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Abstract

Nervous systems are one of the most spectacular products of evolution.
Their provenance and evolution have been an area of interest and often
intense debate since the late 19th century. The genomics era has pro-
vided researchers with a new set of tools with which to study the early
evolution of neurons, and recent progress on the molecular evolution of
the first neurons has been both exciting and frustrating. It has become
increasingly obvious that genomic data is often insufficient to recon-
struct complex phenotypes in deep evolutionary time. We review this
recent progress and its attendant challenges, and suggest ways forward.
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1. INTRODUCTION

Behavior is widespread on the unicellular tree of life. When Anton van Leeuwenhoek looked
through his microscope, saw swimming microorganisms, and called them animalcules due
to their rapid motions, he was the first witness to the remarkable similarities between the
behavior of microbes and animals [1]. But among multicellular organisms, animals are
preeminent in the rapidity and diversity of their behavioral repertoire. This is due to
key differences in the ways that animals achieved a multicellular lifestyle as compared to
plants, fungi, and red and brown algae, the other major multicellular eukaryotic lineages.
Development of novel pathways for cell adhesion [2] and intercellular signaling [3] laid the
groundwork, but the advent of neurons and muscles were the key adaptations that allowed
animals to overcome the behavioral bottleneck that attended multicellularity in every other
eukaryotic lineage.

With the sequencing of animal genomes from diverse phyla [4-7] and an emerging con-
sensus over the broad animal phylogeny [8], a lively debate has sprung up over the nature
of the early evolution of neurons, and, more broadly, how to interpret genomic data in a
way that best enlightens the deep origins of complex tissues types [4,9-12]. In the last two
years alone, there have been five journal issues dedicated completely or in part to the early
evolution of nervous systems. This debate is a continuation of a perennial debate over the
nature of the first neurons [13,14], but for the first time, the debate is centered on the
interpretation of molecular and genomic, rather than phenotypic or physiological, data. At
the end of the last era of comparative nervous system research, George Mackie remarked
that the distinction between neurones [sic] and non-nervous cells has become somewhat
blurred and it now seems most appropriate to ask not which cell lineages originally gave
rise to nerves but where the genes expressed in neurogenesis originally came from [14]. We
have made significant progress towards this goal, but what have we learned about cell-level
phenotypes? As might be expected, molecular data cannot tell us everything we want to
know. Below, we give a broad overview of recent work on the molecular evolution of the

2  Liebeskind et al.


https://doi.org/10.1101/116715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116715; this version posted March 14, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

first neurons, highlight its limitations, and discuss areas for future research.

2. BACKGROUND
2.1. What is a nervous system?

By nervous system we typically mean the network of neurons that underlie animal behavior.
It has long been appreciated that nervous system is an imprecise term [13]. Many other
cell types beside neurons are nervous, i.e. electrically excitable, and exist in systems, such
as pancreatic or muscle cells. Plants and unicellular organisms also make use of electrical
excitability to mediate behavior (see below), but are not said to have nervous systems. It is
the presence of neurons that really distinguishes animal nervous systems, so we prefer the
term neural systems. Neurons are typically defined morphologically and physiologically as
an elongated and excitable cell that makes a synapse onto another cell. To this common
and admittedly vague definition (glia cells can also be excitable and make synapses), we add
the functional qualification that neurons are usually said to encode information. That is,
their particular activity is an arbitrary symbol or code of downstream activity, ultimately,
of animal behavior. A neural system encodes information in two ways: First, in a dynamic
electrical code within neurons, and second, in the wiring code or connectome between
neurons. Both within- and between-cell signaling can be dynamically altered, and this
plasticity is responsible for learning, memory, development, and behavioral complexity.

2.2. Phylogenetic context of early neural evolution

When did the first neurons arise, and how? Although this question is still hotly debated, the
phylogenetic context for the early neural evolution is starting to come into light as a revised
animal tree of life has emerged. One striking development has been the realization that
many traits considered to be synapomorphies of major animal clades, such as a through-gut,
epithelia, and neurons, are not in fact synapomorphic [8]. Perhaps the most radical change
to the animal tree of life has been the growing consensus that ctenophores, which have a
complex neural system and behavior, branched off first from the remaining animal lineages
(Figure 1). Sponges had previously been considered to be the earliest branching lineage
and their lack of neurons and sedentary lifestyle (as adults) was thought to be the ancestral
condition of animals. Though it is still possible that the placement of ctenophores results
from problems in phylogenetic inference [15], the early splitting of ctenophores is supported
by a variety of careful studies [4,5,16-18]. This placement of ctenophores raised the question
of whether neurons arose once in animal evolution and were lost in sponges and placozoans
(Figure 1), or arose independently in ctenophores and Planulozoa (cnidarians-+bilaterians)
[4,17].

