well (Villaescusa et al., 2016).
Moreover in Pbx1 mutants, the expression of Pbx3 is enhanced
at E12.5 (Villaescusa et al., 2016), suggesting that also Pbx3 is
in this regulatory loop. Further co-regulation of Pitx3 has been
suggested to be performed by Lmo3 (Bifsha et al., 2016), which is
enriched in SNc neurons in mice and humans (La Manno et al.,
2016). Taken together, possible local concentration differences
that exist in Pitx3 and En1 expression influence co-regulators and
together with those form a transcriptional program that causes
clear distinctions already during development between rostral
and caudal mdDA neuronal groups.

4.2. Intersectional Coding By Sox6 and

Otx2
The generation of mdDA neurons has been described in some
detail concerning the essential role of Otx2 in early and late
development stages (Smidt and Burbach, 2007; Omodei et al.,
2008; Simeone et al., 2011). Next to the overall function in
development more data has been produced that hint toward
an additional function in subset specification (Di Salvio et al.,
2010a). Initially, expression data hinted toward anmore exclusive
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role in VTA neurons (Di Salvio et al., 2010b), which later
turned out to be involved in the specific repression of the
dopamine transporter (Dat) in a caudal set of VTA neurons (Di
Salvio et al., 2010a). The authors finally suggest that Otx2 in
these neurons influences the vulnerability to MPTP exposure, a
mechanism possibly also influenced by the level of Dat in these
neurons. The initially data were strengthened through results that
described the intersectional coding by Sox6 and Otx2 in defining
the SNc and VTA area within the mdDA neuronal population
(Panman et al., 2014). Initially Sox6 and Nolz1 were identified
in a expression screen in mdDA neurons (Panman et al., 2011).
Experiments using a conditional ablation approach for Otx2 and
Sox6 indicated that Otx2 is able to restrict Sox6 expression at
early stages, leading to Sox6 negative neurons, opposed to Sox6
positive SNc neurons. On the other hand Sox6 ablation did
not lead to changes in Otx2 expression suggesting that Sox6 is
influenced downstream of Otx2. Nevertheless, the normal SNc
subset phenotype is affected in Sox6 ablated animals as indicated
by the lower expression of Ahd2 and increased expression of
Calb2. Such gene expression shifts hint toward an overall more
caudal (VTA) phenotype in Sox6 ablated animals and opposed
to Otx2 ablated animals which hint toward a more rostral (SNc)
phenotype. The molecular mechanisms of this intersectional
coding remains to be elucidated.

4.3. Rspo2 Defines a Substantia Nigra

Subset Vulnerable to Lmx1a Ablation
Lmx1a has been known for its essential role in chicken mdDA
neurons and its described function in the ability to induce the
mdDA neuronal phenotype in ES- and IPS-cells (Andersson
et al., 2006). Initial Lmx1a mouse model data (Ono et al., 2007)
from the Dreher mutation, suggested that the amount of mdDA
neurons that arise during development was reduced to ~ 50% at
E13.5, and some neurons mis-expressed the red nucleus markers
Lim1/2. Here, no experiments were performed that suggested a
change in subset specification or specific regional aberrations.
In a later study a knock-out of Lmx1a and compound mutants
of Lmx1a/Lmx1b were analyzed to solve any redundancy issues
and to specify in detail the (late) functions of these TFs (Deng
et al., 2011). Their data suggest that the medial mdDA area is
mostly affected in terms of neurogenesis at E11 and the lateral
domain is mostly affected by Lmx1b ablation as shown by the
absence of D2 receptor expression at E13.5, although the authors
do claim that also in the medial domain these mutants fail to
express late differentiation markers as Th and Pitx3. Notably,
they confirmed the overall loss of mdDA neurons as initially
reported from the Dreher mutant, suggesting that the Dreher
mutant is similar to the full knock-out. These data suggest that
early during mdDA differentiation a delay or mis-coding exists
as a consequence of Lmx1a ablation, next to an overall loss
of mdDA neurogenic potential. In later studies that detailed
the transcriptional program under the control of Lmx1a and
the subsequent analysis in adults systems a more clear end-
stage situation was provided on mdDA neuronal subset coding
(Hoekstra, E. et al.,E). Their data showed in the adult a clear
ablation of a SNc subset. This group of neurons expressed the

