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Abstract

The foundation for the complex architecture of the brain is laid by means of a highly stereotyped
pattern of proliferation and migration of neural progenitors during embryonic development. This
process, termed early neurogenesis, is controlled by genetic mechanisms that have been studied in
a number of experimentally amenable vertebrate and invertebrate model systems. Despite of the
fact that many of these genetic mechanisms are highly conserved, fundamental structural aspects
of early neurogenesis are different in the model systems used. The vertebrate brain is formed by
layers of neurons that arise from large numbers of apical and basal progenitors embedded in an
invaginated neuroepithelium (neural tube). By contrast, neurons in Drosophila or C. elegans
descend from a relatively small number of invariant progenitors which divide in an asymmetric,
stem cell-like pattern to create fixed lineages. In order to achieve a better understanding of
neurogenesis it is beneficial to explore the evolution of this process. The use of molecular markers
and experimental approaches spawned by the model systems has made it possible to study early
neurogenesis in other animals, representing a variety of different clades, and our review attempts
to provide a survey of this body of work. We divide the neurogenetic process into discrete
elements, including origin, pattern, proliferation, and movement of neuronal progenitors, and
compare these elements (the “toolkit” of early neurogenesis) in animals that represent the different
clades. In cnidarians and many basal bilaterians the entire embryonic ectoderm produces neural
precursors that differentiate within the epithelium or delaminate, and form a diffuse basiepithelial
nerve net. In addition, one can distinguish in most basal bilaterians ectodermal subdomains
(neuroectoderm), defined by conserved regulatory genes and signaling pathways, that contain
neural progenitors at higher density, and with increased proliferatory activity. These
neuroectodermal progenitors remain at the surface in the (few) basal lophotrochozoans
(polychaetes) for which data exist; progenitors become internalized by a combination of
delamination and invagination in basal ecdysozoans (onychophorans) and deuterostomes
(hemichordates, cephalochordates). In more evolved bilaterians, larger nervous systems are
realized by increasing the volume of invaginated neural progenitors (vertebrates, chelicerates),
and/or advancing neural proliferation by switching to a mode of asymmetric, self-renewing mitosis
(insects, crustaceans, derived annelids, vertebrates). In addition, the pattern of distribution and
proliferation of neural progenitors is more precisely controlled, resulting in nervous systems with
invariant neuronal architecture (annelids, arthropods, nematodes). Given their limited occurrence
in derived clades, these aspects of neurogenesis have likely evolved independently multiple times.
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Introduction

Many important aspects of the structure and function of the central nervous system (CNS),
including the number and placement of neurons, as well as individual neuronal attributes, are
ultimately controlled by processes that take place during development. The way in which
neural progenitors are specified and spatially arranged, and in which they divide and migrate
(events described as “early neurogenesis”), gives the immature embryonic CNS a certain
shape and inner architecture, which in turn foreshadows the structure of the mature CNS.
Furthermore, the phenotypic traits of neurons and glia that unfold during CNS
differentiation (e.g., neurite growth and branching, synaptic connectivity, electric activity)
are also strongly influenced by early neurogenetic events. Thus, neural progenitors express
intrinsic determinants of neural fate (e.g., transcriptional regulators) and “forward” these
factors by means of their particular mode of division to their progeny, where they control
differentiation (Pearson and Doe, 2004; see Box 1). In addition, extrinsic signals can act
upon neural progenitors at defined time points and change their mode of proliferation, or
expression of intrinsic factors.

We can achieve a deeper understanding of the mechanisms controlling neural development
by studying this process in different model systems, and trying to unravel the evolutionary
changes that can be inferred. This review attempts to provide a comparative overview of
neural progenitors found in the animal kingdom, and the neurogenetic mechanisms by which
these cells frame the embryonic brain. For a few model systems (several vertebrate species,
Drosophila melanogaster, and Caenorhabditis elegans), a great amount of detail is known,
and in these cases we will narrowly focus on cell biological aspects of neurogenesis: where
and when do neural progenitors appear, how do they divide and migrate. For selected species
of some other groups, including arthropods, annelids, hemichordates, plathelminths and
cnidarians (see Box 2), neural progenitors have been identified, and their proliferation,
and/or expression of “neural” genes, has been studied to various extents. This allows one to
draw a tentative outline describing the similarities and differences of the modes of early
neurogenesis that are found in different clades, and to speculate about the phylogenetic
relationships of these modes. Is it safe to conclude that asymmetrically dividing neural
progenitors encountered in vertebrates and fruit flies are homologous? Is the process of
neurulation, in the sense of an infolding of the proliferating neuroepithelium, an
evolutionary novelty of members of the deuterostome clade? Before taking a look at what is
known about early neurogenesis in the kingdom of metazoa, we will start out with a
“dissection” of the neurogenetic process into discrete elements, or modules, including
origin, pattern, proliferation, and movement of neuronal progenitors (see Box 1 for
terminology). As presented in sections 1 and 2, these elements take on a variety of different
forms. Using the modular approach as a guiding principle, we then compare the features of
neurogenesis in metazoans, starting with cnidarians (section 3). For bilaterians (sections
4-6), our discussion is arranged according to the phylogenetic subdivision into the three
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major clades (Lophotrochozoa, Edysozoa, Deuterostomia; see Box 2). In the final section (7)
we will assess possible scenarios of how the process of neurogenesis evolved during
metazoan evolution.

1. Elements of early neurogenesis: Ways to make a nervous system

Animals with a nervous system include all bilaterians, as well as a few pre-bilaterian clades
(Cnidara, Ctenophora). Neural progenitors of most animals arise within the context of an
epithelial layer, the ectoderm. The ectoderm is formed as the outer surface layer during
gastrulation, when embryonic cells destined to produce the inner organs (endoderm and
mesoderm) are internalized. The process of neurogenesis begins when ectodermal cells (in
some groups, such as cnidarians, also endodermal cells) acquire the potential to form neural
cells. This is followed by the separation of neural cells from the ectoderm, and then by their
migration, proliferation, and differentiation. The process of neurogenesis can be dissected
into a number of discrete steps, or modules, which can be compared between different
clades. We have ordered these steps by respecting four different categories shown in Figure
1, and used throughout Figures 2—4.

A. Initial pattern of cells with neurogenic potential: The neurogenic potential can be
spread out over the entire ectoderm (A.1), which in that case constitutes a
generalized “neurogenic ectoderm”. Alternatively, neurogenesis becomes
restricted to a particular domain, the neuroectoderm (A.2.). The former case, met
in cnidarians (Richards and Rentzsch, 2014), but also lower deuterostomes
(Cunningham and Casey, 2014), results in a nerve plexus; the latter case results
in a central nervous system. In a number of clades, neurogenic potential rests
with populations of subectodermal, mesenchymal cells [A.3; e.g., interstitial
cells in some cnidarians (David, 2012), neoblasts of acoels and flatworms (Rink,
2013)].

B. Patterning of neural progenitors: Neural precursors or progenitors arise within
the neuroectoderm as individual or groups of contiguous cells. The pattern of
neural progenitors is variable (B.1) or strictly invariant (B.2) among different
specimens.

C. Proliferation of neural progenitors (for nomenclature, see Box 1): Cells of the
neuroectoderm directly become neural precursors that differentiate as neurons
(C.1), or give rise to proliferating neural progenitors (C.2) which can have the
capability of asymmetric, self-renewing mitosis (“stem cell-like progenitors™; C.
3). Here, with each division, an asymmetrically dividing neural progenitor
renews itself, and produces a second daughter cell that differentiates as neuron,
or becomes an intermediate progenitor, which is defined as a dividing cell that
does not self renew, but undergoes a fixed number of divisions before
differentiating (Noctor et al., 2004; Kowalczyk et al., 2009). The pattern of
proliferation of an asymmetrically dividing neural progenitor can be strictly
invariant (C.4), which results in so called “fixed lineages”. Finally, in a number
of presumably derived clades such as nematodes or leeches, a fixed lineage
mechanism prevails from the beginning of development (C.5).
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Movement of neural progenitors: Neural progenitors either remain integrated
within the surface neuroepithelium (D.1), or become internalized by a process of
delamination (D.2), ingression (D.3), or invagination (D.4). Delamination
describes the movement by which an individual epithelial cell constricts apically,
dislocates the nucleus basally, loses its contact to the junctional adhesive
complex of neighboring epithelial cells, and slides to the basal surface of the
epithelium. In ingression, the same cellular movements as in delamination occur
in a group of contiguous cells. Invaginating cells start out by apical constriction
and nuclear dislocation, but stay in junctional contact with each other. Interstitial
cells in cnidarians and neoblasts in platyhelminths are motile, mesenchymal cells
(D.5).

2. Conserved genetic modules of early neurogenesis

Many of the genetic factors that specify the neuroectoderm and, subsequently, guide
neuroectodermal cells through their proliferative phase towards postmitotic neurons, appear
to be highly conserved throughout the animal kingdom. Admittedly, we know specifics of
these genes only from a few genetic model organims, but first “glimpses” into their
expression in a wider array of animals is compatible with the conclusion of their conserved

role.

1.