The placement of sponges and ctenophores is important, but not decisive, for recon-
structing the origin(s) of neurons, however [19]. The debate over the tree topology has
often assumed that the two scenarios mean that the common animal ancestor was either
ctenophore-like or sponge-like, but neither is likely to be the case. The deepest divergences
of extant animal lineages stretch back to the Cryogenian, long before the appearance of large
animal fossils (Figure 1) [20,21]. It is thus entirely plausible that animals began diversifying
before becoming more complex and that these early animals were too small and delicate
to fossilize or to be recognizable as animals. Importantly, no extant lineage is frozen in
time, so resolution of the tree is necessary, but not sufficient for ancestral character recon-
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Figure 1

The deepest animal divergences pre-date unambiguous animal fossils by hundreds of millions of
year, even taking plausible confidence intervals into account [21]. The most likely explanation for
this discrepancy is that the first animals were too small and simple to fossilize as recognizable
metazoans. Early neurons arose during this period, so their origins must be reconstructed
primarily from extant animal lineages. Silhouettes here and throughout are from Phylopic

(http://phylopic.org/).

struction. The early evolution of animal neural systems occurred during this dark period
in the Cryogenian (Figure 1), so we must use extant molecular and physiological data to
ask whether neurons evolved once, or repeatedly.

2.3. The promise and perils of genomic data

Despite all the new genomic data, the field has failed to reach an agreement on the nature
of the early evolution of neurons. Why have we failed to do so? It is simply because we
cannot perfectly predict phenotypes from genomic data alone. Why can’t we? Because the
structure of proteins and molecular systems is not uniquely determined by the phenotypes
they encode, and vice versa. There is a many-to-many mapping between mechanisms and
phenotypes. For instance, homologous phenotypes can diverge in molecular composition
(systems drift; [22]), and homoplastic phenotypes can independently recruit homologous
molecular modules (deep homology; [23]), so molecular similarities and differences are not
necessarily reflective of homology or homoplasy at the phenotypic level. Because complex
cell types will contain proteins with a wide diversity of evolutionary histories, one can
always find molecular evidence to support ones hypothesis of homology or of homoplasy.
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Correspondingly, there are no universal molecular markers of neurons [24], and even if
there were it would not rule out the possibility of homoplasy. A robust determination of
homology must rely on a better understanding of how cell level phenotypes co-evolve with
molecular modules than is currently available. Thus, the next challenge to the field is to
start putting the genomic data back into its physiological context, and this will involve
developing comparative methods that explicitly take hierarchical systems into account.
Because neurons are among the most complex and best studied cell types, comparative
neuroscience offers an ideal system for hierarchical comparative methods. Neurons, and
still more, neural systems, are not monolithic entities. They consist of numerous molecular
machines and their constituent proteins, each carrying out the processes we identify with
neural function (Figure 2). Below, we review these molecular systems and recent advances in
our understanding of how they evolved in the first animals, highlighting areas where little is
known. Finally, we end with an example of how genomic data must be contextualized to be
interpreted, by exploring the surprisingly plastic evolution of the neuromuscular junction.
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Figure 2

The molecular modules of a mature neuron can be divided into modules underlying the electrical
code within neurons, and those underlying the synaptic code between neurons. Each of these two
sections can be further divided into three sub-modules. Proteins from all modules were present in
the unicellular ancestor of animals.

3. ELECTRICAL CODE

Electrical excitability is a defining feature of neurons. Most neurons propagate all-or-none
electrical disturbances called action potentials. These spikes can be sent over meters-long
axons and arrive at the nerve terminal with near-perfect fidelity, and thus constitute a
digital signal. Besides fidelity, conduction speed is a major adaptive feature of neurons,
allowing organisms to move rapidly. Thus, giant axons, which reduce internal resistance,
have evolved multiple times as part of startle-escape behavior circuits, most famously in
crayfish, squid, and teleost fish, but also in cnidarians and ctenophores [25-27]. Myelination,
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Figure 3
Molecular details of five molecular modules of neurons for which extensive evolutionary
information is available. Most channels, pumps and exchangers are evolutionarily ancient, whereas
certain sub-modules in synapses are more recent innovations.

which insulates axons, was previously thought to be a vertebrate-specific innovation, but
in fact has evolved several times in protostomes as well [28]. The creation of the neural
electrical code relies on three modules of proteins: one that creates the potential energy for
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the action potential (ion homeostasis), one that transduces sensory and intercellular signals
into the electrical code (transduction), and one that propagates the electrical signals along
neurons (propagation) (Figure 2).

