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Midbrain dopaminergic (DA) neurons in the substantia nigra pars compacta and ventral tegmental area
regulate extrapyramidal movement and important cognitive functions, including motivation, reward
associations, and habit learning. Dysfunctions in DA neuron circuitry have been implicated in several
neuropsychiatric disorders, including addiction and schizophrenia, whereas selective degeneration of DA
neurons in substantia nigra pars compacta is a key neuropathological feature in Parkinson disease. Efforts
to understand these disorders have focused on dissecting the underlying causes, as well as developing
therapeutic strategies to replenish dopamine deficiency. In particular, the promise of cell replacement
therapies for clinical intervention has led to extensive research in the identification of mechanisms
involved in DA neuron development. It is hoped that a comprehensive understanding of these mecha-
nisms will lead to therapeutic strategies that improve the efficiency of DA neuron production, engraft-
ment, and function. This review provides a comprehensive discussion on how Wnt/b-catenin and sonic
hedgehogeSmoothened signaling mechanisms control the specification and expansion of DA progenitors
and the differentiation of DA neurons. We also discuss how mechanisms involving transforming growth
factor-b and transcriptional cofactor homeodomain interacting protein kinase 2 regulate the survival and
maturation of DA neurons in early postnatal life. These results not only reveal fundamental mechanisms
regulating DA neuron development, but also provide important insights to their potential contributions
to neuropsychiatric and neurodegenerative diseases. (Am J Pathol 2016, 186: 478e488; http://
dx.doi.org/10.1016/j.ajpath.2015.09.023)
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Midbrain dopaminergic (DA) neurons are located in three
major nuclei, including the substantia nigra pars compacta
(SNpc; A9 group), the ventral tegmental area (VTA; A10
group), and the retrorubral field (A8 group) (Figure 1A). DA
neurons in SNpc project to dorsal striatum via the nigros-
triatal pathway, and regulate voluntary movement control as
part of the basal ganglia circuitry. In contrast, DA neurons in
VTA project to nucleus accumbens (ventral striatum), limbic
systems, and the prefrontal cortex via the mesolimbic and
mesocortical pathways, respectively (Figure 1A). Dopamine
released from the nigrostriatal pathway modulates cortico-
striatal transmission in medium spiny neurons expressing
dopamine D1 or D2 receptors, which leads to movement
stigative Pathology. Published by Elsevier Inc
activation or suppression, respectively.1e3 In Parkinson dis-
ease, loss of DA neurons from SNpc is thought to result in
overall motor inhibition because of differential effects on D1
and D2 receptoreexpressing neurons.1,2 In addition to its role
in motor control, recent studies have identified DA input
from SNpc to be important for goal-directed behaviors and
. All rights reserved.
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Figure 1 Mechanisms controlling neurogenesis and survival of dopaminergic (DA) neurons. A: A schematic diagram showing DA neuron clusters in
substantia nigra pars compacta (SNpc; A9), ventral tegmental area (VTA; A10), and retrorubral field (RRF; A8), and dopaminergic axonal projects from SNpc to
caudate/putamen (CPu; blue arrows), from VTA to nucleus accumbens (NAc) and olfactory tubercle (OT; green arrows), and from VTA to prefrontal cortex
(PFC; red arrows). B: The embryonic ventral midbrain undergoes patterning and neurogenesis from embryonic day (E) 8.5 to E13.5, wherein extrinsic factors
like sonic hedgehog (Shh), Wnt, and fibroblast growth factor (FGF) 8 activate transcriptional programs required for the specification of neural progenitor cells
and determination of their dopaminergic fate. A coronal section taken from an E12.5 midbrain shows newly born tyrosine hydroxlase (TH)epositive DA neurons
migrating from the ventricular zone, where DA progenitors are specified, to their final locations in the marginal zone. From E13.5 to P0, DA neurons undergo
further expansion and maturation as well as a period of programmed cell death, which peaks at P0 in mice. The transforming growth factor (TGF)-b pathway,
signaling through homeodomain interacting protein kinase 2 (HIPK2), supports the survival of DA neurons during PCD. Formation of functional connectivity
occurs from late embryonic to early postnatal stages. At this time, afferent dopaminergic pathways terminating in various cortical and striatal regions are
established, as shown in the P14 sagittal view of TH staining. In the ventral midbrain, local circuitry is also established by the extension of TH-positive
dendrites into substantia nigra pars reticulate and the formation of synaptic contacts from input neurons to DA neurons. This foundation of connectivity
is also TGF-b dependent and appears to dictate the excitation-inhibition balance of DA neurons. As aging progresses, multiple mechanisms, including c-Ret/
Parkin pathways, contribute to the degeneration of DA neurons. IHC, immunohistochemistry.
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habit learning.4e8 Moreover, the mode of DA neuron firing
(tonic or phasic) appears to predict or modulate distinct
aspects of behavior, with abolishment of phasic firing
selectively impairing acquisition of cue-dependent learning
and leaving other DA-dependent behaviors intact.9e11 In
contrast to DA neurons in SNpc, DA neurons in the VTA and
retrorubral field regulate cognitive functions, including
emotion, motivation, reward, and addictive behaviors.
Dysfunctions in these neurons have been implicated in
psychiatric disorders.