Transcriptional regulators of the SoxB family are expressed in the ectoderm of
the early embryo and specify populations of cells that have the potential to
produce neurons. In many bilaterians, SoxB factors appear in the ectoderm
around the stage of gastrulation. SoxB genes provide neurogenic potential, but at
the same time inhibit neural differentiation, maintaining the neuroectoderm in a
proliferative state (Sasai, 2001; Bylund et al., 2003; Elkouris et al., 2011).
Expression of SoxB factors, and thereby the size and shape of the
neuroectoderm, is controlled by several signaling pathways, notably the
BMP/BMP antagonist pathway (Mizuseki et al., 1998), and the Wnt pathway
(Niehrs, 2010). The role of these and other signaling pathways in shaping the
neuroectoderm, and the body axes in general, is an intensely studied field (for
review, see Arendt et al., 2008; Niehrs, 2010) in itself that falls outside the scope
of this review.

The expression of basic Helix-Loop-Helix (bHLH) transcription factors of the
Achaete Scute family (ASH) and Atonal family (ATO) family, known as
“proneural genes”, is targeted to subdomains of the neuroectoderm (“proneural
clusters™) where they define neurons or neural progenitors with more restricted
fates (Quan and Hassan, 2005; Powell and Jarman, 2008). In cases where they
have been studied in detail, including Drosophila and various vertebrates,
proneural clusters form a highly invariant pattern within the neuroectoderm.
Proneural genes oppose the effect of SoxB factors, moving cells out of the
progenitor state and triggering neural differentiation.

The Notch signaling pathway acts locally within the proneural clusters to control
the spatial and temporal pattern at which neurons/neural progenitors are born
(Beatus and Lendahl, 1998; Hartenstein and Wodarz, 2013). Proneural genes
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trigger an inhibitory feed-back loop (“lateral inhibition”) within (or at the
boundary of) the proneural clusters by transcriptionally activating Notch ligands
(e.g., Delta). Cells receiving high levels of Notch activity turn down proneural
genes and express another class of bHLH genes, the E(spl)/HES genes, which
inhibit neural differentiation (Kageyama et al., 2008; Stigloher et al., 2008).
HES-positive cells remain undifferentiated, while retaining their neurogenic
potential for later rounds of neuroblast production. Cells with low levels of
Notch activity progress towards a stage of commitment as neural progenitor or
neural precursor.

4, Committed neural progenitors enter their phase of proliferation by expressing a
set of zinc-finger transcription factors, among them Snail, which control the
orientation and location of the mitotic spindle, and cell cycle genes (Ashraf and
Ip, 2001; Zander et al., 2014). Conserved factors such as Prospero (Knoblich,
1997; Li and Vaessin, 2000; Kaltezioti et al., 2010) and Numb (Cayouette and
Raff, 2002; Johnson, 2003; Zhong, 2003) trigger the exit from the cell cycle and
initiate neural differentiation.

3. Neurogenesis before the rise of bilaterian animals

Cnidaria and Ctenophora are the first metazoan clades with neurons, even though the
molecular machinery enabling a cell to sense external stimuli, and generate/conduct electric
impulses evolved much earlier in single cell organisms (Cai, 2012; Liebeskind et al., 2011).
Accordingly, in the first multicellular animals which still lacked a nervous system (e.g.
sponges), one can detect different types of cells which already encapsulate many aspects of
neurons. Examples are the photosensitive cilated cells of the pigmented ring (Leys and
Degnan, 2001), or the flask cells found in larvae of the demosponge Amphimedon
queenslandica (Sakarya et al., 2007; Renard et al., 2009). Flask cells contain secretory
vesicles, and possess most of the post-synaptic scaffold proteins encountered in neurons.
During embryonic development, proneural genes and the Notch signaling pathway controls
the number and pattern of flask cells (Richards et al., 2008; Richards and Degnan, 2012).
This or related cell types could have given rise to the neurons that occurred in the common
ancestor of bilaterians and cnidarians; the origin of neurons is currently viewed as an event
that has most likely occurred multiple types in metazoan evolution (Moroz, 2012)

Ctenophora and Cnidaria were traditionally linked together as Coelenterata; members of
both clades possess a nervous system in the form of a basiepithelial nerve net (Jager et al.,
2011; Satterlie and Eichinger, 2014; Eichinger and Satterlie, 2014). However, two
independent studies of the ctenophore genome suggest a repositioning of the phylum to the
very base of the Metazoa. Since placozoans and poriferans (sponges) do not possess a
nervous system and branch off basal to the cnidarians (see Box 2), the parsimonious scenario
is a convergent evolution of the nervous system in ctenophores and cnidiarians/bilaterians
(Ryan et al., 2013; Moroz et al., 2014). This is supported by considerable differences in the
composition of the neural genes. In particular, key genes/signal pathways of early
neurogenesis present in other metazoans are either absent, modified or not expressed in the
nervous system. For example, bHLH members of the achaete-scute family could not be
detected in the ctenophore genome, and genes regulating Notch activity, such as Delta,
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Numb and Mindbomb, are either absent or considerably modified. Furthermore, Hox genes,
many other neuronal patterning genes and neurotransmitters present in cnidarians and other
metazoans are lacking in ctenophores.

The basiepithelial nerve plexus of cnidaria is first laid down during the embryonic stage for
the larva; subsequently, during metamorphosis, the larval nerve net is supplanted by an adult
nervous system (Nakanishi et al., 2008; Seipp et al., 2010). Embryonic development of
cnidarians is characterized by cleavage leading to the formation of an epithelial blastula,
followed by the generation of an inner and outer epithelial layer (ectoderm, endoderm)
through gastrulation. The embryo gives rise to a motile larval stage, the planula, which seeks
out a proper place for settlement and undergoes metamorphosis into a polyp. Polyps
constitute the mature phenotype of several cnidarian phyla (e.g., most hydrozoa, anthozoa);
in other phyla (e.g., Scyphozoa and Cubozoa) polyps cleave into multiple free-swimming
medusae.

Differentiated epidermal cells and neurons, recognized by their expression of specific
transmitters (e.g., FMRF) appear as early as the gastrula or even blastula stage in the
cnidarian NV. vectensis (Nakanishi et al., 2012; Richards and Rentzsch, 2014). In accordance
with this premature differentiation, the expression of a SoxB orthologue in N. vectensis
appears already at the blastula stage in small clusters of cells scattered all over the embryo
(Magie et al., 2005; Richards and Rentzsch, 2014; Fig. 2A). These cell clusters represent
neural progenitors (Fig. 2A, middle) that give rise to the three main neural lineages,
epithelial (sensory) neurons, basiepithelial neurons (ganglion cells) (Fig. 2A, bottom), as
well as nematocytes (stinging cells). By the gastrula/planula stage, the expression of
NvSoxB, along with the expression of homologues of the proneural ASH/ATO transcription
factors, is restricted to individual, differentiated cells whose axons form a basiepithelial
plexus (Layden et al., 2012). In contrast to bilaterians, neural progenitors and neurons also
form in the endoderm. Similar expressions of SoxB and proneural genes have been reported
for other cnidaria (Grens et al., 2005; Hayakawa et al., 2004; Seipel et al., 2004; Shinzato et
al., 2008). Members of the Notch pathway [Notch (N), Delta (DI), Suppressor of Hairless
(SuH), Hairy/Enhancer of Split (HES)] are expressed concomitantly with proneural genes,
and pharmacological A knock-down largely increases the number of neurons in the planula
(Marlow et al., 2012).

The planula larva exhibits a single axis with an anterior (aboral) pole and a posterior (oral
pole), the latter defined by the blastopore. Neurons occur at all levels, but are concentrated
closer to the anterior pole (Martin, 1992; Grdger and Schmid, 2001; Nakanishi et al., 2008;
2012; Seipp et al., 2010; Piraino et al., 2011). This gradient is established by a Wnt-
secreting signaling center located at the oral pole (i.e., posterior end of the planula), and Wnt
antagonists expressed further anteriorly in the domain where neurons are concentrated
(Marlow et al., 2013; Sinigaglia et al., 2013; Fig. 2A, top). The Wnt/Wnt antagonist cassette
and its role in neural patterning in cnidarians is comparable (and most likely homologous) to
its counterpart in bilaterians, in particular vertebrates, where Wnt antagonists, expressed in
the organizer, promote neural development (Baker et al., 1999). BMP signaling is active in
cnidarians and establishes an axis perpendicular to the oral-aboral axis, but only in the
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endoderm; neurogenesis appears unaffected in experiments where BMP signaling is
modulated (Saina et al., 2009).

Cnidarians enter a second phase of development after larval settling. The oral pole (posterior
with respect to former larval movement) becomes the “head” of the polyp which develops
tentacles and a new nervous system, consisting of a tentacular nerve net and a nerve ring
surrounding the mouth and tentacle bases (Masuda-Nakagawa et al., 2000; Nakanishi et al.,
2008; Seipp et al., 2010. This nerve ring, replicated in the medusae which (in some cnidarian
phyla) form from the polyp, could be considered as the evolutionary origin of a brain
(Koizumi, 2007). The nerve ring has a high density of neuronal processes and synapses,
includes multiple circuits with separable functions in controlling feeding and swimming
behaviors, and integrates sensory input from multimodal (visual, tactile, gravitational) sense
organs, the rhopalia (Mackie and Meech, 2000; Mackie, 2004; Garm et al., 2006). The
formation of this adult-specific nervous system is initiated with the de novo expression of
SoxB and proneural genes in the oral ectoderm of the planula and young polyp (Magie et al.,
2005; Shinzato et al., 2008; Galliot et al., 2009), followed by proliferation and neuronal
differentiation.

