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Chapter 5: Evolution of neurosecretory cell types

The survey of sensory cell evolution in the last two chapters suggested that mechano-,
chemo-, and photoreceptive cell types in all bilaterians may have evolved from a common
sensorineural cell type present in the last common bilaterian ancestor. Thus, despite their
vertebrate-specific specializations, the mechano- and chemosensory cells derived from
cranial placodes, appear to have a very long evolutionary history. In this chapter, I will ask
the question, whether the neurosecretory cells derived from placodes can be traced back to
remote ancestors in a similar fashion. These neurosecretory cells comprise the hormone-
producing cells of the adenohypophysis and the neuropeptidergic cells of the olfactory
placode (which produce, for example, Gonadotropin Releasing Hormone, i.e. GnRH). I hope
to show that, while neurosecretory cells and neurons probably represent a single cell type
family, which originated in early eumetazoans, specialized neurosecretory cell types probably
evolved many times independently. Apart from a small population of neurosecretory cells
that are specified by Otp and other transcription factors in the vertebrate hypothalamus and in
the anteromedial nervous systems of many other bilaterians, there is currently little evidence
for neurosecretory cell types with a deep evolutionary history. The neurosecretory cells
derived from the adenohypophyseal and olfactory placode most likely originated as novel cell
types only in vertebrates or the last common tunicate-vertebrate ancestor.

5.1 Neurons and neurosecretory cells: An ancient cell type family

Before embarking on our brief journey through animal taxa, a few words are necessary to
clarify some terminology. The terms “neurosecretory” and “neuroendocrine” are not used in a
consistent manner in the literature so I want to briefly explain how I will employ them here
(Fig. 5.1). Often used interchangeably, these terms may either be employed narrowly for
neurons that also produce hormones or in a much wider sense to refer to neurons and other
endocrine cell types that produce similar types of hormones (in particular peptide hormones)
and/or share some other neuron-like properties. To disambiguate the terms, I will here use the
term “neuroendocrine” in the former, narrow sense and “neurosecretory” in the latter, wider
sense, thus making neuroendocrine cells a subset of neurosecretory cells. Let me explain this
in a bit more detail.

Although most neurons interact with other cell types by releasing chemicals known as
neurotransmitters, neurons and secretory cells are usually considered distinct cell types based
on functional and morphological considerations. Neurons are equipped with cellular
processes such as axons and dendrites enabling them to transmit electrical signals and



communicate with other cells via specialized synapses, while secretory cells lack such
processes and synapses. Secretory cells may have either exocrine or endocrine functions.
Exocrine cells secrete enzymes or other products into ducts connected to the digestive tract or
the outside world. In contrast, endocrine cells secrete their products directly into the blood (or
hemolymph or other body fluids), where they will be distributed throughout the body and
potentially act as hormones on distant cells.

The hormones secreted by endocrine cells are typically derived either from lipids or from
proteins (reviewed in Hartenstein 2006; Norris and Carr 2020). Some molecules derived from
single amino acids such as serotonin or the catecholamines (epinephrine, norepinephrine,
dopamine), may also serve as hormones in addition to their function as classical
neurotransmitters. Lipid-based hormones include, for example, the steroid hormones, which
are derived from cholesterol. Protein-based hormones include the glycoprotein hormones
(TSH, LH, FSH) and four-helix cytokine-like hormones (GH, PRL) of the anterior pituitary
as well as neuropeptides. Apart from the neuropeptides produced by the anterior pituitary
(ACTH , oMSH) there is a large diversity of neuropeptides produced by other cells in the
brain, gut and many other organs. Neuropeptides are made from larger precursor proteins
(prohormones) that are cut into smaller pieces by special proteolytic enzymes (prohormone
convertases). As explained in chapter 8 of volume 1 (Fig. 8.4 Schlosser 2021), some
prohormones such as POMC can yield multiple peptides after processing; and the kinds of
peptides produced can vary in a tissue-specific manner. After synthesis in the rough
endoplasmic reticulum and processing in the Golgi apparatus, protein-based hormones are
stored in relatively large dense-core vesicles (DCV) (Burgoyne and Morgan 2003). These
differ from the small, translucent synaptic vesicles, in which classical neurotransmitters are
stored by their large size and granular content; they are also usually distributed widely
throughout the cell and not locally concentrated at synapses (Scalettar 2006; Kim et al. 2006).

It has long been known that cells that secrete neuropeptides (and possibly other protein- or
amino acid-based hormones) are not restricted to the endocrine cells of the anterior pituitary
and other endocrine glands. The same neuropeptides are also released by many neurons of the
central and peripheral nervous system as well as in specialized cells of the endodermally
derived digestive tract (enteroendocrine cells) (Norris and Carr 2020). The enteroendocrine
cells of the gut and their cousins in pancreas and liver (which develop as outpocketings of the
embryonic gut) release peptide hormones in response to changing nutrient levels in the
digestive tract, which then regulate processes ranging from gut motility and glucose
metabolism to appetite and other metabolic processes (Rindi et al. 2004; Gribble and
Reimann 2016; Latorre et al. 2016).

Many neurons produce neuropeptides, which then act on adjacent neurons or other target
cells (i.e. in a paracrine fashion) and modulate their response to classical neurotransmitters
released by the same or other neurons (reviewed in Bargmann 2012; Marder 2012). However,
other neuropeptidergic neurons release neuropeptides into adjacent blood vessels, which
distribute them to more distant target cells. Neuropeptides in this case act as proper hormones
on distant cells (i.e. in an endocrine fashion). Therefore, these neurons are classified as
“neuroendocrine” cells (Fig. 5.1). In the vertebrate brain, many of these neuroendocrine cells
are found in the hypothalamus (reviewed in Alvarez-Bolado 2019; Norris and Carr 2020).
One population of hypothalamic neuroendocrine cells sends axons to the posterior pituitary



where they release peptide hormones (adiuretin and oxytocin) into the blood stream. Another
population sends its axons to the so-called median eminence, a stalk-like region where the
anterior pituitary is attached to the hypothalamus (see Fig. 1.11 B in Schlosser 2021). There,
the axons secrete a number of neuropeptides known as releasing hormones (RH) into the
blood stream, which carries them via the hypophyseal portal vein to the anterior pituitary,
where each RH stimulates hormone production of a specific endocrine cell type - GnRH, for
example, stimulates gonadotropes, while TRH stimulates thyrotropes (Fig. 1.11 B in
Schlosser 2021).

The endocrine cells of the anterior pituitary or other endocrine glands as well as the
enteroendocrine cells of the digestive tract lack axons, dendrites and synapses. They are,
therefore, not considered proper neurons and, thus, are not “neuroendocrine” cells in the
sense defined here. However, in addition to the secretion of neuropeptides or other protein-
based hormones, many endocrine cells also share other features with neurons. The endocrine
cells of the anterior pituitary, for example, are excitable and form electrically and/or
chemically synchronized networks of hormone release as explained in chapter 8 of volume 1
(Schlosser 2021). Some enteroendocrine cells of the gut, in turn, were recently shown to form
synapses with vagal neurons via short cytoplasmic processes called neuropods and send
information about intestinal glucose levels to the brain, suggesting that they are modified
neurons (Bohorquez et al. 2015; Kaelberer et al. 2018). To emphasize the similarities
between the various cells that produce protein-, peptide- or amino acid-based hormones, I
propose here to use the term “neurosecretory cells” for these cells. Neurosecretory cells, so
defined, include 1) the subset of non-neuronal endocrine cells, e.g. cells of the anterior
pituitary and enteroendocrine cells, producing protein-, peptide- or amino acid-based
hormones (excluding those producing steroids or other lipid-based hormones); 2)
neuroendocrine cells, i.e. neurons that produce such hormones and release them into the
blood stream; 3) paracrine neurons that produce such hormones but do not release them into
the blood stream (Fig. 5.1).

Although some open questions remain, there is evidence that all neurosecretory cells,
including those that are not neurons, not only share neuron-like properties like excitability
and neuropeptide-release, but also require proneural bHLH transcription factors (see chapter
5 in Schlosser 2021) for specification and initiation of cytodifferentiation. These proneural
factors are related to either Drosophila achaete and scute (Achaete/Scute-like proteins) or
atonal (Atonal/Neurogenin/Neurod-like proteins). Members of both the Ascl and Atonal
superfamilies of bHLH transcription factors have been identified in sponges (Simionato et al.
2007) indicating that they were present already in early metazoans.

Atohl in mammals and Ascl] in zebrafish have been shown to be required for all secretory
cell types in the digestive tract except for those producing digestive enzymes but including
the mucus-producing goblet cells and enteroendocrine cells. In contrast, Neurogenin3
(Neurog3) is specifically required for the differentiation of most enteroendocrine cells (Yang
et al. 2001; Jenny et al. 2002; Lopez-Diaz et al. 2007; Flasse et al. 2013; Roach et al. 2013;
Gribble and Reimann 2016). Downstream of Neurog3, other typically “neuronal”
transcription factors such as NeuroD1 and Islet] are required for differentiation of
enteroendocrine cells (Gribble and Reimann 2016). Similarly, as discussed in chapter 8§ of
volume 1 (Schlosser 2021), Ascll and other, Atonal-related bHLH transcription factors are



required for differentiation of endocrine cell types in the anterior pituitary, in a partly
redundant fashion (Pogoda et al. 2006; Ando et al. 2018). Taken together, this suggests that
in vertebrates proneural bHLH transcription factors play essential but possibly redundant
roles for the differentiation not only of neurons but also of neurosecretory cells that are not
neurons including the endodermally derived enteroendocrine cells.

In Drosophila, homologs of the vertebrate Ascl (Drosophila Scute, Asense) and Neurog
(Drosophila Tap) transcription factors are likewise required for the specification of
endodermal enteroendocrine cells (Amcheslavsky et al. 2014; Wang et al. 2015; Hartenstein
et al. 2017). Although experimental data from other animals are missing, both neuropeptide
expression and expression of proneural bHLH genes have been found in cells scattered
throughout the endoderm in many bilaterians and cnidarians (Hartenstein 2006; Hartenstein
et al. 2017). It has, therefore, been proposed that neurons and neurosecretory cells (including
those that are not neurons) may comprise a single cell type family, which possibly originated
from a common cell type in the last common ancestor of eumetazoans, followed by
diversification into different neuronal and/or neurosecretory lineages (Fig. 5.2) (Hartenstein
2006; Hartenstein et al. 2017). Stepping back further in time, neuronal/neurosecretory cells
may even share a common cellular ancestor with exocrine cells given the many similarities in
the mechanisms of vesicle formation and release (Burgoyne and Morgan 2003; Kim et al.
2006).

5.2 Evolutionary origins of neurosecretory cells

While neurons and neurosecretory cells may well form an ancient cell type family, there is
little evidence that within this family neurosecretory cells form a well-defined and
evolutionarily stable subfamily, distinct from non-secretory neurons. Many neurosecretory
cells express combinations of multiple neuropeptides and these combinations vary for
different neurosecretory cells and are, most likely, evolutionarily flexible. Moreover, many
neuropeptides and other protein hormones are produced by multiple different types of
neurons and/or endocrine cells, each specified by a different core regulatory network
(CoRNs) of transcription factors. This is best studied in the vertebrate hypothalamus, where
the transcription factor profiles expressed by different neurosecretory cells have been mapped
in detail (Morales-Delgado et al. 2011; Morales-Delgado et al. 2014; Diaz, Morales-Delgado,
and Puelles 2015) and their role has been assessed in functional studies (reviewed in Alvarez-
Bolado 2019).

