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adaptive behavior: an outline how single cells could have evolved
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Abstract Understanding the evolution of the neurosensory
system of man, able to reflect on its own origin, is one of the
major goals of comparative neurobiology. Details of the origin
of neurosensory cells, their aggregation into central nervous
systems and associated sensory organs and their localized
patterning leading to remarkably different cell types aggregat-
ed into variably sized parts of the central nervous system have
begun to emerge. Insights at the cellular and molecular level
have begun to shed some light on the evolution of neurosen-
sory cells, partially covered in this review.Molecular evidence
suggests that high mobility group (HMG) proteins of pre-
metazoans evolved into the definitive Sox [SRY (sex deter-
mining region Y)-box] genes used for neurosensory precursor
specification in metazoans. Likewise, pre-metazoan basic
helix-loop-helix (bHLH) genes evolved in metazoans into
the group A bHLH genes dedicated to neurosensory differen-
tiation in bilaterians. Available evidence suggests that the Sox
and bHLH genes evolved a cross-regulatory network able to
synchronize expansion of precursor populations and their
subsequent differentiation into novel parts of the brain or
sensory organs. Molecular evidence suggests metazoans
evolved patterning gene networks early, which were not ded-
icated to neuronal development. Only later in evolution were
these patterning gene networks tied into the increasing com-
plexity of diffusible factors, many of which were already
present in pre-metazoans, to drive local patterning events. It
appears that the evolving molecular basis of neurosensory cell
development may have led, in interaction with differentially
expressed patterning genes, to local network modifications
guiding unique specializations of neurosensory cells into sen-
sory organs and various areas of the central nervous system.
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Introduction

The human brain consists in over 80 billion neurons and
similar numbers of glia cells (Herculano-Houzel 2010), en-
gaged in trillions of synapses to process the information
gathered by several sensory organs to respond appropriately
to environmental stimuli. While the human brain is now
recognized as an organ of extraordinary relative and absolute
size and packing density of neurons (Herculano-Houzel
2012), its origin as a vertebrate adaptation for information
processing has led to various ideas - mostly revolving around
single or multiple origins of the central nervous system (CNS)
among metazoans (Nieuwenhuys 2002; Northcutt 2012) - and
subsequent increase and modification of all or parts of the
CNS (Nieuwenhuys et al. 1998; Striedter 2005). In parallel to
this traditional interpretation of macroscopic neuronal evolu-
tion, the last 20 years have witnessed the generation of another
set of data and associated ideas concentrating on molecular
and cellular aspects of neuronal evolution as a variation on the
theme of ectodermal cellular diversification (Beccari et al.
2013; Fritzsch and Glover 2006; Pani et al. 2012), integrating
neurosensory cellular evolution with the evolution of the
major sensory systems, eyes and ears (Fritzsch and Straka
2014; Lamb 2013; Patthey et al. 2014; Schlosser et al.
2014). More recently, the molecular origin of evolutionary
innovations (Wagner 2011), such as those leading to forma-
tion of neurosensory cells and their aggregation into a brain
and associated sensory organs, have begun to direct the deluge
of genomic data into a theoretical framework of Darwinian
evolution of neurosensory systems (Newman 2014). Given
that only 14 years have passed since the human genome was
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published, it is clear that a complete understanding of the
different levels of neurosensory evolution from genes, to
developmental gene regulatory networks, to neurosensory cell
and sensory organ development and CNS evolution is beyond
the reach of our current understanding as depicted in this short
overview. Admittedly, despite tremendous gains, our under-
standing of gene regulatory networks and their evolution to
govern complex macroscopic phenotype changes is only in its
infancy (Sauka-Spengler and Bronner-Fraser 2008; Streit
et al. 2013). As of this writing, our ability to translate muta-
tions at the DNA level into altered phenotypes is not yet deep
enough to relate single nucleotide changes causing, for exam-
ple, a different folding of proteins to macroscopic changes
comparable to the morphological alterations of hemoglobin in
sickle cell anemia. Despite all the gain in detailed information,
we are unable to mechanistically explain how limited se-
quence differences between protein isoforms can cause major
diseases (Forrest et al. 2014) or how differences in protein
coding genes of humans and chimpanzees of around 2 % can
lead to the profound macroscopic differences characterizing
these two species.

With this caveat in mind, this overview aims to define some
major steps relevant for the evolution of neurosensory systems
by casting data on both macroscopic and molecular evolution
into a framework of developmental gene regulatory network
evolution acting at the cellular level. This review adopts the
perspective of Wagner (2011) that an intermediate level of
abstraction is paramount for human understanding of other-
wise hopelessly entangled innovations across all molecules
and levels of analysis. The level of abstraction attempted here
will provide a ‘neurocentric’ view of the evolution and devel-
opment of neurosensory systems of bilaterians. To achieve
this, we will progress from the evolution of general cell fate
decision-making networks to special cases of limited com-
plexity of lineage-related differential cell fate decisions (inner
ear neurons and hair cells) to overall patterning with and
without mesodermal induction. Another layer of complexity,
related to the gene expression regulation (Davidson 2010) and
differential splicing in neurosensory cells (Nakano et al. 2012;
Raj et al. 2014), is beyond the scope of this review.

Evolving single cells to multicellular organisms
with dedicated neurosensory cells

The origin and molecular repertoire of single and multicellular
organisms has been worked out over the last 10 years (Fig. 1). It
is commonly agreed that all multicellular animals, including their
brains, have evolved from single-celled ancestors s (Fairclough
et al. 2013; King 2004) and other related single-celled organisms
(Sebé-Pedrós et al. 2013; Suga et al. 2013). These single-celled
organisms were able to form transient aggregates with complex
life-cycle changes (Levin et al. 2014; Sebé-Pedrós et al. 2013)

and already contained many genes previously speculated to be
unique to metazoans. While single cells, by definition, do not
have specialized neurosensory cells, it seems plausible that some
gene regulatory network present only in unicellular organisms
leading to metazoans but not those leading to plants or fungi,
should have evolved into the gene regulatory network driving the
neurosensory cell development of metazoans. In short, we spec-
ulate here that the cellular basis of brain and sensory organ
evolution lies in the multiplication, diversification and speciali-
zation of gene networks (Wagner 2011) that evolved in single-
celled precursors of metazoans to guide temporal changes in a
transient multicellular organization, most likely associated with
reproduction-related life cycles. In essence, metazoans may have
evolved, through incompletely understood innovations of the
single-celled metazoan ancestors, the molecular repertoire to
develop sophisticated developmental fate decision processes
(Lai et al. 2013; Stergachis et al. 2013) that generate specific
cells capable of collecting and processing information. Whatever
the details of this process will eventually turn out to be, it turned
the single-celled metazoan ancestors, fully capable of sensing
their environment and responding to it in an appropriate way to
ensure survival of the species (Dayel et al. 2011; Fairclough et al.
2013; Sebé-Pedrós et al. 2013; Suga et al. 2013), into an aggre-
gate of cells with a segregation of the sensory and information
processing aspect to morphologically distinct neurosensory cell
types. Ultimately, such neurosensory cells were grouped into the
CNS and associated sensory organs (eyes, ears, nose). The
evolution of gene networks past single-celled ancestors now
governs the transformation of the single fertilized egg at the start
of each metazoans life cycle into multiple distinct neurosensory
cell types through the topological and temporal precise expres-
sion of gene regulatory networks that govern neuronal (Beccari
et al. 2013; Puelles et al. 2013) and sensory organ evolution
(Fortunato et al. 2014; Fritzsch and Straka 2014).