Wnt modulator Rspo2 in normal conditions. Already at earlier
developmental stages Rspo2, Calb2, and Pbx1 were ablated in
rostral lateral positions. Moreover, next to this clear subset
specific phenotype, a clear ablation of Nurr1 was found in
rostral lateral positions in and outside the mdDA neuronal
domain. The data clearly show a rostral specific molecular coding
defect that precipitates in the absence of the Rspo2 population
within the SNc. Moreover, the initial absence of Rspo2 may
also indicated that modulation of Wnt signaling at this point
during development may be an essential additional signaling
event for the correct generation of parts of the SNc, as an
essential feature of additional coding to create the full adult
diversity. Finally, a recent study hinted toward an essential role
of Lmx1a/b in the mitochondrial function in mdDA neurons
(Doucet-Beaupré et al., 2016). Ablation of these factors in the
adult system created axonal pathology characterized by alpha-
synuclein inclusion, next to mitochondrial damage, impaired
respiratory chain activity and increased oxidative stress. This
analogy to PD symptoms suggests that both Lim homeodomain
TFs are essential for correct SNc functioning in the adult mdDA
system.

4.4. Ahd2 Function in Development and

Adult Dopaminergic Subsets
Initial data described the presence of Ahd2 (Ald1a1) enriched in
the SNc of the mdDA population, were it was proposed to have a
major function in local retinoic acid synthesis and was suggested
to play a role in disulfiram (Antabuse) induced neurotoxicity
leading to parkinsonism and catatonia (McCaffery and Dräger,
1994). In line with earlier data describing the developmental
role of Ahd2 in the retina (Fan et al., 2003), it was shown that
RA is able to supplement initial SNc developmental defects as
observed in Pitx3 ablated mice (Jacobs et al., 2007). These data
suggest that Ahd2 through RA synthesis is partly responsible
for a subset specific gene regulatory profile (Jacobs et al., 2011)
that is established at post-mitotic states as discussed above. The
regulation of Ahd2 itself depends on the interplay of En1 and
Pitx3 (Veenvliet et al., 2013), however it is currently unknown
which mechanisms underlies the suppression of Ahd2 expression
in specific parts of the mdDA neuronal pool.

The importance of the detoxification role of Ahd2 was
underscored by analyzes on Ahd2 and Aldh2 double knock-
outs, both normally present in dopamine neurons. It was
shown that such mice display significant loss of TH neurons
accompanied with an age dependent lower performance in
motor output. Moreover, the levels of toxic dopamine breakdown
products as DOPAL were significantly increased in such
animals (Wey et al., 2012). The latter detoxification function
was further substantiated by a study were in alpha-synuclein
transgenic mice cells that do not contain Ahd2 deteriorate
more compared to those which do. In addition, deletion of
Ahd2 in this model increased the alpha-synuclein induced
neurodegeneration, whereas Ahd2 over-expression protected
against this neurodegenerative phenomenon (Liu et al., 2014).
Mechanistically, this might be explained by the Ahd2 dependent
removal of reactive aldehydes, as DOPAL, which otherwise may
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lead to excessive oligomerization of alpha-synuclein in dopamine
neurons.

Recently, an unexpected function of Ahd2 was described that
enhances the subset specific functionality of Ahd2 expressing
mdDA neurons. In an elegant study it was shown that Ahd2
is part of a conserved synthesis pathway for the generation
of gamma-aminobutyric acid (GABA) (Kim et al., 2015). This
indicates that only in Ahd2 expressing mdDA neurons GABA is
used a co-transmitter, which is modulated by ethanol. In this way
ethanol influences specifically this subset of mdDA neurons in
their transmission efficacy.