These studies have shown, to briefly sketch only one example, that the transcription
factors Otp (the vertebrate homolog of Drosophila Orthopedia) and Sim1 as well as their
downstream target POU3{2 (= Brn2) are required for specification of a large subset of
neurosecretory cells in the hypothalamus including neuroendocrine cells (Michaud et al.
1998; Acampora et al. 1999; Wang and Lufkin 2000; Alvarez-Bolado 2019). While Otp is
required together with Sim1 for the specification of one population of neurosecretory cells
releasing the neuropeptide somatostatin (residing in the parvocellular nucleus of the
hypothalamus), only Otp but not Sim1 is essential for another population (arcuate nucleus).
However, cells expressing somatostatin or other neuropeptides in the gut develop in the
absence of Otp or Sim1 (Simeone et al. 1994; Ema et al. 1996). This suggests that



somatostatin producing cells in different locations are specified by different core regulatory
networks (CoRN). Space constraints do not allow me to elaborate this further here. For more
details and additional examples, I refer the reader to previous studies (Morales-Delgado et al.
2011; Morales-Delgado et al. 2014; Diaz, Morales-Delgado, and Puelles 2015; Alvarez-
Bolado 2019).

Overall, this and many other case studies indicate that there is a complex and
evolutionarily labile relationship between the transcription factors specifying neurosecretory
and neuronal cell type identity and the types of hormones produced. This suggests that
neurosecretory cells producing the same or related neuropeptides or other protein-based
hormones may have evolved convergently multiple times from different neuronal or
endocrine cell types.

Recent comparisons of neurosecretory cell types between different bilaterian taxa suggest,
however, that there may be an important exception to this general rule after several core
regulators of neurosecretory development in the vertebrate hypothalamus were found to be
co-expressed in a group of anteromedial neurosecretory cells in other deuterostomes and
protostomes. These core regulators comprise Nk2.1, Otp and Sim1/2, which together with
other transcription factors involved in anterior regional patterning (e.g. Pax4/6, Six3/6,
Fezf1/2, Rx, Gsx) play central roles for the specification of neurosecretory cells in the
hypothalamus (Kimura et al. 1996; Michaud et al. 1998; Acampora et al. 1999; Wang and
Lufkin 2000; Manoli and Driever 2014; Orquera et al. 2019; Alvarez-Bolado 2019).

Several studies have now identified groups of neurosecretory cells expressing a similar
profile of transcription factors in a topographically corresponding anteromedial position (see
Fig. 5.3) in the brain of Platynereis, in the pars intermedia and lateralis of the Drosophila
brain, and in the brain of centipedes (Tessmar-Raible et al. 2007; De Velasco et al. 2007;
Hunnekuhl and Akam 2014). In the chordates Ciona and amphioxus, cells with a similar
profile (NK2.1, Six3/6, Fezf1/2, Rx) are localized in the anterior neural tube although Sim
and Otp in amphioxus and Nk2.1 in Ciona are expressed in more posterior domains
(Venkatesh et al. 1999; Moret et al. 2005; D'Aniello et al. 2006; Kozmik et al. 2007; Joly et
al. 2007; Del Giacco et al. 2008; Irimia et al. 2010; Vopalensky et al. 2012; Li, Lu, and Yu
2014; Albuixech-Crespo et al. 2017; Oonuma and Kusakabe 2019).

It was subsequently shown that neurosecretory (neuropeptidergic) cells in the apical organ
of Platynereis and of other lophotrochozoan and cnidarian larvae also express Nk2.1, Otp,
Six3/6, Fezf, and Rx as well as some additional transcription factors (Hbn, FoxQ?2) that are
absent from the mammalian genome (Fig. 5.4) (Chia and Koss 1979;Steinmetz et al. 2010;
Nakanishi et al. 2012; Santagata et al. 2012; Sinigaglia et al. 2013; Conzelmann et al. 2013,
Marlow et al. 2014; Williams et al. 2017). These cells later become incorporated into the
anterior brain just rostral to the mouth opening, thereby contributing to the anteromedial
neurosecretory brain center (Tessmar-Raible et al. 2007; Marlow et al. 2014; Tosches et al.
2014; Williams et al. 2017). The apical organ of larvae in deuterostomes (hemichordates and
echinoderms) also contains neurosecretory cells and expresses Nk2.1, Otp, Six3, Fezf, Rx,
FoxQ2 and Hbn (Takacs et al. 2004; Dunn et al. 2007; Yankura et al. 2010; Marlow et al.
2014; Mayorova et al. 2016; Gonzalez, Uhlinger, and Lowe 2017; Valencia et al. 2019).

Taken together, this suggests that a group of anteromedial neurosecretory cells regulated
by a conserved network of transcription factors and possibly derived from the apical organ



may be an ancestral feature of eumetazoans (Fig. 5.3). In vertebrates, this anteromedial group
of cells may have diversified and contributed to the neurosecretory cells of the vertebrate
hypothalamus (Tessmar-Raible 2007; Tosches and Arendt 2013; Arendt, Tosches, and
Marlow 2016).

In this book, however, I am mainly concerned with the neurosecretory cells of the
vertebrate adenohypophysis, which are derived, like cranial sensory cells and neurons, from
cranial placodes. While deep evolutionary roots have also been proposed for these cells (e.g.
De Velasco et al. 2004; Hartenstein 2006,; Wirmer, Bradler, and Heinrich 2012), I will use
the remainder of this chapter to argue against this hypothesis. As I will show below, all
hormones secreted by the vertebrate adenohypophysis are evolutionarily novel and have
evolved only in the vertebrate lineage. Furthermore, while hormones distantly related to the
vertebrate hormones have been found in other bilaterians, these are not expressed in cell
types sharing a common profile of transcription factors with the vertebrate adenohypophysis
outside of the chordates. Many of the CoRN transcription factors known to regulate
differentiation of adenohypophyseal endocrine cells in a combinatorial fashion (including
Pitx, Lhx3/4, Islet, Propl, Pitl, Tbx19, FoxL2, GATAZ2; see chapter 8 in Schlosser 2021),
have only begun to be co-expressed in anterior endoderm in early chordates, where some of
them may have adopted an essential role for specification of neurosecretory cells. They were
then recruited to anterior non-neural ectoderm in the tunicate-vertebrate ancestor, and have
adopted their unique roles in the specification of different types of neurosecretory cells only
in vertebrates. Similarly, the neurons producing GnRH and other neuropeptides that are
derived from the olfactory placode in vertebrates (see chapter 6 in Schlosser 2021), probably
were established as a specific individualized cell type only in the tunicate-vertebrate ancestor.

5.3 Neurosecretory cells in the last common tunicate-vertebrate ancestor

5.3.1 Evolutionary origin of hormones produced in adenohypophyseal and olfactory
neurosecretory cells

The neurosecretory cells of the vertebrate adenohypophysis produce hormones of three
different families: peptide hormones, dimeric glycoprotein hormones and four-helix cytokine-
like proteins (Fig. 5.5; for details see chapter 8 in Schlosser 2021) (reviewed in Campbell,
Satoh, and Degnan 2004; Kawauchi and Sower 2006; Norris and Carr 2020). The peptide
hormones adrenocorticotropic hormone (ACTH) and alpha melanocyte stimulating hormone
(0-MSH) are produced by the proteolytic processing from the same precursor protein
proopiomelanocortin (POMC). They are released by cell types known as corticotropes
(ACTH) and melanotropes (a-MSH). The four-helix cytokine-like hormones comprise
growth hormone (GH) and prolactin (PRL). These are produced by somatotropes (GH) and
lactotropes (PRL). Finally, the dimeric glycoprotein hormones (consisting of a common alpha
subunit and specific beta subunits) include thyroid stimulating hormone (TSH), luteinizing
hormone (LH) and follicle stimulating hormone (FSH). These are produced by thyrotropes
(TSH) and gonadotropes (LH, FSH).



Genes encoding these adenohypophyseal hormones or their receptors could not be
identified in genomes of tunicates, amphioxus or other animals suggesting that they have
evolved only in the vertebrate lineage (Dehal et al. 2002; Campbell, Satoh, and Degnan 2004;
Holland et al. 2008; Putnam et al. 2008). One possible exception may be a growth hormone
(GH)-like protein and an associated receptor recently reported for amphioxus (Li et al. 2014;
Liet al. 2017). However, the phylogenetic relationships of this four-helix cytokine like
protein is currently not strongly supported and further evidence is needed to confirm its
position as the closest relative of vertebrate GH and PRL (Ocampo Daza and Larhammar
2018).

Although earlier studies reported the presence of cells immunoreactive for various
adenohypophyseal hormones in tunicates and amphioxus, these findings may have reflected
cross-reactivity of the antibodies used with other, possibly related hormones (e.g. Fritsch,
Van Noorden, and Pearse 1982; Pestarino 1983; Pestarino 1984; Thorndyke and Georges 1988;
Terakado et al. 1997; Nozaki and Gorbman 1992; reviewed in Sherwood, Adams, and Tello
2005; Schlosser 2005). The isolation of POMC-related peptides from some protostomes may
in turn be an artefact due to contamination with ingested vertebrate tissues (Duvaux-Miret et
al. 1990; Salzet et al. 1997; Stefano, Salzet-Raveillon, and Salzet 1999).

Comparative studies indicate that the vertebrate specific hormones of the adenohypophysis
(Fig. 5.5) evolved from other members of the same hormone families, which can be traced
back to the earliest metazoans (Campbell, Satoh, and Degnan 2004; Jekely 2013; Mirabeau
and Joly 2013; Roch and Sherwood 2014). The a- and (- subunits of the dimeric
glycoproteins (LH, FSH, TSH) of the anterior pituitary, GPH-a (also known as a-GSU) and
GPH-J, evolved from the corresponding subunits, GPA2 and GPB5, of the glycoprotein
thyrostimulin after gene duplications in the vertebrate lineage. GPH-{ is still found in
lampreys but gave rise to the B-subunits of LH, FSH, TSH in gnathostomes (see chapter 8 in
Schlosser 2021). Orthologs of GPA2 and GPBS5 and of the glycoprotein-binding subfamily of
G-protein coupled receptors (GPCR) can be dated back at least to the bilaterian ancestor (Dos
Santos et al. 2009; Park et al. 2005; Sudo et al. 2005; Hausken et al. 2018).

Members of the four-helix cytokine-like hormones (GH, PRL) and their receptors have
also been identified in protostomes although little is currently known about their evolutionary
history (Huising, Kruiswijk, and Flik 2006). Finally, the POMC-derived neuropeptides
(ACTH, aMSH, opioids) of the anterior pituitary bind to receptors of the y-rhodopsin (opioid
receptors) and o-rhodopsin (melanocortin receptors for ACTH and MSH) subfamilies of
GPCRs; these subfamilies and corresponding neuropeptide ligands were present in the last
common ancestor of bilaterians (Dores and Baron 2011; Fredriksson and Schioth 2005;
Mirabeau and Joly 2013; Sundstrom, Dreborg, and Larhammar 2010; Elphick, Mirabeau, and
Larhammar 2018).

In contrast to the adenohypophyseal hormones, none of which are present outside of
vertebrates, the neuropeptide GnRH, which is released by olfactory placode-derived
neurosecretory neurons, is more ancient and shares a common evolutionary origin with
adipokinetic hormone (AKH), corazonin (CRZ), and AKH/CRZ-related peptide (ACP) in
protostomes (Roch, Busby, and Sherwood 2011; Sakai et al. 2017; Elphick, Mirabeau, and
Larhammar 2018). These neuropeptides signal via GnRH-type receptors and CRZ-type
receptors, which probably originated in early bilaterians as subfamilies of B-rhodopsin type



GPCRs (Roch, Busby, and Sherwood 2011; Roch, Tello, and Sherwood 2014; Sakai et al.
2017; Elphick, Mirabeau, and Larhammar 2018).

5.3.2 Neurosecretory cell types in tunicates

In tunicates, the distribution of dimeric glycoproteins or four-helix cytokine-like proteins
has not been described. However, many neuropeptides have been identified. These include
GnRH and other peptides belonging to evolutionarily conserved families as well as species-
specific peptides (Matsubara et al. 2016). In Ciona, there are six GnRH peptides encoded by
two genes as well as 4 GnRH receptors (Adams et al. 2003; Roch, Busby, and Sherwood
2011; Sakai et al. 2017). These have multiple functions and are involved in increasing water
flow, promoting gamete maturation and release, and initiating metamorphosis (Terakado
2001; Adams et al. 2003; Sakai et al. 2010; Sakai et al. 2012; Kamiya et al. 2014; Hozumi et
al. 2020).