Integrated into the topological expression regulation is the
sequential gene activation that governs coordinated transitions
between different stages of cell fate commitment, a process
dominated by two closely interacting partners, the SRY (sex
determining region Y) - box (Sox) genes (Guth and Wegner
2008) and the basic helix-loop-helix (bHLH) genes (Degnan
et al. 2009; Simionato et al. 2007). Metazoan Sox and bHLH
genes associated with neurosensory development seem to
have no precursors in single-celled metazoan ancestors (Guth
and Wegner 2008; Neriec and Desplan 2014). However, both
Sox gene-related and bHLH gene-related precursors with
similarities in DNA binding sites are well known in single
cell organisms (Albert et al. 2013; Gordan et al. 2013) and are
also found in plants (Ikeda et al. 2012; Xia et al. 2014). In fact,
single bHLH genes such as Tcf25 (Nulp1) are extremely
conserved http://www.ensembl.org/Mus_musculus/Gene/
Compara_Tree?col lapse=6638243%2C6638340%
2C6638209%2C6638328%2C6638179%2C6638173%
2C6638249%2C6638233%2C6638296;db=core;g=
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play a significant role in sensory function (Wolber et al.
2014). Combined, these data suggest that indeed
transcription factors may have signaled in single-celled organ-
isms and evolved into a gene regulatory network dedicated to
metazoan neurosensory cell development. We propose that
gene regulatory networks of metazoan neurosensory develop-
ment could have originated in DNA binding transcription
factors that may already form an interactive network in single
cells to regulate specific vegetative or generative states of a
cell.

Evolving bHLH and Sox gene networks to specify
neurosensory cell types

Single-celled organisms have the molecular machinery to
transit through vegetative and generative stages of their life
cycle, using molecular cascades to progress into or forgo
mitosis, or change cellular communication to engage in

multicellularity with or without sexual reproduction. Such
intracellular molecular interactions, once evolved in single-
celled organisms to define temporal progression of specific
stages in the life of one cell, may have evolved to form the
basis for the equally fundamental decision of any given cell
during development of multicellular organism: to proliferate
or to differentiate. It appears that evolution had already picked
bHLH and Sox-related transcription factors to translate such
cellular decision processes into action in single-celled ances-
tors (Sebé-Pedrós et al. 2013). Consistent with this assump-
tion is that, during evolution, bHLH and Sox proteins and
their DNA binding sites have been mostly multiplied and
diversified (Degnan et al. 2009; Guth and Wegner 2008; Pan
et al. 2012) and, in particular, bHLH genes govern in extant
metazoans the progression of individual cells toward their
differentiation (Fig. 2). This ensures that multiple cell types
can be differentiated through division of labor between cell
types (Arendt et al. 2009), such as stimuli acquisition and
information conductance and processing in sensory organs

Fig. 1 The relationship of single-
celled and multicellular
organisms and some critical
events concerning the evolution
of neurons and sensory systems. 1
Complicated life cycle with tran-
sient multicellularity; 2 most
cellular communication signals
are present, Sox-like and bHLH
genes are present; 3 class A
bHLH genes and SoxB genes that
can induce neurons are present; 4
epithelial nerve nets and sensory
organs evolve; 5 miR-124
specific for neurons and miR-183
specific for sensory cells appear; 6
ventral central nervous system
(CNS) evolves; 7 ‘skin brains’
with chordate-like patterning
evolve; 8 neurons are
concentrated in a dorsal neural
tube and composite, organ-like
sensory cell groups appear; 9
vertebrate sensory organs and the
nervous system appear. # note that
the position of Ctenophora is
disputed. *Acoela are sometimes
combined with Xenoturbella,
indicating perhaps limited
molecular distinction between
basic bilaterians and basic
deuterostomes. (Compiled after
Gyoja 2014; Osigus et al. 2013;
Peterson et al. 2013; Schnitzler
et al. 2014; Suga et al. 2013;
Swalla and Smith 2008)
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(Pan et al. 2012). Modifying such cell fate-determining genes
through topologically restricted transcription factors may have
enabled differentiation of specific cell types in specific areas,
ultimately evolving into cellular assemblies serving a specific
function. Understanding cellular diversification requires an
understanding of the regulation of cell fate decision-making
proteins in specific cell types (Lai et al. 2013; Stergachis et al.
2013) that interact to develop the cells needed for the function
of a specific cellular assembly.

The importance of the evolution of this cellular decision
making network of group A bHLH genes (Fig. 2) in interac-
tion with the Sox genes for eyes, ears and the CNS cannot be
underestimated. For example, only four bHLH genes (Ascl1,
Atoh1, Neurog1 and Neurod1) are necessary for the develop-
ment of ~90 % of the neurons in the mammalian brain
(cerebellum, cochlear nuclei, large areas of the cortex and
sensory cells and neurons of the eye and ear; Bermingham
et al. 2001; Pan et al. 2009) and all sensory neurons bringing
information into the brain. Indeed, most of the group A bHLH
genes are associated with neurosensory development (Chen
et al. 2011; Imayoshi and Kageyama 2014) and seem to be
linked to the evolution of neurons (Fig. 2). It seems that the
evolution of the Ascl-like family and Atoh-like family are
among the earliest group A bHLH genes that had already
evolved in sponges out of bHLH genes present in unicellular

organisms such as choanoflagellates (Fig. 2). Indeed, recent
data suggest that group A bHLH transcription factors, relevant
for neuronal development, exist in metazoans that have no
trace of a nervous system, raising the issue of function of such
neuronally-associated group A bHLH genes in sponges and
placozoans (Gyoja 2014). Understanding the evolution of the
bHLH gene network and how it became associated with
neurosensory development could provide insight into the cel-
lular decision making that stably transforms metazoan ecto-
derm into neurosensory cells. In fact, bHLH genes cloned
from sponges and injected into developing frog embryos can
induce formation of neurons in ectoderm (Richards et al.
2008) comparable to bHLH genes of vertebrates (Lee et al.
1995). Recent data (Gyoja 2014) suggest that the molecular
evolution of group A bHLH genes, needed for neuronal
differentiation, predate the cellular evolution of neurosensory
cells (genes to differentiate neurons evolved before neurons).
Alternatively, assuming that ctenophores are the sister group
of all metazoans (Martindale 2013;Martindale and Lee 2013),
the presence of these transcription factors in sponges and
placozoans may indicate that the regulatory gene network of
these metazoans is either secondarily reduced or a parallel
evolution to that found in ctenophores (Ryan 2014).

Consistent with the data on group A bHLH genes (Gyoja
2014), most recent work has already identified true Sox gene

Fig. 2 Available data on basic
helix-loop-helix transcription
factors (bHLH TFs) relevant for
the evolution of human hair cells
and sensory neurons are shown.
Note that Monosiga has 11 bHLH
TFs, none of which are
orthologous to Metazoans.
Eumetazoans have sensory cells
with axons and display an
asymmetric distribution of
microvilli (yellow) and
kinocilium (gray). In mammals,
the three bHLH TFs are partially
overlapping to drive neuronal
(Neurog1, Neurod1) and hair cell
(Atoh1, Neurod1) development.
A superficially similar
arrangement of sensory cells and
sensory neurons is found in some
mollusks but which bHLH genes
are expressed in these cells is
unknown. Given the distribution
in protostomes and
deuterostomes, mollusk and
vertebrates evolution of sensory
cell without an axon likely
indicates functional convergence.
(Modified after Pan et al. 2012)
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members of the high-mobility group-box (HMG) group of
transcription factors in early metazoans (Schnitzler et al.
2014). Experimental work in various bilaterians has shown
that members of the SoxB, SoxC, SoxD and SoxF families are
essential to specify and maintain neurosensory precursors
through the clonal expansion of neurosensory precursor cells
(NSP cells) to generate the cellular basis of neurosensory
development (Guth and Wegner 2008). In particular, SoxB
genes are essential to establish neuroectodermal precursor cell
fate (Reiprich and Wegner 2014), possibly by preparing cells
to respond to bHLH genes with neurosensory differentiation
(Bylund et al. 2003). Closer examination shows a regulatory
network interaction between Sox genes and bHLH genes such
that Sox genes are not only essential to set the stage for bHLH
genes to initiate differentiation. In many instances, Sox genes
counteract bHLH gene actions by maintaining progenitor
status and enhance proliferation. In essence, SoxB genes and
bHLH genes act like ‘frenemies’: SoxB genes are needed to
set the stage for actions of bHLH genes, play some yet not
fully determined role in their expression but ultimately have to
be inhibited by bHLH genes to allow neurosensory differen-
tiation (Dabdoub et al. 2008; Reiprich and Wegner 2014).
Both bHLH genes and Sox genes are essential for neurosen-
sory development and their interactions within each transcrip-
tion factor family (Imayoshi and Kageyama 2014; Reiprich
and Wegner 2014) and between these transcription factors is
essential for neuronal and neurosensory development of ver-
tebrates (Fig. 3). The transition from Sox to bHLH gene
expression may be regulated itself by antagonistic actions
such as Gdf11 and other factors (Gokoffski et al. 2011).
Unfortunately, our insights into the evolution of neurosensory
systems have not yet gone beyond identifying relevant
orthologs of important transcription factors but not when these
feedback loops evolved. Specifically, we need to show exper-
imentally how the intricate gene regulatory network of feed-
forward and feed-back loops evolved to regulate differentia-
tion of the three principal cell types of the vertebrate nervous
system: neurosensory cells, astrocytes and oligodendrocytes
(Fig. 3).

