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1.1

Characterisation of vulnerable neuronal populations
Mature visceromotor neurons of the dorsal motor nucleus of the vagus

Degeneration: The 10N was one of the first nuclei to be implicated in PD, when Fritz Jakob
Lewy identified intracellular protein aggregates within this nucleus, while analysing brain samples
from post-mortem PD patients.1 For virtually all patients, a strong Lewy pathology was reported
within the population of parasympathetic preganglionic neurons which project their axons via the
vagus nerve and that apparently lack neuromelanin.1, 2
Cell loss experiments have also shown a reduced number of cells within the 10N. Nevertheless,
there is still a debate about the most vulnerable neuronal populations. Some studies claim loss of
neuromelanin-containing neurons, while others have not been able to confirm this.1 It has been
suggested that the preganglionic parasympathetic projection neurons are the first to degenerate3
and that cell loss may only occur at a later stage of the disease.1
Location and biochemical characterisation: The centrointermediate subnucleus (10Cel) of the
10N holds the visceromotor preganglionic component of the vagus nerve, which exits the brainstem
dorsolaterally and is claimed to be the most susceptible 10N neuronal population in PD.4 This
subnucleus is one of the eight different subregions that have already been identified within the 10N
and also one of the first to develop in the human brain, together with the dorso- (10DI) and the
ventro-intermediate (VI) subnuclei.5, 6
In rats, visceromotor neurons of the 10N (from 10Cel) are mainly generated around E10-11 and
have been suggested to be cholinergic, since they express choline O-acetyltransferase (CHAT).7, 8
These CHAT-positive cranial motor neurons are located dorsally or dorsolaterally to the hypoglossal
nucleus.7 In mice, the cell bodies of these neurons form a column within the central portion of the
medulla within rhombomere R7 and R8.9, 10 The arrangement of all cranial motor neurons within the
CNS and their corresponding innervations show a high degree of conservation between vertebrates.10
In the Allen Human Brain Reference atlas, the 10N is part of the efferent nuclei of cranial nerves in
the medulla oblongata (MoEN).
These visceromotor neurons express calbindin5 and the catecholaminergic enzymes tyrosine hydroxylase (TH)5 and aromatic acid decarboxylase (DDC). Despite the expression of these enzymes,
which imply the existence of cytosolic catecholamines, these catecholamines may not be released
due to the lack of vesicular monoamine transporters.1, 11 Several other human post-mortem studies
have characterised these neuronal populations and discovered high concentrations of receptors for
somatostatin, cannabinoids and dopamine (D2 and D4), together with dopamine beta-hydroxylase
(DBH) and bombesin.12 The 10N also holds a noradrenergic group of neurons, called the A2 group.1
Function and phenotype: Cranial motor neurons can generally be classified according to three
subsets, the visceral motor (VM), the branchiomotor (BM) and the somatic motor (SM) neurons,
whilst the spinal motor neurons only include SM and VM neurons.9 The 10N visceromotor populations are preganglionic (efferent) neurons13 that belong to the cranial subset and represent the largest
parasympathetic population in the brainstem. Their axons project via the vagus nerve and navigate
long distances from the CNS towards the correspondent peripheral parasympathetic ganglia9, 10 and
synapse directly with a subset of neurons within the myenteric and submucosal ganglia.14 These motor fibres represent just a small portion of the existing fibres in the vagus nerve, which mainly contain
afferent sensory fibres,13 and their axonal terminals form a characteristic network of fibres arborising
around the target ganglia.14 10N visceromotor neurons are key regulators of autonomic functions
within the viscera, the thorax (heart, lungs, esophagus) and the abdomen (spleen, pancreas, small
intestine, proximal large intestine).

1

Dysfunction of cranial motor neurons is frequently associated with specific symptoms, which are
characteristic of some neurodegenerative disorders, such as PD and amyotrophic lateral sclerosis. In
the latter, there is a progressive loss of the upper motor (corticomotor) and lower motor (brainstem
and spinal cord) functions. Therefore, possible correlation between the degeneration of the cranial
motor neurons in the aetiology of amyotrophic lateral sclerosis can also be taken into consideration
when studying PD.15