4.5. Mest Is Essential for the Development

of a SNc Subset
Mesoderm specific transcript (Mest), also known as paternal
expressed gene 1(Peg1), is a is a member of the divergent alpha-
beta hydrolase protein family. In the liver, Mest inhibits Lrp6
glycosylation through enhancing ubiquitination of beta-catenin
and therefore is able to regulate balancing of canonical and
non-canonical Wnt signaling (Jung et al., 2011). In the brain
Mest is expressed in the midbrain region during the mdDA
developmental cycle and is still expressed in a subset of mdDA
neurons in the adult stage (Mesman et al., 2017). Ablation ofMest
leads to the loss of a SNc neuronal subset after the developmental
stage and which is different from those cells that are lost in Pitx3
mutants. Moreover, the defect is progressive in the SNc region
when comparing 3 and 8 months old animals. These defects
are mirrored by the loss of Th and DA release in the striatum
and reflected by the lower performance in a climbing test.
Interestingly, analyzes of Lrp6 mutants showed a subtle increase
in Th+ neurons, suggesting that similar to the liver, Mest may
influence Wnt signaling through Lrp6. The exact mechanisms of
the large defect in Mest ablated animals remains to be elucidated,
although the restricted expression in the SNc subset may indicate
the specific loss of these neurons. The fact that the overall
involvement of modulated Wnt signaling may affect the subset
specification of mdDA neurons was recently underscored by the
fact that Dkk3 mutants also show a specific loss of rostrolateral
mdDA neurons (Fukusumi et al., 2015). In conclusion, Wnt
signaling together with it’s modulators may form a essential post-
mitotic signal that segregates mdDA neurons in the separate
subsets as also suggested above.

4.6. NeuroD1 and NeuroD6 Are Essential

for the Generation of a Subset of VTA

Neurons.
Based on initial gene expression comparison studies performed
on human PD patients and controls, NeuroD6 was identified
to be enriched in VTA neurons (Chung et al., 2005). This
pointed toward a possible role of NeuroD proteins and NeuroD6
specifically in the generation of VTA subsets (Khan et al.,
2017). Initial expression analysis showed NueroD6 is present
in a VTA subgroup identified by Otx2, Calbindin1 and Ahd2
(Aldh1a1) expression as earlier defined (Di Salvio et al., 2010a).
Further refinement of the subset was performed by co-staining
a NeuroD6-Cre driven Yfp-reporter line with Grp, a peptide

earlier to be found enriched in VTA neurons (Chung et al., 2005)
and later mapped to the most ventral rim of the caudal VTA
(Smits et al., 2013). These data indicated that NeuroD6 overlaps
completely with the expression of Grp, thereby possibly defining
this specific VTA subset. Subsequent full ablation of NeuroD6
led to the loss of centrally located mdDA neurons to about 30%
at P3. Whether this includes all Grp expression neurons has
not been established. In the same mutant the projection area
was analyzed and it was apparent that Th-positive connections
to the lateral septum were lost probably as a consequence of
initial neuronal loss. This suggestions was substantiated by using
retrograde tracing from the lateral septum which labeled the Ypf-
positive neurons in the NeuroD6-Cre driven Yfp-reporter line.
The data suggested that other NeuroD factors expressed in the
region may also be involved in the generation of mdDA neurons
(Khan et al., 2017). Expression analysis suggested that NeuronD1
was the candidate of choice next to NeuroD6 and ablation studies
indicated that NeuroD1 is at least as important as NeuroD6 in
generating the VTA neuronal subset as defined above. Taken
together, this elegant study (Khan et al., 2017) clearly shows
the importance of NeuroD proteins in the generation of a
Grp positive VTA neuronal subset with consequences for the
innervation of the lateral septum.

5. CONCLUSIONS

The first data that hinted toward subset specific molecular
coding involved in the generation of mdDA neuronal subsets was
published at least a decade ago (Smidt et al., 2004). Subsequent
papers have theorized on the possible pool size of subsets
based on the presumed origin of mdDA neurons within the
mesodiencephalon (Smits et al., 2006). The current situation
suggests that those original ideas were not completely accurate
although the concept and existence ofmultiplemdDA subsets has
now firmly been established. From initial gene expression studies
and more recent single cell transcriptome data the presence
of at least 5 subgroups has been established in mice. Not all
of these groups contain unique genes, but merely rely on the
unique combination of genes to distinguish them from each
other. In humans the situation is similar although some genes
defining the specific subsets do differ. During development the
overall idea is that 2–3 subgroups initially exist and that these
further develop into the mature 5–6 groups. The molecular
coding underlying the initial distinction during development can
be explained through the intersectional signaling of factors like
Pitx3, En1, Otx2, Lmx1a, NeuroD1/6, and Sox6. The further
distinctions toward the adult neuronal pool is at this moment
not exactly clear and might depend on additional signaling from
the region were these neurons mature. Data that describe the
influence of Wnt signaling modulators as Rspo2, Mest and Lrp6
do suggest that Wnt signaling in postmitotic mdDA neurons
may have a crucial role in crealting the adult full diversity.
Taken together, It is clearly established that in the mammalian
dopaminemdDA system a large diversity exists that is reflected in
physiological parameters of the respective dopaminergic subsets.
Finally, the knowledge of the molecular make-up of mdDA
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neuronal subsets, as they do exist even within the SNc, is essential
for understanding their specific vulnerability and may form the
basis for directed cell replacement therapies, evaluated as an
ultimate treatment for Parkinson’s disease.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

