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Abstract

The origin of nervous systems is a main theme in biology and its mechanisms are largely underlied by synaptic neuro-
transmission. One problem to explain synapse establishment is that synaptic orthologs are present in multiple aneural
organisms. We questioned how the interactions among these elements evolved and to what extent it relates to our
understanding of the nervous systems complexity. We identified the human neurotransmission gene network based on
genes present in GABAergic, glutamatergic, serotonergic, dopaminergic, and cholinergic systems. The network comprises
321 human genes, 83 of which act exclusively in the nervous system. We reconstructed the evolutionary scenario of
synapse emergence by looking for synaptic orthologs in 476 eukaryotes. The Human-Cnidaria common ancestor dis-
played a massive emergence of neuroexclusive genes, mainly ionotropic receptors, which might have been crucial to the
evolution of synapses. Very few synaptic genes had their origin after the Human-Cnidaria common ancestor. We also
identified a higher abundance of synaptic proteins in vertebrates, which suggests an increase in the synaptic network

complexity of those organisms.
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Introduction

The high complexity of human cognition is associated with
the central nervous system and its synaptic organization
(Silbereis et al. 2016). At the molecular level, however, the
synapse is the most fundamental unity of neural communi-
cation. The synapse relies on several molecules such as neuro-
transmitters, membrane receptors, ion channels, and signal
transduction proteins, acting together in a complex molecu-
lar interaction network. Their orthologs have been described
in evolutionarily distant taxa, including species without neu-
rons (Sakarya et al. 2007; Burkhardt et al. 2011; Emes and
Grant 2011, 2012 Suga et al. 2013; Burkhardt 2015).
Therefore, gene products involved in synapses evolved in dif-
ferent scenarios, from signal transduction in prokaryotes to
synapses establishment itself (Bocquet et al. 2007; Emes and
Grant 2011; Bertozzi et al. 2016). Additionally, most of them
also work in other signaling processes in modern organisms
(Emes and Grant 2012). Despite the efforts to identify broadly
expressed neuronal genes, there are no genes ubiquitously
distributed across neural animals exclusively related to nerve
cells (Moroz and Kohn 2015). Given the complexity of the
synaptic network, the relationships among its synaptic ele-
ments could better explain the advent of neurotransmission.

The main synaptic systems in humans include the neuro-
transmitters y-aminobutyric acid (GABA), glutamate, seroto-
nin, dopamine, and acetylcholine (Kondziella 2017; Wideman
et al. 2018). GABA mainly exerts inhibitory function, whereas
glutamate predominantly works as an excitatory neurotrans-
mitter. Serotonin, dopamine, and acetylcholine can be either
excitatory or inhibitory, depending on the tissue and the re-
ceptor they interact with (Belousov et al. 2001; Rho and
Storey 2001). Neurotransmitter receptors can be divided
into two major groups, considering their physiology and mo-
lecular structure: ionotropic receptors and metabotropic
receptors. lonotropic receptors directly gate ion flow into
cells, leading to either excitatory or inhibitory responses in
postsynaptic neurons. On the other hand, metabotropic
receptors indirectly modulate the ion flow by activating gua-
nine nucleotide-binding proteins (G proteins), triggering in-
tracellular cascades that might ultimately induce excitatory or
inhibitory responses (Leys 2015).

It has long been thought that cnidarians were the first
organisms to evolve a nervous system in the form of diffuse
nerve nets (Krishnan and Schioth 2015). However, an increas-
ing body of evidence places ctenophores as a sister group to
all other metazoans, suggesting that nerve cells had
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independent origins in cnidarians and ctenophores (Norekian
and Moroz 2020). It has also been proposed that synaptic
communication was present in the animals common ances-
tor and was posteriorly lost in Porifera and Placozoa (Moroz
et al. 2014; Moroz 2015; Pisani et al. 2015). Regardless of its
origin, it is well understood that the human synaptic machin-
ery was vertically inherited from the last common ancestor
(LCA) of mammals and cnidarians (Emes and Grant 2012).
Therefore, understanding the steps of human neurotransmis-
sion gene network evolution might help to understand the
establishment of the synapse itself.