1.2

Mature serotonergic neurons of the lower and upper raphe nuclei

Degeneration: Most severely affected are serotonergic populations of the median raphe (MnR/B8)16
and of the raphe obscurus (ROb/B2),16 located in rostral and caudal clusters of the raphe nucleus,
respectively. In PD patients, the median raphe population (MnR/B8) can be reduced by onehalf 16, 17 and presents with some evidence of Lewy pathology.1, 16 On the contrary, the raphe obscurus
(ROb/B2) presents a comparatively smaller fraction of cell loss,16 but with greater evidence of Lewy
pathology within medium-sized lipofuscin-laden neurons.1, 2, 4, 16 Other raphe populations have also
been associated with PD, due to the presence of either Lewy pathology and/or cell death, although
the relation has not yet been fully described.4 Examples include the raphe magnus (RMg/B3) and
the dorsal raphe nucleus (DR/B6-7).
Location and biochemical characterisation: Differential gene expression studies have suggested an homeodomain code that distinguishes these two clusters during development.18, 19 Indeed,
recent transcriptomic datasets have provided new markers to enable the classification of different
sub-types of serotonergic neurons within raphe nuclei.18 However, only a few markers are able
to distinguish the molecular differences between these populations.18 Gene expression profiles of
heterogeneous rostrocaudal sub-types of raphe serotonergic neurons are complex despite their common monoaminergic character. All serotonergic populations in raphe nuclei are identifiable by the
enzymes involved in the synthesis of serotonin, including tryptophan hydroxylase (TPH2) and Laromatic amino acid decarboxylase (DDC). Moreover, they are also characterised by the expression
of the serotonin transporter, SLC6A4.
Function and phenotype: Raphe nuclei contain different groups of central serotonergic neuronal populations (B1-B9), intermingled in variable portions with other non-serotonergic neuronal
populations.4 Their serotonergic populations are phenotypically different, but share a common predominance of medium-sized, multipolar projection neurons that contain large quantities of lipofuscin
pigment granules.4
Raphe nuclei are located throughout the hindbrain and are classically subdivided into a rostral
and a caudal cluster. The rostral cluster is named raphe pontis (PnRa/B5-9) or upper raphe and is
located in the pons. The caudal cluster is named raphe nuclei in the medulla oblongata (MoRa/B14) or lower raphe. Each of these clusters contains different nuclei that project to different locations
in the brain. Different raphe populations show variable degrees of Lewy pathology and cell death
in PD. The MoRa predominantly contains descending projections and consists of the raphe magnus (RMg/B3), the raphe pallidus (RPa/B1) and the raphe obscurus (ROb/B2). These descending axonal projections modulate a diverse set of physiological processes, such as cardiorespiratory
homeostasis, thermoregulation, and nociception.20–24 In turn, the PnRa contains the somata of the
ascending projections of several nuclei, including the dorsal raphe (DR/B6-7), the median raphe
(MnR/B8), the paramedian raphe (PMnR/B9) and the raphe pontis nucleus (PRn/B5). These ascending pathways are responsible for the modulation of emotional responses, circadian rhythms and
energy balance.25, 26
The serotonergic system has a modulatory function and its very diffuse innervation results in
a very broad direct and indirect induction of widespread brain targets. Therefore, serotonergic
neurotransmission has been implicated in the regulation of a vast array of neuronal circuits of
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behavioural and physiological states and functions, such as sleep, mood, appetite, anxiety, and
neurovegetative control.27
Some genetic perturbations of developmental and specification processes have been linked with
alterations in rodent behaviour24, 28, 29 and are thought to significantly contribute to susceptibility
of human emotional and stress-related neurodevelopmental pathogenesis in adulthood30 .18 Thus, a
correct expression of developmental transcription factors is crucial for the correct specification of
all raphe populations. Some polymorphisms within the correspondent genes have been correlated
with functional changes in their protein levels or biological activities.31 Genetic studies have further
highlighted these polymorphisms (in single or combined nucleotides) as predisposition factors for
several neuropsychiatric disorders, such as anxiety and depression.32–35 In this regard, it’s important
to understand how the phenotype of the different raphe neuronal subsets is acquired and regulated
during development.36

1.3

Mature noradrenergic neurons of the LC/SubC

Degeneration: The LC nucleus has been identified as severely affected in virtually all PD patients.
The affected populations are noradrenergic neurons from the A6 group, located within the central
portion of the LC and projecting to the temporal cortex and hippocampus.16 Lewy pathology has
mainly been observed in large projection neurons that contain neuromelanin2, 4, 37 and is not observed
in non-melanin-containing neurons.1, 16
Many other studies report cell loss within the coeruleus and subcoeruleus complex, in both
noradrenergic4, 16 and neighbouring populations within the LC.38 Despite these findings, there is an
inconsistent correlation between cell loss and age in these nuclei.39
Location and biochemical characterisation: LC neurons are among the earliest-born neurons in the brain and can be found in the R1 from E9.5 onward,40–46 together with their radial
migration towards the pial surface. In subsequent steps, around E14.5, these populations migrate
ventrocaudally and settle in the lateral basal plate, close to the forth ventricle.45–47
The coeruleus-subcoeruleus complex consists of the LC and subcoeruleus (SLC) nucleus, containing the A6 and A7 groups of noradrenergic neurons, respectively.4 In humans, both populations
locate in the dorsal part of the pons, within the pontine tegmentum, and in mouse the A6 group
is located within the rhombomere R1, while the A7 group is located in both rhombomeres R1 and
R2.48 Most of these neurons are pigmented and secrete the neurotransmitter noradrenaline.39 This
population is also known to express α2-adrenoceptors, which are suggested to decline in number
with age.39
Function and phenotype: The LC A6 neuronal population is the major noradrenergic centre
in vertebrate CNS,44 with a widespread network of projections that contribute to the regulation of
arousal, attention, sleep/awareness, and adaptive behaviour.46 Phenotypically, these neurons have
long, thin, and sparsely myelinated axons that project to the striatum, cerebellum, and multiple
other areas in the cortex and portions in the lower medulla.4, 39