A mode of neurogenesis which appears to be different from the above described has been
documented in some hydrozoans (e.g., H. vulgaris). Here, sensory neurons and ganglion
cells, as well as nematocytes and gland cells, are derived from migratory interstitial cells
located in between the ectoderm and endoderm of the body column (Fig. 2B). Interstitial
cells continuously proliferate and behave as asymmetrically dividing stem cells: they self
renew, and at the same time give rise to a daughter cell that either directly, or following
several additional (symmetric) divisions differentiates into neurons (Bode, 1996; David,
2012). However, interstitial cells do not only generate neural cells but also give rise to
various secretory cell types and the germ line cells. Neuronal precursors and committed
progenitors migrate basally and apically and insert themselves into the ectoderm as sensory
neurons/nematocytes, or differentiate as basiepithelial ganglion cells (Fig. 2B middle,
bottom). Proneural genes of the ASH family are expressed in subsets of interstitial cells and
nematocytes/neurons they give rise to (Grens et al., 1995), and the Notch signaling pathway
plays a role in neural cell commitment (Kasbauer et al., 2007).

In summary, many of the neurogenetic cellular mechanisms and most of the
neurogenetically active gene cassettes can be found prior to the origin of bilaterians.
Notably, there is evidence for committed neural progenitor cells (blastula of Nematostella)
which can undergo asymmetric cell division. Neural precursors or differentiated neurons
undergo delamination to form a basiepithelial nerve net. These cells are distributed widely
over the embryo, rather than being restricted to a specific neuroectoderm, a feature that
distinguishes cnidaria from virtually all bilaterian animals. Another difference to bilaterians
can be seen in the expression of neural specification genes, including Sox and ASH genes,
which are often maintained (or sometimes even switched on) in differentiated cells, rather
than waning with the onset of differentiation.
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4. Neurogenesis in Lophotrochozoa and Acoelomorpha

Platyhelminthes and Acoela—Platyhelminthes (flatworms) include a diverse
assemblage of free-living or parasitic worms. The clade Acoelomorpha used to be grouped
with Platyhelminthes, but several phylogenies position acoels now as the most basally
branching bilaterian group (Ruiz-Trillo et al., 1999; Hejnol et al., 2009). A recent
phlylogeny even suggests a sister group relationship of acoelomorphs and Xenoturbella
within the deuterostomes (Philippe et al., 2011). Neurogenesis in both flatworms and acoels
exhibits characteristics that resemble the “interstitial neural progenitor mode” summarized
above for H. vulgaris. This mode of neurogenesis is unusual among bilaterians. Following
cleavage, platyhelminthes embryos form a mesenchymal inner mass surrounded by ectoderm
(Fig. 2C top, middle). We know little about the first appearance of neural cells; markers used
so far indicate that a contiguous cluster within the mesenchymal mass gives rise to the brain
(Younossi-Hartenstein et al., 2000; 2001; Younossi-Hartenstein and Hartenstein, 2000;
Ramachandra et al., 2002; Morris et al., 2004). It is clear that from later embryonic stages
onward, pluripotent stem cells (neoblasts), which, similar to hydrozoan interstitial cells,
derive from the mesenchymal mass and then populate the interstitial spaces of the worm,
produce most neurons of the central nervous system and nerve plexus. Neoblasts undergo
asymmetric, self-renewing divisions, and, according to recent results (Nishimura et al.,
2011; Rink, 2013; Scimone et al., 2014), give rise to committed neural progenitors (as well
as other types of progenitors), which migrate towards the brain and body wall where they
differentiate as neurons (Fig. 2C, bottom). Neoblasts also initiate expression of neural
determination genes, and in some cases appear to maintain expression into the differentiated
state (e.g., SoxB1 in the acoel S. roscoffensis, Semmler et al., 2010). As in Cnidaria, a
dedicated tissue layer for neurogenesis (neuroectoderm) appears to be absent in
platyhelminths.

Annelids—BY contrast to acoels and platyhelminths, all other members of the
Lophotrochozoa have a neuroectoderm that is clearly delineated both structurally and
genetically. In annelids, molluscs, and chaetognaths, spatially restricted domains within the
ectoderm take on “placoideal” characters, with high cylindrical epithelial cells and increased
proliferatory activity. Early neurogenesis has been described in greatest detail in recent
papers on the polychaete annelids Platynereis dumerilii (Denes et al., 2007) and Capitella sp.
(Meyer and Seaver, 2009), as well as the leeches Helobdella robustaand Theromyzon rude
(Stuart et al., 1989; Wedeen and Weisblat, 1991; Ramirez et al., 1995; Shankland, 1995;
Shain et al., 1998; Zhang and Weisblat, 2005). In 2 dumerilii, an anterior and a posterior-
ventral subdomain within the ectoderm, which give rise to the brain and ventral nerve cord,
respectively, express SoxB (Kerner et al., 2009). Smaller, segmentally arranged expression
domains of the proneural genes ASH, ATO and Olig are nested within the neuroectoderm,
which consists of rapidly proliferating neural precursors (Simionato et al., 2008; Demilly et
al., 2013; Fig. 2D, top). The restriction of these neural specification genes to the ventral
neuroectoderm is dependent on the BMP signaling pathway (Denes et al., 2007). Postmitotic
cells delaminate from the neuroectoderm and form a second, deeper layer of neural
precursors (Fig. 2D, middle). These cells lose expression of specification genes, and turn on
genes, including prospero and elav, that promote neural differentiation (Simionato et al.,
2008). We see here the characteristic three-layered architecture of the neural primordium
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encountered in derived bilateria (e.g., vertebrates and arthropods): an apical, epithelial layer
of neural precursors, an intermediate layer of delaminated neural precursors and/or
intermediate precursors, and an inner layer of differentiated neural cells (Fig. 2D, bottom).

The mature nervous system of annelids and molluscs, similar to that of insects and other
arthropods discussed below, features many large, invariant, and often uniquely identifiable
cells (Bullock and Horridge, 1965; Koester and Kandel, 1965; Zipser, 1982). One
developmental mechanism to achieve such precision in neuronal architecture is by fixed
neural lineages. Here, intrinsic determinants are expressed in progenitors that divide
according to an asymmetric, fixed pattern, and are thereby channeled into specific daughter
cells; based on exactly which determinant it inherits, a daughter cell adopts a specific cell
type. It is currently not yet clear whether the neural progenitors studied in 2 dumerilii or
other polychaetes do indeed follow this mode of proliferation. However, asymmetric and
fixed lineages form a conspicuous attribute of early (cleavage) divisions in many
lophotrochozoans, and do extend into the phase of neurogenesis in at least one derived group
of annelids, the Hirudinea (leeches). In the early leech embryos, a bilateral set of four,
posteriorly located blastomeres, called teloblasts (Stent, 1985; Weisblat, 2007), generate the
entire trunk of the worm (Fig. 3C, top). One of the teloblasts (N) forms most of the neurons
of the ventral nerve cord. The N-teloblast buds off, one after another, pairs of so called N-
blast cells, which are assigned to one segment of the ventral nerve cord (Fig. 3C, top,
middle). The blast cells (Np and Nf) continue to divide in an asymmetric, fixed pattern to
form neurons (Zhang and Weisblat, 2005; Fig. 3C, middle). Little is known about genetic
mechanisms controlling leech neurogenesis. It is clear that members of the Notch signaling
pathway are expressed in blast cells and teloblasts, and that inhibition of Notch signaling
disrupts the formation of discrete ganglion priomordia (Rivera and Weisblat, 2009).

Molluscs, chaetognaths, bryozoans—The ganglia of molluscs are derived from
ectodermal placode that contain densely packed, proliferating neural progenitors (Jacob,
1984, for Aplysia californica). Cells that delaminate or ingress from the placodes are mostly
postmitotic neural precursors, similar to what has been described for annelids. This also
holds true for neurogenesis in chaetognaths (arrow worms), where mitotic, symmetrically
dividing progenitors form a highly regular array within the ventral neuroectoderm of the
embryo, whereas postmitotic precursors and differentiated neurons appear basally in the
neuroectoderm (Rieger et al., 2011; Perez et al., 2013, for Spadella cephaloptera). No
experimental or molecular-genetic data exist for the steps of early neurogenesis, such as the
establishment of proneural clusters, or the control of proliferation. Bryozoa are members of
the superclade Lophophorata, sessile and mostly colonial marine organisms that have in
common a tentacular organ used for feeding. Even though nothing is known about the
process of early neurogenesis in these animals, they deserve mentioning because the mature
ganglia in several species are epithelial: differentiated neurons are located basally within
internalized epithelial vesicles (Gruhl and Bartolomaeus, 2008, for Fredericella sultana and
Plumatella emarginata). This implies that invagination of (part of) the neuroectoderm is an
event during bryozoan (and thereby lophotrochozoan) neurogenesis. As discussed below,
neuroectodermal invaginations represent a standard module in the repertoire of neurogenetic
mechanisms in deuterostomes and ecdysozoans.
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5. Neurogenesis in Ecdysozoa

Arthropods—Arthropods (insects, crustaceans, myriapods, chelicerates and
onychophorans) show a great variety of neural precursors and mechanisms of neurogenesis,
some of them surprisingly similar to the mechanisms observed in chordates (see below),
others quite different. This raises the question of how these different mechanisms are
phylogenetically related: which features can be considered as plesiomorphic, and which are
derived. Recent large-scale molecular phylogenies have greatly improved the resolution of
arthropod relationships (Regier et al., 2010) and thus facilitate the investigation of the
evolution of arthropod neurogenesis. It is now widely accepted that the paraphyletic
crustaceans group with the insects, forming the pancrustacean clade (Fig. 3). The
pancrustaceans are a sister group of the myriapods and are united with the latter in the
Mandibulata group (Regier et al., 2010). The chelicerates represent a basal branch and are a
sister group of the Mandibulata. Insects, crustaceans, myriapods and chelicerates together
compose the euarthropods. The onychophorans (velvet worms) are the sister group of the
euarthropods and together with the latter form the phylum Arthropoda.