Our goal here was to reconstruct the evolutionary scenario
of the human neurotransmission gene network establish-
ment. We inferred that the network based on genes present
in the five major neurotransmitter systems: GABAergic, glu-
tamatergic, serotonergic, dopaminergic, and cholinergic. We
identified network nodes exclusively related to nervous tis-
sues based on gene annotation and gene expression. We also
looked for the earliest vertically inherited genetic archetype of
each network node (Castro et al. 2008) to trace back the
evolutionary origin of the human neurotransmission gene
network. According to our results, the Human-Cnidaria
LCA is marked by the emergence of several receptor families.
lonotropic receptors represent the majority of the receptors
rooted at the Human—-Cnidaria LCA, whereas the majority of
metabotropic receptors are rooted before the establishment
of synapses. Our results suggest that, regardless of the pres-
ence of synapses in Ctenophores, the expansion of neuro-
transmitter receptors in a Human—Cnidaria LCA, especially
ionotropic receptors, had a critical role in the evolution of
synapses.

Results

Human Neurotransmission Gene Network

Our analysis started by selecting human genes involved in
synaptic neurotransmission. We identified 325 genes taking
part in the five major neurotransmission pathways (dopami-
nergic, glutamatergic, serotonergic, cholinergicc, and
GABAergic; supplementary table S1, Supplementary
Material online). Three hundred and twenty-one of these
genes were present in the STRING database and correspond
to neurotransmission nodes (NNs). Figure 1 depicts the
obtained protein—protein interaction (PPI) network, which
we define as the human neurotransmission gene network.
It comprises 297 NNs in the largest connected component,
13 NNs in small isolated components, and 11 unconnected
NNs. Roughly a third of NNs take part in multiple synaptic
pathways. NNs placed in the network core are prone to be
associated with more than one system, and about 10% of
them (31 NNs) pervade all five systems (fig. 1). The dopami-
nergic system is the largest one, comprising 131 NNs, among
which 56 (42%) are uniquely dopaminergic related (fig. 1A).
By contrast, the GABAergic system is the smallest one, com-
prising 89 NNs, 37 (41%) of them being uniquely GABAergic
related. Cholinergic, serotonergic, and glutamatergic systems
have a very similar number of nodes (112, 115, and 114, re-
spectively). Dopaminergic-related nodes are found
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throughout the network. GABAergic-exclusive nodes are
mainly found at the network periphery, and roughly 30% of
them are not present in the largest connected component.

According to figure 1, all five systems are intimately inter-
connected. An example is the solute carrier family 18 (SLC18)
and solute carrier family 17 (SLC17), which involves NNs of
the five neurotransmitter systems (fig. 1). Glutamate activity
was already suggested to play a significant role in dopamine
release in the ventral tegmental area (Fitzgerald et al. 2012).
The vesicular glutamate transporter SLC17A6, a mediator of
the glutamate uptake into synaptic vesicles at presynaptic
nerve terminals of excitatory neural cells, mediates an increase
in dopamine vesicle content in mouse midbrain neurons. This
transporter colocalized with SLC18A2 (a monoamine trans-
porter) in mammalian dopaminergic neurons, a mechanism
conserved in mammals and also identified in Drosophila mel-
anogaster. This pathway is crucial to tune the amount of
neurotransmitter released per vesicle in response to the
demands of repeated neuronal firing (Aguilar et al. 2017).
From a physiological perspective, such interactions among
the systems can also be observed. As an example, dopamine
can modulate GABA release onto cholinergic interneurons in
the striatum (Momiyama and Koga 2007; Kosillo et al. 2016)
and kainate receptors from the GRIK family can also modu-
late GABA transmission (Rodriguez-Moreno and Lerma 1998;
Negrete-Diaz et al. 2018). Additionally, some ionotropic glu-
tamate receptor (iGIuR) subunits are also known to regulate
extracellular dopamine concentration in the striatum, there-
fore taking part in both glutamatergic and dopaminergic
pathways (Borland and Michael 2004).

The NNs were also classified according to their function in
neurotransmission: neurotransmitter depletion (clearance
from synaptic cleft and degradation), cellular excitability, ion-
otropic receptors (ligand-gated ion channels), metabotropic
receptors (G protein-coupled receptors), receptor associated,
intracellular signaling, G proteins, neurotransmitter synthesis
(including precursor transport), and vesicle related (fig. 1B). It
can be seen that most NNs associated with downstream sig-
naling (i.e, G proteins, voltage-gated calcium channels, and
protein kinases) participate in multiple systems.