Neurosecretory cells releasing various neuropeptides and expressing prohormone
convertases are found in a number of different tissues including gonads and gut, but are
mostly concentrated in the CNS of the larva and the cerebral ganglion and neural gland of the
adult (Fig. 5.6) (Thorndyke and Georges 1988; Bollner, Beesley, and Thorndyke 1992;
Schlosser 2005; Hamada et al. 2011; Matsubara et al. 2016; Osugi, Sasakura, and Satake
2017; Osugi, Sasakura, and Satake 2020). A small population of neurosecretory cells is also
found in the adult ciliary funnel and the ciliary duct connecting the ciliary funnel to the neural
gland (Bollner, Beesley, and Thorndyke 1992). Fate mapping studies in Ciona indicate that
cerebral ganglion and neural gland arise from the sensory vesicle and visceral ganglion of the
larval CNS (Dufour et al. 2006; Joly et al. 2007; Horie et al. 2011). They also suggest that the
anteriormost part of the larval CNS (the neurohypophyseal duct connecting the sensory
vesicle to the oral siphon primordium) may contribute to the ciliated funnel, although
previous studies suggested that ciliated funnel and duct arise from the larval oral siphon
primordium (Fig. 3.2) (Manni et al. 2004; Manni et al. 2005).

GnRH secreting cells are predominantly localized to the larval brain, the adult cerebral
ganglion and to a few other adult cell populations (dorsal strand, dorsal strand plexus)
derived from the larval CNS (Fig. 5.6) (Tsutsui et al. 1998; Terakado 2001, 2001; Adams et
al. 2003; Kavanaugh, Root, and Sower 2005; Kawada et al. 2009; Hamada et al. 2011).
However, recent studies have found GnRH to be expressed in additional populations of
neurons in the larva, the palp sensory neurons (PSNs) and aATENSs of the peripheral nervous
system (see chapter 3; Fig. 3.3) (Kusakabe et al. 2012; Abitua et al. 2015; Horie, Hazbun, et
al. 2018). These neurons originate from cells in the non-neural ectoderm bordering the
anterior neural plate (Horie, Horie, et al. 2018).

Two additional cell types of the palp region (Figs. 3.2, 5.6), the so-called collocytes and
axial columnar cells, probably derive from a common precursor with PSNs (Zeng et al.
2019). Collocytes are exocrine cells secreting mucus, which is thought to mediate substrate
adhesion, like the cells of the vertebrate cement gland (Cloney 1977; Dolcemascolo et al.
2009; Zeng et al. 2019). The axial columnar cells harbor vesicles suggestive of a
neurosecretory function (Zeng et al. 2019). Despite their primarily exocrine function,
collocytes express many neuronal markers. Moreover, their profile of transcription factor



expression clusters with PSNs, another PSN-related cell type (possibly corresponding to axial
columnar cells) and other neurons in single-cell RNA-Seq analyses (Figs. 3.4, 3.5) (Zeng et
al. 2019; Cao et al. 2019). This suggests that collocytes (and possibly axial columnar cells)
are probably specialized neurosecretory cells. To evaluate how these cells may be related to
rostral neurosecretory cells in amphioxus and vertebrates, we need to have a closer look at
transcription factor expression profiles first.

5.3.3 Transcription factors involved in specifying tunicate neurosecretory cell types

Do any of the neurosecretory cells in Ciona belong to a cell type related to the
neurosecretory cells in the adenohypophysis or the GnRH producing cells derived from the
olfactory placode? The CoRN of transcription factors required for specifying
adenohypophyseal neurosecretory cells in vertebrates has been well studied and was
described in chapter 8 of volume 1 (Fig. 8.5 in Schlosser 2021). To recapitulate briefly (Fig.
5.5), Pitx, Lhx3/4 and Islet1/2 are required for progenitor development of all neurosecretory
lineages. Pitx and Lhx3/4 subsequently continue to play important roles for the differentiation
of all neurosecretory lineages, while Isletl expression is only required for differentiation of
gonadotropes and a subset of thyrotropes. Specification of all lineages releasing POMC-
derived neuropeptides, i.e. melanotropes and somatotropes then additionally requires Tbx19.
Specification of all lineages secreting dimeric glycoprotein hormones, i.e. gonadotropes and
thyrotropes, in turn depends on FoxL2 in combination with GATAZ2. Finally, all lineages
secreting four-helix cytokine-like hormones, i.e. somatotropes and lactotropes, as well as the
majority of thyrotropes require Propl and POU1f1 (Pitl). Additional transcription factors
(e.g. Nr5al, ER, NeuroD4, NeuroD1, Pax7) help to specify individual cell types within these
lineages, but I will ignore these here to avoid overcomplication of matters. Much less is
known about the CoRN specifying the GnRH producing neurosecretory cells derived from
the olfactory placode, although Islet1/2 may be involved here as well (see chapter 8 in
Schlosser 2021). Transcription factors that are specifically expressed in the olfactory, but not
adenohypophyseal placode like FoxG, DMRT4/5 and Sp8 may help to distinguish olfactory
placode-derived neurosecretory cells including the GnRH cells from those derived from the
adenohypophyseal placodes (see chapter 4 in Schlosser 2021).

Some of these transcription factors have clearly no comparable function in tunicates.
Tbx19 is encoded by a gene that arose by duplication of the Brachyury (T) gene either in
vertebrates or early chordates, but is absent from both Ciona and amphioxus genomes
(Ruvinsky, Silver, and Gibson-Brown 2000; Papaioannou 2014; Inoue et al. 2017). POUIf1
is also absent from the Ciona genome and Propl is expressed only in a rare CNS cell type
(Cao et al. 2019). FoxL2/3 has an evolutionarily ancient role in the sexual differentiation of
gonads, but its expression has not been described in tunicates, amphioxus or ambulacrarians
(Bertho et al. 2016).

However, all other transcription factors involved in the specification of adenohypophyseal
cells in vertebrates are expressed in tunicates in a region of ectoderm that I will term the
anterior dorsal non-neural ectoderm (ANNE), located immediately adjacent to the anterior
neural plate (Fig. 5.3). In tunicates, the ANNE comprises the palp forming region and the
oral/preoral ectoderm, mostly arising from rows V and VI of ectodermal cells in the neural



plate region (see Fig. 3.2). This is in striking contrast to amphioxus, where most of these
transcription factors are confined to the endomesoderm (see below). The medial part of the
ANNE domain (a8.18 and a8.20; Fig. 3.2) gives rise to the palp region with the
neurosecretory palp sensory neurons (PSNs) and collocytes, while the more lateral part
(a8.26) gives rise to the GnRH producing aATEN sensory neurons (Horie, Hazbun, et al.
2018). The expression of transcription factors in these cells is summarized and compared
with vertebrates in Fig. 3.5.

Pitx is expressed in the palp region as well as in the oral siphon primordium (OSP),
scattered cells in the CNS and broadly in the left endomesoderm (Boorman and Shimeld
2002; Christiaen et al. 2002; Yoshida et al. 2012; Cao et al. 2019). Lhx3/4 is expressed in the
collocytes and several sensory neurons (but not PSNs), in addition to the posterior CNS and
the early endoderm, where it is required for endoderm differentiation (Satou, Imai, and Satoh
2001; Ikuta and Saiga 2007; Kobayashi et al. 2010; Cao et al. 2019). Interestingly, Six1/2,
Eya, Islet and, GATA1/2/3, which are also expressed in the ANNE, likewise show
endodermal expression (Giuliano et al. 1998; Mazet et al. 2005; Imai et al. 2004; Imai et al.
2006; Abitua et al. 2015; Ogura and Sasakura 2016; Cao et al. 2019). While ectodermal
Six1/2 is restricted to sensory/neurosecretory cells derived from the ANNE (aATENs and
PSNs), Islet and GATA1/2/3 (known as GATAD in Ciona) have a wider distribution. Islet is
not only expressed in collocytes, PSNs and aATENS, but also in other sensory neurons and
parts of the CNS (Fig. 3.5). GATADb, while being enriched in the ANNE, is widely expressed
in the general non-neural ectoderm.

Interestingly, both Islet] and Six1/2 (as well as Eya), apart from their role in the anterior
pituitary (see chapter 8 in Schlosser 2021), are also required for the differentiation of some
enteroendocrine cells in vertebrates (Xu et al. 2002; Zou et al. 2006; Terry et al. 2014). In the
pharyngeal endoderm, Six1 and Eya are expressed in the anlagen of the thymus and
parathyroid glands, the ultimobranchial bodies (producing the calcitonin secreting C-cells of
the thyroid), and in pulmonary neuroendocrine cells (PNEC), and appear to be required for
their proper morphogenesis and differentiation (Xu et al. 2002; Zou et al. 2006; El Hashash et
al. 2011; Travaglini et al. 2020). Furthermore, as we will see below, in amphioxus the
expression of Pitx, Lhx3, Six1/2, Islet and GATA1/2/3 is mostly endomesodermal and these
transcription factors are co-expressed with another adenohypophyseal transcription factor,
POUI1fI, in a rostral outpocketing of the gut (Hatschek’s left diverticulum). This raises the
interesting question whether transcription factors originally involved in the specification of
some endomesodermal cells in chordate ancestors were recruited to the anterior non-neural
ectoderm in the tunicate-vertebrate ancestor (Fig. 5.7).

Recent findings concerning the Ciona ortholog of vertebrate FoxA1/2/3 (or HNF30/f/y)
transcription factors support this hypothesis. Like in vertebrates, Ciona FoxA1/2/3 is strongly
expressed in the developing endoderm and notochord and required for notochord
development (Fig. 5.7) (Imai et al. 2004; Imai et al. 2006; Passamaneck et al. 2009; Jose-
Edwards et al. 2015). In addition, however, FoxA1/2/3 is also transiently required (together
with the ectodermal competence factor DI1x2/3/5) in early ectodermal precursors for the
specification of the ANNE and the upregulation of GATA1/2/3 in this territory (Lamy et al.
2006; Imai et al. 20006).
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FoxA transcription factors are known as key regulators of endoderm and notochord
development in vertebrates and are thought to act as early pioneer factors endowing cells with
the competence to differentiate into endodermal fates (Friedman and Kaestner 2006). At later
stages of embryonic development, vertebrate FoxA1 and FoxA2 are specifically required for
differentiation of enteroendocrine cells (Ye and Kaestner 2009). Together with transcription
factor SPDEF, they are also essential for differentiation of mucus-secreting goblet cells in the
endodermal digestive tract (Ye and Kaestner 2009; Chen et al. 2009; Chen et al. 2018; Noah
et al. 2010; McCauley and Guasch 2015). However, FoxA factors are also expressed in
stomodeum, olfactory epithelium and adenohypophysis (Besnard et al. 2004; Giri et al. 2017;
Chen et al. 2017). While their functions in these ectodermal territories are not well
characterized, it has recently been shown that they play important roles for the development
of endocrine cells in the adenohypophysis (Besnard et al. 2004; Giri et al. 2017); for
differentiation of a subpopulation of small secretory cells in the amphibian epidermis
(Dubaissi et al. 2014; Walentek et al. 2015); and for mouth development (Chen et al. 2017).
They are also expressed together with SPDEF in putative goblet cells of ectodermally derived
mucosae, suggesting that they are required for goblet cell differentiation in both endoderm
and ectoderm (Gupta et al. 2011; Chen et al. 2018). Since FoxA and its downstream targets
such as GATA1/2/3 are only endomesodermally expressed in amphioxus (see below), they
probably were recruited to the ANNE domain only in the last common ancestor of tunicates
and vertebrates (Fig. 5.7).

Interestingly, in vertebrates, another transcription factor, Hesx1 (or ANF1) is specifically
expressed in the anterior endomesoderm in early embryos, where it is required for its own
subsequent upregulation in the ANNE domain (Zaraisky et al. 1995; Thomas and Beddington
1996; Kazanskaya et al. 1997; see chapter 4 in Schlosser 2021). Since ANF-family
transcription factors have only evolved in vertebrates (Kazanskaya et al. 1997), they may
have taken over some of the functions of other transcription factors like FoxA specifically in
the anterior endomesoderm and ANNE domain.