1.4

Mature dopaminergic neurons of SNC and PaN

Degeneration: In mid-stage PD patients, there is a heterogeneous loss of DN within substantia
nigra populations and the most affected neurons reside within the SNC (A9).16, 49, 50 This loss appears to be specific to PD51 and its progressive degeneration is the best documented lesion.1 One
of the latest studies addressing degeneration in the SNC estimated that one-third of the striatal
dopaminergic terminals are affected.52 Nevertheless, this estimation is low in comparison with the
of reported 50-80% reduction, which is generally considered to be with the appearance of motor
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symptoms.4 It is also important to note that substantia nigra degeneration and motor dysfunction generally correlate in PD, although in some other diseases with parkinsonian symptoms, these
neurons do not exhibit cell loss.53
Lewy pathology appears in melanised neuronal populations of SNC posterolateral subnucleus2, 4
and progressively affects other posterior subnuclei (posteromedial and posterosuperior).54, 55 Several
other immunocytochemical studies have also confirmed that neurons located in a more ventral tier
are more vulnerable than those in a medial position.56 Furthermore, SNC DN are more vulnerable to
cell death than the ones of other nuclei, which lie around the same ventral location.57–60 Melanised
dopaminergic populations of the PaN (A10) and PBP (A10) display less pronounced changes in
PD patients. Moreover, ventral tegmental area populations (VTA/A10) are relatively spared from
disease pathology.61 Unfortunately, there is still no consensus as to the reason for this apparent
resistance to degeneration.4
Various molecular62 and electrophysiological63 studies have already highlighted the existence of
an intricately organised complex of interdigitated dopaminergic neuron sub-types within mesodiencephalic dopaminergic populations.64, 65 Generally located in similar but distinct anatomical
locations, these neurons apparently have different sensitivity do degeneration, connectivities and
functional characteristics.66, 67 These differences highlight some distinct morphological features, cotransmitters and other distinctive marker proteins.68
Biochemical characterisation: In the SNC, ventral tier neuromelanin-containing neurons are
specifically susceptible to degeneration,61 although some of the most highly pigmented neurons in
the brain are spared in PD.69, 70 These populations present low levels of calbindin (CALB1)55, 71
and SLC18A2, higher levels of SLC6A3, as well as decreased vesicular accumulation of dopamine.1, 54, 65, 72, 73 They are also immunopositive to the potassium channel KCNJ6 (GIRK2), to D2
dopamine receptors and to lactotransferrin (LTF).56
Function, phenotype and location: The substantia nigra is located in the inferior midbrain
tegmentum and extends from the posterior tip of the mammillary body to the oculomotor nucleus.74
This nucleus holds three different zones, including a cell-dense pars compacta (A9), a cell-sparse
pars diffusa and a reticulate portion. Additionally, within the pars compacta portion, seven other
subnuclei can be distinguished, according to their location.75
SNC DN are located close to the floor plate, at the ventral rim of the neuroepithelium,76 and
have a spherical and marginally located nucleus, with neuromelanin granules at the other cell pole.
These neurons have a few thick dendrites that are arranged in bundles and do not generally project
beyond the boundaries of the substantia nigra. Moreover, their axons project to the dorsal striatum
via the nigrostriatal pathway. These axons are of a fine-caliber, are thinly myelinated and have
a thick cone-shaped initial segment.4 These populations are required for the control of voluntary
movement and their loss results in an impairment of motor function.68, 77
In humans, the A10 group consists of seven nuclei, which include the parabrachial pigmented
nucleus, the PaN and the ventral tegmental area.78 The PaN (A10) and the PBP (A10) are located
in the ventromedial midbrain tegmentum and provide the major afferent dopaminergic projections
to the amygdala, the hippocampal formation, and the entorhinal region.4 Moreover, the dense
dopaminergic projections from the PaN reach the neocortical motor areas, the anterior cingulate
fields and the prefrontal association areas.4 Likewise, the ventral tegmental area (VTA) is located in
the ventral midbrain tegmentum and its neurons innervate the ventral striatum and the prefrontal
cortex via the mesocorticolimbic system, which is involved in the regulation of emotion and reward.
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Neuronal and neurotransmitter identity of brainstem monoaminergic populations

Phenotypic characterisation of neuronal morphology and electrophysiology are very informative but
do not provide as many measurable attributes as, for example, transcriptomic data.79 Neurotransmitter and electrophysiological phenotypes can be correlated with the transcriptomic signatures
of mature neurons, but such correlation is more challenging for quantitative morphology and connectivity. Also, morphology and connectivity is determined by transcriptional programs that are
only active during development.80 In contrast, enzymes involved in neurotransmitter biosynthesis
as well as the corresponding receptors and ion channels are required to be expressed in a mature
state and form part of the mature neuronal signature.79
The developmental choice of neurotransmitter is one of the better documented aspects of neuronal
identity (Figure 3) for which many key regulatory genes and crucial extrinsic factors have already
been revealed.44 Most of the vulnerable populations in PD produce monoamines that can be used
for neurotransmission, which confers a similar neurotransmitter identity defined by the expression of
similar key biosynthetic enzymes44 (Supplementary information 1). These biogenic neurotransmitters
are synthesised from aromatic amino acids, such as phenylalanine, tyrosine or tryptophan and can
be classified as cathecholamines (dopamine, noradrenaline and adrenaline), tryptamines (serotonin
and melatonin), tyramines, octopamines and histamines.81
Monoaminergic neurons are broadly distributed and classified according to their position, where
the A group represents the catecholaminergic populations and the B groups the serotonergic populations.81 The mouse dopaminergic populations are classically grouped from A8 to A17, where
the mesodiencephalic population A9 corresponds to the SNC and the A10 population to the ventral
tegmental area and the PaN81 (A15 is part of the olfactory tubercle and A16 is part of the olfactory
bulb81 ). Noradrenergic populations are represented in the medullary A1 and A2 groups and in the
pontine A5 to A7 groups, where the A6 population forms part of the LC.81 All mouse serotonergic
populations are grouped from B1 to B9 and originate from the hindbrain, the medullary B1 to B4
and the pontine B5 to B9 . The raphe nuclei include most of these populations.
Within PD vulnerable populations, the A9 group correspond to DN of the SNC, the A6 correspond to the noradrenergic populations of the LC and both B5-9 and B1-4 correspond respectively
to the serotonergic populations of PnRa and MoRa. Cholinergic 10N populations apparently do not
use a monoamine as neurotransmitters, but they also share some key biosynthetic enzymes, such
as TH, and are able to store a monoamines. Each type of monoaminergic neuron expresses specific
set of enzymes and transporters involved in neurotransmitter synthesis, packaging into vesicles and
re-uptake into the neurons after release. The coordinated co-expression of these enzymes can be
depicted by the analysis of the transcription factors involved in their terminal differentiation.81
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Summary of brainstem development

3.1

Embryonic developmental steps

The CNS develops from a common population of intra-embryonic stem cells originating from the
inner cell mass of the blastocyst (13-cell inner cell mass). In an early embryological event (E3.5
mouse and E5 human50 ), this inner cell mass population starts to divide and to change its physical
position to form an inner bi-laminar disk (the embryo itself) located internally in the blastocyst.
This bi-laminar disk consists of two cell mass layers, a dorsal epiblast layer that lines the anionic
cavity and a ventral hypoblast layer that lines the primary yolk sac.
3.1.1