Embedded into this emerging concept of molecular evolu-
tion of expanding Sox and bHLH gene networks and their
cross-regulation to drive neurosensory development is the
need of micro-RNA for the development of neurons and
sensory cells in bilaterians. Specific micro-RNAs (miR-124)
are evolutionarily conserved and evolved first with bilaterians
(Campo-Paysaa et al. 2011; Peterson et al. 2009). miR-124
has been shown to be essential for neuronal development
through the regulation of chromatin remodeling (Yoo and
Crabtree 2009; Yoo et al. 2009) and the downregulation of
Sox9 (Cheng et al. 2009). Experimental work in mammals has
demonstrated that the absence of miR-124 (and other micro-
RNA species) causes rapid degeneration of developing neu-
rons (Kersigo et al. 2011; Rosengauer et al. 2012). Almost as

conserved as miR-124 is miR-183 (Peterson et al. 2009),
which is associated with sensory systems (Pierce et al. 2008)
and is crucial for their development (Soukup et al. 2009). The
regulatory potential of miR’s is obvious: expression of just
one micro-RNA can transform fibroblasts into neurons and
such a transformation is greatly enhanced by Neurod1 (Yoo
et al. 2009). This indicates that micro-RNAmay have evolved
to cooperate with certain bHLH genes apparently to facilitate
the action of those bHLH genes by suppressing specific Sox
genes (Reiprich and Wegner 2014). More data are needed to
understand how many more miR’s can play such a role. It is
possible that the rapid expansion of bHLH and Sox gene
families required additional gene regulation to fine tune the
required detailed cell fate decision. Obviously, the ability of
micro-RNA to regulate large sets of transcription factor trans-
lation could be a prerequisite for the evolution of a more
complex neuronal and sensory system of bilaterians (Fritzsch
et al. 2007; Peterson et al. 2009).

In summary, the molecular data on Sox and bHLH tran-
scription factors as well as micro-RNAs suggest the evolution
of unique sets of genes within these families of transcription
and translation regulating factors. What remains unclear is
how that complex gene regulatory network evolved to be
associated with the transformation of ectoderm to neurosen-
sory precursor cells, to regulate the clonal expansion of such
precursor cells and to guide the differentiation into the princi-
pal cell types of the neurosensory system of vertebrates. It is
possible that the increasing complexity of these interactions
through multiple feed-back and feed-forward loops was en-
abled with a novel regulatory layer, the micro-RNAs. More
experimental data on the functional interaction of Sox and
bHLH genes in diploblastic metazoans are needed to verify
how genomic evolution relates to evolution of functional
interactions as revealed experimentally in vertebrates and
flies. In particular, miRs’ hypothetical function in the nervous
system evolution of bilaterians requires experimental verifica-
tion to establish the possibly essential function of these
bilaterian specific regulatory elements for neurosensory de-
velopment and evolution, possibly through misexpression of
these miRs in diploblasts.

Evolving intercellular communication mechanisms
through regulated release of synaptic and dense core vesicle

The preceding paragraph highlighted basic aspects of molec-
ular evolution of certain transcription factors and their inter-
actions, including interactions with micro-RNA. However,
while the essential function of these genes is clear for normal
development and differentiation of stem cells, it remains
mostly unclear how these embryonic transcription factors
regulate the adult neurosensory phenotype. For example, one
essential aspect of neurons and sensory cells is the cellular
communication via the release of synaptic transmitters to elicit
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Fig. 3 The interactions of Sox and bHLH genes in neurosensory differ-
entiation of a mouse. Experimental data in mice have shown a complex
interaction of Sox genes and bHLH genes in the progression of neuro-
sensory cell fate commitment and differentiation. a Sox2 and Sox9 are
essential genes in neurosensory precursor cells that ensure self-renewal of
precursors but also commitment to the neurosensory lineage. This appears
to be in interaction with several bHLH genes that are later found in
astrocytes (Hes, Hey, Id). Virtually all of these neurosensory precursor
genes are turned off in the neurosensory lineage (arrow with – on
transition) and mostly bHLH genes are activated, including Sox21 that
antagonizes Sox2. Oligodendrocyte precursors also shut off neurosensory
precursor genes but are characterized by a different set of bHLH genes
(Olig1/2) and Sox10 and Sox2 for terminal differentiation. b bHLH
transcription factors can form complex interactions in a given cell that
can undergo periodic changes (oscillates) and their signal can undergo

context dependent variation between gene expression and suppression.
Data in mice and flies suggest that all proneural transcription factors
compete for the E-proteins (Tcf3, 4, 12) to form heterodimers for proper
binding. Thus, the level of all proneuronal bHLH TFs (here Atoh1 and
Neurod1) and available E-proteins as well as their binding preference will
determine how much signaling of heterodimers will occur. Importantly,
E-proteins can also interact with Hes/Hey factors and the inhibitors of
DNA binding (Ids), limiting availability of E-proteins for proneuronal
protein heterodimerization, proportionally to the affinity and concentra-
tion of all these interactive partners. In essence, the binding properties and
frequency of the binding partners will determine whether a cell is differ-
entiating as a neuron/hair cell, a supporting/glial cell, or is continuing
proliferation as a prosensory precursor. HC hair cell, SC supporting cell.
(Modified after Forrest et al. 2014; Imayoshi and Kageyama 2014; Pan
et al. 2012; Reiprich and Wegner 2014)
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a response in the target cell. The seemingly neurosensory
specific aspect of vesicular release evolved out of general
vesicular release mechanisms already present in single-celled
organisms. In essence, basic molecular aspects needed for
synaptic interactions have been identified in the genome of
single-celled organisms (Sebé-Pedrós et al. 2013), sponges
and placozoans (Cheng et al. 2009; Srivastava et al. 2010),
all of which are lacking neurons and synapses. Current data
suggest that the basic molecular machinery needed for exocy-
tosis in single-celled organisms was supplemented in neuro-
sensory cells with additional molecules for fast vesicular
release necessary for neuronal communication. As with bHLH
gene function, such as Myc that evolved perhaps to govern
cell-cycle transitions of single cells, such classical synaptic
release molecules as SNARE’s (soluble NSF-attachment pro-
tein receptor) are already found in yeast and therefore before
synaptic communication evolved. Thus, a major aspect of
neuronal communication, vesicle release at presynaptic termi-
nals, evolved out of a general exocytosis process through
interactions of SNARE proteins with SM (Sec1/Munc18-like)
proteins (Südhof and Rizo 2011). The differences in interac-
tions of SM proteins and SNARE complexes to catalyze
membrane fusion has been modeled in an evolutionary con-
text to define essential features of this process that can be
adjusted through additions of other proteins to allow the fast
neuronal transmitter release needed at synapses (Xia et al.
2012). These modifications in neurons consist in chaperons
such as Hsc70 and synucleins and their dysfunction can result
in neurodegeneration. Synaptotagmins and synaptic “active
zone” proteins such as Munc13 and RIMs are central compo-
nents that adopt the generalized vesicular release mechanism
of single-celled organisms such as yeast to the needs of rapid
synaptic vesicle release in neurons (Südhof 2012). Recent
work has identified for the first time the quantitative ratios
of 60 proteins needed to release and recycle synaptic vesicles
(Wilhelm et al. 2014). It was also shown that many compo-
nents critical for synaptic functions are present in diploblastic
animals that may or may not have neurons (Ryan et al. 2013;
Srivastava et al. 2010). With this detailed, stoichiometric
molecular understanding of the most basic process of neuronal
communication at hand, one can now start to sort out the
evolution of all partner proteins and their diversification to
generate the synaptic proteins needed for vesicular release.
Ultimately it needs to be established how transmitter choice
and synaptic specializations such as ribbon or non-ribbon
synapses of vertebrates and insects (Matkovic et al. 2013;
Weiler et al. 2014) tie into the emerging network of cell fate
decision-making transcription factors and their downstream
genes.