3.1. lon homeostasis

The flow of ions that creates an action potential is powered by actively maintained electro-
chemical gradients. In this, neurons resemble all other cell types, which must also regulate
the distribution of different ions across their membrane. In neurons, the key tasks of ion
homeostasis are maintaining a low cytoplasmic calcium level to protect the fidelity of in-
tracellular calcium signaling and maintaining a negative voltage across the membrane to
power action potentials.

The primary means of maintaining membrane potential is active pumping via ATPase
proteins, which in humans use up to 10% of the bodies at rest in the brain alone [29]. P-type
(for phosphorylated) ATPases are the most important for neuronal function, and can be
found in all cellular life forms [30]. Na™ /K™ ATPases can be found in the genomes of many
non-animals, where they are presumably used for maintaining ion homeostasis in high-salt
environments [31]. Proteins that maintain low cytoplasmic calcium levels, such as the sarco-
/endoplasmic reticulum calcium pump (SERCA) and PMCA pumps, Nat/Ca®" exchangers
(NCX), and mitochondrial calcium uniporter (MCU), are found across eukaryotes as part
of a pan-eukaryotic calcium signaling toolkit [32,33].

The origin of neurons does not seem to have relied on an increased number of genes for
these pumps and exchangers. For instance, humans have 24 P-type ATPases, whereas yeast
have 14 and flies 12. The plant Arabidopsis thaliana has 46 [30]. Thus, the ion homeostasis
module is both evolutionarily ancient, and pleiotropically expressed in multiple cell types.
Though there may have been protein-level specializations associated with the origin of
neurons in this module, they are not currently well-understood.

3.2. Transduction

The first step of neural signaling is often the transduction of an input signal, either from the
environment or another cell, into an electrical signal. This occurs both at synapses between
neurons and at sensory neurons, such as photoreceptors or olfactory neurons. These two
distinct tasks, sensory transduction and synaptic transduction, are often treated separately,
but many of the same proteins are expressed in both sub-modules across animals. Of
the many protein families involved in transduction, only the amiloride-sensitive channels
(ASC, also called EnaC, ASIC, or DEG), and the Pannexin families are metazoan novelties
all others were present in the unicellular ancestors of animals [5,34,35], where they were
probably used for environmental sensing.

Two major families of proteins transduce environmental stimuli into electrical signals
in vertebrate neurons: transient receptor potential (TRP) channels and G-protein coupled
receptors (GPCRs) [36,37]. Whereas TRP channels transduce environmental signals di-
rectly to electrical signals, GPCRs operate indirectly on downstream ion channels via the
G-protein signaling pathway. GPCRs form the largest gene super-family in tetrapods, with
the majority being olfactory receptors [38]. Individual GPCR genes are rapidly duplicated,
lost, or inactivated [39]. GPCRs also mediate taste and photoreception. This latter sensory
modality is mediated by opsins, which bind a chromophore whose response to light sets
off the G-protein signaling cascade. There have been independent expansions of opsins in

www. annualreviews.org ¢ Evolution of Animal Neural Systems 7


https://doi.org/10.1101/116715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116715; this version posted March 14, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cnidarians [40], notably in cubozoan jellyfish, which represent one of three lineages of ani-
mals to have evolved lens-bearing eyes [41]. Curiously, opsins were lost in the sponge lineage
and yet ciliated sponge larvae are phototactic. This behavior is mediated by cryptochromes
instead of opsins [42], probably a case of systems drift.

Whereas mammalian odorant receptors are all GPCRs, hexapod odorant receptors are
all ion channels. Some belong to the same class of 7 transmembrane segment proteins as
do GPCRs (odorant receptors [ORs| and gustatory receptors [GRs]; [37,43]), and others are
part of the ionotropic glutamate receptor (iGluR) family (ionotropic receptors [IRs]; [44]),
which in vertebrates are solely expressed in synapses. Nematodes have a large number of
GPCRs, some of which play a role in chemoreception, as well as orthologs of IRs whose
function is unclear [43]. Cnidarians have homologs of hexapod GRs that curiously play a
role in development, with no indication of a role in chemosensation [45]. Thus it is not clear
whether the bilaterian ancestor primarily used GPCRs for chemoreception, ion channels,
or both. TRP channel families are not nearly as large as GPCRs, but are molecularly
diverse. They underlie mechanosensation, thermosensation, and certain types of tastes,
such as capsaicin and menthol [46]. The ASC family plays a role in both sensation (salt
taste) synaptic transmission [47], with a larger role in synaptic transmission in cnidarians
[48].