Gastrulation

In a process called gastrulation, the embryonic bi-laminar disk will turn into a tri-laminar disk at
the medial anterior portion of the epiblast layer (anterior primitive streak). This process starts with
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FGF8 induction, which is responsible for the down-regulation of e-cadherin (that binds the epiblasts
together) and up-regulation of brachyury (essential transcription factor in mesodermal formation).
This change of expression allows these epiblasts to migrate into deeper ventral layers of the embryo
through the primitive groove, which is the result of the primitive streak depression.
The primitive streak plays an important role in the development of the body, since it allows space
for the migration of anterior epiblasts. The first population to migrate will form the intra-embryonic
endoderm which is displaced next to the hypoblast layer, whereas the second population will form the
intra-embryonic mesoderm which positions in an intermediate zone. At the same time, the epiblasts
from the dorsal germ layer, which does not migrate, will generate the intra-embryonic ectoderm. The
hypoblast layer will become the extra-embryonic endoderm. This three-layered structure is called
the gastrula and its intra-embryonic ectoderm will eventually form the skin and neural tissues. The
intra-embryonic mesoderm will form muscles and bones, while the intra-embryonic endoderm will
form the cells lining the digestive and respiratory tracts.
These embryological steps are reviewed elsewhere,50 but it is safe to assume that the differentiation of both mouse and human embryonic stem cells follow a similar set of hierarchical signals.
Therefore, they both share a similar regulation of the embryonic development with further generation
of the different germ layers and specific cell types.50
3.1.2

Neurulation

The development of the entire nervous system begins during gastrulation by a process called neurulation and results in the formation of the neural tube. During neurulation, stem cell populations
from the dorsal midline of the intra-embryonic ectoderm start to generate two other populations of
specialised neuroectoderms: the neural plate ectoderm and the neural plate border cells. The former
is the precursor for the entire CNS, while the latter forms the PNS by differentiation into neural
crest populations.82
The neural plate populations are first generated and differentiated in the anterior/cranial end of
the embryo (cranial neurulation) and then proceed in a posterior/caudal direction83 (spinal neurulation).84 Neurulation lasts from the appearance of the neural plate to the closure of the neural
tube. Both steps of neurulation have different mechanisms and timings along the anteroposterior
axis which distinguish them as cranial or spinal neural plate.83, 84 Therefore, cranial neural plate
cells are a specialised anterior neural plate ectoderm, destined to undergo neurulation and to generate the cranial portion of the neural tube, whose progression is different from that seen in the spinal
region.82 A considerable portion of this cranial neural plate is ventrally underlined by the notochord
and corresponds to the prospective brainstem.
Neural tube convergent extension
In mammals, the formation of the cranial neural tube
begins with the bending of the cranial neural plate. This event occurs at the Medial Hinge Point
(MHP), overlying the notochord, and at the Dorsal Lateral Hinge Point (DLHP), located at the
attachment point of the surface ectoderm to the outside of each Neural Fold.85 After the biconvex Neural Folds are formed, they bulge outwards due to cranial mesenchyme-marked expansion.
Then, they flip around and approach until they meet at the dorsal midline (neural tube closure).82, 86
These movements are known as convergent extension and depend on highly conserved WNT-frizzled
signal transduction pathways.82, 87 In mouse, the primary neural tube closure initiates at the hindbrain/cervical boundary on embryonic day E8.5, equivalent to a approximately 3 weeks post fertilisation in humans.84 Before the complete closure of the neural tube, neuronal induction becomes
determinant due to the anterior-posterior (AP) and dorsal-ventral (DV) patterning events that start
the regionalisation of this structure.
During early embryonic stages, the populations of embryonic stem cells face constant changes of
their physical location, but remain pluripotent and mitotic until the beginning of neuronal induction.
The neural plate ectoderm is entirely proliferative and after neuronal induction, the cells start to exit
the cell cycle and to commit to a neuronal differentiation program. Differentiation only occurs after
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complete closure of the neural tube for each position in the body axis.82 Notch signalling determines
the timing of the balance between proliferation and differentiation in cranial neurulation.82
Although embryonic stem cells retain their stem cell characteristics until neuronal induction,
throughout the earlier stages of development they gradually start to present some degree of commitment. These changes mainly occur in the length of some of the cell cycle stages, mainly G1 and
G2, which results in diminished pluripotency.
The correlation between the timing of the neural tube closure in mouse and human, at different
anterior-posterior positions, is still under debate, meaning that they may not share exactly the
same exact order of events.84 Therefore, this is an important issue to consider in the study of
developmental lineages, because it may imply slightly different neurulation events between mouse
and human. Differences in such an important developmental step between mouse and human, like
it is neurulation, may be represented by slightly different induction mechanisms, which downstream
may reflect important differences in gene expression profiles of the generated populations.
In the current work, we give special attention to the developmental lineage of specific brainstem
populations that are originated from the anteriorly positioned non-migrated epiblasts. These epiblasts generate the anterior neural ectoderm, the subsequent cranial neural plate and the cranial
neural tube. Only the populations in the cranial neural tube, which are underlined by the notochord,
are considered in this study, since they are the mitotic precursors of all brainstem populations.