In summary, the evolution of synaptic release proteins
indicates a molecular transformation of a general vesicular
release mechanism of pre-metazoans into a specialized syn-
aptic vesicle release mechanism in metazoans that was further

modified in neurons. This transformation parallels the evolu-
tion of the gene network of transcription factors to regulate
neurosensory development. Possible causalities between the
developmental transcription factor network to guide neuronal
development and the molecular network to govern synaptic
communication as an essential aspect of the function of adult
neurosensory networks, need to be established experimentally
in the future.

Evolving a communication system to stabilize connections:
neurotrophin evolution and function to secure lasting neuronal
connections.

Tightly interwoven with the evolution of the synaptic release
mechanism is the release of peptides in small and large dense
core vesicles to provide a different timetable of cellular inter-
actions. Among these proteins is a set of specialized proteins,
the neurotrophins (von Bartheld and Fritzsch 2006), which
signal through modified receptor tyrosine kinases (Hallbook
et al. 2006) to promote the survival of neurons. These trophic
interactions evolved out of tyrosine kinase signaling already
known for single-celled organisms (Fairclough et al. 2013;
Sebé-Pedrós et al. 2013). Neurotrophins and their receptors
are essential for the viability of the peripheral nervous system
(PNS) and cause extensive loss in vertebrate embryos when
they are deleted. Neurotrophins and other neurotrophic factors
(Lindahl et al. 2014; Lindholm and Saarma 2010) are indis-
pensable for proliferation and survival and are the molecular
mediators of ‘programmed cell death’ that is widespread in the
CNS of many developing organisms (Oppenheim 1991) to
achieve numerical matching between independently develop-
ing sets of neurons. In addition, neurotrophic factors have
been implicated to correct aberrant connections through prun-
ing of such connections (Oppenheim 1991). However, exper-
imentally mis-wired peripheral innervations are not corrected
(Mao et al. 2014) even in systems that depend 100 % on
neurotrophins for their survival (Fritzsch et al. 2004). Thus,
while neurotrophins play a central role in regulating cell death,
retention of aberrant connections seems to be of little conse-
quence (Taylor et al. 2012). Moreover, even deletion of two
neurotrophins has only a limited effect on the CNS (Silos-
Santiago et al. 1997), questioning the basic assumptions un-
derlying the neurotrophin theory (Dekkers and Barde 2013).
Molecular differences in protostomian and deuterostomian
neuron development dependency on neurotrophins may indi-
cate a lineage-specific use of such cell survival regulation
factors but also high levels of conservation of some survival
factors, including those responsible for the retention of spe-
cific subsets of dopaminergic neurons across phyla
(Lindstrom et al. 2013). When those neurotrophic support
systems evolved and what was the selective advantage of
having a system of survival factors is at the moment unclear.
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With this background on the molecular evolution of neu-
rosensory cells in mind, this article will explore aspects of
neurosensory evolution of metazoans, with a focus on the
evolution of neurosensory cells and organs as well as pattern-
ing of the deuterostome brain. This review aims to discuss the
molecular basis of locally distinct cellular decision-making
processes, orchestrated by local patterning events (Srinivasan
et al. 2014) into developing specialized parts of the brain or
specific organ systems. This review is organized to reflect the
currently accepted systematic relationships among metazoans
(Fig. 1), in particular deuterostomes (Bourlat et al. 2006;
Nosenko et al. 2013; Osigus et al. 2013; Peterson et al.
2013; Satoh 2008; Swalla and Smith 2008).

From single sensory cells and ‘skin-brains’ to sensory
organs and a central nervous system: evolving patterning
processes and reorganizing them through embryonic
transformation

Generating complex sensory organs or a CNS requires that
molecular regulations of cellular development happen in the
right cells at the right time to achieve the desired outcome in
terms of cellular differentiation (Stergachis et al. 2013) and to
coalesce specific cell types into unique aggregates able to
perform a distinct function, for example assembling into a sen-
sory organ. Such topological regulation and orchestration of
intercellular interactions require a multitude of different diffus-
ible signals (Shh, Fgf, Wnt, BMP; Chen and Streit 2013; Streit,
et al. 2000) that will result in localized expression of regional
selector genes (for example, Pax genes in sensory organ
development; Fortunato, et al. 2014) that translate patterning
signals into local, cellular action. Modeling the patterning
changes that transform a cnidarian-like organism into a
bilaterian suggests that skin patterning evolved as a consequence
of mesoderm invagination (Meinhardt 2013) to induce the neu-
ral plate and surrounding placodes (Schlosser et al. 2014).
Consistent with this gene-centric perspective proposed here is
the fact that the molecular basis of patterning of the developing
sensory organs and CNS seemingly evolved in pre-metazoans
(Fairclough et al. 2013; Fortunato et al. 2014; Sebé-Pedrós et al.
2013). Even amoebazoa, such as the slime mold (Fig. 1), have
sophisticated patterning processes to differentiate the homoge-
nous population of amoeba into a stalk and a spore cell type
(Chattwood et al. 2013); activation of G protein-coupled recep-
tors are essential for directional growth to ensure mating in yeast
cells (Martin and Arkowitz 2014) and gene networks regulate
sexual cycles in fungi (Ait Benkhali et al. 2013).

As outlined in the previous section, it is conceivable that
sophisticated molecular networks that enable multicellular
interactions of single cells for reproduction purposes became
the basis of the cellular interaction in metazoans. However, in

metazoans, this molecular machinery for cellular communica-
tions evolved to pattern the body and its organs, such as the
CNS and sensory organs. Obviously, patterning of the body
already happened at the level of diploblasts and many mole-
cules found in these patterning processes in bilaterians can be
identified in diploblasts that show only 2 (sponges) or 4
(placozoans) distinct cell types. The ideas of a progressive
complication of specification of cell types in sponges and
placozoans (Osigus et al. 2013) followed by the evolution of
gastrulation have recently been blurred with the claims that
ctenophores maybe the sister group of all other metazoans
(Ryan et al. 2013). In fact, it has been claimed that the
‘gastrulation’ of ctenophores is molecularly and structurally
distinct from that of other metazoans (Martindale 2013;
Martindale and Lee 2013). Ctenophores also have an unusual
development of the apical sensory organ (Schnitzler et al.
2014), a gravity sensing system that uses cilia to hold an
otoconia mass so that changes in position affect the beating
cilia, the organs of motility in these organisms, to change the
course of swimming (Tamm 2014). The nervous system of
these animals consists in an assembly of apical neurons and
giant fibers that run along the eight strings of combs. Possibly
light-sensitive cells are molecularly identified but no response
to light has been recorded, indicating that gravity sensing with
the single apical sensory organ is the major sensory input for
spatial orientation in ctenophores. These unique features as well
as a strange double symmetric organization could indicate that
ctenophores may indeed be uniquely derived from an unknown
metazoan ancestor and have evolved certain features, including
a sophisticated multicellular gravity-sensing organ and nervous
system in parallel to other metazoans that, nevertheless, share
many neuronal patterning genes (bHLH, Sox) and molecules
related to synaptic function (Ryan 2014). However, others have
argued against this scenario and propose an evolution of meta-
zoan with ctenophores being a highly derived sister group of
coelenterates (Nosenko et al. 2013; Osigus et al. 2013), argu-
ments we have adopted here (Fig. 1).