REFERENCES

Albéri, L., Sgadò, P., and Simon, H. H. (2004). Engrailed genes are cell-
autonomously required to prevent apoptosis in mesencephalic dopaminergic
neurons. Development 131, 3229–3236. doi: 10.1242/dev.01128

Alvarez-Fischer, D., Fuchs, J., Castagner, F., Stettler, O., Massiani-Beaudoin, O.,
Moya, K. L., et al. (2011). Engrailed protects mouse midbrain dopaminergic
neurons against mitochondrial complex I insults.Nat. Neurosci. 14, 1260–1266.
doi: 10.1038/nn.2916

Anderegg, A., Poulin, J.-F., and Awatramani, R. (2015). Molecular heterogeneity of
midbrain dopaminergic neurons - Moving toward single cell resolution. FEBS
Lett. 589, 3714–3726. doi: 10.1016/j.febslet.2015.10.022

Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B.,
et al. (2006). Identification of intrinsic determinants of midbrain dopamine
neurons. Cell 124, 393–405. doi: 10.1016/j.cell.2005.10.037

Arenas, E., Denham, M., and Villaescusa, J. C. (2015). How to make a midbrain
dopaminergic neuron. Development 142, 1918–1936. doi: 10.1242/dev.097394

Bifsha, P., Balsalobre, A., and Drouin, J. (2016). Specificity of pitx3-dependent gene
regulatory networks in subsets of midbrain dopamine neurons.Mol. Neurobiol.

doi: 10.1007/s12035-016-0040-y. [Epub ahead of print].
Bilovocky, N. A., Romito-DiGiacomo, R. R., Murcia, C. L., Maricich, S. M., and

Herrup, K. (2003). Factors in the genetic background suppress the engrailed-1
cerebellar phenotype. J. Neurosci. 23, 5105–5112.

Blaess, S., Bodea, G. O., Kabanova, A., Chanet, S., Mugniery, E., Derouiche, A., et al.
(2011). Temporal-spatial changes in Sonic Hedgehog expression and signaling
reveal different potentials of ventral mesencephalic progenitors to populate
distinct ventral midbrain nuclei.Neural Dev. 6:29. doi: 10.1186/1749-8104-6-29

Bye, C. R., Thompson, L. H., and Parish, C. L. (2012). Birth dating
of midbrain dopamine neurons identifies A9 enriched tissue for
transplantation into Parkinsonian mice. Exp. Neurol. 236, 58–68.
doi: 10.1016/j.expneurol.2012.04.002

Chakrabarty, K., Von Oerthel, L., Hellemons, A., Clotman, F., Espana, A.,
Groot Koerkamp, M., et al. (2012). Genome wide expression profiling of the
mesodiencephalic region identifies novel factors involved in early and late
dopaminergic development. Biol. Open 1, 693–704. doi: 10.1242/bio.20121230

Chung, C. Y., Seo, H., Sonntag, K. C., Brooks, A., Lin, L., and Isacson, O. (2005).
Cell type-specific gene expression of midbrain dopaminergic neurons reveals
molecules involved in their vulnerability and protection. Human Mol. Genet.

14, 1709–1725. doi: 10.1093/hmg/ddi178
Deng, Q., Andersson, E., Hedlund, E., Alekseenko, Z., Coppola, E., Panman, L., et

al. (2011). Specific and integrated roles of Lmx1a, Lmx1b and Phox2a in ventral
midbrain development. Development 138, 3399–3408. doi: 10.1242/dev.065482

Di Salvio, M., Di Giovannantonio, L. G., Acampora, D., Prosperi, R., Omodei, D.,
Prakash, N., et al. (2010a). Otx2 controls neuron subtype identity in ventral
tegmental area and antagonizes vulnerability to MPTP. Nat. Neurosci. 13,
1481–1488. doi: 10.1038/nn.2661

Di Salvio, M., Di Giovannantonio, L. G., Omodei, D., Acampora, D., and Simeone,
A. (2010b). Otx2 expression is restricted to dopaminergic neurons of the
ventral tegmental area in the adult brain. Int. J. Dev. Biol. 54, 939–945.
doi: 10.1387/ijdb.092974ms