3.2

Brainstem patterning and neural induction

Most of the classical studies on vertebrate neuronal patterning were performed on embryos of birds
and amphibians.88 However, over the last two decades, fish and mouse models have made an important contribution. Neuronal induction specifies the identity of different progenitors and specific
inductive combinations are required for the generation of all neuronal subsets in the CNS. Therefore,
the identification of the source and the nature of these early inductive signals, together with their
embryological, cellular, and molecular basis will help to understand the individual fate restriction
programs that occur in each individual developmental lineage.50 Neuronal fate is controlled by a
combination of intrinsic factors and extracellular signalling molecules that act as positive or negative regulators of neuronal differentiation.89–92 Positive regulators such as sonic hedgehog (SHH)
promote the commitment and differentiation of neural stem cells, while negative regulators such as
NOTCH,93, 94 EGF and FGF295, 96 maintain the self-renewal and the multipotent status of undifferentiated neural stem cells.
During gastrulation, the action of inductive signals begins the specification of the dorsal ectodermis into a neuronal fate. This initial induction leads to the formation of the neural tube, which
starts to show evident differences in shape along the AP axis, and differences in gene expression
(mostly transcription factors) across both AP and DV axes. This induction empowers the neuronal
precursors with the ability to produce a great diversity of region-specific progenitors and differentiated populations. The variety of possible combinatorial inductions generate distinct identities,
in terms of morphology, axonal trajectory, synaptic specificity, neurotransmitter content and other
characteristics.50 In the prospective brainstem, neuronal induction of embryonic stem cell precursors begins with the first neurulation and occurs concomitantly with neuronal patterning. Neuronal
patterning is one of the most studied neuronal inductions and its action relies on two important
aspects, a spatial and a temporal specification.50, 97
In the spatial specification, morphogens generated and secreted in specific locations, within the
neuroepithelium and surrounding tissues (by organisational centres), signal and pattern the AP,
DV and right-left (RL) axes of the CNS.50 Mixtures of gradients of developmental morphogens
throughout the neural tube generate important positional information (regionalisation), which can
be represented as a molecular grid of neuronal induction.98 The initial position of a precursor defines
its exposure to morphogens that progressively restrict their developmental potential.99
Cell fate is directed by the activation or repression of transcriptional regulators, which control the
genetic network necessary for the generation of the specific phenotype of each neuronal cell type.99
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Initially, these environmental cues induce the generation of mitotic progenitors with multiple gene
expression profiles, which later will generate mature populations. Understanding the mechanism by
which extracellular concentrations of morphogens are translated into the intracellular specification
is vital to address lineages development.100 Morphogens act at a distance from their source point,
directly on the recipient cells without any relay mechanisms in a concentration-dependent manner.100
Some of these morphogenes include bone morphogenetic proteins (BMP), fibroblast growth factors
(FGF), retinoids, the NOGGIN, SHH88 and the wingless-type protein (WNT).
Temporal specification governs the order and hierarchy of cell fate decisions,50 thus, for each
specific location in the neural tube, cells are generated on a precise and predictable temporal schedule,
with sub-types of neurons appearing in a defined order.97 The timing of cell generation can be
encoded within the early progenitors as a cell-intrinsic program and the extrinsic signals from the
morphogens are important modulators of this program.97 CNS progenitors undergo a series of
asymmetric cell divisions to generate the first neurons and their lineage trees in mouse are remarkably
similar to those in invertebrates.97, 98, 101, 102
Patterning events are the processes by which embryonic cells form ordered spatial arrangements
within tissues. They occur concomitantly with neuronal induction and establish the specific profiles
of transcription factor expression within neuronal progenitors, giving rise to distinct classes of postmitotic cells (reviewed elsewhere103, 104 ). Each of these individual profiles define a specific progenitor
domain by orchestrating key neuronal aspects, like cell-specific programs that define the migration,
projection pattern, and synaptic specificity of neuronal sub-types.105
A complete understanding of how cells interpret and consequently generate a global response to
each of the extracellular signals remains an unmet challenge. A first hypothesis is that each signalling
pathway triggers a specific transcriptional signature and the sum of these signatures would indicate
a neuronal progenitor identity to adopt. However, several evidences point to more direct connections
between the different intracellular signalling cascades activated by these inducers. For example, SHH
and WNT pathways seem to interact physically and also Gli3 expression (Shh effector) is regulated
and dependent on the WNT activity.105
3.2.1

Anterior-posterior patterning and neuronal induction:

The AP patterning of vertebrate CNS begins early in development, during gastrulation, starting the
CNS regionalisation. By embryonic day E9.5 in mouse, the main regions of the CNS can already
be distinguished morphologically along this axis.106 The anterior neuronal ridge and the isthmus
organiser are two important organisational centres implicated in AP patterning of the caudal forebrain, the midbrain and the anterior hindbrain, through the secretion of the morphogen FGF8. Also,
all hindbrain is patterned by a combinatorial expression of Hox genes that are induced by retinoic
acid.
Prosomeric model The anterior-posterior patterning events organise the brainstem in a series of
transverse units called neuromeres, which are comprehensively described by the prosomeric model.
According to this model, the mapping of each neuromere is relatively straightforward and reproducible due to the existence of multiple neuromeric landmarks. Each neuromere is named differently
according to its location and in the Allen Developing Mouse Brain Atlas,48 the brainstem consists
of: 3 prosomeres (P1-3), which divide the diencephalon,107 2 mesomeres (M1-2) which divide the
mesencephalon and 12 rhombomeres (is-R11) which divide the rhombencephalon. Note that there
are authors who consider an alternative classification for some of these neuromeres, where the isthmus (or rhombomere “R0”) and “R1” can be grouped within an extra-large “R1” domain and all
rhombomeres from “R8” to “R11” fit into a large “R8” rhombomere.19
The mesodiencephalic neuromeres (P3-1 and M1-2) share similar anterior-posterior patterning
events, which result in the development of common trans-neuromeric mature populations. In the development of the hindbrain, the transiently segmented rhombomeres (is-R11) will generate the pons,
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medulla, and cerebellum. In mice, these transverse units can be grouped in to 4 main locations (Allen Developing Mouse Brain Atlas48 ): the anteriorly positioned prepontine (is-R2), the intermediate
pontine hindbrain (R3-R4), the pontomedullary hindbrain (R5-R6) and the posterior medullary
hindbrain (R7-R11). In the posterior medullary hindbrain, these rhombomeres are generally called
crypto-rhombomeres (cR8-11), since the inter-neuromeric limits have not yet been described in mouse
as morphologically distinguishable partitions.19 These crypto-rhombomeres were first described in
chicks (as pseudo-rhombomeres) via experimental fate-mapping studies108 and latter corroborated
by the specific expression of Hox genes.109 In mouse there are reasons to assume the same hidden
partitions.19, 110
In the hindbrain, the various rhombomeric partitions have specific expression patterns of Hox
homedomain genes (Hox code) and other specific molecular determinants that support their rhombomeric segmentation.109, 111 In this regard, extensive studies have unravelled the different Hox gene
expressions in each rhombomere, which specify their different anterior-posterior identities. Alterations in these Hox genes can cause homeotic transformations of the rhombomeres and also affect the
specification of discrete neuron types.112 Also, simply looking into the rhombomeric topography and
other variations occurring in development, it is also possible to identify some peculiar differences
between these units. For example, paired rhombomeres are normally advanced in neurogenesis relative to the unpaired ones.19 This development with a two-segment periodicity ensures the expression
of differential cell adhesion profiles preventing the intermix of cells between compartments, despite
the non-existence of physical barriers between rhombomeres.105, 113
Anterior-posterior patterning events are responsible for brainstem segmentation during development and each neuromere must have a specific developmental program, which enables the production
of specific neuronal types, such as the catecolaminergic, the visceromotor and/or the brachiomotor
neurons, as well as other anatomical derivatives.19
Isthmus organiser - FGF8 and WNT1 signalling The isthmus organiser is located within
the junction of the future midbrain and the anterior hindbrain114–116 and plays a determinant role
in neuronal induction of these surrounding areas. It acts through the secretion and diffusion of the
morphogenes FGF8 and WNT1, which signal different inductive cascades within neuronal precursors.106 The development of this organisational centre requires the expression of the genes Otx2,
Gbx2, Pax2, Lmx1b, Wnt1, En1 and En2 .68
Downstream to this induction, a set of specific developmental transcription factors start to
be expressed. In mice, as early as embryonic stage E7.5 it is already possible to distinguish two
differently specified regions in the neural plate: one anteriorly located expressing Otx2 and another
posteriorly located expressing Gbx2 .106, 117 At E8.5, these regions broadly express other transcription
factors, the future midbrain expresses Wnt1 together with Otx2, and the future anterior hindbrain
(R1 of metencephalon) expresses Fgf8 and Gbx2. The transcription factors engrailed, En1 and En2,
and the paired box, Pax2 and Pax5, at this stage are expressed in the entire mesencephalon and
rhombomere 1.106 Later at E9.5, some transcription factors become restricted to the Otx2/Gbx2
border: Wnt1 to the narrow anterior section and the Pax2, Fgf8 and Gbx2 to a posterior section.
Wnt1 maintains its expression also in the dorsal mesencephalon. En1, En2 and Pax5 also continue
their expression.106, 116 At this stage, the localisation of the organisers becomes restricted to specific
locations: both FGF8 and WNT1 in the Otx2/Gbx2 border, and WNT1 in the dorsal mesencephalon
(reviewed elsewhere114, 115, 118, 119 )
Hox-mediated hindbrain patterning and retinoic acid induction Hox genes confer anteriorposterior positional information to the neuronal precursors located caudally to the Otx2/Gbx2 border, in the prospective hindbrain region. It has been postulated that this information, at each
rhombomere, can be represented as a Hox code of specific combinatorial expression.120–122 Hox
genes are found in all animal species with conserved roles in body patterning.123 Most of the knowledge of their function in vertebrates derives from knockout studies in mice or manipulation of their
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activity in chick embryos.105
In most vertebrates, there are 39 Hox genes which contain a region that encodes for a homeodomain that mediates DNA binding. These genes are mostly expressed in the CNS and are distributed
across 4 clusters: the HoxA, HoxB, HoxC and HoxD, containing 13 paralog groups each (Hox1Hox13 ).105 Hox1-Hox5 paralog group genes are expressed in the hindbrain and some of them over
a narrow time window during development, while others may persist to postnatal stages.105
In mice, Hox gene expression in the brainstem begins as early as E7.5, with the expression of
the Hox1 paralogs, Hoxa1 and Hoxb1, followed by the paralogs Hox2 and Hox3 at E8.5.105, 124 Mice
knockout studies suggest that early expression of Hox1 and Hox2 genes are determinant for the
correct compartmentalisation of the hindbrain.105, 125, 126
Although different neuronal populations are generated within the hindbrain, the study of the
lineages of hindbrain motor neurons provides a valuable way to study the function of Hox genes.
Motor neurons are generated in specific ventral locations throughout the hindbrain rhombomeres
and generally cluster in motor nuclei that project to various body locations as cranial nerves. Similar
to motor neurons, the hindbrain non-motor neurons require a complex interplay between multiple
Hox genes, which are crucial to determine their correct identity and connectivity105, 127–129 (reviewed
elsewhere105 ).
In the hindbrain, Hox genes are active in neuronal progenitors and it appears that they can also
impinge on dorsal-ventral fate specification programs.105, 130 No such role has yet been described
in the spinal cord and this difference may be related with to distinct temporal and spatial profiles
of Hox genes in each region, which provides an additional cue in the diversification of the neuronal
populations in the hindbrain.105
Retinoic acid patterning starts early in mice and helps to establish the anterior-posterior axis
of the hindbrain. Its importance has been supported by the existence of retinoid synthetic and
analytic enzymes, binding proteins and receptors in the hindbrain. Also, it has been shown that
Hox genes and other developmental regulatory genes, are profoundly influenced by retinoid acid
signalling.131–137
In mouse, it has been shown that retinoic acid is produced and secreted by the paraxial mesoderm
corresponding to the first four to six somites. These centres lie adjacent to the most posterior
rhombomeres (R7-8), which indicates a higher concentration in this posterior location. Thus, retinoic
acid signals according to a posterior-to-anterior gradient (reviewed elsewhere137 ). The distribution
of the principal retinoic acid synthetic enzyme, retinaldehyde dehydrogenase 2, within the most
anterior somites (adjacent to posterior rhombomeres) and the existence of retinoic acid degrading
enzymes, like cytochrome P450 of the family CYP26, in the anterior rhombomeres (R2-5), help
explain the generation of a signalling gradient.137–142
An appropriate patterning of the hindbrain and generation of an axial expression of Hox genes,
requires a correct spatial gradient and timed availability of retinoic acid. Nevertheless, it is important
to consider the simultaneous inductions of retinoic acid and morphogenes from the FGF family, the
FGF4 from the somites at caudal hindbrain and FGF8 from the isthmus at rostral hindbrain.137 An
opposing signal model tries to correlate a series of mutual interactive loops between FGF morphogene
induction, retinoic acid receptors, and Hox genes in order to unravel the regulatory mechanisms
behind Hox gene expression.137, 143
3.2.2