Be this as it may, the evolution of complicated sensory
organs dedicated to gravity and light sensing in both cteno-
phores and cnidarians indicates that sensory organ evolution
can be combined with limited development of a nervous
system and certainly predates evolution of the sophisticated
CNS of bilaterians (Fig. 1). It is possible that the limited motor
abilities of diploblastic animals are incompatible with the
evolution of a complex nervous system that could integrate
sensory stimuli better with a sophisticated motor output pro-
vided by mesoderm diversification, requiring only localized
ganglion-like concentrations of neurons in an epithelial net-
work (Satterlie 2011). We argue that the ability to generate a
refined motor output is a prerequisite to evolve the enhanced
computational power of a larger set of interneurons that con-
nect an increasingly sophisticated sensory input to an equally
sophisticated motor output (Straka et al. 2014).
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For the remainder of this article, we will build on the idea
that the molecular ability to form neurosensory cells of com-
plex sensory organs, such as statocysts and eyes for orienta-
tion in space (Fritzsch and Straka 2014; Lamb 2013), evolved
prior to the bilaterian CNS to process sensory information to
guide the limited motor output of animals comparable to
ctenophores and cnidarias. Obviously, the evolution of com-
plicated sensory organs is mostly associated with motile dip-
loblastic life forms but they are topographically (opposite the
mouth in ctenophores, around the mouth in cnidarians) and
structurally so distinct between these two forms of diploblastic
animals that they may have independently evolved out of
molecular (Gyoja 2014; Schnitzler et al. 2014) and cellular
(Fritzsch and Straka 2014) precursors. Experimental gene
swapping as conducted in sensory system development of
mice and flies (Wang et al. 2002) is needed to verify the
function of homologous neuronal transcription factors in
diploblasts and bilaterians to further understand the signifi-
cance of the obvious molecular and anatomical differences in
diploblast and bilaterian sensory system development.

‘Splitting hairs’: molecular transformation of single
neurosensory cells to neurons and hair cells of the ear

Evolution of the vertebrate CNS with its enormous numbers
of distinct neuronal cell types and extensive local and long-
range connections (Nieuwenhuys 2002) is beyond the scope
of this brief review. However, concentrating on sensory organ
evolution in this paragraph will provide a basic insight into
general features of gene network evolutions that sort out just
two distinct cell types, hair cells and sensory neurons. Evolu-
tion of both sensory neurons and hair cells out of the single
neurosensory cells of metazoan ancestors (Fig. 2) is a molec-
ularly reasonably understood case of cellular diversification; it
follows the predicted multiplication of bHLH genes (Gyoja
2014) combined with changes in cell fate determination
(Fritzsch et al. 2010; Pan et al. 2012). Two genes have been
associated with neuron and hair cell development through loss
of function experiments: respectively, Neurog1 and Atoh1
(Fritzsch et al. 2010). The loss of hair cells in mutants of
Neurog1 (Ma et al. 2000) prompted the idea of a lineage
relationship between neuronal and hair cell precursors. This
idea of a lineage relationship of sensory neurons and hair cells
has been accepted among evolutionary biologists (Patthey
et al. 2014) but controversies exist among developmental
biologists regarding the details of the lineage relationships
among all neurosensory cells of the ear (Fritzsch et al. 2006;
Raft et al. 2007). Thus, while the severe loss of hair cells as a
consequence of neuronal loss (Matei et al. 2005) has been
experimentally verified to be due to lineage relationships for
the vestibular neurosensory cells of the ear, the relationship of

neurons to hair cells is not yet experimentally clarified for the
mammalian cochlea (Raft et al. 2007).

Recent data have complicated the picture of molecular
interactions to sort different cell fate in lineage-related cells
further (Fig. 3) by showing that several other bHLH genes
also play a role in ear development (Kruger et al. 2006), in part
acting redundantly to other bHLH genes. For example, the
bHLH gene Neurod1 is expressed in both neurons and hair
cells and seems to suppress Atoh1 expression entirely
(neurons) or limit its expression (hair cells; Fig. 3). As a
consequence of loss of Neurod1, Atoh1 is more profoundly
expressed in neurons and converts neurons into hair cells
(Jahan et al. 2010). In contrast to the astonishing fate reversal
in neurons to hair cells in the absence of Neurod1, the effect of
loss of Neurod1 on hair cells is more subtle and results in
alteration of hair cell types but not in hair cell conversion. In
the absence of Neurod1, inner hair cell-like cells that express
inner hair cell molecular signature genes such as Fgf8, appear
among outer hair cells (Jahan et al. 2013).

These data suggest a more complex interaction of various
bHLH genes (Fig. 3) to define the fate of neurosensory pre-
cursors (Forrest et al. 2014; Jahan et al. 2013). Most pertinent
for this effect of Neurod1 is the undisclosed interaction of
multiple bHLH genes, including the Hes and Hey genes that
are expressed following Delta/Notch upregulation (Raft and
Groves 2014). Essentially, the level and number of co-
expressed bHLH genes will determine the future fate of a
given cell (Fig. 3) in conjunction with the level of expression
of other genes that maintain proliferative neurosensory pre-
cursors such as Sox2 (Dabdoub et al. 2008). Evolution of
Group A bHLH genes in diploblasts and their multiplication
in bilaterians (Gyoja 2014) may have generated the molecular
basis to evolve the different cell types found in the vertebrate
ear that form a complex network of related transcription
factors engaged in a stepwise transformation of proliferating
neurosensory precursors into the two distinct neurosensory
types of the ear, the neurons and hair cells.

Evolving a dedicated precursor population to increase
a localized ectodermal transformation

While it is possible that the evolutionary origin of the neuro-
sensory cells of the ear predates the evolution of the vertebrate
ear out of placodes (Fritzsch and Straka 2014), the molecular
evolution of placodes can now be partially traced in chordates
(Schlosser et al. 2014). Chief among ectodermal patterning
genes identifying the otic placode are genes also known
experimentally to be essential for proper regulation of bHLH
gene expression. For example, Eya1/Six1 affects ear develop-
ment in a dose-dependent fashion (Zou et al. 2008) and
regulates neurosensory gene expression through binding to
the enhancer elements of bHLH genes (Ahmed et al. 2012a,
b). One of the earliest markers of the otic placode, Pax2/8,
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belongs to an ancient network of selector genes (Fortunato
et al. 2014). Pax2/8 is essential for neurosensory development
of the ear that is severely disrupted in Pax2/8 double null
mutants (Bouchard et al. 2010). Another factor known for
gene expression regulation in placodal precursors, Gata3
(Schlosser et al. 2014), is essential for ear neurosensory de-
velopment, in particular of the newly evolved (Fritzsch et al.
2013) mammalian organ of Corti (Duncan and Fritzsch 2013).
Many other factors have been identified as being early
markers of the otic placode and have been tested for their
significance through genetic manipulation but the basic prob-
lem is this: multiple genes need to be coordinately expressed
in the placodal region to ensure the transformation of ecto-
derm into neurosensory cells of the ear.

Combined, these data suggest a scenario that progressively
transforms the capacity of ectoderm to develop neurosensory
cells through the assembly of a network of neurosensory gene
regulating transcription factors (Chen and Streit 2013). This
network regulates the localized expression of neurosensory
development-mediating Sox and bHLH genes, apparently
starting with the Sox2 and Neurog1 as the earliest expressed
Sox and bHLH gene in the developing mammalian ear (Ma
et al. 1998, 2000; Mak et al. 2009; Puligilla et al. 2010).
Several important transcription factors of ear placode devel-
opment are part of an ancient network predating sensory organ
evolution (Bouchard et al. 2010; Fortunato et al. 2014) and are
associated with choanocytes, the potential ancestor of hair
cells (Fritzsch and Straka 2014). Hair cells can induce sur-
rounding cells to form vesicles and this ability may have been
at the basis of ear formation. For example, hair cells induced in
Neurod1 mutants in the developing ganglion form mini-
vesicles that organize other cells of the ganglion to develop
a continuous epithelium (Jahan et al. 2010, 2013) and hair
cells can in vitro organize vesicles around them (Koehler et al.
2013). In a way, the otic placode can be viewed as an embry-
onic adaptation that aggregates sensory cell precursors into a
single region through the localized Sox and bHLH expression
driven by multiple ancient transcription factors (Fortunato
et al. 2014) that in turn are regulated by Fgfs (Chen and Streit
2013; Fritzsch et al. 2006). Understanding the evolution of the
otic placode to generate an ear vesicle will require unraveling
the molecular basis of the ability of hair cells to induce vesicle
formation and its heterochronic shift from hair cells to
placodal cells in vertebrates.