Despite the physiological and clinical relevance of
midbrain DA neurons and the associated neural circuitry,
the mechanisms involved in its establishment and
The American Journal of Pathology - ajp.amjpathol.org
maintenance are not well elucidated. To provide a more
comprehensive view of the DA neural circuit at structural
and functional levels, a major task has been to uncover the
cellular and molecular mechanisms that govern the devel-
opment of DA neurons and the formation of functional DA
neural circuits. Regarding the development of DA neurons,
there have been intense interests in the identification of both
intrinsic and extrinsic cues that determine cell fate specifi-
cation, progenitor expansion, and differentiation of DA
neurons12 (Figure 1B). The goal is to apply these mecha-
nisms to reprogram fibroblasts and generate large amounts
of DA neurons that can be used in cell replacement therapy
in Parkinson disease. If successful, these approaches will
479
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circumvent many technical and ethical issues related to
using human fetal midbrain tissue for transplantation. In
addition, investigations into trophic factor signaling in DA
neurons have emerged as a promising route of inquiry
because of their potential roles in early specification of DA
progenitors, the neuroprotective effect of trophic factors
against toxic insults, and their concerted activity in the
maintenance of the nigrostriatal circuit.13,14

In this review, we summarize our recent studies on the
role of Wingless-type MMTV integration site family
(Wnt)/b-catenin and sonic hedgehog (Shh)eSmoothened
pathways in the development of DA progenitors and DA
neurons. We also discuss how trophic support from
transforming growth factor (TGF)-b regulates the survival
and maturation of DA neurons, and how TGF-b and its
downstream signaling mechanisms might have broad
implications on the development and maintenance of
neural circuits involving DA neurons (Figure 1B). These
discussions summarize the emerging recognition of a
holistic approach to investigate DA neurons in the context
of circuit functions, and provide an important framework
for future studies to further elucidate additional mecha-
nisms that control the assembly, connectivity, mainte-
nance, and degeneration in the important neural circuits
established by DA neurons.

Development of DA Progenitors and DA Neurons
during Early Embryogenesis

Concerted Effects of Intrinsic and Extrinsic Factors
Regulate DA Neurogenesis

It is now established that midbrain DA neurons are origi-
nated from a neurogenic niche in the ventricular zone of the
ventral midbrain (vMB), where neurogenesis of DA neurons
occurs from approximately embryonic day (E) 9.5 to E14.5
in the mouse embryo. Within this neurogenic niche, the
expression of several cell typeespecific transcription fac-
tors, including Nurr1, Pitx3, En1/2, Otx2, Foxa1/2, Ngn2,
and Lmx1a, enable neural stem and progenitor cells to
establish proper cell identity, and control a cascade of
transcriptional machinery that regulates cell fate and
differentiation of DA neurons at the early stages of neuro-
genesis.15,16 DA progenitors that fail to express these tran-
scription factors show aberrant cell identity or undergo
accelerated degeneration because of cell death. Conversely,
overexpression of Nurr1, Pitx3, and Lmx1a in embryonic
stem cells promotes a robust generation of DA neurons with
molecular profiles and functional properties that resemble
DA neurons in vivo.17e19

In addition to the intrinsic transcriptional programs,
extrinsic factors, such as Wnts and Shh, can activate distinct
transcriptional cascades necessary for the induction of
the DA phenotype. Wnt signaling through the canonical
b-catenin pathway controls the activation of Otx2 and
Lmx1a/b20e22; however, Shh exerts its effects through
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Gli transcription factoremediated induction of Foxa2.23

Although distinct, these extrinsic signals and their intrinsic
transcriptional targets functionally interact at multiple
levels. At the ligand level, Wnt1 antagonizes Shh signaling
to cause down-regulation of Shh expression and its down-
stream target, Foxa2.24,25 However, forced expression of
Wnt1 transcription targets, Lmx1a and Otx2, acts syner-
gistically with Foxa2 to enhance differentiation of DA
neurons.20,26 The interplay between these distinct, yet
interdependent, mechanisms and their effects on DA neu-
rogenesis in vivo and in vitro is still not well-elucidated.