In all arthropods, a large neuroectodermal domain, recognizeable by characteristic structural
and molecular hallmarks [e.g., expression of the SoxB gene in insects (Buescher et al., 2002)
and myriapods (Pioro and Stollewerk, 2006)], is specified around the stage of gastrulation.
This domain encompasses an anterior (procephalic or head) region that gives rise to the
brain, and a ventral region from which the ventral nerve cord arises (Fig. 2E, top). In
onychophorans, the earliest branch of the arthropods, large numbers of neural progenitors
delaminate from the neuroectoderm (Eriksson and Stollewerk, 2010). The pattern of these
cells shows considerable variability, in contrast to euarthropods, where neural progenitors
are highly invariant (see below). Delaminated progenitors appear to divide symmetrically
into intermediate neural progenitors; these in turn divide again, generating postmitotic neural
cells (Fig. 2E, middle)(Eriksson and Stollewerk, 2010; Mayer and Whitington, 2009b). The
different morphological mechanisms are reflected in the gene expression patterns of the
proneural and neurogenic genes. In contrast to euarthropods, members of both classes of
genes are not upregulated in a fixed spatio-temporal pattern; rather, they are expressed
homogeneously in the neuroectoderm (Fig. 2E, top). Strong expression of the achaete-scute
homologue is only seen in delaminated neural precursors. Following the delamination of
neural progenitors, large parts of the neuroectoderm thicken or, in the head region,
invaginate to form the so called “ventral organs”. Whereas the ventral organs of the trunk
appear to undergo cell death (Mayer and Whitington, 2009a), those of the head are
incorporated into the developing brain (Eriksson et al., 2003). In the adult they are named
hypocerebral organs and it is assumed that they function as glands (Eriksson et al., 2013).

In insects and crustaceans most neurons are generated from stem cell-like neural
progenitors, called neuroblasts (Fig. 3E, middle). Each insect neuroblasts is uniquely
identifiable by its expression of a characteristic combination of transcriptional regulators
(Doe, 1992; Urbach and Technau, 2003; Biffar and Stollewerk, 2014). Neuroblasts
delaminate from the neuroectoderm, similar to the neural progenitors of onychophorans.
However, following delamination, insect neuroblasts divide asymmetrically with a spindle
that is oriented perpendicular to the plane of the neuroectoderm (Fig. 3E, middle). The
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apical daughter cell remains active as a neuroblast (self-renewal), the basal daughter—called
ganglion mother cell-divides once to generate neurons and/or glial cells (Goodman and Doe,
1993). The presence and fixed arrangement of neuroblasts has been demonstrated in basal
and derived insects and thus seems to belong to the ground pattern of insect neurogenesis
(Bate, 1976; Doe and Goodman, 1985; Truman and Ball, 1998). In crustaceans (where early
neurogenesis has been studied in detail for two groups, the malacostracans and the
branchiopods; (Gerberding, 1997; Harzsch, 2001; Scholtz, 1992; Ungerer et al., 2011;
Ungerer et al., 2012; Ungerer and Scholtz, 2008; Wheeler and Skeath, 2005) neuroblasts
show a similar arrangement as in insects, and there is strong evidence for homology of
individual malacostracan and insect neuroblasts based on cell lineage studies. In contrast to
insects where neuroblasts delaminate from the neuroectoderm, crustacean neuroblasts
remain epithelial and produce ganglion mother cells that are pushed inside by directed
mitosis.

The genetic control of early neurogenesis is well established in insects. Neuroblasts are
specified by transcription factors, notably the bHLH proteins encoded by the proneural
genes, which are expressed in small groups of contiguous cells (“proneural clusters”)
forming an invariant pattern in the neuroectoderm (Fig. 3E, top)(Bertrand et al., 2002;
Cabrera et al., 1987; Ungerer et al., 2011; Wheeler et al., 2003). Proneural genes activate
Notch/Delta-mediated cell-cell interactions (lateral inhibition) that result in the specification
and delamination of one neuroblast per proneural cluster (Heitzler et al., 1996). Delaminated
neuroblasts enter their phase of proliferation by expressing a set of zinc-finger transcription
factors, among them Snail and Escargot, which control the orientation and location of the
mitotic spindle, and the basal trafficking of the proteins Prospero, Numb and Brat (Cai et al.,
2001; Knoblich et al., 1995). These factors end up in the ganglion mother cells where they
terminate mitosis and trigger neural differentiation. Cells that had originally been part of the
proneural clusters left behind in the neuroectoderm express bHLH genes of the E(spl)/HES
family; once all neuroblasts have delaminated, HES expression fades, and ectodermal cells
lose their neurogenic potential to become epidermal precursors (Heitzler and Simpson,
1991).

In crustaceans, the expression and function of neural genes (investigated for the branchiopod
Daphnia magna, (Ungerer et al., 2011; Ungerer et al., 2012) shows several significant
differences from insects which, in part, may reflect the epithelial position of the proliferative
neuroblasts. In contrast to insects, Notch signaling antagonizes achaete-scute homologue
(ASH) expression within neuroblasts and keeps them in an immature state. Up-regulation of
ASH in individual neuroblasts results in prospero expression and asymmetric division. This
mechanism resembles neural progenitor regulation in vertebrates (Kageyama et al., 2009).

It should be emphasized that additional neural precursors types and modes of neurogenesis
exist in the developing insect and crustacean brain. The stomatogastric nervous system and
the neuroendocrine system of D. melanogaster, as well as the large optic lobe in insects, are
formed by groups of neuroectodermal cells that invaginate, closely resembling the prevalent
mode of neurogenesis in chelicerates and myriapods (see below; Green et al., 1993;
Hartenstein et al., 1994; de Velasco et al., 2007).
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Among the clades Chelicerata and Myriapoda, neurogenesis has been investigated for a
number of spiders (Linne and Stollewerk, 2011; Stollewerk, 2004; Stollewerk et al., 2001),
horseshoe crab (Mittmann, 2002), sea spiders (Brenneis et al., 2013), millipedes (Dove and
Stollewerk, 2003; Pioro and Stollewerk, 2006) and centipedes (Chipman and Stollewerk,
2006; Kadner and Stollewerk, 2004). In all species analyzed, the CNS is formed from
clusters of contiguous neuroectodermal cells that resemble insect proneural clusters in size
and pattern, but invaginate or ingress in toto, rather than giving rise to single neuroblasts
(Fig. 3A, F-H)). In euchelicerates, one can distinguish an early phase of neurogenesis where
a dense array of small clusters (5 to 9 cells) invaginates from the ventral neuroectoderm (Fig.
3H, middle)(Stollewerk et al., 2001); in a later phase, large groups of up to 40 cells appear
that seem to increase in size and invaginate; these invaginates appear to persist into larval
stages (Stollewerk, 2004)(Fig. 3H, bottom). The phase of proliferation mainly seems to take
place prior to invagination; in other words, in contrast to insects/crustaceans where a
numerically small neuroectoderm gives rise to a certain number of individual progenitors
which then divide asymmetrically, we see in spiders a long phase of ectodermal growth
(presumably by means of symmetric epithelial division), resulting in a large neuroectoderm
from which then groups of neural precursors separate. Pycnogonids (sea spiders;
representing an early branching group of chelicerates, or their own clade within the
arthropods) even show a mixture of ingressing neural precursor groups and asymmetrically
dividing neural progenitors (Fig. 3G, middle)(Brenneis et al., 2013). At a later phase, the
entire neuroectoderm, encompassing neural precursor clusters and associated progenitors,
invaginate to form segmental structures called “ventral organs” in the classical literature
(Morgan, 1891); Fig. 3G, bottom). Similarly, in the euchelicerate Cupiennius salei, the
formation of the brain involves a mechanism by which arrays of small neural precursor
invaginations that had appeared at an early stage of neurogenesis are later folded inside as
part of large grooves and vesicles (D&ffinger et al., 2010).

