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The teneurins are a family of glycosylated type Il transmembrane proteins synthesized
in several tissue from both vertebrate and invertebrate species. These proteins interact
with the latrophilins, a group of adhesion G protein-coupled receptors. Both teneurins
and latrophilins may have been acquired by choanoflagellates through horizontal
gene transfer from a toxin-target system present in prokaryotes. Teneurins are highly
conserved in eukaryotes, with four paralogs (TEN1, TEN2, TEN3, and TEN4) in most
vertebrates playing a role in the normal neural development, axonal guiding, synapse
formation and synaptic maintenance. In this review, we summarize the main findings
concerning the distribution and morphology of the teneurins and latrophilins, both during
development and in adult animals. We also briefly discuss the current knowledge in
the distribution of the teneurin C-terminal associated protein (TCAP), a peptidergic
sequence at the terminal portion of teneurins that may be independently processed and
secreted. Through the analysis of anatomical data, we draw parallels to the evolution
of those proteins and the increasing complexity of this system, which mirrors the
increase in metazoan sensory complexity. This review underscores the need for further
studies investigating the distribution of teneurins and latrophilins and the use of different
animal models.

Keywords: TEN, Odz, ADGRL, latrophilin, teneurin C-terminal associated peptide

INTRODUCTION AND NOMENCLATURE

The teneurins are a family of glycosylated type II transmembrane proteins synthesized in several
tissue from both vertebrate and invertebrate species (Tucker et al., 2012). The nervous system has
been conserved as the main site of teneurins synthesis in a variety of species, where teneurins
are prevalent in neuronal projections (Oohashi et al., 1999; Lovejoy et al., 2006). As a type II
transmembrane protein, the teneurins have a simple amino terminus located on the cytoplasmic
side of the cell, while a carboxy terminus rich in binding motifs is located outside the cell,
including an epidermal growth factor (EGF)-like domain, which contains a region of conserved
cysteine residues and a stretch of tyrosine-aspartate-repeats (Rubin et al., 1999; Tucker and
Chiquet-Ehrismann, 2006; Young and Leamey, 2009). The carboxy-terminal sequence of teneurins,
spanning approximately 40 residues and located in the last exon, is flanked by a dibasic cleaving
motif and an amidation motif on the carboxy terminal, suggesting this sequence can be cleaved
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and amidated, generating a small biologically active peptide.
This processed peptide has been called teneurin C-terminal
associated peptide (TCAP) (Qian et al, 2004; Lovejoy et al,
2006). Mounting evidence suggests that some TCAP paralogs
can be processed independently of the main peptide, reinforcing
the idea that these small molecules may act as neuronal
messengers (Chand et al,, 2013). Both teneurins and TCAPs
are believed to interact with latrophilins, a family of G-protein
coupled receptors (GPCRs) of the adhesion family (Lelianova
et al, 1997; Husi¢ et al., 2019). This transsynaptic complex
appears to participate in axonal guiding, synapse formation
and synaptic maintenance. To do that, teneurins, TCAPs and
latrophilins also interact with other membrane proteins, such
as fibronectin leucine-rich transmembrane (FLRT), neurexins
and dystroglycans (as reviewed in Woelfle et al., 2015). In this
review, we will evaluate the available morphological information
about the teneurins and latrophilins, highlighting the scarcity of
available information about these proteins.

Family History

Recent works suggest teneurin homologs first originated
from a prokaryotic transmembrane polymorphic proteinaceous
toxin gene, which was incorporated to the genome of the
choanoflagellate Monosiga brevicollis (Tucker et al, 2012;
Tucker, 2013). This theory is supported by the presence of
proteins with a similar structure to the extracellular domain
of the Monosiga teneurin in aquatic bacteria while other non-
metazoan opisthokonts lack similar proteins, and by the frequent
occurrence of horizontal gene transfer in this species (Tucker,
2013). It is believed that this prokaryotic toxin gene then
merged with an EGF-like domain repeats-rich gene, forming a
protein similar in structure to the modern teneurin homologs.
Among the structural similarities between the Monosiga and
the metazoan teneurins are eight EGF repeats, a cysteine rich
domain, and a partially similar (YD)-repeat motif (Tucker, 2013).
The general structure of teneurins is illustrated in Figure 1. Since
choanoflagellates are the closest relatives of metazoans (King
et al,, 2008), it is likely that this event of horizontal gene transfer
was then conserved upon the emergence of the metazoan due to
the teneurins actions to promote normal development (Tucker
et al., 2007; Trzebiatowska et al., 2008).

Complete or partial teneurin sequences have been found in
trematodes (Schistosoma mansoni), nematodes (Caenorhabditis
elegans), annelids (Capitella teleta), mollusks (Lottia gigantea),
arthropods (Apis mellifera, Tribolium castaneum, Aedes aegypti,
Culex quinquefasciatus, Drosophila melanogaster, Daphnia
pulex, and Ixodes scapularis) and the purple sea urchin
(Strongylocentrotus purpuratus). There is no homologous gene
found in the sequences from sponges, placozoans, ctenophores,
cnidarians, fungi, ichthyospores or nucleariids (Tucker et al,
2012). As a whole, these results suggest the acquisition of the
teneurin gene in the choanoflagellate, its loss in some clades
(Porifera, Ctenophora, Placozoa, and Cnidaria) and its retention
in bilaterians, what is illustrated in Figure 2.