Like sensory receptors, synaptic channels and receptors exist in large gene families that
have undergone substantial independent expansions in a number of animal lineages [35]. In
vertebrates, the most important synaptic receptors are either GPCRs, or ion channels of
the iGluRs or pentameric ligand gated ion channel families (pLGICs, also called Cys-loop
receptors). Nearly all the major neurotransmitters target both ionotropic and metabotropic
receptors, and there are key differences between non-vertebrate and vertebrate receptors
that suggest widespread convergent evolution for ligand specificity, just as in olfactory
sensation. For instance, ionotropic glutamate receptors in vertebrates are all part of the ion
channel super-family iGluR, which are an ancient family of tetrameric channels distantly
related to voltage-gated potassium channels [49]. These channels create an excitatory post-
synaptic potential (EPSP) by letting in Na™ and Ca?*. In protostomes, such as Drosophila
and C. elegans, however, some ionotropic glutamate receptors belong to the pentameric
pLGIC channel family and create an inhibitory response by passing Cl~ anions. Moreover,
these protostome glutamate receptors have evolved several times independently [50,51].
Ctenophores have lost pLGICs all together, the only lineage with a neural system known
to have done so, and may rely on other channel families for the same function, such as
iGluR and ASCs [4,5,35]. Supporting this hypothesis, it has recently been shown that
the radiation of the iGluR family in ctenophores has evolved both glutamate and glycine-
sensitive isoforms convergently with bilaterians [52].

Thus the proteins involved in the transduction of extracellular signals into electrical
signals in neurons are characterized by large gene families with rapid turnover and many
instances of convergent evolution of ligand specificity. At synapses, receptors may originate
by first binding a molecule that is present as bi-product of biosynthesis, a process that has
been called ligand exploitation [53]. So from a molecular evolution standpoint, transduction
proteins are the opposite of the slowly evolving, highly pleiotropic ion homeostasis proteins.
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3.3. Electrical propagation

Local electrical signals are transient and will attenuate over space. To propagate signals
over large distance, neurons use ion channels that respond to voltage itself, called voltage-
gated ion channels. Voltage-gated ion channels and the regenerative potentials they create
are found across the tree of life. For instance, plants with rapid behaviors, such as the Venus
flytrap (Dionaea) or the sensitive plant (Mimosa), trigger these behaviors with ionic action
potentials conducted through the phloem [54]. Protists also use action potentials to trigger
bioluminescence [55], to coordinate cell deformations [56], and for control of ciliary beating
[57]. Bacterial biofilms also use regenerative potential changes to coordinate colony growth
[58]. In animals, neurons are not the only cell types to make use of electrical excitability:
insulin release from the beta cells of the pancreas, muscle contraction, and chemotaxis in
sperm are all mediated by electrical signaling [59,60].

In non-animals, the change in electric potential is often a byproduct of the main task of
the impulse: the delivery of an ion species that effects a change in cell biology. Typically, this
ion is calcium, which triggers a variety of cellular processes. In plants, the action potential
creates an osmotic potential, and the resultant turgor pressure is the plant equivalent of
muscle contraction. However, in animal axons, the action potential is a signal, and does
not substantially alter the cell biology of an axon until it arrives at the terminus. The
key change that allowed this development was the evolution of voltage-gated sodium (Na,)
channels from pre-existing voltage-gated calcium channels (Ca,), as Na™ does not broadly
trigger cellular signaling pathways as Ca?" does. This allowed animal axons to generate
action potentials at a high rate without poisoning the cell with Ca?* [59].

After a positive displacement by Na, channels, action potentials are then repolarized by
K™ efflux through voltage-gated potassium channels (K,). K, channels therefore play the
central role in shaping the neural electric code and are a large and diverse family. While
there are typically fewer than 5 Na, genes in animal genomes (though they have radiated to
8 in fish and 10 in tetrapods), there are typically 10 times as many K, genes [59]. Another
member of the voltage-gated family has lost its sensitivity to voltage, and has been called
sodium leak channel non-selective, or NALCN. This channel family keeps neurons near the
threshold for Na, activation and is crucial for rhythmically firing neurons that mediate,
e.g., breathing in mice and snails [61].

Na,s evolved from Ca,s in a stepwise fashion, with bona fide Na*-selective channels
arising twice, once in cnidarians, and once in the bilaterian ancestor [62,63], suggesting
convergence toward a complex neural code in these lineages. NALCN channels have also
likely converged towards Na™ permeability via similar mutations in their ion selectivity
filter [64,65]. Thus sodium channels have arisen numerous times by convergent means from
calcium channels.

In animals, the K, gene family has radiated independently in a number of lineages
[35,66], presumably for the regulation of an independently expanding electric code. In
a remarkable case of convergence, Erg-type K, channels have radiated independently in
cnidarians and bilaterians, and in both radiations converged towards two distinct types of
pore closure [67].

Thus the voltage-gated channels that mediate electrical signaling in neurons are charac-
terized by convergent biophysical phenotypes, and the broad similarities between electrical
signaling in cnidarians and bilaterians are largely a result of convergent evolution. Almost
nothing is known about the physiology of ctenophore neurons, though their muscles make
mostly calcium-based action potentials [68]. Glass sponges can propagate electrical impulses
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through their syncytial tissue [69], but demosponges (and perhaps other sponge lineages)
have lost all voltage-gated channels genes [6,35]. Thus much remains to be discovered about
the early evolution of electrical signaling.