Patterning of DA Progenitor Domains in vMB

Several lines of evidence indicate that the ventral region of
the developing neural tube contains progenitors that can be
divided into a distinct domain on the basis of the expression
of cell typeespecific transcription factors, which are
required for the development of different groups of neurons
in the ventral neural tube.27e29 Consistent with this idea,
several studies have shown that a combinatorial code of cell
typeespecific transcription factors defines discrete progen-
itor domains in vMB that are distinctly different from the
ventral progenitors in the spinal cord. As early as E8 to
E8.5, the expression of transcription factors Lmx1a, Foxa2,
Nkx2.1, and Nkx6.1 can be identified in a group of pro-
genitors along the midline of vMB (Figure 2, A and B). As
neurogenesis progresses, the DA niche undergoes medial to
lateral expansion from E8.5 to E11.5. Unlike the developing
spinal cord, the Foxa2þ progenitor domain (D1 and D2
domains) in vMB undergoes a tremendous expansion and
shows a transient coexpression with Nkx2.2 at E9.5, followed
by a persistent and extensive coexpression with Nkx6.1 from
E10.5 to E12.5.26,30,31 Together, these results delineate a
dynamic expansion of the vMB progenitor domains that are
distinctively different from those in the spinal cord.

Role of Wnt/b-Catenin and Shh-Smoothened
Signaling in DA Neuron Development

Wnt/b-Catenin Signaling

Several members of the Wnt family have been shown to
regulate distinct aspects of the development of vMB DA
neurons. For instance, the canonical Wnt signaling mecha-
nisms, mediated by Wnt1, Wnt2, and Wnt3a, control the
patterning of midbrain-hindbrain boundary and the initial
generation of DA progenitors in vMB, whereas Wnt5a
regulates the differentiation of DA neurons.32e34 Results
from mouse genetic studies further reveal a network of
genetic interactions controlled by Wnt1 to regulate the early
expansion of DA progenitors and the differentiation of
DA neurons.22 Consistent with these results, removal of
b-catenin in vMB using Shh-Cre or in DA progenitors and
DA neurons using TH-IRES-Cre reveals a critical role of
Wnt/b-catenin signaling in cell cycle progression and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Wnt/b-catenin and sonic hedgehog (Shh)eSmoothened signaling mechanisms regulate the dopaminergic neurogenic niche in ventral midbrain
(vMB). A: Schematic diagrams illustrating the D1 to D4 progenitor domains in vMB defined by a combinatorial code of transcription factors from embryonic day
(E) 8.5 to E12.5. At E8.5, Foxa2 and Nkx6.1 double-positive progenitors define the D1 domain and expression of Nkx6.1-positive progenitors defines the D2
domain in vMB. At E9.5, the D1 domain expresses Foxa2 and Lmx1a, whereas the D2 domain expresses Foxa2, Nkx6.1, and Nkx2.2. A more lateral D3 domain
expresses Nkx2.2 only. At E10.5, D1 domain continues to express the same combination of Foxa2 and Lmx1a, but D2 domain expresses only Foxa2 and Nkx6.1.
At E11.5 to 12.5, D1 to D4 domains continue to express the same combination of transcription factors. Genetic analyses show that Shh-Smoothened signaling
exerts spatial and temporal influences on the progenitors in vMB at E11.5 to E12.5. B: Representative images of coexpression of transcription factors in the
vMB at E10.5. C: A schematic diagram showing that Wnt/b-catenin antagonizes Shh/Smoothened signaling in the DA progenitors in the neurogenic niche of
vMB. The image in A was adapted and modified from Tang et al.30 The image in B was adapted and modified from Tang et al,21 with permission from Company
of Biologists. The image in C was adapted and modified from Tang et al,24 with permission from Society for Neuroscience.

DA Neurons and the Brain Reward Circuits
differentiation during DA neurogenesis.21,25 In addition,
b-catenin is prominently expressed in the radial glia pro-
cesses and shows extensive colocalization with N-cadherin
in the adherens junction of DA progenitors.21 Consistent
with the important role of b-catenin in the maintenance of
adherens junctions, DA progenitors lacking b-catenin show
severe disruption of the radial glia process. These results are
similar to those reported in mice lacking N-cadherin.35

Given the important functions of radial glia in neuronal
migration during development,36 these results support the
idea that the interaction between b-catenin and N-cadherin
may regulate the migration and final segregation of DA
neurons to their final destination in SNpc and VTA.