Most non-chordate bilaterians have a single teneurin gene
(Ten), including the well-studied animal model C. elegans. Two
genes are found in D. melanogaster, as well as in several other

insect species (honey bee, flour beetle, mosquitoes). The same,
however, is not observed for other arthropods, such as the
crustacean D. pulex and the arachnid L scapularis, suggesting that
a gene duplication occurred after the divergence of the ectognatha
clade (Tucker et al., 2012). These observations, coupled to the
fact that the protochordates Ciona intestinalis and Branchiostoma
floridae have a single Ten-coding gene in their genome, while the
elasmobranch Rhincodon typus (whale shark) has four predicted
Ten paralogs (Tenl, Ten2, Ten3, and Ten4), suggests that the two
rounds (2R) of whole genome duplication that likely occurred
in the early vertebrate lineage (Dehal and Boore, 2005; Ohno,
2013; Sacerdot et al., 2018) account for the diversification of
teneurin paralogs.

The teleost fish Danio rerio has five different Ten genes,
identified as Tenl, Ten2A, Ten2B, Ten3, and Ten4 (Tucker et al.,
2012). Another teleost, the stickleback Gasterosteus aculeatus,
also has five Ten paralogs, but with a distinct set: Tenl, Ten2,
Ten3A, Ten3B, and Ten4 (Tucker et al., 2012). This observation
fits well with the 3R theory (Meyer and Van de Peer, 2005), with
another whole genome duplication round taking place in the
actinopterygii lineage, resulting in eight Ten genes, followed by
the fast loss of some of these genes in individual teleost lineages.
Finally, chicken (Gallus gallus), mice (Mus musculus), brown rats
(Rattus norvegicus), and humans (Homo sapiens) have each four
Ten paralogs, suggesting those early duplications were largely
maintained during vertebrate evolution (Tucker et al., 2012).

The Name of the Game

As it has occurred with most bioactive substances, the discovery
and the description of teneurins did not follow any kind of
phylogenetic reasoning. This led to a somewhat convoluted
nomenclature. The first description of teneurins was made in
D. melanogaster by two different groups. Baumgartner and
Chiquet-Ehrismann (1993), searching for invertebrate homologs
of the vertebrate extracellular matrix glycoprotein tenascin,
identified a gene that coded for a protein with a partially similar
structure, which they called the tenascin-like molecule accessory,
or ten*/Ten®. Looking for other tenascin-like sequences in the
Drosophila genome, Baumgartner et al. (1994) found a second
sequence, which they called the tenascin-like molecule major,
ten™/Ten™. This second protein was located to odd segments
during Drosophila development, with mutants exhibiting a pair-
ruled phenotype. In the same year, Levine et al. (1994) discovered
a gene (and its protein) that was also expressed in odd-segments
of the Drosophila embryo, was not a transcription factor, and
had EGF-like repeats that linked this protein to the vertebrate
tenascin. They called this gene odd Oz (0dz), and its protein Odz.
We now know that Ten™ and Odz are the same protein, and
despite the significant similarity between Ten™ EGF-like repeats
and that of the tenascins, they are structurally and functionally
distinct, forming their own family of proteins.

The first vertebrate homolog of the tenascin-like proteins was
discovered 4 years later, by Wang et al. (1998). These researchers
were searching for genes that were differentially expressed upon
stress response in the endoplasmic reticulum of mice. One
of the identified genes, called DOC4 (after downstream of
CHOP 4), coded for a protein that showed 31% identity and 50%
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FIGURE 1 | The overall structure of teneurins and their molecular partners. (A) Teneurins are composed of seven major domains: intracellular domain (teal),
transmembrane domain (black), 8 EGF repeats (red), an IgG-like domain (yellow), a B propeller domain (green), a f barrel domain (blue) and a toxin domain (purple).
Among the EGF repeats are two modified copies, repeats 2 and 5 (darker red). The EGF stem is important for the dimerization of teneurins in the presynaptic
membrane. The IgG-like and B propeller domains help seal the p barrel domain from underneath. The B barrel domain partially surrounds the N-terminal portion of
the toxin domain, but a gap in its wall allows some of the toxin domain to extend outwards. At the C-terminal portion of the toxin domain is the processable
sequence called the teneurin C-terminal associated protein, or TCAP. Three major cleavage sites are found in the teneurin structure. One cleavage site is located in
the intracellular domain and allows this portion to be processed and translocated to the nucleus. Exclusively in teneurin 2, a cleavage site (marked with an asterisk)
allows the whole extracellular portion of the protein to be released in the extracellular space. Finally, a cleavage site inside the toxin domain allows the release of
TCAP. (B1) Extracellularly, the teneurins are able to interact with ADGRLs, a class of adhesion GPCRs. The binding of teneurin and latrophilins depends mainly on
the interaction between the outer portion of the toxin domain and the lectin domain of ADGRLs. (B2) Teneurins are also able to interact with other teneurins.
Essential for that interaction is the B propeller domain, who strongly binds similar pairs of teneurins. (C1) Intracellularly, teneurins can bind to actin filaments of the
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cytoskeleton through linker proteins. (C2) In certain conditions, the intracellular domain of teneurins can be cleaved and translocated to the nucleus to act as a

transcription modulator.

similarity to Drosophila Ten™/Odz, and its expression pattern
in the developing mouse embryos resembled that described for
the invertebrate counterpart. These authors also described the
existence of a homologous gene to DOC4 in the human genome,
the first human teneurin ortholog described.