In addition to mostly endomesodermal transcription factors like FoxA and GATA1/2/3,
the ANNE domain in tunicates also retains the expression of FoxG, Sp6-9 and DMRT4/5
(DMRTa) (Fig. 3.5). These transcription factors are specifically expressed in the anterior-
most neural plate and adjacent non-neural ectoderm in vertebrates and are required for the
development of olfactory placodes and the telencephalon (e.g. Zembrzycki et al. 2007;
Bellefroid et al. 2013; Kasberg, Brunskill, and Steven Potter 2013; Kumamoto and
Hanashima 2017; see chapter 4 in Schlosser 2021). In Ciona, DMRT4/5 is likewise expressed
in the anterior CNS and the ANNE region and is required for the upregulation of FoxC and
Six1/2 in the ANNE and for the development of palps, OSP and sensory vesicle (Imai et al.
2006; Tresser et al. 2010; Wagner and Levine 2012; Horie, Hazbun, et al. 2018). Similarly,
FoxG is transiently expressed in the anterior neural plate and OSP. In addition, it is
persistently expressed in the palp region including PSNs and collocytes, where it is required
for palp formation upstream of Islet and Sp6-9 (Horie, Hazbun, et al. 2018; Cao et al. 2019;
Liu and Satou 2019). In amphioxus, FoxG is expressed in the anterior neural tube but not in
the non-neural ectoderm, while Sp6-9 and DMRT4/5 expression have not been described (see
below). This suggests that FoxG, and possibly Sp6-9 and DMRT4/5 were recruited to the
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ANNE from the anterior neural plate only in the last common ancestor of tunicates and
vertebrates (Fig. 5.7).

Interestingly, this scenario is further supported by Otx, which acts as a general anterior
patterning factor in all germ layers throughout bilaterians (see chapter 3; also see chapter 4 in
Schlosser 2021). Otx is expressed in both ANNE and the anterior neural tube (forebrain and
midbrain) in vertebrates and tunicates and is required for their development, but is confined
to the anterior neural tube in amphioxus (Williams and Holland 1996; Wada et al. 1996;
Wada, Sudou, and Saiga 2004; Imai et al. 2004; Hudson and Lemaire 2001; Onai et al. 2009).
It may, thus have been restricted to the anterior CNS in ancestral chordates and have
expanded into the ANNE domain only in the last common ancestor of tunicates and
vertebrates.

5.3.4 The last common tunicate-vertebrate ancestor

In summary, these data suggest that in the lineage leading to tunicates and vertebrates, a
new group of neurosecretory cells was established in the rostral ectoderm, which developed
from the embryonic ANNE (Fig. 5.7 A). The latter acquired a unique regional regulatory
profile after recruiting transcriptional regulators from the anterior endomesoderm (FoxA,
Pitx, Lhx3, Gatal/2/3, and possibly Six1/2, Eya and Islet) as well as from the anterior neural
plate (FoxG, SP6-9, DMRT, Otx). At the same time, the ANNE continued to express
transcription factors widely expressed in non-neural ectoderm (DI1x2/3/5, Msx1/2, TFAP2)
and those promoting general, not germ-layer restricted anterior identity (Six3/6, Pax4/6),
which already intersect in the ANNE in early chordates (reviewed in Schlosser, Patthey, and
Shimeld 2014). Sensory cells that developed in the ANNE thereby may have acquired a novel
and unique regional identity, while retaining the core regulatory network of transcription
factors (e.g. POU4, Isletl/2, Pax2/5/8, BarH, Prox, Gfi) also found in other sensory cells (e.g.
pATEN, CESNS; see chapter 3) developing from the non-neural ectoderm (Cao et al. 2019).

In addition, several of the transcription factors newly acquired by the ANNE have early
functions as competence factors in progenitor cells and FoxA and other Fox family members
are known to act as pioneer factors, which are able to bind to cis-regulatory regions even in
compacted chromatin making these regions accessible for other transcription factors
(Friedman and Kaestner 2006; Zaret and Carroll 2011). The expression of an endodermal
competence factor like FoxA in the ANNE of the tunicate-vertebrate ancestor may have
facilitated the redeployment of other transcriptional regulators from the endoderm, including
those involved in the specification of neurosecretory cells in the rostral endomesodermal
pouches (e.g. Pitx, Lhx3/4, POUI, Islet, Six1/2, and Eya) (Fig. 5.7 A). The neurosecretory
cells recruited from these endomesodermal pouches to the ANNE may subsequently have
given rise to the neurosecretory axial columnar cells in tunicates and to the adenohypopyseal
endocrine cells in vertebrates. The latter then further diversified in stem vertebrates by
employing additional transcription factors (e.g. Tbx19, Nr5al, ER, NeuroD4, NeuroD1,
Pax7) in the specification of different subtypes. Another secretory cell type recruited from the
endomesoderm in the last common tunicate-vertebrate ancestor may have retained a function
in mucus secretion and may have given rise to the collocytes in tunicates and the cement
gland in vertebrates.
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The recruitment of competence factors from the endomesoderm and possibly the anterior
neural plate may also have endowed the ANNE with the competence to activate certain
differentiation gene batteries, which ancestrally were activated only in endomesodermal or
neural plate-derived cell types (Fig. 5.7 B). These may have included gene batteries of
neurosecretory cells (e.g. encoding GnRH, other neuropeptides, prohormone convertases etc.)
and of the mucus producing goblet cells. The co-activation of endomesodermal and anterior
neural competence factors with competence factors for non-neural ectoderm in the ANNE
may then have promoted the co-expression of gene batteries for neurosecretory and sensory
differentiation in the same cell, regulated by competence factors for endomesoderm/anterior
neural ectoderm and non-neural ectoderm, respectively (Fig. 5.7 B).

Consequently, some novel neurosecretory cell types of the ANNE probably originated in
the stem lineage of tunicates and vertebrates not by simple duplication and divergence from
pre-existing sensory neurons or neurosecretory cells, but rather by recombination (see chapter
2) of CoRN members from sensory cells (derived from non-neural ectoderm) and
neurosecretory cells (derived from endoderm or anterior neural ectoderm), which were
present in ancestral chordates (Fig. 5.7 B). One of these new cell types, a neurosecretory
sensory neuron, may subsequently have given rise to the GnRH secreting sensory neurons in
tunicates and to the GnRH secreting olfactory neurons in vertebrates. Some recombination
between the CoRNs of neurosecretory cells and sensory cells may also have played a role in
the origin of other cell types such as the neurosecretory axial columnar cells and collocytes in
tunicates (which cluster with sensory neurons in single-cell RNA-Seq studies; Cao et al.
2019) and the adenohypophyseal endocrine cells of vertebrates.

5.4 Neurosecretory cells in the last common chordate ancestor

5.4.1 Neurosecretory cell types in amphioxus

Like in vertebrate and tunicates, neurosecretory cells in amphioxus have been identified in
both the neural tube and the digestive tract (reviewed in Sherwood, Adams, and Tello 2005).
In addition, neurosecretory cells seem to be concentrated in Hatschek’s pit, an
endomesodermally derived mucus-producing structure located anterior to the mouth.
Hatschek’s pit develops from an outpocketing of the gut on the left side anterior to the first
somites known as Hatschek’s left diverticulum (Fig. 5.8 A). In amphioxus, many mesodermal
structures (e.g. the anterior somites) arise from similar outpocketings of the gut, which are
therefore considered endomesodermal structures. Opposite of Hatschek’s left diverticulum, a
corresponding outpocketing on the right side (Hatschek’s right diverticulum) will expand to
form the head coelom. In contrast, Hatschek’s left diverticulum will bud off the pharynx and
fuse with the surface ectoderm to form the preoral pit, which gives rise to Hatschek’s pit in
the adult (Hatschek 1884; Glardon et al. 1998; Kaji et al. 2016). Hatschek’s pit, in the narrow
sense, forms an epithelium of secretory cells, which is surrounded by the secretory cells of
the wheel organ (Fig. 5.8). Whether the latter are also derived from endoderm or from
ectoderm surrounding the preoral pit has not been determined. For simplicity, I will here use
the term “Hatschek’s pit” to refer to the larger structure comprising both wheel organ and
Hatschek’s pit in the narrow sense in the adult or to the preoral pit in the larva.
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One of the functions of Hatschek’s pit appears to be secretion of mucus for trapping food
particles, together with other mucus secreting organs like the endodermal endostyle and club-
shaped gland (Lacalli 2008; Tjoa and Welsch 1974). Mucus is probably released by the large
vesicles observed in the apical part of the secretory cells in Hatschek’s pit (Fig. 5.8 B). In
addition to this exocrine function, some of the secretory cells appear to also have an
endocrine function. This is suggested by the prevalence of small vesicles in the basal parts of
these secretory cells, which are located next to blood spaces (Fig. 5.8 B) (Sahlin and Olsson
1986; Tjoa and Welsch 1974) and by their immunoreactivity for many neuropeptides or other
protein hormones (see below).

Hatschek’s pit resembles the vertebrate pituitary because of its presumptive
neurosecretory functions, its rostral position and its attachment to the ventral side of the brain
(Gorbman, Nozaki, and Kubokawa 1999). Moreover, the opening of Hatschek’s diverticulum
into the ectoderm is reminiscent of pores that connect the anterior coelom (protocoel) in
ambulacrarians to the outside and form the hydropore in echinoderms and the proboscis pores
in hemichordates (Goodrich 1917; Benito and Pardos 1997). Similar connections between the
adenohypophysis and adjacent endomesodermal head cavities have also been found in some
vertebrates (Goodrich 1917). Hatschek’s pit has, therefore, been often suggested to be
homologous to the adenohypophyseal placode, which gives rise to the anterior pituitary of
vertebrates (reviewed in Patthey, Schlosser, and Shimeld 2014; Schlosser 2015). This will be
discussed further below and in the next chapter.

However, Hatschek’s pit in amphioxus differs from the adenohypophysis of vertebrates,
not only because of its endomesodermal origin, but also because of its asymmetric
development on the left side. It shares this asymmetric localization with other structures
including the mouth, which also develops on the left side, and has been suggested to be
derived either from a gill slit or from a pore connecting an anterior coelom budding off the
first somite to the outside (Fig. 5.8 A) (Stach 2002; Yasui and Kaji 2008; Kaji et al. 2016;
Schlosser 2017; Holland 2018). Although its developmental and evolutionary origin is still
unresolved, it is widely agreed that the amphioxus mouth is not homologous with the mouth
of other chordates and probably evolved in the context of increasingly asymmetric
development after the lineage of amphioxus diverged from the last common ancestor of
chordates (Yasui and Kaji 2008; Schlosser 2017; Holland 2018). If this interpretation is
correct, ancestral chordates probably were largely symmetrical and were equipped with a
midline mouth subsequently lost in amphioxus and possibly with paired endomesodermal
pouches containing neurosecretory cells similar to Hatschek’s left diverticulum in amphioxus
(Fig. 5.8 A).

Because the neurosecretory cells of Hatschek’s pit are exposed to the external
environment, they may respond to environmental stimuli. While apically, the cells of
Hatschek’s pit resemble sensory cells in bearing a cilium surrounded by microvilli (Fig. 5.8
B), they do not contain synaptic vesicles or form axonal processes (Sahlin and Olsson 1986;
Tjoa and Welsch 1974). Furthermore, while some nerve fibers have been found in the vicinity
of Hatschek’s pit, there is currently no support that the pit itself is innervated (Kaji et al.
2001). It has, therefore, been proposed that the cells of Hatschek’s pit may release hormones
directly into the blood stream in response to environmental stimuli, thereby regulating
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reproduction, feeding and other body functions in an endocrine way (Gorbman 1999; Nozaki
and Gorbman 1992), similar to enteroendocrine cells.

As reviewed above, only GnRH but none of the hormones released by the vertebrate
adenohypophysis are present in the amphioxus genome (Holland et al. 2008et al., 2008;
Putnam et al. 2008). However, other representatives of the three adenohypophyseal hormone
families - neuropeptides, dimeric glycoprotein hormones and four-helix cytokines - appear to
be present in Hatschek’s pit and elsewhere in amphioxus.