Consistent with the role of Wnt/b-catenin in regulating
cell proliferation, constitutive activation of Wnt/b-catenin
by stabilizing b-catenin in DA progenitors shortens cell
cycle progression and leads to a marked expansion of early
DA progenitors that express Sox2, Ngn2, and Otx2, as well
as committed DA progenitors that express Lmx1a, Lmx1b,
and Nurr1. However, DA progenitors with stabilized
b-catenin exhibit reduced, rather than increased, production
of mature DA neurons. This phenotype may be because of
the perturbations in cell cycle progression in DA pro-
genitors. Alternatively, it is possible that the imbalance in
canonical and noncanonical Wnt signaling pathways in DA
The American Journal of Pathology - ajp.amjpathol.org
progenitors may suppress their ability to become mature DA
neurons. In support of the latter scenario, DA progenitors
expressing stabilized b-catenin are fully capable of differ-
entiating into mature DA neurons in the presence of Wnt5a
using dissociated cultures.24 In addition, cell typeespecific
activation of Wnt/b-catenin in a few Nurr1þ committed DA
progenitors using TH-IRES-Cre leads to an increase in
Nurr1þ cells and mature DA neurons in prenatal and peri-
natal brains.24 Together, these results are in agreement with
the data from mouse embryonic stem cells that forced
expression of Wnt target gene Lmx1a alone can induce a
robust up-regulation of Nurr1 and Pitx3, but only a limited
number of DA progenitors can differentiate into DA
neurons.20 Collectively, these results support that Wnt/b-
catenin signaling provides critical permissive cues to
support the expansion, cell cycle progression, and differ-
entiation of DA progenitors.

Antagonistic Interactions between Wnt/b-Catenin and
Shh-Smoothened

Unlike the diffuse and nondiscrete expression of Wnt
ligands, Shh expression is intense in vMB and defines an
enriched region that produces a diverse group of neurons,
including DA neurons, serotoninergic neurons, and neurons
481
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in the red nucleus.30,37e40 Consistent with these results, Shh
signaling effectors, including Shh receptor Smoothened,
Patched, and Gli1, show dynamic changes in vMB from
E9.5 to E12.5, whereas the expression of Gli2 and Gli3 is
more restricted to the dorsal midbrain. Interestingly, despite
the broad expression of Shh signaling effectors in vMB,
removal of Smoothened using Shh-Cre results in only a
transient reduction in DA progenitors at E10.5 in Shh-
Cre;Smofl/fl mutants30 (Figure 2). The modest and transient
loss of DA progenitors and DA neurons in Shh-Cre;Smofl/fl

mutants is different from the more severe DA neuron deficits
seen in En1-Cre;Smofl/fl and En1-Cre;Shhfl/fl mutants,38,41

most likely because of the broader patterning defects caused
by En1-Cre in the dorsal midbrain and vMB, which can
disrupt the expression of another important patterning gene,
FGF8, in the midbrain and hindbrain boundary.

Using in vitro cultures and mouse genetics, several groups
have shown that the canonical Wnt signaling antagonizes Shh
expression during the neurogenesis of DA neurons.21,24,25

Similar effects of Wnt and Shh have also been confirmed
for the generation of DA neurons from stem cells.20 Inter-
estingly, analyses of the phenotypes in loss-of-function Shh-
Cre;Smofl/fl mutants or the gain-of-function Shh-Cre;SmoM2
mutants indicate that Shh-Smoothened activity has a more
dominant effect in regulating the development of DA pro-
genitors at early embryonic stages before E10.5, whereas the
effects of the canonical Wnteb-catenin signaling are much
more robust after E12.5. Together, these results support the
model that Shh-Smoothened and Wnteb-catenin signaling
has sequential and antagonistic effects in regulating the
development of DA neurons.