The discovery of DOC4 was followed by the description
of several vertebrate orthologs. Oohashi et al. (1999) made an
important advance in our understanding of teneurins describing
four mouse genes that are similar to the Drosophila ten™.
These genes and their protein were then termed ten-m1/Ten-m1,
ten-m2/Ten-m2, ten-m3/Ten-m3 and ten-m4/Ten-m4. These
authors also showed that ten-m4 was identical to the previously
described DOC4. Concomitantly, Ben-Zur and Wides (1999) and
Ben-Zur et al. (2000) also described four mouse orthologs of ten™,
using the OdzI through Odz4 nomenclature. In that same year,
Minet et al. (1999) and Rubin et al. (1999) described the first
avian fen™ homologs, which they called teneurin-1 and teneurin-
2, referencing both the phylogenetic history of this protein and
the main site of expression of this gene in the chicken. Mieda
et al. (1999) identified two ten™ homologs in zebrafish, which
they called ten-m3 and ten-m4 due to their correspondence to the
recently described mouse genes.

While investigating the second extracellular loops of odorant
receptors, Otaki and Firestein (1999) identified a rat homolog
of ten™, which they called neurestin. Meanwhile, Minet
and Chiquet-Ehrismann (2000) described the four human
teneurins. In this work, we will employ a nomenclature

that mostly follows that proposed by Minet and Chiquet-
Ehrismann (2000), with a minor change: Drosophila genes
will be noted as Ten-a and Ten-m, following the rules for
Drosophila genes and the entry of these genes on the available
databanks. Figure 3 summarizes the available knowledge about
teneurin orthologs/paralogs in terms of their distribution
during development and maturity in different organisms.
Supplementary Tables S1 and S2 compile the different
antibodies and probes used in the literature to investigate the
distribution of members of the Teneurin family of proteins.
Table 1 summarizes the nomenclature employed in this work
when referring to the teneurin system.

The Sorcerer’s Hat

A striking feature of the teneurins is the presence of hallmarks
associated to bioactive substances in the 40 or 41 C-terminal
residues. This sequence was discovered when Qian et al. (2004)
screened a hypothalamic ¢cDNA library of the rainbow trout
(Oncorhynchus mykiss) for paralogous genes of the CRF family.
Upon their search, one of the clones identified was the trout
ortholog of ten3. The predicted C-terminal region encoded in
the last exon of fen3 had a neuropeptide-like structure with
low sequence similarity to the CRF family of peptides, hence
why this gene was cloned during their search. Furthermore,
a predicted cleavage motif in the N-terminal of that putative
peptide and an amidated carboxy terminal also contribute to the
idea that this peptide could be synthesized, processed and release
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FIGURE 2 | The main events in the phylogenetic history of teneurins and ADGRLs. Some clades were omitted for clarity. Events pertaining to teneurins are indicated
in red and those related to the ADGRLs are indicated in green. (1) The likely origin of the teneurin-latrophilin system is a Horizontal Gene Transfer (HGT) from
prokaryotes to choanoflagellates, as evidenced by the presence of teneurin-like and a latrophilin-like proteins in Monosiga brevicolli. (2) With the emergence of
metazoa, the teneurin gene was lost in Porifera and Ctenophora/Cnidaria, since no homologous gene can be found on these species. It is likely that such loss
occurred independently on those clades, instead of occurring at the root of the metazoan tree. It should be noticed that both clades retained Adgri-like genes,
possibly due to functions played by these receptors that are independent of teneurins, what led to their conservation. (3) A series of events occurred at the
emergence of the Nematoda clade. First, these species are the first known to possess alternative promoters that drive different isoforms of teneurin, with distinct
patterns of distribution. It is likely that this facilitated the conservation and acquisition of new functions by teneurins paralogs that originated later. In the nematode
lineage a gene duplication of the Adgr! gene also occurred, resulting in two different latrophilin-like proteins (Lat-7 and Lat-2). (4) A duplication of the teneurin gene
occurred after the divergence of the Insecta clade, with several dipterans reported to contain two copies of Ten, identified as Ten-a and Ten-m in the most studied
animal model of this clade, D. melanogaster. (5) The final major phylogenetic event concerning the teneurin-latrophilin system occurred at the emergence of the
vertebrata clade. While tunicates have a single copy of Ten and Adgrl, vertebrates have four paralogs of Ten (Ten-1 through Ten-4) and three paralogs of Adgr!
(Adgrl1 through Adgrl3). The double duplication of teneurins at the root of vertebrates fits well with the 2R hypothesis of a double whole genome duplication
occurring at this timepoint. A subsequent loss of one of the newly formed Adgr! paralogs must have occurred to result in the current observable three paralogs of
this gene in vertebrates. Exclusively in the Actinopterygii lineage, an additional whole genome duplication occurred, followed by successive gene losses, resulting in
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as a bioactive substance. The authors named it the teneurin
C-terminal associated peptide (TCAP)-3. Despite the similarity
between TCAP and CRE, there is no clear evidence that these two
peptides share a common phylogenetic history. It is likely that
they were introduced at different times in the metazoan lineage,

and the three-dimensional structure of TCAP is highly dissimilar
to that of CRF (Chen et al., 2013; Li et al., 2018).