First, genes encoding many neuropeptides and their G-protein coupled receptors (GPCR)
could be identified in the amphioxus genome (Holland et al. 2008; Mirabeau and Joly 2013;
Osugi et al. 2016; Putnam et al. 2008). Cells immunoreactive for various neuropeptides such
as FMRF amide, neuropeptide Y and somatostatin were identified in the neural tube, gut and
Hatschek’s pit of amphioxus (Reinecke 1981; Chang et al. 1984; Massari, Candiani, and
Pestarino 1999; Nozaki and Gorbman 1992; Castro, Manso, and Anadon 2003; reviewed in
Sherwood, Adams, and Tello 2005). Immunoreactivity for GnRH was found mostly in the
neural tube, while an earlier report of GnRH immunoreactivity in Hatschek’s pit (Fang,
Huang, and Chen 1999), could not be confirmed in further studies (Castro et al. 2006; Roch,
Tello, and Sherwood 2014). One GnRH peptide and four GnRH receptors were previously
isolated from amphioxus (Tello and Sherwood 2009; Roch, Tello, and Sherwood 2014). Two
of these receptors are vertebrate-like GnRH-type receptors, while the other two belong to the
CRZ-type family (Roch, Busby, and Sherwood 2011; Roch, Tello, and Sherwood 2014; Sakai
et al. 2017; Elphick, Mirabeau, and Larhammar 2018). Since amphioxus GnRH activates only
one of its two CRZ-type but none of its GnRH-type receptors, additional GnRH peptides are
probably present in amphioxus, but remain to be identified (Roch et al., 2014 b). One
additional GnRH-like peptide was described but could not be confirmed in genomic analyses
(Chambery et al. 2009).

Second, while amphioxus lacks genes encoding the subunits of the heterodimeric
glycoproteins FSH, LH or TSH, orthologs for the two subunits (GPA2, GBP5) of the related
heterodimeric glycoprotein thyrostimulin and for their GPCRs are present in the genome
(Dos Santos et al. 2009, Roch and Sherwood 2014). Although cells immunoreactive for the
gonadotropins FSH and LH were originally described in Hatschek’s pit (Chang et al. 1984,
Nozaki and Gorbman 1992), these findings are probably due to cross-reactivity of the
antibodies used with other glycoprotein hormones. Recently, the genes encoding GPA2 and
GPBS5 were indeed found to be expressed in Hatschek’s pit as well as in the endoderm/gut,
neural tube and gonads of amphioxus (Dos Santos et al. 2009; Tando and Kubokawa 2009;
Wang et al. 2018).

Third, and finally, a member of the four-helix cytokines has recently been identified in the
amphioxus genome, although it’s phylogenetic relationship to vertebrate GH and PRL
remains to be clarified (Li et al. 2014; Ocampo Daza and Larhammar 2018). This protein has
been suggested to play a dual role for regulating growth and osmoregulation in amphioxus
(Lietal. 2014; Li et al. 2017). It is expressed in Hatschek’s pit and several other tissues of
amphioxus including gut and gonads (Li et al. 2014), while previous studies found no
evidence for immunoreactivity with GH and PRL antibodies in Hatschek’s pit (Nozaki and
Gorbman 1992).
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Taken together, this indicates that Hatschek’s pit, apart from its exocrine, mucus-secreting
function, serves as a rostral neurosecretory structure. Its neurosecretory cells co-express
hormones from all three classes — neuropeptides, heterodimeric glycoproteins and four-helix
cytokine-like proteins. Other neurosecretory cells releasing these hormones are found in the
gut (all three classes) and the CNS (neuropeptides, dimeric glycoproteins). However, the one
known GnRH protein of amphioxus appears to be confined to neurosecretory cells in the
neural tube.

5.4.2 Transcription factors involved in specifying amphioxus neurosecretory cell types

Whereas in tunicates many of the transcription factors specifying adenohypophyseal and
olfactory neurosecretory cells in vertebrates are expressed in the anterodorsal non-neural
ectoderm (ANNE), this is not the case in amphioxus. Instead most of these transcriptional
regulators including Pitx, Lhx3/4, Islet, Six1/2, Eya are expressed widely in the anterior
endomesoderm (Pitx being confined to the left side), and subsequently are maintained
strongly in the endomesodermally derived Hatschek’s left diverticulum and later in
Hatschek’s pit (Jackman, Langeland, and Kimmel 2000; Yasui et al. 2000; Kozmik et al.
2007; Wang et al. 2002). In addition, POU1f1, is expressed specifically in Hatschek’s left
diverticulum and pit (Candiani et al. 2008). While the exact position of the boundary between
the endomesodermally derived Hatschek’s pit and the surrounding ectoderm has not been
mapped, most transcription factors expressed in Hatschek’s left diverticulum and pit, later
appear to be confined to its central, probably endomesodermal part. A notable exception is
Pitx, which is also present in the left ectoderm surrounding Hatschek’s pit, while both Pitx
and Islet are additionally expressed in a separate domain in non-neural ectoderm immediately
anterior to the neural plate corresponding to the ANNE (Jackman, Langeland, and Kimmel
2000; Yasui et al. 2000). Other transcription factors expressed in Hatschek’s pit such as Otx,
Pax4/6 and Six3/6 are also found in other anterior tissues derived from all germ layers
(Williams and Holland 1996; Glardon et al. 1998; Kozmik et al. 2007).

Apart from these general anterior transcription factors, Pitx and Islet, the anterior non-
neural ectoderm in amphioxus expresses other transcription factors, which are widely
expressed throughout non-neural ectoderm (DI1x2/3/5, TFAP2, Msx1/2, Ventx: Gostling and
Shimeld 2003; Holland et al. 1996; Kozmik et al. 2001; Meulemans and Bronner-Fraser
2002; Sharman, Shimeld, and Holland 1999; Yu et al. 2007; Yu et al. 2008). However, none
of the endodermal (FoxA, GATA1/2/3) and neuroectodermal (FoxG, SP6-9, DMRT4/5)
transcription factors, which are co-expressed with these transcription factors in the ANNE of
tunicates and the anterior placodal region of vertebrates, were found in either Hatschek’s pit
or the anterior non-neural ectoderm in amphioxus. Amphioxus FoxA and GATA2/3 are
widely expressed in endoderm at early embryonic stages (Shimeld 1997; Terazawa and Satoh
1997; Zhang and Mao 2009). However, at later embryonic stages, FoxA only persists in post-
pharyngeal endoderm, floorplate, notochord and GATA?2 in post-pharyngeal endoderm and
cerebral vesicle, while neither of them is maintained in Hatschek’s pit. Amphioxus FoxG
expression is restricted to its anterior neural tube (Toresson et al. 1998), while the expression
of SP6-9 and DMRT4/5 have not been described (Wang et al. 2012; Dailey, Kozmikova, and
Somorjai 2017).
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5.4.3 The last common chordate ancestor

Taken together with the evidence from tunicates and vertebrates, these findings in
amphioxus suggest that the last common ancestor of all chordates may already have evolved
a rostral concentration of neurosecretory cells in the rostral endoderm under the control of
general endodermal competence factors (FoxA and GATA1/2/3) and transcriptional
regulators such as Pitx, Lhx3/4, Islet, POU1fl, Six1/2, Eya specifically localized in anterior
endomesodermal pockets (Fig. 5.7 A). Of these, only Pitx and Islet had an additional
expression domain in the ectoderm immediately rostral to the neural plate (ANNE). Since
Pitx is required for proper mouth formation in vertebrates (Chen et al. 2017), this expression
domain may have defined the region where the new chordate mouth developed. The latter
was retained in tunicates and vertebrates, but lost with the formation of another mouth
opening from some pharyngeal pore or gill slit on the left side in the amphioxus lineage.
Moreover, FoxG (and possibly SP6-9 and DMRT4/5, given their distribution in protostomes)
was probably confined to the anterior brain and Otx to anterior brain and endomesoderm in
the chordate ancestor.

Since strong left-right asymmetries probably originated only in the amphioxus lineage (see
chapter 1), in the last common ancestor of chordates these neurosecretory cells may have
resided in a pair of outpocketings from the rostral endoderm that fused with the overlying
ectoderm (Fig. 5.7 A). Alternatively, neurosecretory cells may have already been
concentrated in the left of these endomesodermal pouches like in extant amphioxus. To
decide between these two possibilities, we need to learn more about when Pitx acquired its
central role in neurosecretory specification. Pitx is known to be involved in generating left-
right asymmetries downstream of nodal signaling not only in chordates but also in
echinoderms and mollusks indicating that it has a pan-bilaterian role in left-right patterning
(Boorman and Shimeld, 2002, Duboc et al., 2005, Grande and Patel, 2009a, Grande and
Patel, 2009b, Molina et al., 2013, Yoshida and Saiga, 2008). Accordingly, Pitx expression is
confined to the right side of ambulacrarians and protostomes but to the left side in chordates
due to dorsoventral inversion. Therefore, if Pitx already had adopted a central role in the
specification of neurosecretory cell in the rostral endoderm in the last common ancestor of
chordates, these neurosecretory cells may well have been confined to the left side.
Unfortunately, we currently lack crucial information about the function of Pitx in amphioxus
and whether it is required for the specification of neurosecretory cells in Hatschek’s pit that
would help us to decide between these two alternative scenarios.

The neurosecretory cells in the rostral endomesodermal pouch/pouches of the chordate
ancestor probably secreted a cocktail of protein hormones including neuropeptides, dimeric
glycoprotein hormones and four-helix cytokine-like hormones allowing the regulation of
metabolic and reproductive processes in response to environmental cues. They probably
resembled enteroendocrine cells and did not have a neuronal phenotype, lacking synapses,
dendrites and axonal processes. A new regulatory environment was then established in the
ANNE in the lineage leading to tunicates and vertebrates by the recruitment of transcription
factors from the endoderm (FoxA, GATA2/3) and anterior neuroectoderm (FoxG, SP6-9,
DMRT4/5) of ancestral chordates and the redeployment of the anterior endomesodermal
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group of transcription factors (Pitx, Lhx3/4, Islet, POU1f1, Six1/2, Eya) in this region of the
non-neural ectoderm. This may have led to the recruitment of neurosecretory cells to the

rostral ectoderm and the origin of a new type of neurosecretory neurons as proposed above
(Fig. 5.7 A, B).

5.5 Neurosecretory cells in the last common deuterostome ancestor

Relatively little is known about neurosecretory cell types in the ambulacrarians. Apart
from the apical organs, neurosecretory cells secreting various neuropeptides have been
identified in the nervous system and gut of hemichordate and echinoderm larvae (Nezlin and
Yushin 2004; Mayorova et al. 2016; Wood et al. 2018). GnRH was found in the nervous
system of echinoderms and putatively neurosecretory cells scattered throughout the rostral
epidermis in hemichordates (Cameron et al. 1999; Rowe and Elphick 2012).

We currently do not know whether any of these neurosecretory cell populations is
enriched in the rostral endoderm comparable to Hatschek’s pit in amphioxus. However,
Six1/2, Eya and Islet are enriched in the anterior endomesoderm of echinoderms (Materna et
al. 2013; Yankura et al. 2010; Slota, Miranda, and McClay 2019; Valencia et al. 2019) and
Six1/2 and Eya are specifically expressed in the developing gill slits of the pharyngeal
endoderm in hemichordates (Gillis, Fritzenwanker, and Lowe 2012). Pitx is expressed on the
right side in all germ layers in sea urchins including the anterior endoderm (Duboc et al.
2005; Hibino, Nishino, and Amemiya 2006) — due to the dorsoventral inversion of chordates,
this corresponds to the left side in chordates. While POU1{1 expression has not yet been
described in ambulacrarians, no endodermal expression was reported for Lhx3/4, which is
instead found in ventral ectoderm in hemichordates (Lowe et al. 2006; Yasuoka et al. 2009).
This raises the possibility that Six1/2, Eyal, Islet and possibly Pitx may already have had a
specific role in anterior endoderm in the last common ancestor of deuterostomes, possibly in
relation to gill slit formation and/or the differentiation of cell types specific for the anterior
endoderm. The latter may have included gill-associated and/or other pharyngeal
neurosecretory cells as they are known from vertebrates (Jonz et al. 2016; Hockman et al.
2017). This will be discussed further in chapter 6.