Doucet-Beaupré, H., Gilbert, C., Profes, M. S., Chabrat, A., Pacelli, C., Giguère, N.,
et al. (2016). Lmx1a and Lmx1b regulate mitochondrial functions and survival
of adult midbrain dopaminergic neurons. Proc. Natl. Acad. Sci. U.S.A. 113,
E4387–E4396. doi: 10.1073/pnas.1520387113

Fan, X., Molotkov, A., Manabe, S.-I., Donmoyer, C. M., Deltour, L., Foglio, M. H.,
et al. (2003). Targeted disruption of Aldh1a1 (Raldh1) provides evidence for a
complex mechanism of retinoic acid synthesis in the developing retina. Mol.

Cell. Biol. 23, 4637–4648. doi: 10.1128/MCB.23.13.4637-4648.2003
Fukusumi, Y., Meier, F., Gotz, S., Matheus, F., Irmler, M., Beckervordersandforth,

R., et al. (2015). Dickkopf 3 promotes the differentiation of a rostrolateral
midbrain dopaminergic neuronal subset in vivo and from pluripotent

stem cells in vitro in the mouse. J. Neurosci. 35, 13385–13401.
doi: 10.1523/JNEUROSCI.1722-15.2015

Hoekstra, E., von Oerthel, L., van der Linden, A., Schellevis, R., Scheppink, G.,
Holstege, F., et al. (2013). Lmx1a is an activator of Rgs4 and Grb10 and is
responsible for the correct specification of rostral and medial mdDA neurons.
Eur. J. Neurosci. 37, 23–32.doi: 10.1111/ejn.12022

Hoekstra, E. J., von Oerthel, L., van der Heide, L. P., Kouwenhoven,
W. M., Veenvliet, J. V., Wever, I., et al. (2013). Lmx1a Encodes a
Rostral Set of Mesodiencephalic Dopaminergic Neurons Marked by the
Wnt/B-Catenin Signaling Activator R-spondin 2. PLoS ONE 8:e74049.
doi: 10.1371/journal.pone.0074049

Jacobs, F. M. J., Smits, S. M., Noorlander, C. W., von Oerthel, L., van der Linden,
A. J. A., Burbach, J. P. H., et al. (2007). Retinoic acid counteracts developmental
defects in the substantia nigra caused by Pitx3 deficiency. Development 134,
2673–2684. doi: 10.1242/dev.02865

Jacobs, F. M. J., van Erp, S., van der Linden, A. J. A., von Oerthel, L., Burbach,
J. P. H., and Smidt, M. P. (2009). Pitx3 potentiates Nurr1 in dopamine
neuron terminal differentiation through release of SMRT-mediated repression.
Development 136, 531–540. doi: 10.1242/dev.029769

Jacobs, F. M. J., Veenvliet, J. V., Almirza, W. H., Hoekstra, E. J., von
Oerthel, L., van der Linden, A. J. A., et al. (2011). Retinoic acid-dependent
and -independent gene-regulatory pathways of Pitx3 in meso-diencephalic
dopaminergic neurons. Development 138, 5213–5222. doi: 10.1242/dev.071704

Jung, H., Lee, S. K., and Jho, E.-h. (2011). Mest/Peg1 inhibits Wnt signalling
through regulation of LRP6 glycosylation. Biochem. J. 436, 263–269.
doi: 10.1042/BJ20101512

Khan, S., Stott, S. R., Chabrat, A., Truckenbrodt, A.M., Spencer-Dene, B., Nave, K.-
A., et al. (2017). Survival of a novel subset of midbrain dopaminergic neurons
projecting to the lateral septum is dependent on neuroD proteins. J. Neurosci.
37, 2305–2316. doi: 10.1523/JNEUROSCI.2414-16.2016

Kim, J.-I., Ganesan, S., Luo, S. X., Wu, Y.-W., Park, E., Huang, E. J., et al. (2015).
Aldehyde dehydrogenase 1a1 mediates a GABA synthesis pathway in midbrain
dopaminergic neurons. Science 350, 102–106. doi: 10.1126/science.aac4690

La Manno, G., Gyllborg, D., Codeluppi, S., Nishimura, K., Salto, C., Zeisel, A., et
al. (2016). Molecular diversity of midbrain development in mouse, human, and
stem cells. Cell 167, 566.e19–580.e19. doi: 10.1016/j.cell.2016.09.027