4. WIRING CODE

Besides the electrical code within neurons, animal behavior is also encoded in specific wiring
diagrams or connectomes between neurons. The connections between neurons, and between
neurons and downstream effector cells, occur at specialized cell junctions called synapses.
Synapses between neurons can either be (1) electrical, where the communication is direct
ion flow through protein channels that connect the cytoplasm of the two cells; (2) chemical,
where communication is via the release of a neurotransmitter and the cells are not directly
coupled; or (3) mixed [70]. Though it has recently been shown that electrical synapses
can undergo use-dependent plasticity [71], the mechanisms of long-term plasticity, which
underlie learning and memory, are much better understood (and probably more important)
at chemical synapses, which we focus on here. The proteins involved in chemical synaptic
transmission are much more numerous and diverse than those involved in electrical con-
duction and function in medium-to-large protein complexes whose structure and function
are not yet fully understood (Figure 3). In vertebrates, synaptic transmission is usually in
one direction (as shown in Figure 3), but ctenophore and cnidarian synapses are often bi-
directional [72,73]. Little is known about the proteins involved in cnidarian and ctenophore
synapses, and there is probably much undiscovered complexity there. The wiring code can
be divided into pre- and post-synaptic modules, and a module that specifies the wiring
diagram during development (Figure 3).

4.1. Excitation-secretion coupling

Chemical synapses transduce a neurons electrical code into an excreted chemical signal.
This happens when the sodium-based action potentials of the axon reach the axon termi-
nus and trigger the opening of Ca, channels (Figure 3). The influx of calcium triggers
neurotransmitter-filled vesicles to release from their priming area and fuse with the pre-
synaptic membrane. After release, the membrane is then recycled into new vesicles (Figure
3). The proteins involved in docking and in recycling are, for the most part, conserved
across eukaryotes [74,75]. The well-known SNARE complex is found across eukaryotes,
where it serves a similar function in endomembrane trafficking and exocytosis [76]. Inter-
estingly, SNARE proteins have expanded independently in the major multicellular lineages,
suggesting a key role in cell-type differentiation [77]. Clathrin-based endocytosis is also
found in all eukaryotes [78]. However, many pre-synaptic proteins involved in scaffolding
and in vesicle priming arose only within Metazoa (Figure 3) [74,75].

A nearly complete set of excitation-secretion related proteins are present in choanoflag-
ellates [79], and both sponges and placozoans have a distinct flask-shaped cell-type that is
enriched for vesicles and known synaptic genes, and possesses a non-motile cilium, consistent
with a role in environmental sensing [80,81]. In the demosponge Amphimedon queenslandica,
the flask cells have been shown to transduce sensory cues into induction of settlement and
metamorphosis in a calcium-dependent manner [82]. Thus these flask cells are probably the
best candidates for neuron-like cells in sponges and placozoans, though we caution against
interpreting them as proto-neurons.
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Several types of molecules are used as neurotransmitters, including amino acids and
their derivatives (the biogenic amines), gases (nitric oxide), small peptides, and acetyl-
choline (Figure 4). Many are used widely in eukaryotes for intercellular communication,
but some of the biogenic amines may be present in animals as a result of late horizontal
transfer of synthesis enzymes from bacteria [83]. Their deployment in different synapse
types across animals is a fascinating and still poorly understood study in evolution. For in-
stance, epinephrine and norepinephrine are important neurotransmitters in vertebrates, but
are typically not used at all by protostomes (but see [84]), whereas the opposite is true of
octopamine and tyramine (Figure 4). Cnidarians make a similar set of neurotransmitters to
vertebrates [85], but Nematostella expresses most non-peptide types in the endoderm near
the pharynx and testes only peptide transmitters are found in neurons [86]. Ctenophores
seem to use a much more restricted set, as glutamate is the only well-validated neuro-
transmitter [4]. This supports the theory that neurons arose independently in ctenophores
and planulozoans, because vertebrate and most protostomes use acetylcholine (AcH) at the
neuromuscular junction (NMJ). However, arthropods use glutamate at the NMJ, just like
ctenophores [87], and cnidarians probably use neuropeptides [86]. Although sponges do not
have true synapses, they use GABA, glutamate, and nitric oxide to coordinate contractions
[88]. Trichoplaz also lacks synapses, but their secretory flask cells label for FMRFamide,
suggesting a conserved role in transmission for this peptide class [81].