Like in chordates, FoxA and GATA1/2/3 as well as GATA4/5/6, are predominantly
expressed in the endomesoderm in ambulacrarians (Davidson et al. 2002; Oliveri et al. 2006;
Darras et al. 2011; Solek et al. 2013; Materna et al. 2013). Extensive functional experiments
in sea urchins have shown that GATA4/5/6 plays a key role in the specification of
endomesoderm upstream of GATA1/2/3, while FoxA is a key regulator for endoderm
development (Davidson et al. 2002; Oliveri et al. 2006). FoxA also is expressed in the
ectodermal “stomodeum” and required for mouth development in sea urchins (Oliveri et al.
2006). However, their “stomodeum” forms at a different position and is not equivalent to the
stomodeum of chordates, since chordates have formed a new mouth and stomodeum after
dorsoventral inversion (Fig. 5.3: the position corresponding to the ambulacrarian
“stomodeum” in chordates is marked by ** in A4 and Bs4). This suggests that rostral
ectodermal expression of FoxA in echinoderms and chordates may either have evolved
independently or that ectodermal FoxA expression shifted to a new position anterior to the
neural plate with the evolution of a new mouth in chordates (presumably secondarily lost in
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amphioxus when the latter evolved yet another mouth from some pharyngeal pore or gill slit
on the left side). The expression of FoxG and Sp6-9 in the anterior ectoderm of
ambulacrarians resembles the one in the anterior neuroectoderm of chordates (Yankura et al.
2010; Saudemont et al. 2010; Lemons et al. 2010). However, echinoderm DMRT4/5 is
expressed in anterior endoderm of echinoderms, different from chordates (Slota, Miranda,
and McClay 2019).

In summary, we know very little about the core regulators of neurosecretory cells in the
last common ancestor of deuterostomes. The presence of Six1/2, Eya, Islet and Pitx in the
anterior endoderm of ambulacrarians and chordates suggests that these transcription factors
may already have played a specific role in this domain, possibly promoting the formation of
pharyngeal gill slits. It is well possible that they may also be involved in the specification of
neurosecretory cells that arise specifically from the endoderm associated with pharyngeal gill
slits, but this needs to be confirmed in further studies.

5.6 Neurosecretory cells in the last common bilaterian ancestor

5.6.1 Neurosecretory cell types in protostomes

Neurosecretory cells producing neuropeptides are found throughout the central and
peripheral nervous systems and in the digestive tract of protostomes (Fig. 5.9). These cannot
be described here in any detail and the reader is referred to previous reviews for further
details (e.g., Nijhout 1998; Nassel 2002; Hartenstein 2006; Tessmar-Raible 2007; Jekely
2013; Hartenstein et al. 2017; Williams and Jekely 2019). In addition, the two subunits of
glycoprotein hormones related to those of vertebrate thyrostimulin, have been identified in
neurosecretory cells in the brain of insects and mollusks (Sellami, Agricola, and Veenstra
2011; Heyland et al. 2012), while nothing is known about the expression and function of
four-helix cytokine-like hormones.

As discussed above, some of these cells form a neurosecretory center in the anteromedial
forebrain that may be derived from the apical organ and be evolutionarily related to the
vertebrate hypothalamus. However, I will argue in this section that there is no compelling
evidence for neurosecretory cells of protostomes being closely related to the particular
neurosecretory cells of vertebrates derived from cranial placodes.

Based on their innervation from the anteromedial neurosecretory center and some
similarities in position and transcription factor expression, two peripheral endocrine gland in
arthropods, the corpora cardiaca or the corpora allata, have been proposed to be homologs of
the adenohypophysis (De Velasco et al. 2004; Wirmer, Bradler, and Heinrich 2012). The
corpora allata are derived (like the adjacent prothoracic glands) from non-neural ectoderm of
head appendages (Figs. 5.3, 5.9) (Hartenstein 2006). Their neurosecretory cells produce a
lipid-derived hormone, Juvenile Hormone, which regulates metamorphosis and release it into
the hemolymph. Apart from general anterior transcription factors like Six3/6, they have not
yet been shown to express any other transcription factors that would support their homology
with the neurosecretory cells of the adenohypophysis suggesting that they have evolved
independently.
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The corpora cardiaca have a different embryonic origin and arise from the anterior ventral
furrow, the anteriormost part of the endomesoderm in insects (Figs. 5.3, 5.9) (De Velasco et
al. 2004; de Velasco et al. 2006). The neurosecretory cells of the corpora cardiac release a
GnRH-related peptide hormone, AKH into the hemolymph, which has important metabolic
functions (e.g. mobilising lipids to provide energy for flight). The anterior ventral furrow in
Drosophila expresses Six1/2, which is required for the development of the corpora cardiaca
(Cheyette et al. 1994; De Velasco et al. 2004). This raises the possibility that
neuropeptidergic cells specified by Six1/2 may have been present in the anterior
endomesoderm of the last common ancestor of protostomes and deuterostomes. However,
neurosecretory cells regulated by Six1/2 in the anterior endomesoderm have so far not been
identified in other protostomes (see below). Therefore, neurosecretory cells regulated by
Six1/2 in the anterior endomesoderm may have, alternatively, evolved convergently in insects
and chordates. Current evidence is insufficient to resolve this question.

Another potential candidate for a homolog to the adenohypophysis is the stomatogastric
nervous system containing many neuropeptidergic neurons innervating muscles of the gut,
which is found in arthropods, annelids and possibly other protostomes (Hartenstein, 1997;
Purschke, 2015). In insects, it arises from the stomodeum and expresses Lhx3/4 like the
vertebrate adenohypophysis (see below); subsequently it becomes closely connected to the
corpora cardiaca (Fig. 5.9 B,C) (Hartenstein, 1997; De Velasco et al. 2004). Its
embryological origin in annelids or other groups has not been described. Importantly, the
stomodeum of insects and other protostomes forms at the center of the anterior CNS and
marks the original mouth opening of bilaterians. Thus, assuming that there was a dorsoventral
inversion of the body plan in the chordate lineage (chapter 1), the stomodeum of protostomes
corresponds positionally to the stomodeum of ambulacrarians (see above) but not to the
stomodeum of chordates. The latter was established at a new position in anterior non-neural
ectoderm (ANNE) rostral to the CNS after dorsoventral inversion (Fig. 5.3). Consequently,
homology of the stomatogastric nervous system with the adenohypophysis is unlikely, if one
accepts dorso-ventral inversion.

A study in the beetle 7Tribolium has proposed an anteromedial “head placode” as yet
another head structure in insects that may be homologous to the vertebrate adenohypophysis
(Posnien, Koniszewski, and Bucher 2011). While there is no direct evidence for
neurosecretory cells originating from this domain in 7ribolium, based on its position and
shared expression of some transcription factors it likely corresponds to the pars
intercerebralis and/or lateralis of other insects, putative homologues of the vertebrate
hypothalamus (Fig. 5.3; see above). Apart from expressing general anterior transcription
factors such as Otx, Six3/6 and Pax4/6, this “head placode” co-expresses Six4/5 with Pitx,
FoxG1 and Lhx3 similar to the vertebrate adenohypophysis. However, the co-expression of
these factors in anterior neuroectoderm is at variance with their co-expression in rostral
endomesoderm in amphioxus and anterior non-neural ectoderm (ANNE) in tunicates and
vertebrates. Moreover, a similar ectodermal domain co-expressing these transcription factors
has not been identified in other protostomes (see below). Taken together, this provides little
support for the proposed homology and suggests instead that the similarities in transcription
factor expression to the vertebrate adenohypophysis may result from convergent evolution.
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5.6.2 Transcription factors involved in specifying placode-derived neurosecretory cell types
in vertebrates play different roles in protostomes

Although several head structures in insects have been proposed to be homologs of the
vertebrate adenohypophysis, overall the expression patterns of transcription factors provide
little evidence that protostomes possess any neurosecretory cells homologous to the placode-
derived neurosecretory cells of vertebrates. In particular, transcription factors that are co-
expressed in Hatschek’s pit in amphioxus and have adopted a central role for the specification
of adenohypophyseal and possibly olfactory neurosecretory cells in vertebrates (Pitx, Lhx3/4,
Islet, POU1f1, Six1/2, Six4/5/, Eya), do not show comparable distributions in protostomes.

POU1f1 has been lost in both insects, nematodes and many lophotrochozoans, indicating
its dispensability for specification of neurosecretory cell in these taxa, while its expression in
annelids has not been described (Jacobs and Gates 2003; Gold, Gates, and Jacobs 2014). Few
data exist for FoxLL2/3 where only gonadal expression is well documented (Bertho et al.
2016). Pitx controls chirality in snails and possibly plays an ancient role in left-right
patterning (Grande and Patel 2009a; Grande and Patel 2009b). It is also expressed in several
subpopulation of the CNS in both lophotrochozoans and ecdysozoans (Vorbruggen et al.
1997; Posnien et al. 2011; Vergara et al. 2017) and has been implicated in the specification of
subsets of neurons including some neurosecretory cells (Jin, Hoskins, and Horvitz 1994;
Shiomi et al. 2007; Ohtsuka et al. 2011; Marz, Seebeck, and Bartscherer 2013; Hobert 2016).

Lhx3/4 is likewise expressed in parts of the CNS including motorneurons and some
neurosecretory cells in lophotrochozoans and ecdysozoans (Thor et al. 1999; Nomaksteinsky
et al. 2013; Focareta, Sesso, and Cole 2014; Achim et al. 2015; Vergara et al. 2017; Rybina et
al. 2019). It is also found in the stomodeum of insects, which gives rise to the stomatogastric
nervous system (Fig. 5.9 B, C) (De Velasco et al. 2004). Islet is widely expressed not only in
the PNS (reviewed in chapter 3) but also in the CNS of protostomes where it is known to be
involved in subtype specification of motor neurons and probably other neurons (reviewed in
Hobert and Westphal 2000; Thor and Thomas 2002; Allan and Thor 2015).

Six1/2, Six4/5 and Eya are predominantly expressed in rhabdomeric photoreceptor and
other putative sensory cells in protostomes (see chapters 3 and 4), but have additional
domains in the CNS and endomesoderm (Bonini, Leiserson, and Benzer 1993; Cheyette et al.
1994; Serikaku and O'Tousa 1994; Seo et al. 1999; Mannini et al. 2004; Kumar and Moses
2001; Arendt et al. 2002; Passamaneck, Hejnol, and Martindale 2015). As discussed above, in
insects, Six1/2 is also present in the stomodeum and in the anteriormost part of the
endomesoderm, where it is required for the development of the neurosecretory corpora
cardiaca (De Velasco et al. 2004). Since endomesodermal expression of Six1/2 is not
anteriorly confined in brachiopods (lophotrochozoans) and acoel flatworms (Chiodin et al.
2013; Passamaneck, Hejnol, and Martindale 2015), a role of Six1/2 in the specification of
neurosecretory cells from the anterior endomesoderm may have been independently acquired
in insects and chordates rather than reflecting an ancestral, pan-bilaterian condition.

However, this remains to be confirmed in further studies. Apart from Six1/2 in the anterior
endomesoderm of insects, none of the transcription factors discussed is expressed in anterior
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endomesoderm or in the anterior non-neural ectoderm of protostomes. This suggests that the
unique regulatory environment required for the specification of rostral neurosecretory cells
(as found in Hatschek’s pit of amphioxus and in the ANNE of tunicates and vertebrates) did
not exist in the last common ancestor of bilaterians and only evolved in the deuterostomian or
chordate lineage.