Metabotropic receptor NNs are mostly located in the net-
work core and pertain to a single system. NNs related to
neurotransmitter depletion, cellular excitability, receptor-
associated proteins, ionotropic receptors, neurotransmitter
synthesis, and vesicle dynamics are predominantly found
on the network periphery. Examples of such nodes are
voltage-gated potassium channels from subfamily Q
(KCNQ; especially important in nerve cells), as well as
SHANK and HOMER postsynaptic density (PSD) scaffolding
proteins. Although most of these nodes take part in only one
neurotransmitter system, genes that encoded monoaminer-
gic transporters (SLC18A71 and SLC18A2) and oxidases
(MAOA and MAOB) are present in both serotonergic and
dopaminergic systems.

NN Neuroexclusivity
Some NNs act exclusively in synaptic processes, whereas
others are shared among basal signaling pathways in several
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Fic. 1. Human neurotransmission PPl network. Nodes represent proteins, whereas edges represent the interactions among them. Nodes enclosed
by dashed lines either did not connect to the largest connected component (black dashed lines) or did not connect at all (gray dashed lines). Node
size is proportional to the number of neuronal pathways it participates (i.e., GABAergic, cholinergic, serotonergic, glutamatergic, and dopami-
nergic). Node color represents the pathway(s) a node belongs to (A) or the node corresponding function in neurotransmission (B). The central
UpSet diagram depicts how nodes are distributed among pathways (e.g, 31 genes take part in all five pathways). Colored bars at the bottom show
absolute node count on each pathway (e.g., the dopaminergic pathway comprises 131 genes, 56 of which take part in no other pathways). Linked
dots indicate node overlap among pathways, whereas horizontal bars indicate overlap sizes.

nonnervous cell types. We quantified neuroexclusivity (i.e,
how exclusive a node is to the nervous system) using anno-
tated pathways and expression in tissues. The obtained values
were superimposed on the network layout in a heatmap
fashion, such that hotter regions depict highly nervous
system-specific nodes (fig. 2). We computed the proportion
of neural pathways for every NN (fig. 2A). Similarly, we also
computed their proportion of neural expression (fig. 2B). It
can be seen that both assessments agreed upon the overall
distribution of neuroexclusivity, presenting higher values on
the network periphery. Colder parts correspond to down-
stream signaling-related NNs (e.g, G protein and signaling
categories), whereas hot regions correspond to ionotropic
receptors, cellular excitability, receptor-associated, and
vesicle-related functional categories. As observed in figure 2,
neuroexclusive NNs are prone to be grouped in clusters con-
nected to the network core by nonneuroexclusive NNs. Many
of the neuroexclusive nodes connect to the whole system
through down signaling cascade proteins, which are essen-
tially nonneuroexclusive. An example is the neuroexclusive
nicotinic cholinergic receptors family (CHRN), which con-
nects to the network by their interaction with the tyrosine-
protein kinase JAK2, a nonneuroexclusive protein (Bencherif
and Lippiello 2010).

Human Neurotransmission Gene Network Evolution
After evaluating which network areas are exclusively related
to neural processes, we tracked the evolutionary origin of
NNs. Using Clusters of Orthologous Groups (OGs) annota-
tion present in the STRING database, we identified 88 OGs
comprising the 321 NNs and determined the evolutionary
root of each OG. We sought to identify the most ancient
genetic archetype of each NN that has been vertically inher-
ited during evolution (Castro et al. 2008).

According to our results, the dopaminergic system is the
most widely represented neurotransmitter system in the early
roots of the eukaryotic evolutionary tree. We found that half
of the NNs rooted at the origin of eukaryotes (~2 Ga
[Melnikov et al. 2018]) are associated with dopaminergic syn-
apses (fig. 3A). The serotonergic system is the least repre-
sented in the origin of eukaryotes, and the majority of
serotonergic NNs rooted at this evolutionary point are also
associated with other neurotransmitter systems in humans.
Although several NNs could be traced back to the origin of
eukaryotes (fig. 3A), the earliest metabotropic receptors were
rooted at the Human-Amoebozoa LCA, belonging to the
GABAB gene family. No other neurotransmitter receptor
could be found until the GRM metabotropic glutamate re-
ceptor family, rooted at the Holozoa LCA (supplementary fig.
8, Supplementary Material online).