Since a cleavage signal can be found in all paralogs of verteb-
rate teneurins, the identification of TCAP-3 by Qian et al. (2004)
allowed the inference that TCAP-1, TCAP-2, and TCAP-4 could
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FIGURE 3 | Visual representation of the available information about the
morphology of teneurin system in different species. Empty half-circles
represent complete lack of information, gray half-circles represent partial or
incomplete information, and full half-circles represent complete and abundant
description. The left half-circle represents developmental information, and the
right side represents adult information. Several gaps in our knowledge about
the morphology of the teneurin system can be seen in the graph. Besides the
invertebrate metazoans, only the lab rodent Mus musculus has what can be
described as a complete anatomical description. Another popular lab rodent,
Rattus norvegicus, has partial information available during its development
and next to nothing in the adult. Since mice and rats diverged over 10 million
years ago, comparisons between these two species could be informative in
terms of plasticity of the teneurin system. Detailed mappings performed in rats
are still necessary to allow these comparisons, however. The marsupial
Macropus eugenii has been used solely for descriptions of Ten3 in the visual
system and could represent an interesting animal model for the study of the
teneurins. In a similar vein, the information available for teleost species is
scarce and should be obtained with high priority. This information could help
us understand the emergent complexity of paralogs originated at the
vertebrate lineage and the specific duplications of the Ten gene that occurred
in this clade could inform us about the retention of newly generated proteins.
The amount of information for primates can also be improved, as only
punctual data is available for teeth and ovaries from human origin. This lack of
works in humans can be attributed to the difficulties in obtaining and working
with these tissues, but such barriers can be overcome through the use of
other primate models, such as the Rhesus or the Sapajus monkeys. Finally,
more information about TCAP and its distribution must be obtained for
virtually every species known.

all be potentially synthesized and released as bioactive substances
in vertebrates. TCAP orthologs were soon identified in mice and
humans by Wang et al. (2005). Since both Ten-m and Ten-a have
related peptide sequences to TCAP in their C-terminal portions
(Lovejoy et al., 2006), it is likely that TCAP is a ubiquitous peptide
for animals that have teneurin genes and may represent the
modern equivalent of the ancient toxin payload of prokaryotes.
Notably, all studies so far have used a synthetic formulation

of TCAP based on the predicted sequence and structure of
mouse TCAP1 (Wang et al., 2005). The isolation and purification
of TCAP, therefore, could represent an interesting source of
information about TCAP and its mechanisms of action.

A major advance in the understanding of the TCAP system
came with the discovery that TCAP-1 may be synthesized
independent of Tenl, with several lines of evidence supporting
this idea. First, a short transcript of 600 base pairs corresponding
to the last exon of Tenl (exon 31) can be identified in whole
mouse brain extracts by northern blot, in addition to the
whole Tenl transcript of approximately 8,000 base pairs. This
short transcript could either be the result of independent gene
expression or a highly specialized alternative splicing, where
only the last exon of the protein is transcribed. Probes directed
to other exons result only in the detection of the full-length
transcript. Western blot analysis corroborate the presence of
short proteins with molecular weights compatible with the
independent expression of a segment of exon 31 corresponding
to TCAP. In addition, TCAP-1 and Ten1 occupy largely different
subcellular compartments, with both TCAP-1 and Tenl found
in the surface of cells in culture, while only TCAP-1 is found
in the cytosol. Finally, the distribution of Tenl mRNA and the
mRNA corresponding to the TCAP-1 portion are expressed in a
distinct pattern in some regions of the brain, while overlapping
in others (Zhou et al., 2003; Wang et al.,, 2005; Chand et al.,
2013). This potentially decouples TCAP-1 and TenI in the rodent
CNS. A similar mechanism may take place with TCAP-3, but
evidence is lacking (Woelfle et al., 2015). On the other hand,
TCAP-2 and TCAP-4 are believed to have their synthesis coupled
to their respective teneurins (Woelfle et al., 2015). Therefore,
the distribution of Ten2, Ten3, and Ten4 will be used as proxy
to determine the distribution of TCAP-2, TCAP-3, and TCAP-
4, while the distribution of Tenl and TCAP-1 will be examined
separately, when data is available.

Toxic Origins

The adhesion G protein-coupled receptor L (ADGRL) family,
also known as latrophilins, is a family of G Protein-Coupled
Receptors (GPCR) belonging to the adhesion family of GPCRs
(Silva et al., 2011). These receptors were initially identified as
ligands for the black widow spider toxin component, a-latrotoxin
(Lelianova et al., 1997). This is evocative of the teneurin
origin, as they are thought to be originated from a prokaryotic
toxin gene, making the ancient ADGRL orthologs the possible
targets for that toxin. This idea is further strengthened by
the indication that ADGRLs may also have evolved by lateral
gene transmission from prokaryotes to metazoan ancestors
(Zhang et al., 2012).

There are three paralogs of ADGRLs, termed ADGRLI,
ADGRL2, and ADGRL3. As is the case with the teneurins,
the ADGRLs also received multiple names depending on the
group, species and publication. In the original discovery of
ADGRLs, by Davletov et al. (1996) and Lelianova et al. (1997),
the rat receptor to a-latrotoxin was termed latrophilin 1, and
its abbreviation LPH1. In parallel, an independent group also
identified a-latrotoxin ligands that were independent of calcium,
which they called CIRL, for Calcium-Independent Receptor of
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TABLE 1 | Nomenclature of the teneurin system.