This conclusion is further supported by the distribution of transcription factors FoxA and
GATA1/2/3, FoxG, SP6-9 and DMRT4/5. Like in deuterostomes, FoxA, GATA4/5/6 and
GATA1/2/3 play important roles for endomesoderm development in protostomes (reviewed
in Stainier 2002; Martindale and Hejnol 2009; de-Leon 2011; Nielsen, Brunet, and Arendt
2018). Together with Brachyury, FoxA1/2/3 is initially expressed around the blastopore and
subsequently is maintained in endoderm and stomodeum, while GATA4/5/6 and GATA1/2/3
are widely expressed in endomesoderm. This suggests that FoxA and GATA1/2/3 probably
had an ancestral role in endomesoderm development in the last common ancestor of
bilaterians, while their specific role in the ANNE only evolved in the lineage leading to
tunicates and vertebrates.

Apparently at variance with this interpretation, a previous study in Platynereis found only
GATAA4/5/6 in endomesoderm, while GATA1/2/3 was expressed mostly in neuroectoderm
(Gillis, Bowerman, and Schneider 2007). Because expression of GATA1/2/3 in the CNS or in
neurons was also reported in Drosophila and C. elegans (Brown and Castelli-Gair Hombria
2000; Smith, McGarr, and Gilleard 2005), this study suggested that GATA1/2/3 may have
played an ancestral bilaterian role in ectoderm rather than endomesoderm specification.
However, GATA1/2/3 is also widely expressed in endomesoderm in Drosophila, other
polychaetes and mollusks (Brown and Castelli-Gair Hombria 2000; Yue et al. 2014; Wong
and Arenas-Mena 2016). Moreover, ectodermal GATA1/2/3 appears mostly restricted to the
neuroectoderm in protostomes (e.g. Drosophila, Platynereis) but to non-neural ectoderm in
tunicates and vertebrates. Taken together with the exclusively endomesodermal expression of
GATA1/2/3 in ambulacrarians and amphioxus, this suggests that this transcription factor
played an ancestral bilaterian role in endomesoderm development, but adopted additional
functions in the ectoderm independently in protostomes and the tunicate/vertebrate clade.

Finally, FoxG, SP6-9 and DMRT4/5, which were suggested to be expressed in the anterior
CNS of ancestral chordates, are also known to be present in the CNS of protostomes
(Grossniklaus, Pearson, and Gehring 1992; Tomer et al. 2010; Schaeper, Prpic, and Wimmer
2010; Bellefroid et al. 2013; Picard et al. 2015), suggesting that they played some roles in
CNS development of ancestral bilaterians, while adopting a new role in the ANNE only in
tunicates and vertebrates.

5.6.3 The last common bilaterian ancestor

In summary, a unique regulatory environment required for specification of rostral
neurosecretory cells in either anterior endomesoderm or anterior non-neural ectoderm did
most likely not exist in the last common ancestor of bilaterians. Pitx, Lhx3/4, Islet, Six1/2,
Six/4/5 and Eya, among other transcription factors, may have played some role in the
developing nervous system of the bilaterian ancestor and were possibly involved separately in
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the specification of various neuronal and/or neurosecretory subtypes in the ectoderm and/or
endoderm, however without cooperating in specification of a particular cell type.

FoxG, SP6-9 and DMRT4/5 may also have each contributed to specification or patterning
of different neuronal cell populations, while FoxA and GATA1/2/3 probably had an early
role in blastopore development and promoting endodermal competence. Pitx, Lhx3/4, Islet,
Six1/2, Six/4/5 and Eya were then probably recruited to the anterior endomesoderm in the
deuterostomian or chordate lineage, possibly establishing a new core regulatory network
(CoRN) driving the specification a special rostral population of neurosecretory cells (as found
in Hatschek’s pit of amphioxus). Only in the ancestor of tunicates and vertebrates were FoxA,
GATA1/2/3, FoxG, SP6-9, DMRT4/5 and the rostral neurosecretory cells by these
transcription factors recruited to the ANNE followed by the diversification of neurosecretory
cells in this domain in vertebrates.

5.7 Neurosecretory cells in the last common eumetazoan and metazoan ancestors

5.7.1 Neurosecretory cell types in cnidarians, ctenophores, placozoans and sponges

Neurosecretory cells in cnidarians are found scattered throughout ecto- and endoderm with
either neuronal or epithelial phenotypes (Fig. 5.19 A) (Lesh-Laurie 1988; Thomas and
Edwards 1991; Grimmelikhuijzen and Westfall 1995; Koizumi, Sato, and Goto 2004;
Hartenstein 2006; Galliot et al. 2009; Rentzsch, Layden, and Manuel 2017). Cells that secrete
protein hormones have also been described along the tentacles, around the mouth and in the
apical organ of ctenophores, but whether any of them has a neuronal phenotype has not been
determined (Moroz et al. 2014). While placozoans and sponges lack neurons, secretory cells
that release neuropeptides have been described in their body wall (Fig. 5.10 B) (Renard et al.
2009; Smith et al. 2014; Nakanishi, Stoupin, et al. 2015). The flask cells of sponge larvae
contain many secretory vesicles and mediate larval settling and metamorphosis in response to
sensory cues (Nakanishi, Stoupin, et al. 2015).

However, the secretory products released by neurosecretory cells of these basal metazoans
and their receptors are overall very different from bilaterians. With exception of small
amidated peptides (RFamide, RYamide, and Wamide), glycoprotein-type, insulin-type and
bursicon-type hormones and their receptors, no homologues of the bilaterian neuropeptides or
their receptors have been found in these basal metazoans, suggesting that most families of
neuropeptides and their cognate receptors originated only in bilaterians (Jekely 2013; Roch
and Sherwood 2014; Elphick, Mirabeau, and Larhammar 2018). However, a variety of
cnidarian-specific and ctenophore-specific neuropeptides have been identified in these two
clades (Grimmelikhuijzen, Williamson, and Hansen 2004; Anctil 2009; Moroz et al. 2014).
Simple amidated peptides and putative GPCR receptors have also been found in placozoans,
but not in sponges (Srivastava, Simakov, et al. 2010; Jekely 2013; Nikitin 2015; Krishnan
and Schioth 2015). However, sponges possess pro-neuropeptide processing enzymes as well as
cystine knot hormones related to the glycoprotein hormones and their putative receptors
(Srivastava, Simakov, et al. 2010; Roch and Sherwood 2014). Thus, the origin of
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neurosecretory cells (but not neurons) can be dated back to the origin of metazoans with
significant diversification in eumetazoans and especially bilaterians.

5.7.2 Transcription factors involved in specifying placode-derived neurosecretory cell types
in vertebrates play different roles in cnidarians, ctenophores and sponges

I have argued in the previous section that those transcription factors (including Pitx,
Lhx3/4, Islet, POU1f1, Six1/2, Six4/5, Eya) that coordinate the specification of a specific
rostral subpopulation of neurosecretory cells in chordates (derived from Hatschek’s pit in
amphioxus and from the adenohypophyseal and olfactory placodes in vertebrates), probably
served different functions in the last common bilaterian ancestor. Even though the
information on the expression of these and other relevant transcription factors in basal
metazoans is limited, a similar pattern emerges.

Pitx is expressed in lateral buds and in the upper body column of Hydra presumably
including neurons or neurosecretory cells (Watanabe et al. 2014). Lhx3/4 is expressed in the
apical organ of ctenophores known to harbor sensory neurons and neurosecretory cells, while
its expression in cnidarians has not been described (Srivastava, Larroux, et al. 2010;
Simmons, Pang, and Martindale 2012). Islet (see chapter 3 for more detail) is found in many
neuronal cell types of cnidarians at low levels and is strongly expressed in a subset of them
including neuropeptidergic cells (Sebe-Pedros, Saudemont, et al. 2018). In ctenophores it is
expressed in both sensory cells of the apical organ and the non-sensory comb cells carrying
motile cilia (Sebe-Pedros, Chomsky, et al. 2018; Simmons, Pang, and Martindale 2012),
whereas in sponges it is enriched in pinacocytes and amoeboid-neuroid cells (Musser et al.
2019). The latter cells also express genes involved in dense-core vesicle secretion suggestive
of a neurosecretory function (Musser et al. 2019). Similarly, Six1/2, and Eya (see chapter 3)
are expressed in subsets of sensory cells and neurons including some neurosecretory neurons
in ectoderm and possibly endoderm of cnidarians (Stierwald et al. 2004; Graziussi et al. 2012;
Hroudova et al. 2012; Sebe-Pedros, Saudemont, et al. 2018; Stierwald et al. 2004; Graziussi
et al. 2012; Nakanishi, Camara, et al. 2015). In sponges, they are strongly expressed in some
pinacocytes and amoeboid-neuroid cells (Musser et al. 2019). FoxL2/3 is again expressed in
subsets of neurons and cnidocytes in cnidarians and in some pinacocytes and amoeboid-
neuroid cells in sponges (Sebe-Pedros, Chomsky, et al. 2018; Musser et al. 2019). Finally,
POUI1AI is found in a subset of sensory cells in the rhopalia of the cnidarian Aurelia
(Nakanishi et al. 2010), while it is widely expressed in all cell types of sponges (Musser et al.
2019).

Our survey of bilaterian taxa suggests that additional transcription factors such as FoxG,
SP6-9 and DMRT4/5 that were possibly confined to the CNS in in early chordates, may have
also contributed to the specification of different neuronal cell populations in ancestral
bilaterians. In cnidarians, the expression of FoxG and SP6-9 has not been described (Shimeld
et al. 2010; Schaeper, Prpic, and Wimmer 2010), whereas a DMRT4/5 ortholog (DMRTb)
was recently localized in scattered neuronal cells in both ectodermal and endodermal layers
of Nematostella (Parlier et al. 2013). In sponges, both FoxG and SP6-9 are enriched in
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amoeboid-neuroid cells while DMRT4/5 expression has not been described. (Musser et al.
2019).

Let us finally turn to FoxA and GATA1/2/3, which were proposed to have played an early
role in blastopore development and in promoting endodermal competence in early bilaterians.
In cnidarians, FoxA expression also initiates around the blastopore and later continues in the
pharynx and the gastral filaments, where it is expressed in both exocrine cells secreting
digestive enzymes and in neurosecretory (insulin secreting) cells (Martindale, Pang, and
Finnerty 2004; Steinmetz et al. 2017; Sebe-Pedros, Saudemont, et al. 2018). A recent study
has revealed that the pharynx and gastral filaments are derived from the outer, “ectodermal”
layer in Nematostella; however, based on the expression profile of multiple transcription
factors, it has suggested these tissues to be homologous to the endoderm of bilaterians, while
the remaining gastrodermis may be homologous to the bilaterian mesoderm (Steinmetz et al.
2017; Steinmetz 2019). If supported by further evidence, this interpretation would require us
to abandon the traditional view that the cnidarian gastrodermis is homologous to bilaterian
endoderm and mesoderm (e.g. Martindale, Pang, and Finnerty 2004). There is only a single
GATA transcription factor in cnidarians, which duplicated into GATA1/2/3 and GATA4/5/6
in bilaterians. Cnidarian GATA 1s widely expressed in the gastrodermis (in regions proposed
to be homologous to bilaterian endo- and mesoderm) and was found to be enriched in
neurons including neuropeptidergic neurons (Martindale, Pang, and Finnerty 2004; Steinmetz
et al. 2017; Sebe-Pedros, Saudemont, et al. 2018). While FoxA could not be identified in
sponges or ctenophores and expression of GATA in ctenophores remains to be described,
GATA is enriched in choanocyte and/or amoeboid-neuroid cells of sponges (Leininger et al.
2014; Musser et al. 2019). Since choanocytes form the inner layer of sponges, they may
possibly be forerunners of the endomesoderm of eumetazoans (Leininger et al. 2014).