Neurogenesis in myriapods resembles that in sea spiders to a large degree. Small clusters of
neural precursors ingress from the neuroectoderm (Fig. 3F, middle), and at a later stage, at
least in some classes, the neuroectoderm as a whole invaginates (Fig. 3F, bottom; Dove and
Stollewerk, 2003). Mitotically active epithelial cells are associated with each precursor
group, which could either indicate that the neural precursors of a group are related by
lineage, or that additional cells are recruited to existing neural precursor groups. The exact
pattern of proliferation and neural lineage relationships in chelicerates and myriapods awaits
further investigation.

The molecular mechanisms of neural precursor selection seem to be similar in chelicerates
and myriapods (Dove and Stollewerk, 2003; Stollewerk et al., 2001). The achaete-scute
homologues show expression in large areas out of which neural precursor groups are
selected subsequently. Functional studies in the spider Cupiennius salei demonstrate that the
achaete-scute homologues are required for neural precursor formation and that Notch
signaling restricts the expression of achaete-scute homologues to neural precursor groups
(Stollewerk, 2002). However, Notch signaling has an additional function in keeping neural
precursors in the epithelium over a period of several days. In Notch loss-of-function
experiments neural precursors differentiate prematurely (Gold et al., 2009; Stollewerk,
2002).
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Cycloneuralia—Basally branching cycloneuralia (e.g., Priapulida, Kinorhyncha)
comprises multiple clades of mostly marine, unsegmented worms. The larval nervous system
of these animals resembles that of other basal bilaterian groups, including scattered basal
epithelial neurons and an anterior nerve center (Bullock and Horridge, 1965; Herranz et al.,
2013). Nothing is known about the early developmental stages in neurogenesis of marine
cycloneuralia. A cycloneuralian clade with presumably many highly derived characters are
the nematodes (round worms), mostly microscopic, free living or parasitic worms.
Numerous nematodes, in particular Caenorhabditis elegans, are well studied model systems.
The nervous system of the nematode C. elegans consists of a fixed number of 302 neurons,
which are produced by invariant cell lineages. The neuronal lineages originate from
neuroblasts located in the ventral ectoderm (Fig. 3D, top) which, similar to arthropods, also
generates epidermal precursors (Sulston et al., 1983; Wadsworth and Hedgecock, 1992).
Nematode neuroblasts are internalized by epiboly of the dorsal ectoderm as it gives rise to
the epidermis (Fig. 3D, middle). Following internalization, neuroblasts undergo 1-3
additional, molecularly asymmetric divisions before differentiating as neurons (Fig. 3D,
bottom).

Nematode neurogenesis involves many different classes of intrinsic determinants that are
channeled into the proper neurons through the process of molecularly asymmetric divisions.
As in the (similarly derived) leeches, a stage where a neuroectoderm is subdivided into
distinct groups of “generic” potential neural progenitors (i.e., proneural clusters, defined by
proneural genes) which are then acted upon by signaling mechanisms (i.e., Notch signaling)
can not be discerned. However, proneural genes of the achaete-scute and atonal family are
required for the neural fate in some of the C. e/egans neural lineages. Loss of function of the
achaete-scute homologue (/1/h-14) or the atonal homologue (//n-32) leads to a transformation
of several types of neuroblasts into epidermal cells (Zhao and Emmons, 1995; Frank et al.,
2003). Interestingly, the reverse transformation occurs in the epidermal lineages VV1-4 if the
homolog of Aairy/Enhancer of Split (which suppresses in other anim systems), /in-22, is
mutated. In the absence of /in-22, the atonalhomologue /in-32is upregulated in V1-4
leading to the formation of neuroblasts (Wrischnik and Kenyon, 1997). Furthermore, the
requirement of Notch activity (glp-1) for the formation of non-neuronal cells has been
demonstrated in the ABara lineage (Moskowitz et al., 1994).

6. Neurogenesis in Deuterostomia

Basal deuterostomes: hemichordates and echinoderms—CNS architecture and
early neurogenesis in echinoderms and hemichordates, animal clades at the base of the
deuterostome tree, bears many of the plesiomorphic characteristics present already in
cnidarians. Both clades have a basiepithelial nerve plexus with specialized domains where
neurons are packed at higher density and form cords or ganglia (Bullock and Horridge,
1965). In early echinoderm and hemichordate embryos, transcriptional regulators defining
neurogenic potential, notably SoxB genes, are expressed early and ubiquitously in the
blastula (Lowe et al., 2003; Cunningham and Casey, 2014, for Saccoglossus kowalevskir,
Fig. 2F, top). Wnt signaling at the blastopore/posterior pole defines the endomesoderm, and
initiates a gradient along the primary, antero-posterior axis, which concentrates neurogenic
potential near the anterior pole (Darras et al., 2011). This is reflected in the expression of
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Whnt-inhibited genes like six3/6, which (as in Nematostella vectensis planulae) becomes
restricted to the anterior ectoderm (Lowe et al., 2003). In echinoderm larvae, this domain
produces the “brain-like” apical organ, which (aside from a higher neuronal density)
contains several “brain specific” cell types, including serotonergic neurons. In
hemichordates, the anterior ectoderm forms the proboscis, which also shows highest
neuronal density along the anterior-posterior axis, and contains serotonergic neurons. A
secondary, dorso-ventral axis forms under the control of BMP signaling in echinoderm
embryos, and restricts neurogenic ectoderm in the trunk to a specific domain, the “ciliary
band ectoderm” (Angerer et al., 2011; Burke et al., 2014, for Strongylocentrotus
purpuratus). In hemichordates, neurogenesis is initially not restricted along the dorsoventral
axis and is insensitive to an existing BMP gradient, allowing for the formation of neurons at
all dorso-ventral levels (Lowe et al., 2006; Cunningham and Casey, 2014; Fig. 2F, top,
middle). Secondarily, a restricted dorsal portion of the ectoderm (dorsal collar) gives rise to
an exclusively neural territory, which invaginates to form the dorsal neural cord, considered
as a forerunner of the chordate neural tube (Fig. 2F, middle). The cord consists of a strand of
ependymal cells flanked ventrally by a band of neuronal cell bodies and sparse neuropil
(Nomaksteinsky et al., 2009; Kaul and Stach, 2010; Fig. 2F, bottom).

Based on the few reports that exist it appears as if neuronal differentiation, similar to the
situation in cnidarian embryos, takes place within the ectoderm (Fig. 2F, middle). Markers
for postmitotic neurons (Elav, Synaptotagmin) are expressed as early as the gastrula stage in
scattered cells within the ectoderm, where they overlap with the widespread, diffuse
expression of early neural specification genes (Cunningham and Casey, 2014). The
relationship between neural specification and proliferation has not been investigated so far.
Thus, it is not clear whether dedicated neural progenitors exist that undergo symmetric or
asymmetric divisions prior to neural differentiation.

Urochordates, cephalochordates, and vertebrates—Urochordates (=tunicates,
ascidians), cephalochordates and vertebrates form a neuroectoderm restricted to the dorsal
side of the ectoderm (Fig. 4A-C, top). Expression of SoxB genes, as well as the involvement
of the BMP-BMP antagonist cassette and Wnt signaling in setting up the neuroectoderm, has
been shown in all three clades [cephalochordates (Branchiostoma floridae): Holland et al.,
2000, 2005; Lu et al., 2012; Onai et al., 2012; urochordates (Halocynthia roretzi): Miya and
Nishida, 2003; Darras and Nishida, 2001; vertebrates: reviewed in Altmann and Brivanlou,
2001; Niehrs, 2010; Schmidt et al., 2013]. The dorsal neuroectoderm invaginates to form a
hollow epithelial cylinder, the neural tube. All cells of the neural tube possess neurogenic
potential and undergo diverse patterns of proliferation to produce neurons and glia.

In the ascidian Ciona intestinalis, neurogenesis follows a determinate lineage pattern that,
similar to that found in C. efegansand in leech, is considered highly derived. Ciona larvae
are freely swimming organisms shaped similar to a vertebrate tadpole and possess a small
number of cells which, from the beginning of cleavage onward, are all produced in a fixed
lineage mechanism (Nicol and Meinertzhagen, 1988a, b; Lemaire, 2009). The neural plate
consists of 48 uniquely identifiable neural progenitors that are arranged in a regular
orthogonal pattern, forming four columns and six rows. Following neurulation (Fig. 4B,
middle), these progenitors undergo another 2-3 rounds of mitosis before a subset of them
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delaminates to form the invariant, small set of larval neurons (Fig. 4B, bottom). Proneural
genes of the bHLH family are expressed in distinct neuronal progenitors, and the Notch
signaling cassette, in addition to other signaling pathways (FGFR, Nodal), control the
pattern of neurogenesis by mediating cell-cell interactions between cells belonging to
different columns within the neuroepithelium (Hudson et al., 2007). The larval nervous
system undergoes major, not yet characterized changes during metamorphosis, leading up to
the cerebral ganglion of the mature, sessile sea squirt.

Neural development in cephalochordates follows a similar pathway as in urochordates, aside
from the fact that determinate lineages do not seem to exist. The neural plate expresses the
proneural gene neurogenin in segmentally organized clusters (Holland et al., 2000). The
Notch ligand DI appears in dispersed epithelial cells of the neural plate, but is not expressed
in the neural tube of late embryos (Rasmussen et al., 2007). This finding, along with the fact
that the gene Elav (typically found in postmitotic neural precursors) is widely expressed in
the neural plate (Satoh et al., 2001), suggests that the birth of larval neurons occurs at an
early stage within the neural plate and during neurulation (Fig. 4A, middle). Proliferation
follows a distinct pattern within the neural plate and neural tube; no asymmetric mitoses
have been described (Holland and Holland, 2006).