Most NN are rooted between the origin of eukaryotes and
the Human-Cnidaria LCA (fig. 3, bar chart). In fact, about 96%
of NNis are rooted at the Human—Cnidaria LCA or prior to it.
It is important to note that our analysis does not include
prokaryotes, so the earliest point of evolutionary rooting is
at the origin of eukaryotes. There is an increase of NNs rooted
between the Holozoa and Human-Cnidaria LCAs (gray bars
above species tree, fig. 3). Nonneuroexclusive NNs rooted at
the Holozoa LCA account for most of this increase. After that,
neuroexclusive NNs account for most network growth.
Rooting of nonneuroexclusive NNs peaks at the Human-—
Porifera LCA, whereas neuroexclusive NNs rooting peaks at
the Human—Cnidaria LCA. Most nodes rooted at the LCAs of
early branching eukaryotes are nonneuroexclusive in humans,
but some significant neuroexclusive NNs are also rooted early
in evolution. For instance, DLG4 scaffolding gene and K-Cl
cotransporter SLC12A5, GABA and glycine transporter
SLC32A1, glutamine transporter SLC38A1, amino acid trans-
porter SLC38A5, potassium voltage-gated channel subfamily
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Fic. 2. Network heatmap depicting the degree of neuroexclusivity in PPls. The hotter the area, the more nervous system specific is the network
region. Values were obtained according to genes’ (A) pathways and (B) expression in tissues.
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Fic. 3. The human neurotransmission gene network filtered for nodes cumulatively rooted from the origin of eukaryotes until the Human-
Cnidaria LCA. Square nodes correspond to human neuroexclusive genes. Genes are considered neuroexclusive when at least 90% of their pathways
are neural pathways. Nodes enclosed by dashed lines either did not connect to the largest connected component (black dashed lines) or did not
connect at all (gray dashed lines). At the top left, bars indicate the number of NNs rooted at different points of the evolutionary tree, whereas red
and blue lines indicate the number of nonneuroexclusive and neuroexclusive nodes, respectively. (A) The network filtered for nodes rooted at the
origin of eukaryotes. (B) The network filtered for nodes cumulatively rooted from the Eukaryota LCA to the Human—-Cnidaria LCA. Nodes from A
are colored white for comparison. Clade naming is detailed in Supplementary Material online.

KCND, and KCNQ gene families, involved in neurotransmitter
transport and cell excitability, are rooted at the origin of
eukaryotes. However, it is not likely that DLG4 ancient ortho-
logs had performed the same function of the human ortho-
log since the human is a multidomain protein, whereas the
Giardia intestinalis ortholog, for instance, has only the guany-
late kinase domain.

The majority of metabotropic receptor NNs are rooted at
the Holozoa LCA. Indeed, metabotropic receptors account
for half of NNs rooted in this LCA (fig. 4). It is also possible to
observe the emergence of nodes related to signaling, excit-
ability, and receptor-associated proteins at the Holozoa LCA.
Our analysis is focused on proteins directly involved in
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neurotransmitter-based signaling. There are other molecules
crucial to neuronal function such as adhesion molecules.
Several of them, such as cadherins (CDH1 and CDH2) and
neurexins (NRXN1, NRXN2, and NRXN3) are also rooted at the
Holozoa LCA, whereas neuroligins (NLGN1, NLGN2, NLGN3,
and NLGN4X) are rooted before, at the Human-SAR LCA
(supplementary table 17, Supplementary Material online).
The most ancient dopamine, serotonin, and metabotropic
glutamate receptors orthologs are rooted at the Holozoa
LCA, although transporters for these neurotransmitters are
rooted previously (e.g, the dopamine transporter SLC6A3, at
the Human—Fungi LCA; supplementary fig. 8, Supplementary
Material online). The set of metabotropic receptors is
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Human-Porifera LCA

Human-Placozoa LCA Human-Cnidaria LCA

Fic. 4. A closer look at the functional genetic archetype of the human neurotransmission network in roots prior to the establishment of anatomical
synapses (assumed to have happened both at the Human-Ctenophora and Human-Cnidaria LCAs). The networks are reconstructed by cumu-
latively including NNs rooted from the origin of eukaryotes until each subsequent root of interest (Holozoa, Ctenophora, Porifera, Placozoa, and
Cnidaria LCAs). Nodes exactly rooted at each LCA are colored according to their synaptic function, whereas nodes cumulatively rooted at previous
LCAs are colored white. Square nodes correspond to human neuroexclusive genes. Genes are considered neuroexclusive when at least 90% of their
pathways are neural pathways. At the top right of each panel, bars indicate the number of nodes rooted at different points of the evolutionary tree,
whereas red and blue lines indicate the number of nonneuroexclusive and neuroexclusive nodes, respectively.

complete at the Human-Chnidaria LCA with the emergence
of the first acetylcholine receptor nodes (fig. 4).