Anterior-posterior segmentation of vulnerable populations in Parkinson’s disease
(prosomeric model - Supplementary figure 1 and table 1)

The correct localization of the isthmus organizer in the mid-hindbrain border and the hox-mediated
anterior-posterior patterning of the hindbrain are among the earliest events responsible for specification of brainstem’s neuronal progenitors. Therefore, the correct anterior-posterior specification have
already been studied for multiple brainstem populations (Supplementary table 1) (e.g. 10N,10, 137
raphe nuclei,19, 144 LC43, 44, 144–152 and SNC68, 106, 116, 117, 144, 153–177 ).
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P2/1

R1

Emx2 179

-

R4

R5

R6

R7

R8

-

+

-

+
-

-

+

-

-

Mafb 10, 124, 127, 180

+
-

Nr2f1 127

+

-

Hoxa1 10, 105, 127
Hoxb1 10, 105, 115, 127
Hoxb2 10, 105, 124, 127, 180

R3

+

Egr2 10, 124, 127, 180

Hoxa2 10, 105, 124, 127, 180

R2

+

Gbx2 106, 116, 117, 168, 171, 172, 175
En1/2 106, 162–167

M1/2

+
+

Otx2 154, 156, 157, 159, 160, 178

+
+

-

+
-

+
-

Hoxa3 10, 105, 124, 127
Hoxb3 10, 105, 124, 127, 180
Hoxd3 10, 105, 124, 127, 154

+
+
+
-

Hoxa4 10, 105, 124, 127
Hoxb4 10, 105, 124, 127, 180
Hoxd4 10, 105, 124, 127

+
+
+

Hoxc5 105
+
Supplementary table 1: Brainstem segmentation program. Required developmental transcription factors
during the anterior-posterior segmentation program of the brainstem. (+) required to be expressed, (-) required not
to be expressed, (empty) out of knowledge, no data available.

3.2.3

Dorsal-ventral patterning and neuronal induction:

Dorsal-ventral patterning mainly results from the integration of three instructive cues from SHH,181
WNTs and BMPs.99 These signalling molecules are produced and secreted by two opposing organisational centres, which locate in the most ventral and dorsal positions of the neural tube. SHH is
produced and secreted by the floor plate and notochord and instructs ventral identities. In turn, the
WNTs and BMPs are produced in the roof plate and signal opposing dorsal identities.99
Before closure of the neural tube, the neural plate already has a dorsal identity, characterised
by the expression of Pax3 and Pax7 ,99 which however is not sufficient for neural progenitors to
differentiate as dorsal neural sub-types.99 Most of the studies that seek to understand the mechanisms behind the progressive acquisition of neural cell identity in the dorsal-ventral patterning have
been made in mouse and chick spinal cord, since it is the simplest and most conserved structure in
vertebrate CNS.99 As a result of these patterning events in the developing spinal cord, it’s possible to
distinguish 11 discrete domains of neuronal progenitors, with 5 ventral (p3, pMN, p2-0 from ventral
to dorsal) and six dorsal domains (dP1-6 from dorsal to ventral). These domains can be identified by a particular combination of transcription factors, which will determine the type of neuronal
progenitor to be produced.99, 100
Sonic hedgehog signalling SHH is a morphogen secreted by the ventral floor plate171 and notochord (underlying the floor plate) and is both necessary and sufficient to induce a ventral neural
fate.99 Its secretion begins around E8.5 in mouse and the ventral-dorsal gradient patterns ventral
locations in a concentration-dependent way.99
Along with neural tube closure, the floor plate SHH signalling promotes the expression of the
ventral determinants, which lead to in the repression of Pax3/7 that become restricted to dorsal
populations.99 The molecular mechanism behind SHH signalling and the consequent induction of
intracellular cell fate decisions have been addressed in many studies that focus on signal recognition,
interpretation and transformation.99, 100, 103, 182–186 The analysis of mouse and chick spinal cords,
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where Shh is expressed by the floor plate, lead to a comprehensive understanding of its signalling
mechanism.100
All regions of the nervous system that receive ventral induction by SHH have the same activator and repressor combinations, to a different extent, which generate the appropriate cellular
responses.100 Positive SHH signalling induces the expression of Gli2 and (at a lesser extent) Gli3
activators, which induce the expression of the Gli1 activator,187 and in its absence, the Gli3 repressor
is expressed (reviewed elsewhere100 ). Through the Gli family, ventral induction results in the expression/repression of various downstream transcription factors within progenitors. In this signalling
cascade, the expression of class I homeobox transcription factors Pax6, Pax7, Irx3 and Dbx1/2 is
repressed and the class II homeobox transcription factors Nkx2-2 188 and Nkx6-1 are selectively
expressed.
Cross-repressive interactions between downstream transcription factors are responsible for directing cell differentiation into specific cell sub-types.100 The mechanistic link between GLI proteins
and the resultant patterns of homeodomain transcription factor expression remains to be elucidated,
although the role of SHH signalling in the ventral patterning has been studied for different regions of
the developing vertebrate CNS.100 SHH controls the sorting of the distinct progenitor groups through
Gli transcription mediators.100 Furthermore, SHH also has a developmental role in the generation
of oligodendrocytes and a mitogenic role in controlling the proliferation of neural progenitors. At
later stages, SHH acts in axonal pathfinding and maintenance of adult stem cells.100 The specific
actions of these diverse functions are however dependent on space and time100 .
WNT and BMP signalling WNTs regulate cell-to-cell interactions during embryogenesis by
WNT-frizzled signal transduction.99, 189 During neurulation, in a narrow temporal window from 9.5
to 11.5 days post conception,190 WNT is also produced and secreted dorsally in the roof plate99 and
in the isthums organiser. Its signalling antagonises the ventral SHH signalling (SHH/GLI)99 and is
currently understood to be dependent on receptors of the Frizzed family located, on the cell surface.
The molecular mechanism of its signal transduction involves multiple cytoplasmic components, in
the canonical pathway, that stabilises beta-catenin, which enters the nucleus and forms a complex
with T-cell Factors (TCFs) that further activate the expression of specific transcription factors.99, 189
In mouse, several WNTs, including WNT1 and WNT3A, are produced in the roof plate and surrounding areas and although they have been primarily considered as mitogenic signals, recent studies
highlighted their importance in neural tube patterning.99 LRP6, frizzled class receptors (such as
FDZ3), WNT2, DKK1, are also important for WNT signalling and their knock-out leads to a delay
in differentiation or neuronal loss.68
BMPs are a subgroup of the TGF-beta super-family of secreted proteins that signal through
complexes of transmembrane serine/threonine kinases.99 Canonical BMP signalling leads to the
phosphorylation of the intracellular factors SMAD1/5/8 that further interact with SMAD4 to form
a stabilised complex. This complex, together with additional cofactors, regulate the transcription of
specific target genes.99 Before neural tube closure, BMP2 and BMP4 are expressed in the epidermal
ectoderm and BMP4 and BMP5 are expressed in the neural fold. At early stages, BMP7 is expressed
in the epidermal ectoderm and in the notochord. After neural tube closure, BMP4, BMP5 and
BMP7, as well as other proteins of the TGF-beta super-family, such as GDF7, DSL-1 and Activin
a/b, are expressed in the roof plate. During primary neurogenesis of dorsal inter-neurons (dINs), the
expression of BMP7 extends throughout the dorsal half of the neural tube99 (dependence on BMP4
and BMP7 reviewed elsewhere99 ).
Its has been suggested that BMP activity lies upstream of the WNT pathway.99 In a model that
consider triple induction, the main contribution of BMP signalling is to stimulate the expression of
WNTs, especially ligands, which initiate the activity of the WNT pathway, which in turn modulate
the expression of the main transcriptional effectors of the SHH pathway.99 The interplay between
WNT and SHH signalling plays an important role in defining the neuronal identity of populations,
such as midbrain DN.190
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3.2.4