The neural plate and neural tube of vertebrates is considerably larger than that one of
protochordates, and goes through an extended phase of proliferative neurogenesis.
Proliferating cells constitute part of the neuroepithelium (apical progenitors), or have
delaminated and cover the basal surface of the neuroepithelium (basal progenitors; also
called intermediate progenitors; Noctor et al., 2004; Gétz and Huttner, 2005; Taverna et al.,
2014; Fig. 4C middle, bottom). In addition, various other types of dividing progenitors have
been described for specialized domains within the neural tube (e.g., the progenitors of the
cerebellar rhombic lip; Wingate, 2001). At an early stage during and shortly after
neurulation, apical progenitors undergo symmetric division, resulting in an expansion of the
neural tube. At later stages, apical progenitors increasingly switch to an asymmetric, self-
renewing mode of division. One cell remains mitotically active, the other one delaminates
and differentiates as a neuron, oligodendrocyte, or basal progenitor. At this point (i.e., the
onset of neuronal and glial birth), apical progenitors have transitioned molecularly into a
different state, expressing markers of astroglial cells, and are called radial glial cells (Gétz
and Huttner, 2005). Their name notwithstanding, radial glia continues to produce mostly
neurons until a late stage in embryogenesis when most of these cells differentiate as
astroglia; a smaller fraction becomes the ependymal lining of the ventricle, and some radial
glia remain undifferentiated and give rise to adult neural stem cells (Tramontin et al., 2003).

Unlike apical progenitors, basal progenitors do not self renew, but undergo a limited number
(typically just one; Miyata et al., 2004; Kowalczyk et al., 2009) of equal divisions before
differentiating. Basal progenitors are found predominantly in the anterior part of the neural
tube, in particular the telencephalon, where they form from late embryonic stages onward
(E14 in mouse) the massive subventricular zone (SVZ; Fig. 4C, bottom). The formation and
size of the basal progenitor population is correlated with the expansion of the dorsal
telencephalon, which gives rise to the cerebral cortex in mammals.
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Many of the molecular pathways involved in vertebrate neurogenesis show all the conserved
features sketched in section 2 above. Conserved factors such as SoxB transcription factors
(Xenopus: Mizuseki et al., 1998; chicken and mouse: Pevny and Plczek, 2005; zebrafish:
Schmidt et al., 2013) and Snail zinc finger proteins (Zander et al., 2014; for mouse) play a
role in the neuroepithelium to promote proliferation and prevent cell death. Another member
of the Snail family of transcription factors, Scratch, is required for delamination of neural
precursors by downregulating E-cadherin (Itoh et al., 2013; for mouse); this function could
be very similar to the role of Drosophila Snail, which comes on in neuroblasts about to lose
contact with the apical surface (Ashraf and Ip, 2001). Snail also downregulates epithelial
cadherin in gastrulation, and epithelial-to-mesenchymal transitions in general (Schéfer et al.,
2014).

At the onset of neurulation, the expression of proneural genes defines extensive “proneural
domains” from which precursors of early born neurons (primary neurons) are selected (Fig.
4C, top). These domains are surrounded by territories where primary neurogenesis is
inhibited by expression of the E(spl)/HES genes (Stigloher et al., 2008; Schmidt et al., 2013,
for zebrafish); these domains become active postembryonically as a source for secondary
neurons. Within the embryonic proneural domains, Notch signaling defines the differential
fate of the asymmetrically dividing apical progenitors; the daughter cell ending up with
lower Notch activity loses its progenitor fate and differentiates as neuron, or becomes an
intermediate progenitor. Interestingly, several different mechanisms seem to exist that
regulate the level of Notch activity. One mechanism, described in mouse (Bultje et al.,
2009), is directly tied to the unequal distribution of the apical Par3 complex resulting from
an asymmetric division. Due to a tilted plane of division, only the more apical daughter cell
inherits Par3; this cell upregulates Notch and continues as an epithelial apical progenitor,
whereas the other daughter cell downregulates Notch and delaminates. Asymmetric
distribution of the Notch inhibitor Numb may also be involved in promoting differentiation
of the delaminating cell (Shen et al., 2002; Petersen et al., 2004). In zebrafish, Par3 inherited
by the apical daughter cell also regulates Notch, yet in the opposite direction as in mouse: by
activating the factor Mindbomb (Mib), which increases the activity of the Notch ligand
Delta, the level of Notch increases in the neighboring, basal cell; this cell re-inserts into the
epithelium as a progenitor, whereas the apical cell delaminates to become the neuron
(Alexandre et al., 2010). Following delamination, high proneural gene activity in neural
precursors activates Prospero. As in Drosophila, Prospero initiates a program of neuronal
differentiation and blocks continued proliferation; there is a direct feedback between the
expression of Prospero and decreased Notch activity in neural precursors (mouse: Misra et
al., 2008; Kaltezioti et al., 2010).

7. The evolution of neurogenetic mechanisms in Bilateria

The comparison of neural architectures and the underlying developmental mechanisms
among bilaterian clades surveyed in the previous sections suggests that the last common
ancestor of bilaterian animals (“Urbilateria) must have possessed a well-stocked “toolkit”
of neurogenesis, comprising the following elements:

1 Specialized ectodermal domains of Urbilateria were designated as
neuroectoderm, destined to produce a centralized nervous system, by means of
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signaling pathways (Wnt/BMP), and the transcription factors promoting and
maintaining neurogenic potential (e.g., SoxB genes). This condition has now
been well confirmed for most bilaterian animals, and therefore most likely
constitutes a plesiomorphy inherited from the last common ancestor.

Given that many of the clades considered basal among bilaterians have retained a
basiepithelial nerve plexus, it seems likely that the ectoderm of Urbilateria had
widespread neurogenic potential outside the central neuroectoderm. The
condition in extant hemichordates (generalized expression of SoxB and
proneural genes, followed secondarily by restricted expression in domains that
invaginate) may serve as a model for the structure of such an ancestral
combination of central and generalized neurogenesis.

Cells of the generalized neurogenic ectoderm of Urbilateria differentiated
directly into epithelial, sensory neurons, as well as delaminating ganglion cells;
these cells then constituted the basiepithelial nerve plexus.

The central neuroectoderm was able to produce neurons in higher numbers than a
generalized neurogenic ectoderm by two mechanisms, invagination of (parts of)
the neuroepithelium, and formation of dedicated neural progenitors. In many
extant clades (e.g., arthropods, chordates) both mechanisms coexist, and it is
therefore possible that both are plesiomorphic neurogenetic features handed
down from Urbilateria.

The “neural gene cassette”, whose central elements are the proneural genes
controlled by Notch signaling, specified the number and pattern of neural
precursors and progenitors in the generalized neurogenic ectoderm and the
central neuroectoderm. High levels of Notch activity maintain neural progenitors
in the neuroepithelium, and prevent neural differentiation, by transcriptional
repression of the proneural genes. Small, random shifts in the expression levels
of proneural genes and a Notch ligand (e.g., Delta) could lead to a reduction of
Notch signaling in single neural precursors/progenitors, which then would allow
them to delaminate. Such a mechanism would result in a stochastic pattern of
neural precursor/progenitor segregation, which most likely represents the
ancestral pattern.

Factors like Prospero or Numb, which have been confirmed in members of all
three super clades (Deuterostomia, Ecdysozoa, Lophotrochozoa), most likely
formed already integral parts of the “neural gene cassette” in Urbilateria and
controlled the transition of neural precursors from proliferation to differentiation.

In conclusion, most of the modules of early neurogenesis formed already part of the
“toolkit” that was at the disposal of Urbilateria. On the other hand, it is likely that at least
two elements of neurogenesis encountered in many derived bilaterians, the high degree of
determinacy of the positioning of neural progenitors, and intrinsically fixed lineages, are
derived features that could have evolved independently multiple times.
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Patterning neural progenitors: what we can learn from arthropods—Based on
the comparison of neurogenetic mechanisms observed among the extant euarthropod clades
the hypothesis can be put forward that the versatility of Notch function and its interactions
with the proneural genes could be the basis for the diversity of neural precursor patterns.
When considering the outgroup, Onychophora, we may expect a variable pattern of
individual neural precursors delaminating from the neuroectoderm at the base of the
arthropods (Eriksson and Stollewerk, 2010). In the last common ancestor of euarthropods,
the formation of neural precursors became spatio-temporally fixed. This could have been
achieved by two events: (1) changes in the regulatory regions of the proneural genes that led
to an up-regulation in domains/patches within the neuroectoderm, (2) the inclusion of
additional regulatory mechanism of Notch signaling. Biological and mathematical models
show that the pattern of neural precursor selection can change from domains to groups of
cells to single cells depending on the regulation of the Notch pathway (Wang et al., 2011).
The selection mechanisms are linked to pre-patterning mechanisms that determine the
anterior-posterior and dorso-ventral polarity within segments, setting up the precise areas of
proneural gene expression and thus the fixed arrangement of neural precursors (Skeath,
1999; Skeath et al., 1992).