Despite the first ionotropic receptor NNs being rooted
much previously at the Human-Discoba LCA (AMPA/kai-
nate and NMDA glutamate receptor families; supplementary
fig. 8, Supplementary Material online), the vast majority of
ionotropic receptors are rooted at the Human—Cnidaria LCA
(>600 Ma, fig. 4). Except for metabotropic acetylcholine
receptors, all the NNs rooted at this evolutionary point rep-
resent ion channels and therefore exert some influence in
cellular excitability. It is in agreement with previous studies
in which acetylcholine receptors could only be found in cni-
darians and bilaterians (Faltine-Gonzalez and Layden 2019).
Besides KCNN2, which is activated by intracellular calcium, all
NNs rooted at the Human-Cnidaria LCA represent neuro-
transmitter receptors from the GABAergic, cholinergic, and
serotonergic systems (GABR, CHRN, CHRM, and HTR3 gene
families) and are found in highly neuroexclusive areas (see
fig. 2). We looked for the expression of ionotropic receptor
orthologs in Nematostella vectensis based on work developed
by Sebé-Pedros et al. (2018). Accordingly, all ionotropic recep-
tors identified at the Human-Cnidaria LCA have orthologs
expressed in Nematostella vectensis nervous cells (supplemen-
tary table 18, Supplementary Material online).

Average Protein Abundance in OGs

Figure 5 shows the protein abundance per OG according to
functional categories. It is possible to note that metabotropic
and ionotropic receptors abundances are higher in metazo-
ans when compared with unicellular holozoans. Although
most metabotropic receptor NNs are rooted at the
Holozoa LCA, their average abundance remains very low until
Mnemiopsis leydi, a ctenophore. The same goes for ionotropic
receptor NNs, some of which were rooted at the distant
Human-Discoba LCA, despite having high abundance in
iGluRs orthologs in viridiplantae. Indeed, previous researches
identified iGluRs in organisms predating the divergence of
animals and plants (Chiu et al. 1999). Plants are known to
carry glutamate receptor-like genes (GLRs), which are homol-
ogous to the mammalian genes for iGluRs. However, mam-
malian iGluRs exhibit higher ligand specificity, whereas GLR
receptors evolved broader nonspecific amino acid sensors,

responding to as many as seven amino acids and associated
with defense function (Forde and Roberts 2014).

This abundance increase in neurotransmitter receptors
from metazoans could help explain the establishment of syn-
apses observed in cnidarians and ctenophores. Additionally,
there is an increased protein abundance in excitability, G
protein, and signaling categories in vertebrates (from the
Human-Actinopterygii LCA onwards).

Discussion

The evolution and origin of the nervous system have always
drawn widespread attention. Although several studies have
been conducted looking for specific genes comparing differ-
ent genomes (Dorus et al. 2004; Wu et al. 2006; de Mendoza
et al. 2014; Burkhardt 2015; Krishnan and Schioth 2015), there
is a gap in the understanding about the evolution of the gene
interaction network of human neuronal communication. It is
crucial to understand the molecular hallmark of synapse es-
tablishment since the product of many genes composing the
neurotransmission network also acts in other molecular sys-
tems and evolved under different scenarios (Ryan and Grant
2009). According to our results, the nodes in the human
neurotransmission network core are shared by other molec-
ular processes, whereas those on the network periphery are
mainly associated with nervous processes. Not surprisingly,
core nodes involved in downstream signaling, like adenylate
cyclase, and protein kinase C family, were rooted before syn-
apse establishment, which is well described in the literature
(Iseki et al. 2002; Linder and Schultz 2003). For example, ad-
enylate cyclase enzymes are known to participate in basal
environmental responses such as photoavoidance and amoe-
bal aggregation in unicellular organisms like Euglena gracilis
and Dictyostelium discoideum, respectively (Iseki et al. 2002;
Linder and Schultz 2003). Protein kinases C phosphorylate
several protein targets in many intracellular signaling path-
ways such as cell adhesion and cell cycle. It indicates that such
protein families are shared between most signal transduction
pathways and are not exclusively related to the five synaptic
pathways evaluated here.

According to our results, half of the nodes rooted at the
origin of eukaryotes are associated with the dopaminergic
system. For instance, some dopaminergic gene families
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Fic. 5. Average protein abundance in OGs across species. The horizontal axis represents organisms ordered by evolutionary relationships
(supplementary fig. 1, Supplementary Material online). The rightmost organism is Homo sapiens, whereas the leftmost organism is Giardia
intestinalis, its most distant relative. The vertical axis represents the average protein abundance in OGs. This axis is split and color coded according
to the function of OGs, but panels still share the same scale. To aid visualization, bars were capped based on the average values of metazoan
abundances (uncapped plot can be seen in supplementary fig. 10, Supplementary Material online).