5.7.3 The last common eumetazoan/metazoan ancestor

Taken together this suggests that a role of Pitx, Lhx3/4, Islet, Six1/2, Six/4/5, Eya,
DMRT4/5 and possibly FoxL.2 and POU1f1 in the specification of different neuronal
subtypes, including some neurosecretory cells, can be dated back to the eumetazoan ancestor
(while there is insufficient evidence for FoxG and SP6-9). Possibly some of these
transcription factors were already promoting neurosecretory cell types in metazoan ancestors
prior to the origin of proper neurons. Moreover, while details of germ layer homology
between sponges, cnidarians and bilaterians may still be contentious, FoxA and GATA
appear to have played an early role in endomesodermal development in the last eumetazoan
or possibly metazoan ancestor and possibly were also required for the differentiation of
exocrine and neurosecretory cells within this tissue. However, while each of these
transcription factors may have played some role in the specification of neuronal or
neurosecretory subtypes, there is no evidence to suggest that these transcription factors co-
regulated any particular neurosecretory cell type in the eumetazoan or metazoan ancestors.
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Fig. 5.1: Terminology for neurosecretory cells.
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The term “peptidergic” is here used broadly to denote cells secreting protein-, peptide- or

amino acid based hormones. See text for details.
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Fig. 5.2: Evolutionary origin of neurosecretory cells.

A: Diagram illustrating hypothetical common origin of neurons, endocrine and exocrine cells.
B: Scenario for the evolution of neurons and other neurosecretory cells (NSC). B1: Endocrine
secretory cells are likely to predate the appearance of a nervous system, since they can be
found in extant metazoa lacking nerve cells. Bz2: The first nervous system is thought to have
been a basi-epithelial nerve net, similar to the one still found in present day cnidarians. At
this stage, neurons and non-neuronal NSCs most likely had evolved into distinct lineages. B3:
A central nervous system integrating multimodal sensory input evolved either once or several
times independently in bilaterian animals. Specialized populations of neurosecretory cells
(e.g. involved in the regulation of feeding and reproduction) evolved in the brain, pharynx,
and gut. Ba: Neurosecretory cells tend to form dedicated glands in the chordate lineage. A:
Reprinted with permission from Hartenstein et al. 2017. B: Reprinted with permission from
Hartenstein 2006.
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Fig. 5.3: Comparison of neurosecretory centers in protostomes and extant chordates
assuming dorsoventral inversion of the body in stem chordates.

Lateral views (A) and dorsal or ventral views (B) of the hypothetical bilaterian ancestor (A1,
B1) and of arthropods (A2, B2) and chordates (As, A4, B3, B4) as representatives of
protostomes and deuterostomes, respectively. The position of the anteromedial
neurosecretory center (AMNC), the central nervous system (CNS) and the mouth region -
with ectodermal stomodeum surrounding the opening into the endodermal (E) gut — is shown.
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Dorsoventral (dv) inversion at the base of chordates is indicated. A3 and B3 show a
hypothetical situation after dv inversion, but prior to the formation of a new mouth (whereas
in reality the formation of a new mouth may have preceded dv-inversion or evolved in
parallel to it). The CNS in the bilaterian ancestor is hatched because it is not clear whether a
CNS was present in this ancestor that was inherited by protostomes and deuterostomes, or
whether a CNS has evolved several times independently in chordates and some protostomian
groups such as arthropods and annelids. Note that the old mouth inherited from the bilaterian
ancestor penetrates the anterior CNS in many extant protostomes (e.g. arthropods, annelids).
The new mouth forming after dorsoventral inversion is located in the anterodorsal non-neural
ectoderm (ANNE), immediately anterior to the CNS. For orientation, the position of new and
old mouths before and after dv —inversion are indicated by single or double asterisks
respectively. Numbers in Bz indicate regions of origin for the following neurosecretory
organs in arthropods: 1: Pars intermedia and lateralis of brain (from AMNC); 2:
stomatogastric nervous system (from stomodeal ectoderm surrounding old mouth); 3: corpora
cardiaca (from anteroventral furrow of mesoderm); 4: corpora allata (from non-neural
ectoderm); 5: prothoracic gland (from non-neural ectoderm). Numbers in B4 indicate regions
of origin for the following neurosecretory organs in chordates: 6: rostral neurosecretory
center in amphioxus (Hatschek’s pit); 7: adenohypophysis in vertebrates (from placode in
stomodeal ectoderm surrounding new mouth); 8: hypothalamus in vertebrates (from AMNC).
B2 based on de Velasco et al. 2006 and Hartenstein 2006.
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Fig. 5.4: Expression of selected transcription factors in the apical organ and anteromedial
neurosecretory brain centers of different eumetazoan embryos.

The apical organ (AO) in cnidarian and annelid larvae and the hypothalamus primordium
(HP) in the vertebrate embryo are indicated. Reprinted with permission from Tosches and
Arendt 2013.
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Fig. 5.5: Neurosecretory cell types and hormone classes in the anterior pituitary of
vertebrates.

Hormones belonging to the same families are shown in the same shades of grey. Generally
hormones belonging to the same family are specified by the same transcription factors (TFs):
Propl, POUI1f11: four helix cytokine like hormones GH and PRL; FoxL2, GATAZ2: dimeric
glycoprotein hormones: TSH, FSH, LH; Tbx19: peptide hormones MSH and ACTH. An
exception to this rule are a subpopulation of TSH producing cells that are also dependent on
Propl and POU1{1 (Pitl). tr'TSH: transitory thyrotropes. Based on Zhu, Gleiberman, and
Rosenfeld 2007; Kelberman et al. 2009; and Rizzoti 2015.
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Fig. 5.6: Development of ascidian adult cerebral ganglion and neural gland from larval
central nervous system.

Diagram of changes in the nervous system during larval development (A-D) and
metamorphosis (E-H) of the ascidian Ciona intestinalis. Precursor cells arising from the
larval central nervous system (CNS) give rise to the neural complex of the adult comprising
cerebral ganglion (G) and neural gland (NG). The latter is connected via ciliary duct (CD)
and ciliary funnel (CF) to the oral siphon (OS), which develops from the larval stomodeum
(St). See text for details. AS: atrial siphon; CNS: larval central nervous system; DS: dorsal
strand; NGP: neural gland primordium (NG may arise from entire larval CNS); NHD:
neurohypophyseal duct; OS: oral siphon; PalpP: palp primordium; St: stomodeum; StP:
stomodeum primordium. Reprinted with permission from Joly et al. 2007; adapted from
Bollner, Beesley, and Thorndyke 1992 and Chiba et al. 2004.
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Fig. 5.7: Model for evolution of new neurosecretory cell types in the anterior dorsal non-
neural ectoderm (ANNE).

Mechano-/chemosensory, neurosecretory (both neuronal and non-neuronal) and exocrine
(mucus producing) cell types are depicted. Different shades of grey indicate derivation of cell
types from endoderm (black), neural ectoderm (dark grey), anterodorsal non-neural ectoderm
(ANNE; medium grey) or general non-neural ectoderm (white). Transcription factors
involved in the CoRN of these cell types are indicated at the bottom of the fgure. A:
Schematic dorsal view of region surrounding the anterior central nervous system (CNS) of a
hypothetical chordate ancestor (A1) and tunicate vertebrate ancestor (Az). The distribution of
cell types in various regions of the ectoderm (solid outline) and underlying endo-mesoderm
(hatched outline) is illustrated. Transcription factors expressed in these regions (and
potentially involved in the specification of regional cell subtypes) are indicated in the squares
below. It is assumed here that there were bilateral endomesodermal pouches containing
neurosecretory cells in the chordate ancestor, which were retained only unilaterally in
amphioxus as Hatschek’s pit (on the left side). During evolution of the tunicate-vertebrate
ancestor, the ANNE recruited transcription factors from both anterior endo-mesoderm (FoxA,
Pitx, Lhx3, Gatal/2/3, POUI, Six1/2, Eya, Isl) and anterior CNS (Otx, FoxG, SP6-9, DMRT)
resulting in translocation of neurosecretory cells from the anterior endomesoderm to the
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ANNE and the evolution of new neurosecretory cell types. See text for details. B: Model for
evolution of novel and unique regional CoRNs in ANNE. Bi: In the chordate ancestor,
activation of differentiation genes G of cell types developing from non-neural ectoderm (e.g.
mechanosensory neurons) requires multiple core regulating transcription factors including
transcription factors promoting non-neural competence (NNC) and Six1/2 (arrows).
Conversely, activation of differentiation genes Gz of endo-mesodermal types (e.g.
enteroendocrine cells) requires multiple core regulating transcription factors including
transcription factors promoting endomesodermal competence (EMC) and Six1/2 (arrows).
The ANNE in the chordate ancestor is a relatively unspecialized part of the general non-
neural ectoderm (distinguished by expression of some anterior factors such as Six3/6 and
Pax4/6). B2: After recruitment of endomesodermal competence factors and other transcription
factors (including neural transcription factors; not shown) to the ANNE in the ancestors of
tunicates and vertebrates, co-expression of EMC, NNC and other transcription factors in this
domain promotes co-expression of G and G in the same cells, thereby giving rise to new
types of neurosecretory neurons and other neurosecretory cells.
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Fig. 5.8: Hatschek’s pit in amphioxus: development and distribution of neurosecretory cells.

A: Schematic horizontal section through the pharyngeal region (Ph) of amphioxus showing
the formation of endomesodermal pouches giving rise to Hatschek’s left and right diverticula
(HLD, HRD) and the somites (S). Hatschek’s pit (HP) develops from Hatschek’s left
diverticulum. The mouth (M) is here shown to develop from the oral mesovesicle (OMV)
budding off the first somite (S1) as proposed by Kaji et al. 2016. Asterisks indicate the ap-
proximate position, in which the mouth forms in vertebrates and tunicates. B: Cross-section
through Hatschek’s pit (HP) shown in left panel, single cell from Hatschek’s pit in the right
panel. All cells in Hatschek’s pit are ciliated and have large vesicles on the apical side with
putative exocrine function. In addition, some cells (particularly in region 1) contain numerous
small vesicles with putative endocrine (neurosecretory) function and are located next to blood
vessels (B). ap: apical; ba: basal; Not: notochord, S: somite, WO: wheel organ. Reprinted and
modified from Schlosser 2017. A: Adapted from Soukup and Kozmik 2016); B: Left panel
adapted from Sahlin and Olsson 1986, right panel adapted from Welsch and Welsch 1978.

36



Fig. 5.9: Neurosecretory cells in protostomes.

A: Neuropeptidergic cells in the apical nervous system of Platynereis. Left panel: Positions
of cells (nodes) from single cell RNA-Seq from 2-day-old larvae projected on axon scaffold
(acetylated tubulin immunostaining, grey, anterior view). Right panel: Map of combined
expression of 80 proneuropeptides. B, C: Neurosecretory cells in Drosophila. B: Diagram of
two stages of embryonic development of Drosophila heads in dorsolateral view (anterior to
the left). A: Primordia of the neuroendocrine centers of the brain, the pars intercerebralis (PI)
and pars lateralis (PL), form ectodermal thickenings in the anteromedial neuroectoderm of
the head. Primordia of the corpora allata (ca) and prothoracic gland (ptg) originate from the
lateral ectoderm of the segments carrying the mouth parts (Ib, labium; mx, maxilla; and md,
mandible). Primordia of corpora cardiaca (cc) and the stomatogastric nervous system (sns)
invaginate from the anteroventral furrow of mesoderm and the stomodeum, respectively in
the area of the foregut (fg). C: At a later stage, the corpora allata, prothoracic gland, and
corpora cardiaca have coalesced into the ring gland that surrounds the anterior end of the
dorsal blood vessel (bv). Neurosecretory axons from the PI and PL reach the ring gland via
the nccl and nccll nerves respectively. A: Reprinted with permission from Williams et al.
2017. B, C: Reprinted with permission from Hartenstein 2006.
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Fig. 5.10: Neurosecretory cells in cnidarians and placozoans.

A: Neurons and neurosecretory cells in different developmental stages of the cnidarian
Nematostella vectensis (oral pole facing up). Expression of several transcription factors and
neuropeptides (e.g. RFamide, LW amide) are indicated. Note the widespread expression of
neuropeptides in many types of neurons. Reprinted with permission from Rentzsch, Layden,
and Manuel 2017. B: Diagram of a placozoan, showing ciliated epithelial cells, secretory
cells (gland cells) and other cell types. Reprinted with permission from Smith et al. 2014.
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