Clusters of contiguous neural precursor distributed in an invariant pattern most likely
represented the ancestral feature of arthropod neurogenesis; we see this condition in extant
chelicerates and myriapods (Fig. 3C, D, E). Subsequently, asymmetrically dividing neural
progenitors evolved from these clusters, which, among others, is supported by the strikingly
similar arrangement and number of neural precursor groups and neuroblasts, respectively, in
the ventral neuromeres of euarthropods (Fig. 3A, B)(Doffinger and Stollewerk, 2010;
Eriksson and Stollewerk, 2010). The function of Notch signaling in maintaining cells in an
epithelial state and controlling binary cell fate decisions might have culminated in singling
out individual cells from the precursors groups. The difference in the final position of the
neuroblasts observed in insects and crustaceans (i.e. delamination in insects/maintenance in
the epithelium in crustaceans) could also be explained by variations in the regulation of
Notch signaling.

Asymmetric division and fixed lineage patterns of neural progenitors—An
invariant pattern of proliferation that is “fixed” by intrinsic, asymmetrically distributed
factors, is often correlated with an invariant neuronal architecture of the mature brain. In
such brains, one encounters conserved arrays of unique cells that can be recognized in every
specimen. The connection between fixed lineage and invariant neuronal pattern is plausible:
intrinsic determinants are expressed in progenitors that divide according to an invariant,
asymmetric pattern, and are thereby channeled into specific daughter cells; based on exactly
which determinant it inherits, a daughter cell adopts a specific cell fate (Pearson and Doe,
2004).

As described above, well documented cases of asymmetrically dividing neural progenitors
producing fixed lineages are observed in several derived clades of Ecdysozoa (insects,
nematodes), Lophotrochozoa (leech) and Deuterostomia (ascidians). The fixed lineage
mechanism (in the nervous system) has not been described in clades considered basal, and
has therefore likely evolved independently, using molecular modules that existed as
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preadaptations. Thus, asymmetric, fixed divisions are widespread throughout all clades
during early embryogenesis. For example, in all spirally cleavaging embryos (e.g., molluscs,
annelids, some platyhelminths), and in many cycloneuralians, the cleavage divisions are
asymmetric and invariant, giving rise to blastula stage embryos with several hundred cells
each of which has a predetermined fate (for review, see relevant chapters in Gilbert and
Raunio, 1997). The molecular machinery that controls asymmetric fixed divisions is
probably conserved. For example, the Par3 complex (discovered through its function during
C. elegans cleavage) plays a role in positioning the mitotic spindle, and in distributing
certain determinants (like Prospero or Numb), in asymmetrically dividing cells in C. elegans,
Drosophila, and vertebrates (Doe, 2001; Suzuki and Ohno, 2006). Thus, a cellular
mechanism for generic asymmetric divisions was available as a Urbilaterian plesiomorphy,
so that, once the “necessity arose” for asymmetric neural progenitor divisions, this
mechanism could be utilized towards that purpose. Such then could be the evolutionary
relationship between asymmetrically dividing NPs in the vertebrate and insect embryo: their
presence does not imply that Urbilateria possessed asymmetrically dividing neural
progenitors, let alone neuroblasts with fixed lineages; the link is the conserved genetic
cassette (Par3 complex, Insc, Numb) that was present in all bilaterians, and that was
extracted from the toolkit whenever asymmetric division coupled to self renewal became
advantageous during neurogenesis, independently in the vertebrate lineage (to generate more
neurons), and the insect/crustacean lineage (to efficiently distribute intrinsic determinants for
fixed lineages).

A final point that deserves mentioning is the question how, if at all, an invariant neuronal
architecture can be generated without fixed lineages. In polychaetes or molluscs, which have
stereotyped patterns of neurons in many ganglia (Hulsebosch and Bittner, 1981; Koester and
Kandel, 1977), fixed lineages have not been reported so far, but might come to light once
techniques like live imaging and clonal analysis become available. Invariant neural
architecture in the apparent absence of fixed lineages also occurs in many arthropods,
including spiders and myriapods discussed above. One might speculate that here, local cell-
cell interaction within the individual neural precursor groups/invaginations that produce the
ganglia could generate an invariant neural architecture. As described above, neural precursor
clusters are similar in pattern and overall cell number (per cluster) to the primary lineages of
insects (approximately 30 lineages with 10-15 cells each per hemisegment). It is conceivable
that in the spider, similar to what happens in the Drosophila eye disc during the specification
of different ommatidial cell types (Kumar, 2012), one cell is selected first in each cluster
cluster, which then acts as a signaling center to specify in a fixed temporal order the other
cell types. Just as in the compound eye, such a local signaling mechanism, given the small
number of cells that are involved, could account for an invariant neural architecture.
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Box 1
Terminology of Neurogenesis

With few exceptions, all cells of an embryo proliferate by mitotic cell division. Mitosis is
defined as symmetric if the resulting daughter cells are identical in regard to size, shape,
and position, and asymmetric if these aspects are not the same in the two daughter cells.
Mitoses which are symmetric in regard to structure, but are known to produce daughter
cells which receive different intrinsic molecular factors, are also usually called
asymmetric; in order to distinguish them from the (structurally) overtly asymmetric
division we will call them “molecularly asymmetric” divisions in the following.

Mitotically dividing cells in the developing organism are referred to as progenitors
(progenitor cells). The term progenitor is often used interchangeably with another word,
precursor. Another common use of “precursor” is to denote cells that have left the
mitotic cycle, but are not yet differentiated. In this review, we will always use the term
precursor in the latter sense, that is, to denote undifferentiated cells, which are either
postmitotic or for which experimental evidence attesting to their postmitotic status is
missing.

Whereas progenitor cells undergo a limited number of divisions before differentiating,
stem cells are customarily defined as cells (usually studied in or extracted from mature
organisms) that do not cease to proliferate. When talking about development, where the
proliferative fate of a cell (unlimited or not?) is generally unknown, the terms are not
used consistently in the literature. For example, the asymmetrically dividing neural
progenitors (neuroblasts) of insects are classified as stem cells in many recent papers,
even though their proliferatory activity is limited to the embryo and larva in most species.
The distinction (just as in case of “precursor” vs “progenitor”) is semantic, depending on
the criteria used to define a type of cell. In this review, which focuses on embryonic
rather than adult neurogenesis, we will consistently use the term “neural progenitor”,
rather than “stem cell”.

The relationship between cell division and the specification of cell fate is an important
aspect of early neurogenesis. Neurons are typically specified (“born”) within growing,
proliferating tissues. The step of neural determination is not necessarily linked to cell
division. For example, cells distributed all over the early embryonic ectoderm, or
restricted to specific domains (“growth zones™), divide and lead to an increase in
ectodermal size. At the same time, mechanisms that are not involved in the pattern of
mitosis act at specific locations to specify neural fate. In this instance, one may not call a
dividing (ectodermal) cell a “neural progenitor”. On the other hand, proliferation and
neurogenesis are often linked. Thus, progenitors located within specific regions of the
ectoderm that have been specified as “neurogenic” (neuroectoder m), often increase their
mitotic activity and produce exclusively neural cells (neurons or glia). These progenitors
then represent neural progenitors. Neural progenitors may divide in a “stem cell-like”,
asymmetric pattern, as shown for the “apical progenitors” of the vertebrate neural tube
(Goetz and Huttner, 2007; Taverna et al., 2014), or the neuroblastsin insects.
Alternatively, neural progenitors can divide symmetrically (e.g., basal or inter mediate
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progenitorsin vertebrates). Note that in many cases of non-model organisms that are
surveyed in this review, the exact mode of division of neural progenitors has not yet been
determined.

We would like to alert the reader to a difference in usage of the term “neuroblast” in the
context of arthropod and vertebrate neurogenesis. As introduced above, the arthropod
neuroblast denotes an asymmetrically dividing progenitor; in vertebrates, the term is
often used for postmitotic neural precursors prior to differentiation (e.g., Yeo and Gautier,
2004).
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Box 2
Phylogeny

Based on fossil and molecular data, Metazoa (multicellular animals) evolved more than
800 Mio years ago (Erwin and Peterson, 2011). Two taxa that branched off the
phylogenetic tree at an early stage (800-700 Mio years) are Placozoa and Porifera. Extant
members of these groups do not possess a nervous system, although most elements of the
molecular apparatus that mediates the function of a neuron (e.g., receptors for light and
chemicals, ion channels, signal molecules stored in vesicles and released by docking of
vesicles at membrane) were already present (Sakarya et al., 2007). Neurons, defined here
as cells with specialized, elongated processes conducting electric impulses, are present in
the next branch, Cnidaria (sea anemones, corals, jelly fishes), where sensory neurons and
ganglion cells form a basiepithelial nerve plexus (nerve net), in addition to the first nerve
centers associated with the mouth and tentacles (Sagaguchi et al., 1996; Mackie, 2004).
The term “basiepithelial” refers to the fact that neurons and their processes form part of
the epithelium (skin or gut); they are located in between the basal membrane of the
epithelium and the basement membrane separating the epithelium from deeper tissue
layers. Another type of jellies, Ctenophora, also possess a nerve net and were
traditionally grouped close to the Cnidaria; based on recent findings, these animals split
much earlier from the metazoan tree and evolved a nervous system independent of all
other animals (Ryan et al., 2013; Moroz et al., 2014).