Dorsal-ventral patterning and specification program of vulnerable populations
in Parkinson’s disease (neuronal specification - Supplementary figure 1 and table
2)
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(+)201, 202
(+)68, 195, 201–204

(+)201

(+)201

Foxa1

Foxa2

(+)159, 160, 202, 211, 234–236

(+)242

(+)*10, 184, 232, 233

(+)*10, 184, 232, 233

(+)9, 10, 182, 184, 188, 229

(-)206

Nr2f6

(-)10, 238
(-)231, 232
(-)260, 261

Lhx3/4

Dbx1/2

Irx3

Supplementary table 2: Neuronal specification of some brainstem populations vulnerable in PD. Required developmental transcription factors (or involved*)
during the neuronal specification program of some vulnerable brainstem neuronal populations in PD. (+) required to be expressed, (-) required not to be expressed, (empty)
out of knowledge, no data available.

(+)10, 259

(+)19, 28, 217, 244

Tbx20

Pitx3

Nr4a2

(+)57, 158, 237, 246–248, 253, 254 (+)57, 158, 172, 237, 246–248, 253–258

(+)243

Pet1

(+)46, 242

Insm1

(+)159, 210, 211, 245–252

(-)10, 238–241

(+)46

(+)36, 220, 231

(+)9, 10, 182, 184, 188, 229, 230

(+)188, 206

Isl2

(+)237

(-)187, 197

(-)187, 197

(+)36, 188, 220

(+)10, 224, 225

(+)*10, 224, 225

(+)10, 238–241

(+)210, 211, 245–248

(+)202

(-)211

(-)187, 197
(-)187, 197

(-)206

(+)*209

(-)205

(+)10, 15, 183, 198–200

10N

R7-8

Isl1

Onecut1/2/3

Neurog2

Nkx6-2

Nkx6-1

Nkx2-9

Nkx2-2

(+)211, 228

Tlx3

(-)201

(+)46, 227

Phox2b

(+)*211

(+)42, 44, 46, 226

Phox2a

Msx1

(+)44, 207, 222, 223

Gata3

(+)205, 206

(+)19, 206, 221

(+)19, 206, 220

(-)219

(+)19, 206, 220, 221

(-)219

(+)208

(+)192, 198

RO(B1)

R5-8 RM(B3)/ RP(B2)/

R2-3 MnR(B8)/ PnR(B5)

Gata2

Lmx1b

(+)36, 205

DR(B6-7) /PnR(B5)

R1

(+)36, 217, 218

(+)159, 195, 201, 212–216

(+)201

Lmx1a

(-)44, 207

(-)187, 197

(-)187, 197

(-)187, 197

LC(A6)/SubC(A4)

R1-4

(+)36, 217, 218

(+)159, 195, 201, 210–213

(+)201, 210, 211

(+)*202

(+)187, 191–196

(+)191–193

Gli1/2/3

Ascl1

SNC(A9) /VTA(A10)

SNC(A9) /VTA(A10)

factors

M1-M2

P2-P1

Transcription

3.2.5

A.

Similarities between developmental requirements

C.

B.

Supplementary figure 1: Clustered matrix of developmental transcription factors required to be active
or inactive in the lineage specification of some selectively vulnerable neurons in Parkinson’s disease.
A. Anterior-posterior segmentation. B. Dorsal-ventral patterning and specification program. C. Both A and B requirements. Dark blue (required expression), white (required no expression) and light blue (no information available).
CN [cholinergic visceromotor neurons of the dorsal motor nucleus of the vagus (10N with cR8-10 origin)], DN [dopaminergic neurons of the substantia nigra pars compacta (A9 group with M1-2 and P2-1 origin) and ventral tegmental
area (A10 group with M1-2 origin)], NN [noradrenergic neurons of the locus coeruleus (A6 group with R1 origin)], SN
[serotonergic neurons of the upper/pontine raphe nuclei (B5-8 groups with R1-3 origin), and lower/medullary raphe
nuclei (B1-3 groups with R5-7 origin).

Brain region
us
Population 1
Population 2
ubtype A
Subtype B
Supplementary figure 2: Definition of brain region, nucleus, neuronal populations and neuronal subtypes
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