Protein name

Protein abbreviation

Gene abbreviation

Synonymous notations

First use

M. brevicolli

Teneurin

C. elegans

Teneurin

D. melanogaster
Tenascin-like molecule major

Tenascin-like molecule accessory

C. intestinalis
Teneurin-1

D. rerio
Teneurin-1
Teneurin-2a
Teneurin-2b
Teneurin-3
Teneurin-4

G. gallus
Teneurin-1
Teneurin-2
Teneurin-3
Teneurin-4
M. eugenii
Teneurin-1
Teneurin-2
Teneurin-3
Teneurin-4

M. musculus
Teneurin-1

Teneurin-2

Teneurin-3

Teneurin-4

R. norvegicus
Teneurin-1
Teneurin-2
Teneurin-3
Teneurin-4

H. sapiens
Teneurin-1
Teneurin-2
Teneurin-3
Teneurin-4

TEN

TEN-S/TEN-L

TEN-m

TEN-a

Ten1

Ten1
Ten2a
Ten2b

Ten3

Ten4

TEN1
TEN2
TEN3
TEN4

TEN1
TEN2
TEN3
TEN4

TEN1

TEN2

TEN3

TEN4

TEN1
TEN2
TEN3
TEN4

TEN1
TEN2
TEN3
TEN4

Ten

ten-1

Ten-m

Ten-a

Tent

tent
ten2a
ten2b

ten3

ten4

TEN1
TEN2
TEN3
TEN4

TENT
TEN2
TEN3
TEN4

Tent

Ten2

Ten3

Ten4

Tent
Ten2
Ten3
Ten4

TEN1
TEN2
TEN3
TEN4

R13F6.4

ten™/Ten™
0dz/0Odz
ten®/Ten?®

ten-m3

ten-m4

ten-1
ten-2
ten-3

ten-m1
0dz-3
odz-1
ten-m2
odz-1
odz-2
ten-m3
odz-2
0dz-3
DOC4
ten-m4
odz-4

Neurestin

Wilson et al., 1994

Baumgartner et al., 1994
Levine et al., 1994

Baumgartner and
Chiquet-Ehrismann, 1993

Colacci et al., 2015

Mieda et al., 1999
Mieda et al., 1999

Minet et al., 1999
Rubin et al., 1999

Tucker et al., 2000

Oohashi et al., 1999
Ben-Zur and Wides, 1999
Ben-Zur et al., 2000
Oohashi et al., 1999
Ben-Zur and Wides, 1999
Ben-Zur et al., 2000
Oohashi et al., 1999
Ben-Zur and Wides, 1999
Ben-Zur et al., 2000
Wang et al., 1998
Oohashi et al., 1999
Ben-Zur and Wides, 1999

Otaki and Firestein, 1999

Minet and Chiquet-Ehrismann, 2000
Minet and Chiquet-Ehrismann, 2000
Minet and Chiquet-Ehrismann, 2000
Minet and Chiquet-Ehrismann, 2000

The table presents a collection of synonymous presented in the literature for the teneurin orthologs/paralogs found in different species and the corresponding protein and

gene abbreviations.

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 425


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Sita et al.

The Teneurin/TCAP Protein Family

a-Latrotoxin (Krasnoperov et al,, 1996, 1997). Following, the
protein was isolated from mouse synaptosomes (Ichtchenko
et al, 1998) and called CIRL/latrophilin (CL1). Soon, the
same group described the protein paralogs, which received the
names CIRL/latrophilin (CL1-3) (Sugita et al., 1998), latrophilin-
2 (LPH-2) and latrophilin (LPH3) and CIRL-2 and CIRL-3
(Ichtchenko et al., 1999; Matsushita et al., 1999).

In 2004, orthologs of the ADGRLs were discovered in
C. elegans, where they were called lat-1/LAT-1 and lat-2/LAT-2
(Mee et al., 2004; Willson et al., 2004; Langenhan et al., 2009).
Some authors employ the abbreviation Lphnl-Lphn3 for the
protein, and Adgrl1-Adgrl3 for the corresponding gene (Lu et al.,
2015; Anderson et al., 2017). Others also use the abbreviation
ADGRL for the proteins (Leon et al, 2017). In this review,
we opted to follow the recommended name by Hamann et al.
(2015) for adhesion GPCRs and the entry in diverse databanks:
Adgrl1/ADGRL1, Adgri2/ADGRL2 and Adgri3/ADGRL3. The

exception to that rule will be the C. elegans orthologs of ADGRLs,
which will be abbreviated as lat-1/LAT-1 and lat-2/LAT-2 as
those are the forms still employed in the adequate gene/protein
repositories. Table 2 summarizes the nomenclature employed in
this work regarding the latrophilins/ ADGRLs.

The ADGRLs are composed of multidomain regions
possessing a rhamnose-binding lectin-like domain, an
olfactomedin-like domain, and a hormone-binding domain
that is similar to those of the CRF family of receptors (Matsushita
et al, 1999). TEN2 binds and activates ADGRL1 with high
affinity, while TCAP-2 binds to ADGRL2 inducing calcium
release from intracellular stores (Silva et al., 2011). It was later
shown that TEN4 also binds to ADGRLI, with a slightly lower
affinity than TEN?2, suggesting ADGRLLI is the cognate receptor
of both TEN2 and TEN4 (Boucard et al., 2014). While the
lectin-like domain of ADGRLs appear to be the most significant
domain for teneurin binding and activation, it has been

TABLE 2 | Nomenclature of the adhesion G protein-coupled receptors (ADGRLS).

Protein name Protein abbreviation Gene abbreviation Synonymous notations First use

M. brevicolli

Adhesion G protein-coupled receptor L ADGRL Adgrl MB7TM1

C. elegans

Adhesion G protein-coupled receptor L 1 LAT-1 lat-1 Willson et al., 2004
B0457.1/B0286.2 Mee et al., 2004

Adhesion G protein-coupled receptor L 3 LAT-2 lat-2 Willson et al., 2004

D. melanogaster

Adhesion G protein-coupled receptor L 1 ADGRL Cirl CIRL/latrophilin 1 (CL1) Scholz et al., 2015

D. rerio

Adhesion G protein-coupled receptor L 1 Adgrii adgrl1

Adhesion G protein-coupled receptor L 2 Adgrl2 adgri2

Adhesion G protein-coupled receptor L 3 Adgri3 adgri3

G. gallus

Adhesion G protein-coupled receptor L 1 ADGRLA1 ADGRL1

Adhesion G protein-coupled receptor L 2 ADGRL2 ADGRL2 Latrophilin 2 Doyle et al., 2006