Bilaterian animals appeared on the scene between 700 and 650 Mio years ago. Bilateria
are defined by their bilaterally symmetric body and a third tissue layer, the mesoderm,
which gave rise to numerous specialized internal tissues and organs, including muscle,
vascular, excretory and connective tissue/skeleton. Neurons of Bilateria are organized
into central ganglia and peripheral sensory organs, although a subepidermal peripheral
nerve net is still present in many basal bilaterian taxa (Fig. 2). Bilateria split into many
diverse clades at the Ediacaran-Cambrian boundary (600-530 Mio years ago; Erwin et al.,
2011). According to phylogenetic analysis started by the seminal analysis of Aguinaldo
et al. (1997), and confirmed by most recent studies (e.g., Dunn et al., 2008), bilaterians
comprise three major groups: deuterostomes and protostomes, the latter further
subdivided into the “supertaxa” Ecdysozoa (molting animals; including arthropods,
nematodes) and Lophotrochozoa (e.g., molluscs, annelids, platyhelminths, brachiopods).

The nervous system of basal deuterostomes [hemichordates (acorn worms), echinoderms
(star fish)] forms a basiepithelial nerve plexus similar to that of cnidarians (for detailed
review of the classical studies on invertebrate neuroanatomy, see Bullock and Horridge,
1965). In addition, local condensations of neurons occur in some regions where the
neurogenic epithelium invaginates (e.g., the dorsal tube in the collar of hemichordates
which is thought to foreshadow the vertebrate neural tube). In more highly derived
deuterostomes [urochordates (sea squirts), vertebrates] a peripheral nerve plexus is
absent. A neuroepithelium, represented by the dorsal ectoderm, invaginates as the neural
tube. The central nervous system consists of layers of densely packed neurons and their
processes that face outward, away from the basal surface of the invaginated
neuroepithelium (Figure Box 2; see also Fig. 4B, C).
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Basal Lophotrochozoa [e.g., platyhelminths (flatworms), chaetognaths (arrow worms)]
also retain a peripheral basiepithelial nerve plexus. The CNS takes the shape of an
anterior ganglionic brain from which nerve cords extend posteriorly (Figure Box 2). A
ganglion is formed by neurons that have separated from the neuroepithelium. Within a
ganglion, neuronal cell bodies form the outer layer (cortex), and branched processes/
synapses (neuropil) are at the core. Nerve cords are long axon bundles surrounded by
neuronal cell bodies. The taxon Acoela (flatworms with a digestive syncytium instead of
a gut), according to recent phylogenetic studies, resides at the vary base of Bilateria,
either as the sister group to all Bilateria, or to Deuterostomia (Ruiz-Trillo et al., 1999;
Philippe et al., 2011; Figure Box 2). The nervous system of acoels has many
characteristics similar to those of platyhelminths (Ramachandra et al., 2002; Bery et al.,
2010), featuring a ganglionic brain and multiple nerve cords at dorsal and ventral levels.
More evolved Lophotrochozoa include the clades Annelida and Mollusca. Both have
large ganglionic brains that process sensory information from complex sensory organs
(eyes, tentacles). Other ganglia form a ventral, segmented chord (annelids), or are
distributed throughout the body (molluscs).

Within the Ecdysozoa (molting animals), most taxa are assigned to two groups,
Cycloneuralia and Arthropoda (Telford et al., 2008; Liu et al., 2014). Cycloneuralians are
unsegmented, worm-like animals, including nematodes (round worms), nematomorphs
(hair worms), priapulids (priaps worms) and multiple other small phyla. They possess an
anterior ring-shaped brain that surrounds the pharynx (hence the name); nerve cords
project from the brain posteriorly at all dorso-ventral levels. Arthropods include the
terrestrial myriapods (e.g. millipedes, centipedes), chelicerates (e.g. spiders) and
hexapods (e.g. insects), and the mainly aquatic crustaceans. Arthropods have large,
complex sensory organs (e.g., eyes and antennae of insects) and ganglionic brains;
segmentally arranged ganglia form a ventral nerve cord (Figure Box 2). A basiepithelial
nerve plexus is absent in ecdysozoans.
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Figure Box 2.
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Figure 1.
Modular representation of early neurogenesis, focusing on the origin (A), pattern (B),

proliferation (C), and movement (D) of neural progenitor (NP) cells. The color coding that is
applied in column (C), and maintained throughout the following figures 2—4, reflects the

neurogenic potential and proliferative status of a cell: neuroepithelium: blue; actively
dividing progenitor: purple; intermediate (basal) progenitors: yellow; undifferentiated
precursor that is postmitotic or that has an undetermined, yet limited mitotic potential:

orange. Small colored circles in cells C5 and C6 symbolize hypothetical intrinsic

determinants that are channeled through asymmetric divisions into distinct neural cells
(fixed lineages).
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Early neurogenesis in cnidarians and basal bilaterians. In boxes (A)-(F), key events of early
neurogenesis are depicted in a schematic, uniform manner for six different animal clades.
Represented in the upper panel of each box is a “thumbnail” of an embryo of the
corresponding clade at the onset of neurogenesis (side view; anterior to the left, dorsal up).
Territories with neurogenic potential are outlined in blue. Role of BMP/BMP antagonist and
Whit signaling pathway, if present, is indicated by vertical and horizontal arrows at top right
corner of upper panel. Arrows point in direction of decreasing activity (i.e., away from

Dev Cell. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hartenstein and Stollewerk Page 37

source) of these morphogens. Numbers in grids (ABCD) at top left capture the elements of
early neurogenesis, as shown and explained in text section 1 and Figure 1. Drawings in
lower panels of each box show schematic cross sections of embryos at sequential stages of
development, capturing spatial characteristics and proliferatory behavior of neural
progenitors. The drawings use the color code introduced in Box 1 and Figure 1. As an
example, box (A) represents early neurogenesis in the cnidarian Nematostella. The
Nematostellaembryo shows generalized neurogenic potential all over the ectoderm (# 1 in
grid A; colored blue in upper section). Neural cells are scattered stochastically over
ectoderm (# 1 in grid B). Ectodermal cells form neural precursors (orange in upper section;
#1 in grid C) and differentiate as epithelial, sensory neurons or delaminate to become
ganglion cells (both red in bottom section). Ectoderm also contains dividing neural
progenitors (# 2 in grid C; purple color in upper section). Based on published reports
(Richards and Rentzsch, 2014) progenitors appear to divide in ectoderm (bracketed # 1 in
grid D). Bracketing of numbers generally indicates that the implied aspect of neurogenesis is
the most likely scenario, based on published data, but needs further confirmation. Bracketing
of “BMP” indicates that morphogen is present but excerts no effect on neural organization.
The sign “1>2” in grid A and “1>4" in grid D of box (F) signify that during an early
embryonic phase of hemichordate neurogenesis, a generalized neurogenic ectoderm gives
rise to neural precursors forming a nerve net; this is followed in the later embryo by a phase
where the dorsal ectoderm invaginates as the dorsal neural cord, and the ventral ectoderm
also gives rise to a ventral cord of higher neuronal density. Phylogenetic relationships
between clades, in this and the following figures, are indicated by thick grey lines/arrows
connecting the corresponding boxes. The remainder of the clades shown in this figure [(B)-
(F)] and the following figures are composed in the manner explained for (A)
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Figure 3.

Early neurogenesis in derived protostome clades; composition of figure as explained in
legend of Figure 2. Lophotrochozoa represented by leeches [Hirudinea, (C)]), a derived
branch of the annelids. Within the Ecdysozoa, the branch Cycloneuralia is represented by
the nematodes (D). The Arthropoda (E-H) comprise Pancrustacea, including Hexapoda
(insects; E) and crustaceans, Myriapoda (centipedes; F), and Checlicerata, including
Pycnogonida (sea spiders, G) and Euchelicerata (H). Thumbnail of embryo shown for
Hexapoda (E) applies to all other arthropod clades.
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Early neurogenesis in leech (C) and nematode (D) is characterized by fixed lineages,
generated by asymmetric cell division. Positional fate (antero-posterior and dorsoventral) is
controlled by intrinsic determinants and local cell-cell interactions, rather than by long range
BMP/Wnt gradients.

Panels at upper left show horizontal confocal sections of the ventral neuroectoderm of an
insect (A: D. melanogaster, A’ T. castaneurm) and a spider (B/B’: C. salei), illustrating the
similarity between the pattern of individual neuroblasts (insect) and invaginating NEURAL
PROGENITOR clusters (spider). Grey arrows in A/B indicate neuromere boundaries.
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Early neurogenesis in deuterostomes; composition of figure as explained in legend of Figure
2. Deuterostomes include the basally branching echinoderms, hemichordates (represented in
panel (F) of Figure 2), and cephalochordates [(A); lancelets], as well as more derived
urochordates [(B); sea squirts] and vertebrates (C). Urochordates show fixed lineages with
intrinsically specified neural fates.
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