Switching gears: the importance of multiple bHLH genes
for smooth transitions of fate

Ectodermal transformation to form either single sensory cells,
as in insects, or multiple sensory cells and neurons, as in
vertebrates, ultimately requires the expression of Sox and
bHLH genes to change the fate of ectodermal cells into
neurosensory cells (Imayoshi and Kageyama 2014; Reiprich

andWegner 2014). While this general function in particular of
bHLH genes has long been established through experimental
induction of neurons after bHLH gene mRNA injection into
developing Xenopus (Lee et al. 1995), further analysis has
shown a puzzling co-expression of several bHLH genes in the
developing ear (Jahan et al. 2010), not all of which result in
loss of a specific cell type in mutants. The expression of these
multiple bHLH genes to achieve transformation of ectodermal
cells into neurosensory cells follows an increasingly sophisti-
cated patterning process of the ectoderm (Schlosser et al.
2014; Streit et al. 2013) that readies these cells to respond
with differentiation to the upregulation of bHLH genes as a
final step to consolidate this decision-making process. Work
over the last few years has transformed the simple one gene–
one cell type idea generated by early knockout studies that
eliminated in Atoh1 null mice all hair cells (Bermingham et al.
1999) and in Neurog1 null mice all neurons (Ma et al. 1998)
into a more complicated perspective of an interactive gene
regulatory network (Rue and Garcia-Ojalvo 2013). In particu-
lar, work on Neurog1 and Neurod1 mutants suggests a sophis-
ticated cross-regulation of multiple bHLH transcription factors
(Jahan et al. 2010, 2013; Ma et al. 2000). Understanding these
interactions requires a quantitative assessment of binding to the
various enhancer regions through interactions with the ubiqui-
tous E-proteins (Forrest et al. 2014), as well as maintaining a
proliferative precursor status through interactions with the Sox
and Id proteins (Fig. 3). This complicated intracellular gene
network is apparently accompanied by an equally sophisticated
intercellular network of Delta/Notch interactions that replaces
the past simple lateral inhibition model (Sprinzak et al. 2011).

While this complexity of bHLH gene expression has long
been noticed, it is now becoming clear that this expression is
more than noise generated by stochastic gene expression
(Johnston and Desplan 2014; Stergachis et al. 2013). More
specifically, it appears that the co-expression of several bHLH
genes allows for coordinated transition of cellular states to-
ward diversification from a single precursor (Fig. 3), as has
been described as a general principle of neuronal differentia-
tion through coordinated expression level variation (Imayoshi
and Kageyama 2014; Roybon et al. 2009). The differential
interaction of bHLH genes also results in the differential
down-regulation of Sox genes (Bylund et al. 2003), possibly
enhanced through positively regulating miRs that set the stage
for normal hair cell differentiation (Kersigo et al. 2011).

Reversing decisions: the molecular basis of stability
and flexibility of the cellular decision making process
in the ear

Consistent with the insight that cell fate decision making is a
process and not a single step is the reversal of such a decision at
various stages of commitment (Fig. 3). Such decision rever-
sals are particularly interesting to evaluate experimentally the
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level of fixation of such decision-making processes at an
individual cellular level. For example, the hypothesis of line-
age relationship of neurons, hair cells and supporting cells
(Fritzsch et al. 2006;Ma et al. 2000) implied that either or both
can be converted up to a certain level of differentiation into the
other neurosensory cell type of the ear. Such evidence was
ultimately provided by showing that simple elimination of
Neurod1 can convert differentiating neurons into hair cells
(Jahan et al. 2010). Likewise, the distinction between
supporting cells and hair cells can be reversed at even later
stages of development through misexpression of Atoh1 in
supporting cells (Cox et al. 2014; Liu et al. 2014). In contrast,
a recent attempt to transform differentiating hair cells into
neurons through misexpression of Neurog1 did not result in
any transdifferentiation (Jahan et al. 2012). However, this
negative result could relate, among many things, to the inabil-
ity of Neurog1 to bind to the Atoh1 enhancer to increase the
expression enough to be meaningful for any differentiation.

Other data on ear development already indicate rather
dramatic differences in cell fate decision making prior to
bHLH gene expression, likely regulated by Sox genes
(Reiprich and Wegner 2014). On the one extreme are hair cell
precursors that are already committed prior to Atoh1 expres-
sion, perhaps through Sox2 (Kiernan et al. 2005), possibly at
the time they exit the cell cycle (Kopecky et al. 2013), to
differentiate as hair cells so that they cannot be reverted into a
different fate even if powerful neurogenic factors are
expressed (Jahan et al. 2012). On the other hand are neurons
and supporting cells that even in a late stage in their decision-
making process can be transdifferentiated into hair cells
(Jahan et al. 2010; Mizutari et al. 2013) . Simply speaking,
all otocyst-derived cells have the potential, possibly as a
default state, to differentiate into hair cells if provided with
Atoh1, even at a late stage. In contrast, future hair cells are
already committed to hair cell fate prior to Atoh1 expression
under the guidance of yet to be specified transcription fac-
tor(s). This distinction between cell fate commitment, as sup-
ported by cell cycle exit and cell fate execution, as shown by
Atoh1 expression, is particularly obvious in the apex of the
cochlea. In the apex, a delay of several days exists between
cell cycle exit and onset of Atoh1 expression (Fritzsch et al.
2005; Jahan et al. 2013; Matei et al. 2005).

When exactly such fate reversals are irreversible in the ear
neurosensory precursors remains to be experimentally evalu-
ated. If properly understood, it has the potential to reverse
existing decisions and convert any cell type in the organ of
Corti into hair cells, as recently suggested (Mizutari et al.
2013). It is important for this fate reversal to understand the
molecular basis of such decision making to enhance the fre-
quency of the outcome and the stability of the induced
transdifferentiation. In this context, level of expression of
differentiation-inducing bHLH genes, as mediated by early
transcription factors in the otic placode (Ahmed et al. 2012a, b),

ensures quantitative correct expression of interacting tran-
scription factors (Fig. 3) to differentiate the right type of
cell at the right place (Jahan et al. 2013). Translation of
this transdifferentiation ability into the clinic will re-
quire a more detailed understanding to ensure the re-
constitution of a functional organ of Corti, possibly the
best strategy to restore some hearing in profoundly deaf
people (Zine et al. 2014).

Uncoupling specification from morphogenic
transformation: the case of Mauthner cells specification
and exo-gastrulae gene expression