Calcium-dependent excitation-secretion is therefore an ancient system that has been

www. annualreviews.org ¢ Evolution of Animal Neural Systems 11


https://doi.org/10.1101/116715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116715; this version posted March 14, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

coopted into synaptic transmission. This cooption involved recruiting neurotransmitters
into the vesicle cycle and lineage-specific adaptations for vesicle docking and priming. Much
remains to be clarified about how the diverse deployment of neurotransmitters types evolved.

4.2. Post-synaptic density

One of the defining histological features of synapses is an electron-dense, disc-shaped struc-
ture on the post-synaptic side, called the post-synaptic density (Figure 3). Besides the ion
channels that transduce the neurotransmitter signal into post-synaptic potentials, this den-
sity includes a large number of scaffolding and signaling proteins that modulate synaptic
strength. The proteins of the post-synaptic density can be roughly classified into adhe-
sion and signaling molecules that exist near the post-synaptic membrane, and scaffolding
proteins [74]. Many of the adhesion and signaling molecules are newer innovations, par-
ticularly those that interact specifically with certain classes of postsynaptic ion channels
[75], though much of the signal for a progressive advance in complexity towards mammals
probably comes from mammalian-biased sampling of synaptic proteomes [19]. Scaffolding
proteins, in contrast, tend to be found outside of Metazoa as well [74,80]. One protein,
Homer, has been shown to be ancestrally expressed at the nuclear envelope, based on its
expression in choanoflagellates and in mammalian glia [74], highlighting the pleiotropic
nature of many of genes in this module.

A nearly complete set of post-synaptic density proteins are found in sponges and in
Trichoplaz, despite the lack of obvious synapses in these organisms [80]. Intriguingly, disc-
shaped electron-dense junctions are found in syncytial cell types of hexactinillid sponges
[89], Trichoplaz [81], and colonial choanoflagellates [90]. It is not known what proteins are
expressed at these junctions, however, and post-synaptic density genes do not appear to
be co-expressed in the sponge Amphimedon queenslandica [91]. The flask cells of sponges,
which express pre-synaptic genes and have vesicles, also express post-synaptic scaffolding
and signaling proteins [80].

4.3. Axonogenesis

Neurons are derived from ectoderm in most bilaterians, cnidarians, and ctenophores [92,93].
They can also derive from mesoderm in planarians [94], endoderm in sea urchins [95], and
interstitial stem cells in hydrozoan cnidarians [96]. The gene repertoire involved in early
neuron specification is largely conserved in bilaterians and cnidarians, but ctenophores are
missing some of this core set of neurodevelopment genes, including HOX, Notch, Fibroblast
growth factor, and the Hedgehog pathway [5,93]. They do, however, have genes in the
Lim-homeobox family (Lhx), which may play a role in neuron development as they do in
bilaterians [97]. They also express the Wnt pathway, which is important for body patterning
and neurogenesis in cnidarians and bilaterians, but only in adults and only in a very localized
area near the mouth [98]. In general, the developmental gene content of ctenophores more
closely resembles that of sponges, while the neuron-less Trichoplax largely resembles that of
cnidarians and bilaterians [5]. Thus the traditional ontogenetic homology criterion cannot
be considered full-proof over deep evolutionary time [9].

During development, and after injury, axons must grow and find their correct synaptic
targets. The proteins responsible for this targeting include secreted and membrane-bound
signals and receptors that have not been studied in an evolutionary framework as well as
the other modules. We plotted the evolutionary distribution of some of the best-known
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Surface and secreted proteins involved in axonogenesis and synaptic targeting arranged by protein domain composition.
Most are made up of multiple domains and have probably evolved by domain shuffling. Many are expressed in other cell
types, especially epithelial and immune cells. All domains are found outside of metazoans with the exception of the
Semaphorin (SEMA) domain (boxed).

families in Figure 5. Most of the axonogenesis proteins have clustered, shared domain re-
peats [99]. All of the domains shown in Figure 5 are found outside of Metazoa, except for
the Semaphorin domain. Proteins with Ig-family domains are well-represented, suggest-
ing a close functional and evolutionary relationship between immunity and axon-guidance.
Many these cell adhesion proteins are also found in epithelial junctions, such as the pleated
septate junction (non-vertebrates) and tight junctions (vertebrates), and in intermodal sep-
tate junctions between myelinating glia and axons. It has therefore been suggested that
some synapse types evolved from epithelial precursors [100]. This suggestion is intrigu-
ing, as both sponges and placozoans have recently been shown to have occluding adherens
junctions [101,102]. In fact, both choanoflagellates and the slime mold Dictyostelium make
electron-dense junctions, the latter of which are known to involve (-catenin [90,103].