(e.g, calmodulin CALM, glycogen synthase kinase GSK, kinesin
KIF5, mitogen-activated protein kinase MAPK, and the phos-
phatase proteins PPP1 and PPP2) participate in cellular pro-
cesses such as cell division, intracellular transport, and
spatiotemporal organization of molecules and organelles (Li
et al. 2011; Reddy and Day 2011; Xu et al. 2017; Saidi et al.
2012). It is clear that these dopaminergic nodes worked in
other biochemical systems in the eukaryotic ancestor since
synapses themselves evolved later in the evolution. Therefore,
dopaminergic neurotransmission probably evolved by coopt-
ing nodes with no previous synaptic function. To some ex-
tent, this probably happened to all the five neurotransmitter
systems. Previous studies demonstrated that metazoans des-
titute of nervous systems (e.g, sponges and placozoans) may
have some synaptic components as part of cell-cell signal
transmission mechanisms (Leys 2015). In fact, many genes
involved in postsynaptic signaling in animals have orthologs
acting in environmental responses in unicellular organisms
(El-Sayed et al. 2005; Achim and Arendt 2014; Ryan 2014;
Krishnan and Schioth 2015). The neurotransmitter serotonin,
for instance, is broadly found in organisms lacking nervous
systems (Azmitia 2007). Previous studies demonstrated that
choanoflagellates endow essential factors for a primordial
neurosecretory apparatus, like the Sec1/Munc18-like family,
although their functions could be different in metazoans
(Burkhardt et al. 2011; Burkhardt 2015). It has been hypoth-
esized that protein machinery, such as the endocytic path-
way, would allow choanoflagellates and other organisms
without neurotransmission to interact with the environment
(Ryan and Grant 2009). Emes and Grant (2011) reconstructed
the evolutionary origin of postsynaptic proteomes of meta-
zoan organisms by looking for domains within homologous
regions conserved among Eubacteria, Archaea, and Eukaryota.
The authors found that orthologs associated with basic cel-
lular functions and responses to the external environment
conserved among the three superkingdoms. On the other
hand, PSD molecules critical for synapsis were absent in pro-
karyotic genomes (Emes and Grant 2011).
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The presence of synapses in ctenophores should call our
attention. Recent studies have consistently supported the
placement of comb jellies as a sister group to all other animals
(Moroz et al. 2014). These organisms also feature diffuse nerve
nets like cnidarians, and genomic analyses indicate that their
neurotransmission critically relies on ionotropic receptors
(Moroz et al. 2014). Ctenophores only have iGluRs, and we
found only one ionotropic receptor node rooted at the
Human-Ctenophora LCA (GRIN1, the other glutamatergic
ionotropic receptors genes were rooted at the Human-—
Discoba LCA). Previous studies have characterized
Ctenophora iGIuR orthologs as evolutionary precursors to
NMDA receptors since they identified a interdomain salt
bridge in the ligand-binding domain that contributes to gly-
cine binding with higher affinity than glutamate (Alberstein
et al. 2015; Yu et al. 2016).

When evaluating the whole scenario, NNs of all functions
were rooted before the Human—Ctenophora LCA: neuro-
transmitter depletion, cellular excitability, intracellular signal-
ing, vesicle related, metabotropic receptors, and ionotropic
receptors. In other words, our results indicate that the ma-
jority of synaptic genetic elements were present before the
synapse itself. The signaling improvement represented by a
new ionotropic receptor could have been particularly impor-
tant to the emergence of synapses in Ctenophora. lonotropic
receptors are multidomain proteins with an extracellular neu-
rotransmitter binding site and an ion channel, directly allow-
ing ion flow into cells upon ligand binding. Due to the direct
association among neurotransmitter bind and the channel
opening, ionotropic receptors are associated with a fast prop-
agation of electrical signals (Leys 2015). Therefore, those
receptors might have represented an advance in signaling
speed compared with metabotropic receptors, which elicits
their response through more than one metabolic step medi-
ated by protein G cascades (Rho and Storey 2001). Except for
metabotropic acetylcholine receptors rooted at the Human—
Cnidaria LCA, all other metabotropic receptors were rooted
before the Human-Ctenophora LCA.
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The set of receptors is complete at the Human—Cnidaria
LCA with the emergence of metabotropic acetylcholine
receptors (CHRM family) plus the massive ionotropic recep-
tors emergence (GABR, CHRN, and HTR3 gene families).
Therefore, this key neurotransmission mechanism has been
conserved for at least 600 My. The emergence of additional
receptor families, mostly ionotropic receptors, is the main
network increment observed at the Human—-Cnidaria LCA.
Additionally, most of the nodes rooted at the Human-
Cnidaria LCA are neuroexclusive in humans. Moroz and
Kohn suggested that a critical number of ion channels might
be necessary to support neural communication. It has been
shown that species carrying neurons have a higher number of
ion channels compared with nerveless species, whereas such
comparisons do not hold for other functional categories
(Moroz and Kohn 2015). However, ctenophores sustain syn-
apses with only one class of ionotropic receptors (i.e, iGluRs),
even that some of those iGluRs might respond to glycine
(Alberstein et al. 2015; Yu et al. 2016). Additionally, placozo-
ans do not have neurons despite having ionotropic receptor
orthologs equivalent to Ctenophora. The presence of the
same set of receptors in both Ctenophora and Placozoa could
suggest that synapses emerged in Ctenophora and were sub-
sequently lost in Placozoa.