Adhesion G protein-coupled receptor L 3 ADGRL3 ADGRL3

M. musculus

Adhesion G protein-coupled receptor L 1 ADGRLA1 Adgrl1 CIRL/latrophilin 1 (CL1) Ichtchenko et al., 1998

Adhesion G protein-coupled receptor L 2 ADGRL2 Adgrl2 latrophilin-2 (Lphn2) Anderson et al., 2017

Adhesion G protein-coupled receptor L 3 ADGRL3 Adgri3 Latrophilin 3 Jackson et al., 2015

R. norvegicus

Adhesion G protein-coupled receptor L 1 ADGRLA1 Adgrl1 Latrophilin Davletov et al., 1996
Latrophilin (LPH1) Lelianova et al., 1997
Calcium-Independent Receptor Krasnoperov et al., 1997
of a-Latrotoxin (CIRL) 1
CIRL/latrophilin 1 (CL1) Sugita et al., 1998

Adhesion G protein-coupled receptor L 2 ADGRL2 Adgrl2 CIRL/latrophilin 2 (CL2) Sugita et al., 1998
Latrophilin 2 (LPH2) Matsushita et al., 1999

Adhesion G protein-coupled receptor L 3 ADGRL3 Adgrl3 CIRL/latrophilin 3 (CL3) Sugita et al., 1998
Latrophilin 3 (LPH3) Matsushita et al., 1999

H. sapiens

Adhesion G protein-coupled receptor L 1 ADGRL1 ADGRL1 CIRW/latrophilin 1 (CL1) Sugita et al., 1998

Adhesion G protein-coupled receptor L 2 ADGRL2 ADGRL2 CIRL/latrophilin 2 (CL2) Sugita et al., 1998

Adhesion G protein-coupled receptor L 3 ADGRL3 ADGRL3 CIRL/latrophilin 3 (CL3) Sugita et al., 1998

The table presents a collection of synonymous presented in the literature for the latrophilins/ADGRLs found in different species and the corresponding protein and gene

abbreviations.
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suggested that TCAP may interact with the hormone-binding
domain (Woelfle et al., 2015).

THE DISTRIBUTION OF TENEURINS/
TCAP IN INVERTEBRATE SPECIES

Caenorhabditis elegans

Although there is a single teneurin gene in C. elegans homologous
to the two D. melanogaster Ten genes, this gene is controlled by
two different promoters, what results in two different isoforms
of TEN: a short version, TEN-S, and a long version, TEN-L.
Promoter activity related to the TEN-L isoform was detected,
during development, primarily on the derived cells of the EMS
and C lineages, which give rise, respectively, to somatic tissues
(endoderm, mesoderm, and stomodeum) and hypodermic and
neural tissues (Drabikowski et al., 2005). Morck et al. (2010)
described a similar pattern at 150 min after fertilization, which
will give rise to hypodermal cells by the end of gastrulation.
In the somatic gonad, TEN-L is also active during gonadogenesis,
what is reflected by its expression in z1 and z4 cells in the
embryo. As early as 350 min, and consolidating at the 1.5-fold
stage, expression of the long promoter can be detected in the
pharynx, gut, and somatic gonad precursor cells, as well as in
the aforementioned z1 and z4 cells (Drabikowski et al., 2005;
Morck et al., 2010).

During postembryonic development, a similar pattern was
preserved. In the L1 larval stage, the pharynx, gut cells, hyp11 and
somatic gonad precursors show TEN-L promoter activity, as well
as zI1 and z4 cells. At stage L4, fluorescence can be detected in
some neurons of the nerve ring, as well as the anchor cell, vulva
muscles and distal tip cells. In the adult hermaphrodite, staining
is seen in the pharynx, selective nerve ring neurons, the vulva
muscles, the distal tip cells and in coelomocytes. In the adult
male, the same head structures are labeled in addition to the vas
deferens, diagonal muscles and spicule sheath cells (Drabikowski
et al., 2005). Morck et al. (2010) also report strong expression
of the long form of the transcript that persists in pharyngeal
and intestinal cells and in several head neurons, including eight
pharyngeal cells: the three marginal cells mc1, the three marginal
cells mc3, and the neurons M2L and M2R.

The promoter associated to the TEN-S isoform, on the other
hand, follows a distinct pattern of expression. During embryonic
development, it is initially detected at 150 min after fertilization in
anterior cells, although less abundantly than TEN-L. This signal
can be traced to the descendants of lineage ABp. By 300 min after
fertilization, the presence of TEN-S in posterior hypodermal cells
becomes clear, in addition to ventral leading cells. Morck et al.
(2010) reports that the hypodermal expression then gradually
fades away, with only head neurons being labeled by the end of
embryogenesis. TEN-S post-embryonic activity was detected in
specialized epithelial cells, such as the arcade cells of the anterior
end and the excretory duct. The short promoter activity was
also observed in a subset of neurons, consisting of CAN and
HSN neurons, as well as lumbar and retrovesicular ganglion
motorneurons and some nerve ring interneurons. In the adult,
staining of TEN-S is limited to nerve ring, the ventral cord and a

few cells in the tail, in addition to R8 and R9 ray neurons in the
adult male (Drabikowski et al., 2005; Trzebiatowska et al., 2008).