Diploblasts have limited aggregation of neurons in combina-
tion with an epithelial nerve net (Satterlie 2011) but may have
sophisticated sensory organs rivaling in complexity those of
vertebrates with a much more complex nervous system
(Fritzsch and Straka 2014). It is possible that the bilaterian
ancestor had a partially aggregated nervous system like that of
Xenoturbella (Raikova et al. 2000) or acorn worms (Bullock
1965) with little to no metameric organization. It appears less
likely that a metameric organization around a well-developed
CNS of ancient metazoans devolved to form the partially
centralized epithelial nerve nets found in diploblasts (Matus
et al. 2007b; Satterlie 2011) and the simple CNS found in
some basal bilaterians (Brown et al. 2008; Fritzsch and Glover
2006; Harzsch and Muller 2007; Raikova et al. 2000). A non-
metamerically organized nervous system with no specialized
sensory organs seems to be the most parsimonious assumption
for diploblasts and, by logical extension, bilaterian ancestors
(Bourlat et al. 2006; Budd 2001; Satoh 2008; Swalla and
Xavier-Neto 2008). The different patterns of the nervous
system of extant deuterostomes are considered here to be
independently derived from such bilaterian ancestors,
reflecting either independent formation of a CNS (acorn
worms, cephalochordates, urochordates, vertebrates) or show
a transformation into a pentameric nerve net (echinoderms). If
correct, this hypothesis implies that CNS formation comes
about by aggregating epidermal nerve cells of diploblasts into
a brain, possibly paralleling the condensation of distributed
epithelial sensory cells into sensory organs. A byproduct of
this hypothesis of condensation of the CNS and sensory
organs would be the de novo appearance of embryonic adap-
tations (Arendt et al. 2004; Fritzsch et al. 2007; Northcutt and
Gans 1983; Sauka-Spengler and Bronner-Fraser 2008) to lead
to brain and sensory organ formation such as neural plate, the
placodes and the neural crest (Schlosser et al. 2014; Steventon
et al. 2014), all of which are embryonic adaptations with
poorly-defined cellular and molecular precursors in deutero-
stomes (Fritzsch and Northcutt 1993; Sauka-Spengler and
Bronner-Fraser 2008).
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Among deuterostomes, only vertebrates achieved not only
the aggregation of all neurons into a CNS but in addition
aggregated nearly all peripheral sensory cells into discrete
sensory organs and developed a unique set of innervations
via neural crest-derived sensory neurons (Fritzsch and
Northcutt 1993; Gans and Northcutt 1983; Sauka-Spengler
and Bronner-Fraser 2008) and placode-derived sensory neu-
rons (Chen and Streit 2013; Fritzsch et al. 2007). The devel-
opmental mechanism to achieve this aggregation of sensory
cells in vertebrates is the formation of special embryonic
tissue, the neural crest and neurogenic placodes (Begbie
et al. 1999; Northcutt and Gans 1983; Streit 2007). While
much work has concentrated on the specific gene networks
that promote embryonic formation of placodes or neural crest
(O’Neill et al. 2012; Ohyama et al. 2007; Streit 2007), much
less work has been dedicated toward the molecular mecha-
nism of suppression of neuronal fate determination in the
remaining ectoderm. It is now clear that BMP upregulation,
combined with limited to no expression of Fgfs and FgfRs
will maintain a non-neuronal fate in the ectoderm of chordates
(Bertrand et al. 2003; Delaune et al. 2005; Fritzsch et al. 2006)
but not in hemichordates (Lowe et al. 2006). That
the ectoderm default state of chordates is indeed neurogenic
has been demonstrated by overexpressing proneuronal
bHLH genes in the ectoderm, revealing a transformation
into neurons (Lee et al. 1995; Ma et al. 1996) that even
holds for bHLH genes not associated with neuronal devel-
opment such as bHLH genes isolated from sponges
(Richards et al. 2008). It is important to realize that this
transformation is limited to ectoderm and does not expand
to mesoderm, indicating perhaps the unique ability of ecto-
derm to respond to pro-neuronal bHLH genes with differ-
entiation as much as mesoderm can respond to the bHLH
gene MyoD.

While neuronal patterning, including the formation of
placodes, correlates with the inductive interactions of the
underling mesoderm, it needs to be stressed that patterning
of the neural plate precedes and can be partially independent
of mesoderm induction, possibly reflecting ancient patterning
mechanisms predating bilaterians. For example, Hox genes
and Krox20 expression develops in exogastrulae in which the
ectoderm is not in contact with mesoderm (Doniach et al.
1992) and patterning of the neural plate in chicken predates
gastrulation (Streit et al. 2000). Even more difficult to recon-
cile with the ‘traditional’ vertical induction model through
endomesoderm involution is the fact that the Mauthner cells,
a pair of giant neurons in rhombomere 4 of many aquatic
vertebrates, exit the cell cycle at Nieuwkoop and Faber (NF)
stage 12, during gastrulation and prior to neurulation in frogs
(Lamborghini 1980). Moreover, explants of the future hind-
brain during neurulation may generate Mauthner cells
(Stefanelli 1950), suggesting that cells are specified at the
level of the embryonic equivalent of the ancestral adult ‘skin

brain’ found in acorn worms. Logically, Mauthner cells de-
velop normally when all mitosis is arrested after they have
become postmitotic (Harris and Hartenstein 1991). Giant fi-
bers, such as Mauthner cell fibers, are known in acorn worms
where they form a fast response system also known for many
other non-vertebrates (Bullock 1965) and such giant fibers
already exist in diploblasts (Satterlie 2011). Moreover,
Mauthner cells are in rhombomere 4 that also gives rise to
the facial branchial motoneurons, possibly the most conserved
motoneurons of the brainstem (Dufour et al. 2006; Elliott et al.
2013).

These developmental experimental data strongly support
the notion that ectodermal patterning, including specification
of neurons, predates the development and evolution of the
deuterostome CNS. It is possible that such giant cells and their
fast motor output to induce escape responses were already
specified in an epithelial neuronal network of ‘skin brains’ to
induce escape through the stimulation by rudimentary sensory
organs. Clearly, identifying the molecular basis of this pre-
neuronal plate patterning event that may predate mesoderm/
ectoderm interactionmediated by gastrulation could shed light
on how much ectodermal patterning existed in animals with-
out gastrulation. After all, Sox2 expression increases prior to
gastrulation (Yanai et al. 2011) and is already highly expressed
in neuroectoderm of NF stage 11 embryos (Sasai et al. 2008).
Such early expression in areas of future neuronal development
is consistent with the idea developed in mutant mice that Sox2
is an early marker for neuronal fate determination. The alter-
native, that such data reflect novel developmental reorganiza-
tions of amphibians and chickens without any evolutionary
significance is possible, but would conflict with significant
evidence for an hourglass model of vertebrate development
and evolution (Akhshabi et al. 2013; Stergachis et al. 2013),
most likely also relevant for vertebrate hindbrain development
and evolution.

Concentrating and involuting the nervous system:
molecular parallelisms to placodes

While the previous section explored the possible importance
of ectodermal patterning events prior to gastrulation, most
metazoans gastrulate and use this process of vertical interac-
tion of the involuting endo- or mesoderm to pattern the ecto-
derm. Patterning the body and the nervous system (Paulin
2014) resulted in regional concentrations of neurons in the
nerve net out of patterning the ectoderm of diploblastic ances-
tors (Meinhardt 2004, 2013). These ‘skin brains’ have ecto-
derm that consists in many neurons between simple skin cells
(Fritzsch and Glover 2006; Pani et al. 2012) with molecular
patterning gene expression broadly comparable to the verte-
brate brain (Fig. 4). This seems to indicate that the vertebrate
brain is essentially a transformed epidermis of the diploblastic
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ancestor, as predicted in mathematical models (Meinhardt
2013). Simply speaking, molecular evolution of cell type
specifying mechanisms evolved in single-celled organisms.
However, such mechanisms were through further evolution of

cell–cell interactions integrated into regional specific cell type
development. In addition, general topological information
derived from patterns set up by the diffusion of morphogens
was apparently translated into local neurosensory cell type

Fig. 4 The evolution of gene expression at the midbrain–hindbrain
boundary (MHB) is shown for deuterostomes. The MHB of vertebrates
shows abutting Otx2 and Gbx2 expression (d–g). This stabilizes the
expression of Fgf8 (g), which in turn stabilizes the expression of Wnt1
and engrailed (En1). Mutation of Otx2, Gbx2, Fgf8, or Wnt1 eliminates
the MHB. Pax2/5/8 are also expressed at the MHB, whereas the expres-
sion of Dmbx occurs immediately rostral to the MHB in the midbrain to
later expand into the hindbrain and spinal cord (d). Note the partial
overlap of Pax2/5/8 with the caudal expression of Otx2 and the rostral
expression of Gbx2 (d). Hemichordates (a) have overlapping expression
of Gbx, Otx, Irx and En in the rostral trunk. Pax6 abuts Gbx2 whereas
Pax2/5/8 overlaps with the caudal expression of Gbx2. Outgroup data
suggest that coelenterates have a Dmbx ortholog, thus raising the possi-
bility that hemichordates (a) also have a Dmbx gene. Cephalochordates