Mechanisms Supporting DA Neuron Survival in
Postnatal Life

Developmental PCD in DA Neurons

After neurogenesis, the number of DA neurons progressively
increases from postnatal day (P) 0 and reaches its maximum at
P14. Similar to sensory and spinal motor neurons, DA neurons
undergo programmed cell death (PCD) after neurogenesis is
complete (Figure 1). In rats, two waves of PCD in DA neurons
have been described, with most PCD occurring between P0
and P4 and a much smaller number detected at P14.42 Similar
findings of PCD have also been identified in mice at perinatal
stages from E17.5 to P0, but the smaller peak of PCD in rats at
P14 has not been confirmed in mice.43

Several studies have investigated the underlying mecha-
nisms contributing to PCD in DA neurons. On the basis of
the timing of PCD in DA neurons, it has been proposed that,
similar to PCD in sensory neurons and spinal motor neu-
rons, competition for limited neurotrophic supports may
contribute to PCD in DA neurons. Indeed, several members
of the TGF-b superfamily, including glial cell lineederived
neurotrophic factor (GDNF), TGF-b, and bone morpho-
genic proteins, have been shown to mediate a spectrum of
482
developmental processes from gastrulation, epithelial-to-
mesenchymal transition, to vascular and neuronal develop-
ment.44,45 For instance, GDNF receptors c-Ret and GDNF
family receptor (GFR)a1 are expressed in DA neurons during
development and in postnatal life, whereas GDNF mRNA is
present in high abundance in the striatum. Interestingly,
ectopic expression of GDNF in the striatum reduces the extent
of PCD in DA neurons at perinatal stages.46,47 In contrast,
injection of GDNF neutralizing antibody in the striatum
enhances PCD at perinatal stages.47 Despite these results,
however, most studies indicate that mice lacking GDNF,
GFRa1, or c-Ret in DA neurons show no evidence of deficits
in DA neurons during perinatal stages,48e52 although one
study argues that removal of GDNF in adult brains is sufficient
to compromise the survival of DA neurons.53,54 Interestingly,
removal of c-Ret appears to affect the maintenance of mature
DA neurons during the aging process via the prosurvival
phosphoinositide-3-kinaseeNF-kB pathway and Parkin-
dependent regulation of mitochondrial functions.55 These
results reveal surprising and previously unrecognized roles
of GDNFec-Ret signaling in the maintenance of DA
neurons during neurodegeneration processes, and suggest
the presence of additional trophic factors that could sup-
port the survival and functions of DA neurons in perinatal
and early postnatal stages.

Signaling Mechanisms of TGF-b in Neural Development

Three different TGF-b ligands, TGF-b1, TGF-b2, and
TGF-b3, bind to the serine/threonine receptor kinase
TGF-b type II receptor (TbRII) to activate a myriad of
signal transduction pathways. Engagement of TGF-b li-
gands with TbRII causes the recruitment and phosphory-
lation of the TGF-b type I receptor, which, in turn,
phosphorylates receptor-regulated Smads (R-Smads,
including Smads 2 and 3), allowing them to form com-
plexes with co-Smads (Smad 4). The activated Smad
complex translocates to the nucleus, where it regulates the
transcription of target genes by targeting specific enhancer
elements.56e58 The final outcome of this canonical TGF-b
signaling depends on the chromatin state of the target
genes, and can be further modulated by the recruitment of
transcriptional cofactors that promote or inhibit transcription.58

Depending on the cellular context, TGF-b signaling can also
be activated through Smad-independent (noncanonical) path-
ways, mediated through the activation of kinases like Erk,
stress-activated protein kinase/c-Jun N-terminal kinase, and
p38 mitogen-activated protein kinase.44,45 Such diverse
signaling mechanisms contribute to the context-dependent and
unique roles of TGF-b during brain development, as well as
maintenance, and aging processes.
Several lines of evidence indicate that TGF-b has diverse and

highly evolutionarily conserved roles in regulating induction,
specification, and maintenance of the neural phenotype that is
highly context dependent on spatial, temporal, and cell type
specificity. For instance, inhibition of TGF-b signaling leads to
ajp.amjpathol.org - The American Journal of Pathology
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induction of neural tissue in the ectoderm during gastrula-
tion59,60 and conversion of human ES and iPS cells to a neural
fate.61 In Drosophila, TGF-b signaling is important in regu-
lating synaptic growth, as well as axonal remodeling during
metamorphosis.62,63 In addition, loss of TGF-b1 leads to
neuronal apoptosis, whereas neutralization of TGF-bs prevents
ontogenetic neuron death.64,65 To circumvent indirect or
nonecell-autonomous effects of loss-of-function in TGF-b,
several studies use more conditional mutagenesis approaches to
directly address the cell-type specificity of TGF-b signaling.
For instance, loss of TGF-b signaling from neocortical neurons
prevented axon specification through interaction with the Par3/
6 polarity complex.66 Furthermore, deletion of TbRII from
retinal ganglion cells during development of the visual system
resulted in synaptic pruning defects in the lateral geniculate
nucleus.67