How is the final wiring diagram in the brain specified? In Drosophila, the DSCAM gene
(Down syndrome cell adhesion molecule) has clustered series of alternate exons that are al-
ternatively spliced to produce an enormous variety of mature protein isoforms. It is thought
that this diversity creates a combinatorial code determining the wiring diagram of the fly
neural system [104]. In vertebrates, however, DSCAM is not extensively spliced. Instead,
vertebrate genomes have clustered arrays of protocadherins, which play a role in dendritic
self-avoidance and synaptic pruning [105]. Little is known about these mechanisms outside
of current model systems, but, intriguingly, protocadherins have convergently radiated in
octopods, where they are also found in clustered genomic repeats and are heavily expressed
in the brain [106] a convergent feature of large brains in cephalopods and vertebrates.

Thus the axon guidance module shares many similarities with epithelial and immune
junctions. Domain rearrangement and shuffling have probably shaped the distribution of
proteins found at synapses. Ctenophores, cnidarians, sponges, placozoans, and choanoflag-
ellates all have undescribed proteins that share domains and overall architecture with ani-
mal axon guidance proteins, and much remains to be learned about the deep evolution of
synaptic targeting.
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5. HIERARCHICAL MOLECULAR EVOLUTION

The functional modules described above have different rates and modes of molecular evo-
lution. Some modules are characterized by large gene families and rapid gene turnover
(transduction), whereas others have smaller gene families whose size remains fairly stable
(ion homeostasis). Functional changes in ion channels, such as those in the propagation
or transduction modules, are typically characterized by a few amino acid changes at key
sites [51,63,67], whereas adhesion and scaffolding proteins expressed in the axonogenesis
and post-synaptic modules may evolve primarily by domain rearrangements and gene fu-
sions [107]. Thus the protein might not even be the relevant homology unit for the latter
class of proteins. It even seems possible that whole pathways for neurotransmitter synthesis
may have been transferred from bacteria into animals [83]. No gene family or module has
an identical taxonomic distribution as neurons and many have quite plastic evolutionary
histories.

Currently, the evidence presented for the homology or non-homology of neurons in
ctenophores and other animals relies chiefly on comparative genomics data, usually pre-
sented as lists of genes or pathways present or not present in the common animal ancestor
[12,24]. The considerations above make it clear that not all gene classes are expected to
be equally informative for homology considerations. Moreover, a list of genes cannot be
interpreted apart from functional context. Proteins function in the hierarchy of molecular
processes that make up complex cell types: they form protein complexes, protein com-
plexes function in pathways and subcellular structures, and these structures come together
to mediate cell-level phenotypes. At each hierarchical level, evolution at a lower level has
a many-to-many mapping to changes at the higher level. Thus it is a non-trivial task to
reconstruct the evolutionary dynamics of the higher from the lower level of phenotypes.
Doing so becomes more difficult as less is known about intermediate molecular functions, as
fewer taxa are sampled across the phylogeny, and as the interior branches of the tree become
deeper. Deep neural system evolution exists in the worst part of this space. And yet it is
precisely this kind of hierarchical reconstruction that is expected to be most informative
for cell-type evolution.

5.1. Origins of neuromuscular junctions

One system that might best yield to this sort of analysis is the neuromuscular junction
(NMJ). Moroz and colleagues found that the ctenophore NMJ was glutamatergic (gluta-
mate is the neurotransmitter) [4]. Interestingly, this has been used as evidence both for and
against the multiple origins hypothesis [12,24]. On one hand vertebrate NMJs are choliner-
gic (using acetylcholine) and ctenophores have many independently expanded gene families
associated with glutamate signaling (although we note that many of the glutamate receptor
genes are actually glycine receptors, and the role of glycine signaling in ctenophores is un-
known; [52]). On the other hand, glutamatergic synapses and the protein families involved
are found across animals. Too little is known to make a determination of homology, but the
NMJ makes an interesting case study in how the study of hierarchical molecular evolution
is the necessary next step to reconstructing ancient cell types.

The NMJ is a model synapse whose evolution seems likely to reflect that of neurons as
a whole; muscles and neurons are always found together in animals, with the sole excep-
tion of the parasitic myxozoans, which have lost neurons [108]. Yet, as one looks closer at
the molecular composition of NMJs, it becomes apparent that there is considerable evo-

14 Liebeskind et al.


https://doi.org/10.1101/116715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116715; this version posted March 14, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Urbilaterian

AcH i % Glut.

Ctenophore NMJ
NT: Glut.