To investigate the subcellular localization of different TEN
isoforms in the C. elegans, Drabikowski et al. (2005) raised
antibodies directed to the N- and C-terminus of TEN, with
the C-terminal-raised antibody labeling only TEN-L, while the
N-terminal antibody labels both isoforms in embryos. The
C-terminal antibody labeled exclusively the plasma membrane,
while the N-terminal antibody resulted in labeling of both the
plasma membrane and a punctuate pattern of staining inside the
nucleus. The authors suggested such staining pattern indicates
the translocation of the N-terminal sequence of TEN as part of
its signaling process in C. elegans.

Drosophila melanogaster
As stated before, two genes are found in Drosophila (Ten-a and
Ten-m), encoding the transcripts TEN-a and TEN-m.

Ten-m

The expression of Ten-m starts around the blastoderm stage,
2 h after fertilization. Transcripts are found in the central area,
outside the anterior and posterior poles, ubiquitously expressed
on most of the embryo with exception of the dorsal side, where
fewer transcripts are found. At the second half of germband
elongation (5.5-7.5 h-old embryos), the diffuse expression of
Ten-m is replaced by a quickly emerging pattern of stripes
in mesodermal and ectodermal cells, that ends in a sharply
defined pattern of 14 bands as germband elongation reaches
its conclusion. During germ band retraction, the expression of
Ten-m becomes more prominent at the dorsal margin of the germ
band, and by the end of this stage transcripts are found in cardiac
cells, lymph gland, posterior spiracles and in the tracheae. At
this stage, expression also becomes clear in the nervous system,
including the ventral cord and the supra-esophageal ganglia, with
reminiscent patterned expression near the segmental furrows.
At the time of hatching, transcripts are mainly confined to
the ventral cord and to the brain (Baumgartner et al,, 1994;
Levine et al., 1994).

The synthesis of TEN-m follows a partially similar progression
to its coding mRNA. Staining is located to the periphery of
the cell, suggesting a plasma membrane localization that is
common for several species. Immunoreactivity is detectable
around the same time the transcripts are detected, encompassing
the blastoderm stage. Its distribution overlaps with the mRNA,
covering most of the central part of the embryo, but
its absent of the anterior and posterior poles. A distinct
small group of immunoreactive cells is found close to the
anterior pole, which was identified as the anterior domain by
Baumgartner et al. (1994). During gastrulation, a pattern of seven
immunoreactive bands can be readily identified. This patterning
occurs considerably sooner than that of the mRNA, suggesting
TEN-m may be released and the bind to receptors that are already
patterned in preparation of germ band elongation. As the stage
progresses, the seven-band pattern becomes a fourteen-band
pattern, and then immunoreactivity becomes almost exclusive
to the mesoderm after a steep decline in ectodermal staining.
As elongation advances, the banded pattern is reduced as the
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bands appear to fuse, and neuroblasts become stained at the
anterior domain. At the time of germ band retraction, staining is
visible on the tracheal system and in neurons along the midline.
By the end of germ retraction, the pattern of immunoreactivity
resembles once more that of the RNA, with staining on the ventral
cord, cardiac cells and the lymph gland. During head involution,
staining on axons of the ventral cord become prevalent, with a
strict temporal pattern of synthesis (Baumgartner et al., 1994;
Levine et al., 1994; Zheng et al., 2011).

During the larval stage, TEN-m immunoreactivity is found
on axons and imaginal discs (Baumgartner et al., 1994). Novel
synthesis is particularly evident on the Drosophila eye disc.
TEN-m immunoreactivity in third instar larvae is evident at
undifferentiated imaginal disc cells of the morphogenic furrow,
a single cell in each maturing ommatidium, and a cluster of
non-epithelial cells deep at the center of the eye disc. The
appearance of one sharp staining centered point per ommatidia
suggests its relation to the development of a photoreceptor cell
with R7 identity. The third imaginal site of TEN-m synthesis
can be described as a cluster of round adepithelial cells under
the epithelial monolayer of the eye disc, which migrated from
mesoderm germ into eye disc (Levine et al., 1997). Ten-m gene
activity can also be detected on the morphogenetic furrow of
the eye disc and in the brain optic lobes (Minet et al., 1999).
It is likely, therefore, that the expression of Ten-m in both
the developing eye and the optic lobe of the brain, and the
presence of TEN-m immunoreactivity in the optic stalk, are
indicative of a TEN-m function on the correct mapping between
ommatidia and the visual lobe. As we will see, this function
likely remained and was expanded in vertebrates. A distinct
cluster of strong TEN-m staining cells are seen in the antennal,
wing and leg discs, representing progenitors of a column of glial
cells in which Ten-m is expressed. TEN-m immunoreactivity is
very strong in the maxillary palps and rostral membrane that
will give rise to the dorsal head capsule. Wing-disc staining
of TEN-m is predominant in the wing blade, wing hinge and
thoracic epidermis. Leg discs present rings of immunoreactivity,
also characterized by a cluster of cells at the central core of the
disc (Levine et al., 1997).

Information about the adult expression of Ten-m is limited
to subjects immediately after eclosion. Staining is coherent with
the disc staining, including strong staining in the three antennal
segments, the maxillary palpus, the rostral membrane of the head
capsule and derivatives of the clypeolabral and labial discs (Levine
etal., 1997). Signals were detected in the brain and eyes but could
not be explored in detail by the authors. It is noteworthy that
the staining reported may be from residual beta-galactosidase
expressed during pupation (Levine et al., 1997), so more studies
in adult flies are necessary to confirm the expression of Ten-m in
the adult animal.