TGF-beHomeodomain Interacting Protein Kinase 2
Signaling in DA Neuron Development

Several studies have shown TGF-b signaling can provide
trophic supports for DA neurons during development
(Figure 1). The neurotrophic effect of TGF-b is further
underlined by the routine use of TGF-b ligands to derive
DA neurons from mouse and human embryonic stem
cells.68 Addition of TGF-b1 to embryo-derived vMB neu-
rospheres along with GDNF family ligands also induces the
expression of transcription factors like Nurr1 and Pitx3,
critical regulators of mDA neurons.69 vMB astrocytes have
also been shown to induce DA neurogenesis from rat vMB
precursors through release of TGF-b3.70,71 A series of
genetic studies indicate that TGF-b signaling critically
regulates the survival of DA neurons. For instance, lack of
TGF-b3 results in increased apoptosis of THþ neurons in
SNpc and VTA during the period of PCD at P043; however,
these mutant mice did not show a detectable difference in
DA neurons at E12.5, suggesting that TGF-b is required for
the survival, but not neurogenesis, of these neurons. Mice
with single null mutations of TGF-b isoforms also do not
display severe phenotypes in midbrain DA neurons during
embryonic development, suggesting that TGF-b isoforms
may functionally compensate for each other.71e73 In support
of this idea, double knockout of TGF-b2 and TGF-b3 leads
to a loss of DA neurons at E14.5 in mouse embryos.74

Together, these results support that a different TGF-b
isoform may be functionally redundant in regulating the
survival of DA neurons during embryonic development.

Despite the well-documented effects of TGF-b in the
survival of DA neurons in culture and during embryonic
development,75 the perinatal or early postnatal lethality of
TGF-b null mice precludes investigation into the func-
tions of TGF-b in the maturation and postnatal develop-
ment of the nigrostriatal and mesocortical system. Some
recent studies suggest a role for TGF-b in postnatal
development of vMB DA neurons. It was determined that
TGF-b2 haploinsufficient mice have reductions in DA
The American Journal of Pathology - ajp.amjpathol.org
neurons and striatal dopamine at 6 weeks of age.76 Smad3
(a downstream mediator of TGF-b signaling) deficient
mice were also reported to lose nigrostriatal neurons at
approximately 2 to 3 months of age.77 However, these
studies have inherent limitations, such as the failure to
account for cell type specificity and the lack of distinction
between a neurodevelopmental and a neurodegenerative
phenotype.

Several transcriptional cofactors have been identified to
further diversify the cell typeespecific and context-dependent
modifications of the outcome of TGF-b signaling. Among
these, homeodomain interacting protein kinase 2 (HIPK2) can
directly interact with R-Smads, including Smad1, Smad2, and
Smad3, and thereby enhance the suppressor functions of
Smad1 on activation by bone morphogenic proteins.78 In
addition, interaction between HIPK2 and Smad2/3 promotes
their transcriptional activity and regulates the expression of
several TGF-b target genes.43,78,79 Interestingly, HIPK2
expression is prominent in the developing nervous system and
HIPK2 has been implicated in neuronal survival and cell cycle
regulation in stem and progenitor cells.80,81 In the developing
vMB, HIPK2 can be detected in nascent DA neurons from
E15.5 to P0, but not in DA progenitors at earlier embryonic
stages. Consistent with the role of HIPK2 in regulating the
prosurvival function of TGF-b signaling, analyses of Hipk2�/�

mutants show that loss of HIPK2 does not affect DA neuro-
genesis, but leads to a significant increase in cell death in DA
neurons during perinatal stages that coincide with PCD. DA
neurons lacking HIPK2 fail to respond to the prosurvival
signals from TGF-b, but not to GDNF or fibroblast growth
factor 8.43 Because of the increase in PCD, Hipk2�/� mutants
show approximately 40% of DA neuron loss in SNpc and
VTA throughout the postnatal life. Interestingly, unlike the
DA neuronespecific c-Ret conditional mutants, Hipk2�/�

mutants do not show further reduction of DA neurons during
the aging process (J. Zhang, unpublished data). These results
underline the critical, yet stage-dependent, role of TGF-
beHIPK2 signaling supporting DA neurons during PCD.
Because of the significant loss of DA neurons, Hipk2�/�

mutants exhibit several parkinsonian symptoms, including
resting tremor and difficulty in initiating movement, especially
at early postnatal stages. Although these phenotypes subse-
quently subside, adult Hipk2�/� mutants continue to show
psychomotor behavioral deficits, including reduced activity in
a novel environment, which can be corrected by injections of
psychomimetic agents, such as amphetamine and cocaine.43

Together, these results support the important role of TGF-
beHIPK2 signaling in DA neuron survival and maturation at
perinatal and early postnatal stages (Figure 3). Given the
persistent neurological phenotypes in adult Hipk2�/� mutants,
it is possible that the same mechanism may further contribute
to DA neural circuits by regulating synaptic connectivity and
functions.