Lahti, L., Peltopuro, P., Piepponen, T. P., and Partanen, J. (2012). Cell-
autonomous FGF signaling regulates anteroposterior patterning and neuronal
differentiation in the mesodiencephalic dopaminergic progenitor domain.
Development 139, 894–905. doi: 10.1242/dev.071936

Liu, G., Yu, J., Ding, J., Xie, C., Sun, L., Rudenko, I., et al. (2014).
Aldehyde dehydrogenase 1 defines and protects a nigrostriatal dopaminergic
neuron subpopulation. J. Clin. Invest. 124, 3032–3046. doi: 10.1172/JCI
72176

Maxwell, S. L., Ho, H.-Y., Kuehner, E., Zhao, S., and Li, M. (2005). Pitx3
regulates tyrosine hydroxylase expression in the substantia nigra and identifies
a subgroup of mesencephalic dopaminergic progenitor neurons during mouse
development. Dev. Biol. 282, 467–479. doi: 10.1016/j.ydbio.2005.03.028

McCaffery, P. and Dräger, U. C. (1994). High levels of a retinoic acid-generating
dehydrogenase in the meso-telencephalic dopamine system. Proc. Natl. Acad.
Sci. U.S.A. 91, 7772–7776. doi: 10.1073/pnas.91.16.7772

Mesman, S., van Hooft, J. A., and Smidt, M. P. (2017). Mest/Peg1 is essential for the
development and maintenance of a SNc neuronal subset. Front. Mol. Neurosci.

9:166. doi: 10.3389/fnmol.2016.00166
Mesman, S., Von Oerthel, L., and Smidt, M. (2014). Mesodiencephalic

dopaminergic neuronal differentiation does not involve GLI2A-mediated SHH-
signaling and is under the direct influence of canonical WNT signaling. PLoS
ONE 9:e97926. doi: 10.1371/journal.pone.0097926

Nunes, I., Tovmasian, L. T., Silva, R. M., Burke, R. E., and Goff, S. P. (2003). Pitx3
is required for development of substantia nigra dopaminergic neurons. Proc.
Natl. Acad. Sci. U.S.A. 100, 4245–4250. doi: 10.1073/pnas.0230529100

Frontiers in Neuroanatomy | www.frontiersin.org 6 July 2017 | Volume 11 | Article 59

https://doi.org/10.1242/dev.01128
https://doi.org/10.1038/nn.2916
https://doi.org/10.1016/j.febslet.2015.10.022
https://doi.org/10.1016/j.cell.2005.10.037
https://doi.org/10.1242/dev.097394
https://doi.org/10.1007/s12035-016-0040-y
https://doi.org/10.1186/1749-8104-6-29
https://doi.org/10.1016/j.expneurol.2012.04.002
https://doi.org/10.1242/bio.20121230
https://doi.org/10.1093/hmg/ddi178
https://doi.org/10.1242/dev.065482
https://doi.org/10.1038/nn.2661
https://doi.org/10.1387/ijdb.092974ms
https://doi.org/10.1073/pnas.1520387113
https://doi.org/10.1128/MCB.23.13.4637-4648.2003
https://doi.org/10.1523/JNEUROSCI.1722-15.2015
https://doi.org/10.1111/ejn.12022
https://doi.org/10.1371/journal.pone.0074049
https://doi.org/10.1242/dev.02865
https://doi.org/10.1242/dev.029769
https://doi.org/10.1242/dev.071704
https://doi.org/10.1042/BJ20101512
https://doi.org/10.1523/JNEUROSCI.2414-16.2016
https://doi.org/10.1126/science.aac4690
https://doi.org/10.1016/j.cell.2016.09.027
https://doi.org/10.1242/dev.071936
https://doi.org/10.1172/JCI72176
https://doi.org/10.1016/j.ydbio.2005.03.028
https://doi.org/10.1073/pnas.91.16.7772
https://doi.org/10.3389/fnmol.2016.00166
https://doi.org/10.1371/journal.pone.0097926
https://doi.org/10.1073/pnas.0230529100
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Smidt Diversity among mdDA Neurons

Omodei, D., Acampora, D., Mancuso, P., Prakash, N., Di Giovannantonio,
L. G., Wurst, W., et al. (2008). Anterior-posterior graded response to Otx2
controls proliferation and differentiation of dopaminergic progenitors in
the ventral mesencephalon. Development 135, 3459–3470. doi: 10.1242/dev.
027003