Cnidarian NMJ 2
NT: peptide
Nematode NMJ
NT: AcH

Drosophila NMJ Xenopus NMJ

Abbreviations
Synapse types
NMJ: Neuromuscular junction
CES: Central Excitatory synapse
Neurotransmitters (NT)
AcH: Acetylcholine

Glut: Glutamate X . Ribs, spars,
Genes T-bar  Synaptic vesicle Subcellular Synaptic vesicle  magt and boom

BRP: Bruchpilot ' O Structures O %

DRBP: Drosophila RIM-
binding protein

CAST: Cytomatrix associated
structural protein

R ) Bassoon piccolo
RIM: Rab3 interacting & Slutamate Molecular Acetylcholine
molecule DRBP Packaging Complexes ypackag.mg RIMgal CAST

Protein Domains and Pathways
RBP: RIM-binding protein

BRP (Bruchpilot) CAST

Proteins [CAST[ CAST [cAST]

Figure 6

Evolution of the neuromuscular junction (NMJ). There are interesting differences and similarities
between two model NMJs, in Drosophila and Xenopus, when one looks across the hierarchy of
molecular organization. Molecular component of Drosophila NMJs may be more closely related to
excitatory synapses of the brain in vertebrates, and vice versa. Not enough is known about the
molecular constituents of ctenophore and cnidarians NMJs to determine their homology with
bilaterian cells.

lutionary plasticity. Vertebrates, arthropods, cnidarians, and ctenophores all use different
neurotransmitter types at the NMJ, whereas nematodes use the same neurotransmitter
as vertebrates (acetylcholine), despite their closer relationship to arthropods (Figure 6).
NMJs can also vary considerably in ultrastructure, even among vertebrates [109]. Thus
the fact that ctenophore synapses have another distinct morphology [24,73] is not strong
evidence of an independent origin. And yet, the distinct pre-synaptic cytomatrix structures
in Drosophila and Xenopus are made up of largely homologous proteins. Some of these
homologous proteins (Bruchpilot and ELKS/CAST/ERC) have different compositions of
the homologous domains and long non-homologous stretches (Figure 6).
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Finally, it has been shown that Drosophila NMJs use the same neurotransmitter (glu-
tamate) as vertebrate excitatory synapses in the brain, and also have an overlapping set of
cell-adhesion proteins [100]. Drosophila central excitatory synapses, inversely, use the same
neurotransmitter as vertebrate NMJs (acetylcholine) (Figure 6). Perhaps the last common
ancestor of bilaterians had NMJs with multiple transmitter types, as glutamate receptors
are expressed at cholinergic NMJs in mammals [110].

Synapses have often been treated as monolithic entities in the evolutionary literature,
but much of what is known about the molecular composition of synapses comes from just
two synapse types: the excitatory synapses of vertebrates and the Drosophila NMJ [111].
But these two glutamatergic synapses have largely overlapping molecular compositions that
cannot, without reservation, be extended to other synapse types within one organism [112],
let alone to distantly related species. This level of mechanistic detail is known only in a
handful of species but is the key to reconstructing the deep evolution of cell-level phenotypes.
Thus we are far from making a determination about the homology of synapse types, much
less neurons as a whole, across cnidarians, ctenophores, and bilaterians.

All complex cell types are likely to comprise a hierarchy of molecular components with
diverse histories in a similar fashion to NMJs, as has been shown to be the case with muscle
types [113,114]. It should be acknowledged that all possible patterns of co-evolution across
levels are not only possible but plausible over even modest evolutionary divergences. Thus,
molecular similarities between similar phenotypes cannot be unambiguously interpreted as
signs of homology, and molecular differences are not necessarily signs of convergence. Proper
interpretation will only be possible when the intrinsic rates of mechanism-phenotype co-
evolution are known for particular phenotype-mechanism pairs.

Will such rates ever be known for phenotypes of interest? Convergent evolution and
systems drift of neural systems on higher organizational levels is well known [115]. Famous
examples of convergence include the multiple independent origins of myelination and of giant
axons for rapid electrical signal propagation [28]; of electric organs in two lineages of teleosts
and in elasmobranchs [116]; of higher-order brain anatomy in vertebrates, arthropods, and
molluscs [11,117,118]; and of chambered eyes in vertebrates and cephalopods [119]. Systems
drift is less well-studied, but is clearly widespread, especially on the level of specific brain
circuits [118,120]. Thus, comparative studies of neural system evolution in more closely
related species can lead the way.

6. CONCLUSION

Neural systems are spectacularly complex phenotypes. Comparative genomics has opened
the door to evolutionary neuroscience across the most divergent animal taxa. Future studies
will take advantage of these advances by detailing the molecular composition and function of
neural systems in non-traditional model organisms and by developing comparative methods
that can deal with the intrinsic hierarchy of molecular systems.
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Abbreviations
Synapse types
NMJ: Neuromuscular junction
CES: Central Excitatory synapse
Neurotransmitters (NT)
AcH: Acetylcholine
Glut: Glutamate
Genes

BRP: Bruchpilot
DRBP: Drosophila RIM-
binding protein
CAST: Cytomatrix associated
structural protein
RIM: Rab3 interacting
molecule
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