Few NNs are rooted after the Human—Cnidaria LCA. The
PLA2G4 phospholipase family (seven members) is rooted at
the origin of chordates and two NNs at the Human-Tunicata
LCA (phosphatidylinositol 3-kinases PIK3R5 and PIK3Ré).
Following, three nodes rooted at the origin of vertebrates
deserve additional attention: CALY, HOMER3, and PPP1R1B.
Our results converge with a previous study proposing the
evolution of CALY gene family in the LCA of teleosts
(Muthusamy et al. 2009). CALY encodes the endocytic trans-
membrane calcyon protein, playing trafficking functions pri-
marily involved with neural development and synaptic
plasticity (Davidson et al. 2009; Chander et al. 2019).
PPP1R1B has already been associated with enhanced cogni-
tive performance regarding frontostriatal function, neostriatal
volume, and the functional connectivity of the prefrontal
cortex with striatum (Meyer-Lindenberg et al. 2007).
HOMERS3 is part of a family of scaffolding proteins of the
PSD colocalizing and modulating the activity of the metabo-
tropic glutamate receptors (mGIuR1 and mGIuR5). In
humans, this modulation and expression are almost exclu-
sively present in the cerebellum, with significant implications
for motor movement regulation (Hoftberger et al. 2013;
Ruegsegger et al. 2016). A brain anterior to the notochord
with the bauplan defined by brain subdivisions is a marked
innovation in vertebrates. Additionally, the evolution of jaws
was crucial for active predation, guaranteeing significant ad-
vantage over filtering (Murakami et al. 2005; Roth and Dicke
2012; Sestak and Domazet-Loso 2015; Albuixech-Crespo et al.
2017; Satizabal et al. 2019). The emergence of genes associated
with motor movement regulation and coordination suggests
that such increments could have played a role in the evolu-
tion of new complex feeding behavior and brain division with
more specialized function during the Devonian period.

Function-specific abundances could offer insights into the
evolution of nervous complexity. Vertebrates have more pro-
teins per OGs associated with excitability, metabotropic re-
ceptor, and G protein, matching the higher complexity
observed in vertebrates when compared with other organ-
isms. In other words, the increase in abundance could have
added complexity to the vertebrate network despite very few
nodes being rooted after the Human-Cnidaria LCA. This
suggests that some regulatory response emerged in the
LCA of vertebrates by increasing synaptic paralogs. The ner-
vous complexity observed in more recent vertebrates, like
mammals, might be a consequence of the evolution of brain
anatomy, such as neural architecture, the volume of cortical
and subcortical areas, and the number of neurons, rather than
molecular synaptic evolution. Regarding humans and other
primates, additional factors must be considered for cognitive
and brain evolution, such as sociality and long lifespans, that
created a fruitful scenario for culture emergence (Street et al.
2017).

In summary, the genetic archetype of synaptic networks
was present at the Human-Ctenophora LCA, and the net-
work increment granted by ionotropic receptors might have
been crucial to the evolution of synapses. It is challenging to
precisely define the point that an ancestral ortholog starts to
perform a function observed in modern organisms. The strat-
egy presented here evaluated the whole system to identify the
most probable evolutionary scenario where orthologs started
to work collectively as a system. Although a greater number
of synaptic orthologs in vertebrates contributed to the net-
work complexity, it is reasonable to think that the neural
architecture, rather than molecule innovation, contributed
to complex neuronal phenotypes.