Ono, Y., Nakatani, T., Sakamoto, Y., Mizuhara, E., Minaki, Y., Kumai,
M., et al. (2007). Differences in neurogenic potential in floor plate
cells along an anteroposterior location: midbrain dopaminergic neurons
originate from mesencephalic floor plate cells. Development 134, 3213–3225.
doi: 10.1242/dev.02879

Pacelli, C., Giguère, N., Bourque, M.-J., Lévesque, M., Slack, R., and Trudeau, L.-
É. (2015). Elevated mitochondrial bioenergetics and axonal arborization size
are key contributors to the vulnerability of dopamine neurons. Curr. Biol. 25,
2349–2360. doi: 10.1016/j.cub.2015.07.050

Panman, L., Andersson, E., Alekseenko, Z., Hedlund, E., Kee, N., Mong,
J., et al. (2011). Transcription factor-induced lineage selection of
stem-cell-derived neural progenitor cells. Cell Stem Cell 8, 663–675.
doi: 10.1016/j.stem.2011.04.001

Panman, L., Papathanou,M., Laguna, A., Oosterveen, T., Volakakis, N., Acampora,
D., et al. (2014). Sox6 and Otx2 control the specification of substantia
nigra and ventral tegmental area dopamine neurons. Cell Rep. 8, 1018–1025.
doi: 10.1016/j.celrep.2014.07.016

Poulin, J.-F., Tasic, B., Hjerling-Leffler, J., Trimarchi, J. M., and Awatramani, R.
(2016). Disentangling neural cell diversity using single-cell transcriptomics.
Nat. Neurosci. 19, 1131–1141. doi: 10.1038/nn.4366

Poulin, J.-F., Zou, J., Drouin-Ouellet, J., Kim, K.-Y., Cicchetti, F., and
Awatramani, R. B. (2014). Defining midbrain dopaminergic neuron
diversity by single-cell gene expression profiling. Cell Rep. 9, 930–943.
doi: 10.1016/j.celrep.2014.10.008

Rekaik, H., Blaudin de Thé, F.-X., Prochiantz, A., Fuchs, J., and Joshi, R. L. (2015).
Dissecting the role of Engrailed in adult dopaminergic neurons - Insights
into Parkinson disease pathogenesis. FEBS Lett. 589(24 Pt A), 3786–3794.
doi: 10.1016/j.febslet.2015.10.002

Reyes, S., Fu, Y., Double, K., Thompson, L., Kirik, D., Paxinos, G., et al.
(2012). GIRK2 expression in dopamine neurons of the substantia nigra and
ventral tegmental area. J. Compar. Neurol. 520, 2591–2607. doi: 10.1002/cne.
23051

Roeper, J. (2013). Dissecting the diversity of midbrain dopamine neurons. Trends
Neurosci. 36, 336–342. doi: 10.1016/j.tins.2013.03.003

Simeone, A., Puelles, E., Omodei, D., Acampora, D., Giovannantonio, L. G. D.,
Salvio, M. D., et al. (2011). Otx genes in neurogenesis of mesencephalic
dopaminergic neurons. Dev. Neurobiol. 71, 665–679. doi: 10.1002/dneu.20877

Simon, H. H., Bhatt, L., Gherbassi, D., Sgadó, P., and Alberí, L. (2003).
Midbrain dopaminergic neurons: determination of their developmental
fate by transcription factors. Ann. N. Y. Acad. Sci. 991, 36–47.
doi: 10.1111/j.1749-6632.2003.tb07461.x

Smidt, M. P. and Burbach, J. P. H. (2007). How to make a mesodiencephalic
dopaminergic neuron. Nat. Rev. Neurosci. 8, 21–32. doi: 10.1038/nrn2039

Smidt, M. P., Smits, S. M., Bouwmeester, H., Hamers, F. P. T., van der Linden,
A. J. A., Hellemons, A. J. C. G. M., et al. (2004). Early developmental failure
of substantia nigra dopamine neurons in mice lacking the homeodomain gene
{P}itx3. Development 131, 1145–1155. doi: 10.1242/dev.01022

Smits, S. M., Burbach, J. P. H., and Smidt, M. P. (2006). Developmental origin
and fate of meso-diencephalic dopamine neurons. Prog. Neurobiol. 78, 1–16.
doi: 10.1016/j.pneurobio.2005.12.003