In addition to the essential role of TGF-beHIPK2 in
supporting the survival of vMB DA neurons during PCD,
loss of HIPK2 also affects the postnatal development of DA
483
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Figure 3 A working model for homeodomain
interacting protein kinase 2 (HIPK2) in the
downstream signaling pathways of transforming
growth factor (TGF)-b and bone morphogenetic
protein (BMP). In dopaminergic (DA) neurons,
HIPK2 interacts with R-Smads to regulate the
transcription of R-Smad downstream target genes
that promote the survival of DA neurons. In
contrast, within the enteric nervous system, HIPK2
appears to inhibit phosphorylation of Smad1/5/8
in enteric neurons through unknown mechanisms
to regulate BMP signaling. TbRII, TGF-b type II
receptor.
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neurons in the enteric nervous system (ENS). The mecha-
nism of HIPK2 in the enteric DA neurons, however, is
slightly different from that in vMB DA neurons. Unlike
vMB DA neurons, DA neurons in the ENS show no
detectable canonical TGF-b signals, as revealed by the lack
of p-Smad2/3 staining. Instead, enteric DA neurons and
their neighboring glia receive robust trophic factor supports
from bone morphogenic protein signaling to regulate the
diversity and maturation of these cells.82e84 Interestingly,
loss of HIPK2 does not affect the embryonic development
of ENS, but leads to a significant reduction in the number of
DA neurons in ENS in early postnatal life.85 Most enteric
neuron Hipk2�/� mutants show features of growth and
maturation arrest, including reduced ganglion size, inter-
ganglionic fiber density, and synaptic density within the
ENS. These phenotypes can be detected as early as P0 and
persist in adult mice. Curiously, enteric neurons in Hipk2�/�

mutants show a significant increase in p-Smad1/5/8
expression and autophagosome formation. These results,
together with the increase in glia density in the ENS of
Hipk2�/� mutants, indicate that HIPK2 most likely has cell
contextedependent functions in regulating synapse forma-
tion, autophagy pathway in enteric neurons, and the neuron-
glia decision in ENS (Figure 3).

Mechanisms Regulating Circuit Assembly in DA
Neurons

Neurotrophic Factors and Maturation of DA Neurons

The perinatal and early postnatal stages define critical
periods when DA neurons undergo tremendous growth
and maturation, as evidenced by the extensive neurite
outgrowth, synaptic connections, and the acquisition of
484
unique rhythmic firing properties. Output firing patterns
of SNpc midbrain DA neurons are determined by the
integration of synaptic inputs from diverse regions in the
brain.86,87 Glutamatergic and cholinergic afferents from
somatosensory/motor cortex and the subthalamic nucleus
likely drive phasic firing, whereas GABAergic input from
areas like dorsal striatum and globus pallidus likely
mediate suppression of firing.86e88 More recently, local
inhibitory microcircuits in the substantia nigra pars
reticulata were shown to directly attenuate phasic firing of
SNpc DA neurons in an associative learning behavioral
paradigm.89 Consistent with this idea, the extent of DA
dendritic innervation into substantia nigra pars reticulata
dictated GABAergic input and predicted inhibitory re-
sponses to aversive stimuli.90

Despite these characteristic properties of DA neurons,
there is limited information regarding the molecular
mechanisms that regulate the formation of these properties.
Several lines of evidence support that exogenous factors,
such as Shh, Wnt, GDNF, and TGF-b, may continue to
modulate the maturation and synaptic connectivity in DA
neurons in postnatal life. These results underline the stage-
dependent, multimodal functions of these factors. For
instance, amperometric techniques measuring the quantal
release of dopamine from presynaptic terminals also support
that GDNF can significantly increase quantal size.91

Consistent with these results, GDNF treatment in rat DA
neurons isolated from VTA leads to an increase in excit-
atory synaptic terminals and thereby promotes dopamine
release from the terminals.92 Although the exact mechanism
of GDNF in regulating synaptic transmission has not been
formally investigated at the structural level, one possibility
is that GDNF may promote the growth of local excitatory
synaptic inputs to DA neurons.
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DA Neurons and the Brain Reward Circuits
Unexpected Role of Shh in Adult DA Neurons