Materials and Methods

Synaptic Neurotransmission Genes Selection

Human neurotransmission genes used throughout this work
were retrieved from KEGG Pathway Database API (Kanehisa
and Goto 2000; Kanehisa et al. 2017) (https://www.genome.
jp/kegg/, last accessed April 17, 2020) as being present in one
of the following available nervous systems pathways: cholin-
ergic synapse (hsa04725), dopaminergic synapse (hsa04728),
GABAergic synapse (hsa04727), glutamatergic synapse
(hsa04724), and serotonergic synapse (hsa04726), yielding a
list of 325 unique Entrez Gene identifiers. Genes were man-
ually classified according to their function in neurotransmis-
sion pathways: neurotransmitter depletion (clearance from
synaptic cleft and degradation), cellular excitability, iono-
tropic receptors, metabotropic receptors, receptor associated,
intracellular signaling, G proteins, neurotransmitter synthesis
(including precursor transport), and vesicle related (supple-
mentary table S1, Supplementary Material online). For details,
please see supplementary Gene Selection and Annotation,
Supplementary Material online.

Synaptic Neurotransmission Gene Network
Entrez Gene identifiers were mapped to ENSEMBL protein
and HGNC symbol identifiers and queried against STRING 11,
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a database that gathers direct and indirect PPls from multiple
sources (Szklarczyk et al. 2017). Three hundred and twenty-
one of the initial 325 genes were found in STRING 11 and
therefore remained in subsequent analysis (supplementary
table S1, Supplementary Material online). PPIs were filtered
for high confidence scores (>0.7) computed from experimen-
tal and database evidence channels (von Mering et al. 2005),
and then used to produce a force-directed layout (for details,
please see supplementary Network, Supplementary Material
online).

Evolutionary Rooting Analysis

To address the history of genes and their corresponding neu-
rotransmission pathways, evolutionary rooting analysis was
carried out using geneplast, a Bioconductor R package devel-
oped for evolutionary analysis based on OGs distribution
(Dalmolin 2015; Oliveira et al. 2019; Trefflich et al. 2020). All
genes contained annotation for at least one cluster of orthol-
ogous groups (COG) such that we assume a one-to-many
relationship between COG IDs (88) and genes. Geneplast
determines the most probable evolutionary root of an OG
by analyzing the distribution of its genes in a given species
tree. In this work, we used a species tree spanning all 476
STRING eukaryotes. The tree was obtained from the
TimeTree database (Kumar et al. 2017) and missing species
were filled in according to NCBI Taxonomy (for details, please
see supplementary Eukaryota Species Tree, Supplementary
Material online).

Neuroexclusivity

Neural Pathways

We manually classified KEGG pathways into two groups: neu-
ral and nonneural pathways (supplementary table S2,
Supplementary Material online). To quantify neuro-
exclusivity, we computed the proportion of neural pathways
of each gene (supplementary table S1, Supplementary
Material online). Broad base metabolism pathways
“Pathways in cancer” (path: hsa05200), “Transcriptional mis-
regulation in cancer” (path: hsa05202), and “Metabolic
pathways” (path: hsa01100) were excluded from the ratio.
The visualization was built using the software ViaComplex
(Castro et al. 2009; Dalmolin et al. 2011) (for details, please see
supplementary Pathway Neuroexclusivity, Supplementary
Material online).

Neural Expression

All tissue-based human expression data available at EBI’s
Expression Atlas (Petryszak et al. 2015) platform were col-
lected, consisting of eight RNA-Seq projects comprising 118
tissues (E-MTAB-513, E-MTAB-2836, E-MTAB-3358, E-MTAB-
3708, E-MTAB-3716, E-MTAB-4344, E-MTAB-4840, and E-
MTAB-5214). Again, we manually classified tissues into two
groups: nervous and nonnervous tissues. Transcripts per ki-
lobase million gene expression across projects was aggregated
into an average by tissue and then filtered for values >0.5. To
quantify neuro-exclusivity, we computed the proportion of
expression in nervous tissues of each gene. The visualization
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was built using the software ViaComplex (Castro et al. 2009;
Dalmolin et al. 2011) (for details, please see supplementary
Pathway Neuroexclusivity, Supplementary Material online).

Average Protein Abundance in OGs

We first identified the OGs associated with each synaptic
functional category (depletion, excitability, G protein, iono-
tropic receptor, metabotropic receptor, receptor associated,
signaling, synthesis, and vesicle related). We then determined
the number of proteins per OG in each functional category
across the 476 species in our data set (for details, please see
supplementary Abundance, Supplementary Material online).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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