(b) have no Dmbx expression in the ‘brain’. Otx abuts with Gbx, like in
vertebrates. However, Gbx overlaps with Pax2/5/8 and most of Irx3.
Urochordates (c) have no Gbx gene but have a Pax2/5/8 and Pax6
configuration comparable to vertebrates. Dmbx overlaps with the caudal
end of the Irx3 expression whereas Dmbx expression is rostral to Irx3 in
vertebrates. Together, these data show that certain gene expression do-
mains are topographically conserved (Foxg1, Hox, Otx), whereas others
show varying degrees of overlap. It is conceivable that the evolution of
nested expression domains of transcription factors is causally related to
the evolution of specific neuronal features such as the evolution of
oculomotor and trochlear motoneurons (d, e) around the MHB. Experi-
mental work has demonstrated that the development of these motor
centers depends on the formation of the MHB. (Adopted from Beccari
et al. 2013; Fritzsch and Glover 2006; Pani et al. 2012)
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specification. Importantly, the molecular basis of specific
neurosensory cell types (Fritzsch and Straka 2014) and the
molecular basis allowing the local specialization evolved prior
to the evolution of brains in skin-brains. Morphogenetic and
inductive events may have led to the formation of CNS in
bilaterians through the transformation of an already patterned
epidermal nerve cell network into a network with localized
specialization, possibly multiple times (Meinhardt 2004;
Northcutt 2012). A ‘deep molecular homology’ has been
recognized in the development of various organs (Shubin
et al. 2009). In the CNS, this may come about through an
ancestral patterning network that evolved prior to sensory
organ and CNS evolution. Topological information later
evolved to guide convergent evolution (Stern 2013) of rather
different brains and sensory organs in different phyla that may
nevertheless share multiple conserved genes guiding cellular
differentiation. A case in point is the different use of
hedgehog/sonic hedgehog in flies and vertebrates: whereas
Hh of flies is needed to define segment boundaries via short
range signaling (Stern 2013), Shh is used in vertebrates to
specify dorso-ventral patterning of the CNS via long-range
signaling (Echelard, et al. 1993; Ingham and McMahon 2001)
instead of adding to the formation of somites (Dias et al. 2014;
Newman 2014). Somites are treated by some as indicative of
arthropod ‘segments’ despite the fact that in many vertebrates
these tissue blocks are at different locations on the left and the
right side of the body (Fritzsch and Northcutt 1993).

Consistent with this theoretical consideration outlined in
the previous paragraph are data (Lowe 2008; Lowe et al.
2003, 2006; Pani et al. 2012) demonstrating that many pat-
terning genes, previously considered to be associated with
CNS neuromeres of craniates, are expressed in the skin nerve
plexus of acorn worms and play a distinct role in develop-
mental patterning (Fig. 4). The basic organization of repetitive
neuronal elements as well as the evolution of neuromeric
boundaries can be molecularly dissected as discrete steps in
deuterostome and chordate evolution that progresses from a
more basic, non-neuromeric organization (Lowe et al. 2003)
to a fully developed craniate organization with a clear associ-
ation with compartmental boundaries (Beccari et al. 2013;
Fritzsch and Glover 2006; Murakami et al. 2005). This is
most obvious in the hindbrain organization of lampreys, ver-
tebrates that have a different organization of neural elements
with respect to rhombomere boundaries (Fritzsch 1998;
Murakami et al. 2004, 2005). These overall similarities in
expression domains and neuronal organization among
bilaterians have long been understood and seemed to indicate
a possible homology at the molecular and structural level
(Arendt 2005; Arendt et al. 2008; Reichert 2009; Reichert
and Simeone 1999). More recent data indicate that the limited
molecular toolbox may have biased our understanding and
may have falsely identified molecular homology among ana-
tomically analogous organs (Lowe et al. 2006; Newman and

Bhat 2009). Clearly, basic protostomes and many basic
bilaterians have nometamerically organized ‘nerves’ radiating
out in a specific pattern from the epithelial nerve plexus
(Bullock 1965; Fritzsch and Glover 2006; Harzsch andMuller
2007). Indeed, the asymmetric but metameric organization of
nerves in cephalochordates and basic chordates (Fritzsch and
Northcutt 1993) may reflect a peripheral nerve reorganization
as much as the molecular basis of boundary formation in the
CNS reflects a step-wise evolution of neuromeric boundaries
and their underlying molecular basis (Murakami et al. 2005).
Rhombomeres of vertebrates, by some considered to be equiv-
alent to arthropod segments because of their comparable Hox-
code, may reflect different anatomic solutions to compartment
formation while maintaining ectodermal pre-patterning and
associated genes in an independently evolved CNS. It should
be stressed that through most vertebrate evolution, the major-
ity of neurons of the CNS were concentrated in the spinal cord
and this proportion only changed in a few vertebrate radiations
with a dramatic increase in brain size, notably in mammals
(Nieuwenhuys et al. 1998).

Consistent with this interpretation are the molecularly well-
known early steps in CNS formation that reflect the transfor-
mation of ectoderm into neuroectoderm. A key player across
bilaterians is the Dpp/BMP pathway (Reichert 2009). How-
ever, in addition to downregulation of BMP, chordates require
the action of Fgfs (Bertrand et al. 2003; Fritzsch et al. 2006;
Fritzsch and Glover 2006) to induce neuroectoderm. Fgfs play
no role in neuronal specification in arthropods (Urbach and
Technau 2004) and hemichordates (Lowe et al. 2006). It
remains unclear if this dependence on or absence of Fgfs is
linked to the apparent dorso-ventral patterning difference in
nervous system induction that has been so long a source of
general body plan reversal ideas (Arendt 2005; Arendt et al.
2008; Lowe et al. 2006) but has been questioned by other
lines of evidence (Brown et al. 2008; Satoh 2008). In the
absence of understanding the full complement of all genes
involved in these processes and their interactions, it appears
most parsimonious to assume that the known differences are
likely to indicate a non-homologous origin of a CNS based on
partially homologous transcription factor actions (Newman
and Bhat 2009) out of an epidermal nerve plexus, as initially
proposed for the acorn worm (Lowe et al. 2003, 2006). Other
known similarities, such as the use of different and similar sets
of bHLH genes, the ubiquitous use of the Delta-Notch system
and certain molecular aspects of proliferation regulation
(Arendt 2005; Reichert 2009; Urbach and Technau 2004),
could reflect their similar functions in the common diploblast
ancestor (Magie et al. 2007; Martindale et al. 2004; Matus
et al. 2007a, b; Mazza et al. 2007; Putnam et al. 2007; Seipel
et al. 2004; Yamada et al. 2007). What needs to be clarified
now is how the aggregation of a nerve net of the diploblast
ancestor, most likely also present in the common bilaterian
ancestor (Fig. 1), has been tied into the emerging and different
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general embryonic patterning mechanisms (Meinhardt 2004;
Newman and Bhat 2009; Salazar-Ciudad et al. 2003) to elicit a
local upregulation of specific neural inducers to form a dorsal
or ventral CNS in deuterostomes and protostomes,
respectively.

Conclusion

Understanding the evolution of the generalized developmental
cell fate specification through topographically restricted gene
expression cascades to initiate and regulate cellular differen-
tiation of neurosensory cells out of ectoderm is a key step in
sensory organ or CNS evolution. Cellular fate switching
evolved as an essential step in early metazoan evolution to
transform an assembly of identical cells into a progressively
different set of up to over 200 identifiable cell types found in
mammals. To transform the cellular evolution into organ
differentiation, molecular mechanisms evolved that regulate
proliferation of precursor populations in integration with cell
fate commitment. Within this process of establishing cellular
diversity, Sox and bHLH genes played a major role to con-
solidate cell fate commitment into cellular differentiation,
possibly as an extension of the temporal aggregation of
single-celled organisms for vegetative and sexual reproduc-
tion. Sox and bHLH genes are essential regulators of neuronal
and neurosensory induction and differentiation in the ecto-
derm and are embedded in an increasingly complex decision-
making process that ensures temporal- and intensity-specific
expression of interacting intracellular and intercellular net-
works of transcription factors to drive topologic cell type-
and subtype-specific differentiation. Understanding the nodes
of such networks will allow inducing transdifferentiation
in vivo, once gene expression regulation through manipula-
tion of enhancers is understood.
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