Another developmentally critical factor that continues to
modulate adult DA neuron functions is Shh, which when
exogenously applied to the striatum increases the resistance of
DA neurons to toxicity caused by neurotoxins 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine and hydroxydopamine.93,94

Interestingly, Shh and Shh receptor Smoothened are
expressed in adult DA neurons, whereas Shh coreceptors
Patched 1 and Patched 2 are expressed in neighboring cells.
Removal of Shh from DA neurons causes progressive loss
of DA neurons. In contrast, removing Smoothened from
DA neurons does not lead to any detectable defects in DA
neurons. These results support a nonecell-autonomous
mode of Shh signaling in supporting the maintenance of
adult DA neurons.95 Characterizations of DA neurons
lacking Shh further reveal that Shh is required to maintain
the expression of GDNF in striatum. As a consequence,
loss of Shh in DA neurons further leads to subtype-specific
dysregulation of gene expression in striatal neurons.
Together, these results reveal surprising roles of Shh,
which is produced and released by DA neurons, in regu-
lating the structural and functional integrity of the
nigrostriatal neural circuits.
Relevance to Neurodegenerative and
Neurodevelopmental Disorders

By investigating Wnt/b-catenin, Shh-Smoothened, and
TGF-beHIPK2 signaling mechanisms in the development
of DA neurons, we and others have uncovered several
fundamental principles that govern neurogenesis, survival,
and maintenance of DA neurons. Not only do these results
provide unprecedented clarity regarding the cellular and
molecular mechanisms that are essential to control the
development of DA neurons within the neurogenic niche
and support the survival of DA neurons once they become
fully mature, they also lead to many unanswered questions
regarding additional mechanisms that can potentially regu-
late connectivity, synaptic functions, and degeneration in
DA neurons. For instance, in addition to the unexpected
roles of GDNF and Shh in regulating synaptic functions and
neural circuit integrity in adult DA neurons, one recent
study shows that GDNF receptor c-Ret can work synergis-
tically with Parkin, which is mutated in the autosomal
recessive form of Parkinson disease, to improve mitochon-
drial function and the survival of DA neurons.55 These re-
sults provide important insights to the potential roles of
GDNFec-Ret in maintaining long-term survival of DA
neurons in the aging brain. In a similar vein, it is possible
that a TGF-beSmadeHIPK2 signaling mechanism may
regulate synapse formation and homeostasis in mature DA
neurons, similar to those reported in the invertebrate ner-
vous system.96,97 Indeed, our unpublished results indicate
that TGF-b signaling in postnatal DA neurons appears to
The American Journal of Pathology - ajp.amjpathol.org
regulate dendritic growth and the balance of excitatory and
inhibitory synaptic inputs. As a consequence, conditional
mutants lacking TbRII in DA neurons exhibit reversal
learning deficits and hyperactivity, resembling patients with
attention-deficit/hyperactivity disorder (S.X.L., unpublished
data). In addition to its role in regulating synaptic balance, it
will be important to investigate how TGF-beHIPK2
signaling in DA neurons affects our understanding of the
pathogenesis of Parkinson disease. Specifically, does HIPK2
continue to regulate survival of DA neurons when these
neurons are exposed to factors that trigger neurodegeneration?
Furthermore, it is now well-established that patients with
Parkinson disease show Lewy body pathology in the ENS at
the early stage of disease progression.98,99 Consistent with
these findings, transgenic mice expressing mutant a-synuclein
show reduced DA neurons in the ENS.100 The similar ENS
phenotypes in a-synuclein transgenic mice and Hipk2�/�

mutants raise the possibility that HIPK2 might be mechanis-
tically linked to the pathogenesis of a-synuclein proteinopathy.
These intriguing questions will provide important guidance for
future research that will lead to discovery of disease mecha-
nisms and therapeutics.

In conclusion, investigations to the molecular and cellular
mechanisms of DA neuron development have uncovered
many fundamental principles that govern the patterning,
specification, differentiation, survival, and circuit formation
in DA neurons. Intriguingly, there is increasing evidence
that perturbations to these mechanisms may also contribute
to the pathogenesis of neurodegenerative and neuro-
developmental diseases, such as Parkinson disease and
attention-deficit/hyperactivity disorder. These results will
provide important guidance for future exploration of more
disease mechanisms and potential therapeutic targets.
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