Smits, S. M., von Oerthel, L., Hoekstra, E. J., Burbach, J. P. H., and Smidt,
M. P. (2013). Molecular marker differences relate to developmental position
and subsets of mesodiencephalic dopaminergic neurons. PLoS ONE 8:e76037.
doi: 10.1371/journal.pone.0076037

Sonnier, L., Le Pen, G., Hartmann, A., Bizot, J.-C., Trovero, F., Krebs, M.-O.,
et al. (2007). Progressive loss of dopaminergic neurons in the ventral
midbrain of adult mice heterozygote for Engrailed1. J. Neurosci. 27, 1063–1071.
doi: 10.1523/JNEUROSCI.4583-06.2007

Veenvliet, J., and Smidt, M. (2014). Molecular mechanisms of dopaminergic subset
specification: fundamental aspects and clinical perspectives. Cell. Mol. Life Sci.

71, 4703–4727. doi: 10.1007/s00018-014-1681-5
Veenvliet, J. V., Alves Dos Santos, M. T.M., Kouwenhoven,W.M., von Oerthel, L.,

Lim, J. L., van der Linden, A. J. A., et al. (2013). Specification of dopaminergic
subsets involves interplay of En1 and Pitx3. Development 140, 3373–3384.
doi: 10.1242/dev.094565

Villaescusa, J. C., Li, B., Toledo, E. M., Rivetti di Val Cervo, P., Yang, S., Stott, S. R.,
et al. (2016). A PBX1 transcriptional network controls dopaminergic neuron
development and is impaired in Parkinson’s disease. EMBO J. 35, 1963–1978.
doi: 10.15252/embj.201593725

Wey, M. C.-Y., Fernandez, E., Martinez, P. A., Sullivan, P., Goldstein, D. S.,
and Strong, R. (2012). Neurodegeneration and motor dysfunction in mice
lacking cytosolic and mitochondrial aldehyde dehydrogenases: implications for
Parkinson’s disease. PLoS ONE 7:e31522. doi: 10.1371/journal.pone.0031522

Wurst, W., Auerbach, A. B., and Joyner, A. L. (1994). Multiple developmental
defects in {E}ngrailed-1 mutant mice: an early mid-hindbrain deletion and
patterning defects in forelimbs and sternum. Development 120, 2065–2075.

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Smidt. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 7 July 2017 | Volume 11 | Article 59

https://doi.org/10.1242/dev.027003
https://doi.org/10.1242/dev.02879
https://doi.org/10.1016/j.cub.2015.07.050
https://doi.org/10.1016/j.stem.2011.04.001
https://doi.org/10.1016/j.celrep.2014.07.016
https://doi.org/10.1038/nn.4366
https://doi.org/10.1016/j.celrep.2014.10.008
https://doi.org/10.1016/j.febslet.2015.10.002
https://doi.org/10.1002/cne.23051
https://doi.org/10.1016/j.tins.2013.03.003
https://doi.org/10.1002/dneu.20877
https://doi.org/10.1111/j.1749-6632.2003.tb07461.x
https://doi.org/10.1038/nrn2039
https://doi.org/10.1242/dev.01022
https://doi.org/10.1016/j.pneurobio.2005.12.003
https://doi.org/10.1371/journal.pone.0076037
https://doi.org/10.1523/JNEUROSCI.4583-06.2007
https://doi.org/10.1007/s00018-014-1681-5
https://doi.org/10.1242/dev.094565
https://doi.org/10.15252/embj.201593725
https://doi.org/10.1371/journal.pone.0031522
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

	Molecular Programming of Mesodiencephalic Dopaminergic Neuronal Subsets
	1. Introduction
	2. Regional Coding That Drives mdDA Diversity
	3. Description of mdDA Neuronal Subsets
	4. Molecular Coding that Drives Developmental Subsets
	4.1. Intersectional Coding by Pitx3 and En1
	4.2. Intersectional Coding By Sox6 and Otx2
	4.3. Rspo2 Defines a Substantia Nigra Subset Vulnerable to Lmx1a Ablation
	4.4. Ahd2 Function in Development and Adult Dopaminergic Subsets
	4.5. Mest Is Essential for the Development of a SNc Subset
	4.6. NeuroD1 and NeuroD6 Are Essential for the Generation of a Subset of VTA Neurons.

	5. Conclusions
	Author Contributions
	References