Ten-a

The expression of Ten-a transcripts in the developing
D. melanogaster is partially similar to that of Ten-m. Expression
of the two start around the blastoderm stage, with widespread
distribution. While Ten-m is not present on the anterior and
posterior poles, Ten-a is uniformly distributed over the entire

embryo. This uniform distribution persists through gastrulation,
with a slightly more pronounced signal on the furrows. At the
beginning of germ band elongation, signal becomes restricted to
the ectoderm and mesoderm, when a pattern starts to appear at
around 5 h of development. Although largely similar in timing,
Ten-a transcription is better localized to the ectoderm, with
only faint staining on the mesoderm, the opposite pattern of
Ten-m. Clear signals can also be detected at the procephalic
neuroblast region. As the germ band elongation progresses, the
band pattern of Ten-a expression becomes clearer. By the time
germ band retraction starts, it is possible to localize Ten-a to the
ventral cord and the supraesophageal ganglion. At this stage,
small labeled cells are seen near the segmental furrows, possibly
representing sites of muscle attachment. During head involution,
both the brain and the ventral cord show strong labeling, that
will remain at the end of embryonic development and the three
larval stages. Ten-a mRNA cannot be detected in the adult fly
(Baumgartner and Chiquet-Ehrismann, 1993).

The described pattern of TEN-a immunoreactivity, however,
is drastically different to that of TEN-m for the early period of
embryogenesis. Fascetti and Baumgartner (2002) first detected
TEN-a during germ band retraction, at stage 12, in neurons.
Protein could be located to some cell bodies and on pioneering
axons. By the end of germ band retraction, clear staining can be
seen on the commissures of the ventral cord, especially on the
posterior commissures. The hindgut is also labeled at this stage.
During head involution, the pattern of TEN-a immunoreactivity
becomes quite similar to TEN-m, including the brain, the ventral
cord and structures of the antennomaxillary complex as the main
sites of labeling. Low immunoreactivity is found in the CNS
after differentiation (Fascetti and Baumgartner, 2002). Forty-
eight hours after puparium formation, TEN-a can be detected
in specific glomeruli. The subset of glomeruli synthesizing
elevated TEN-a was distinct but partially overlapping with that
synthesizing elevated TEN-m (Hong et al., 2012).

It is remarkable that Ten-a mRNA expression starts
hours before the protein can be detected. A possible
explanation for this observation is that, in early stages,
Ten-a mRNA translation is silenced, or TEN-a is readily
degraded after synthesis. This silencing is then selectively
shut off in the neuronal lineage, allowing the protein to
acquire a predominantly neuronal phenotype. Comparing
the patterns of Ten-a and Ten-m expression and protein
synthesis in D. melanogaster to that of ten-1 in C. elegans,
it is apparent that D. melanogaster Ten-m echoes the ten-1
expression pattern of the common ancestor of euarthropoda and
nematoda, while Ten-a differentiated its pattern of expression,
becoming a late, predominantly neuronal-driven molecule in
the insect lineage.

Ciona intestinalis

No information regarding the teneurin distribution is available
for the developing or adult C. intestinalis. The distribution
of TCAP-1 has been investigated in the adult animal. Such
scarcity of information certainly derives from the almost non-
existent anatomical information about C. intestinalis. Since this
information has been provided by Colacci et al. (2015), works
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describing the distribution of teneurin in these animals will be
extremely informative.

Teneurin C-Terminal Associated Peptide (TCAP)
Immunoreactivity to TCAP in the adult C. intestinalis is found
in the intestinal and sexual areas. In the testis, staining is
found in putative Sertoli cells, outside of the tubules and in
the epithelium of the sperm duct cells. In the ovary, labeling
occurred in granulosa cell homologs and periovulatory cells, but
not in the ovum. The subcellular localization of TCAP showed
complex patterns depending on the region. In the intestine,
labeling was detected both in the cytosol as in the periphery
and along the plasma membrane. In the testis, most labeling in
Sertoli cells was pericellular, with less staining inside those cells.
In the ovary, on the other hand, labeling occurred primarily
within the cytosol (Colacci et al, 2015). The distribution
of TCAP mRNA was coherent, if broader, with that of the
protein. RT-PCR results showed transcripts in the buccal siphon,
central ganglion, branchial basket, testes, ovary, and stomach
(D’Aquila et al., 2017).

THE DISTRIBUTION OF TENEURINS/
TCAP IN VERTEBRATE SPECIES

Danio rerio
No morphological information is available for D. rerio Tenl,
Ten2A, or Ten2B (Tucker et al., 2012).

ten3

Detection of ten3 mRNA starts on the notochord and somites
at tailbud stage, approximately 10 h after fertilization, what is
coincident with the completion of the neural tube’s basic plan
dorsal to the notochord. During segmentation, expression of ten3
mRNA is not exclusively mesodermal anymore, as transcripts can
be found in the developing nervous system. We will describe the
mesodermal and ectodermal expression of ten3 separately in this
session (Mieda et al., 1999).

At 14 h after fertilization, ten3 mRNA is strongly detected
in the caudal forebrain, corresponding to the diencephalic area,
while medium expression is found in the optic vesicles and
midbrain. At this stage, a segmental expression of ten3 mRNA
is found on the rhombencephalon, with transcripts expressed
in low levels in rhombomeres 3 and 5. By the end of the
segmentation stage, additional expression of fen3 mRNA is seen
in the midbrain-hindbrain boundary. At 23 h post fertilization,
ten3 mRNA ceases to be detected in the hindbrain, it's weakly
detected in the anterior part of the midbrain-hindbrain boundary
and becomes strongly expressed in the dorsal part of the tectal
primordium, ventral part of the mesencephalon and caudal part
of the diencephalon. At this stage, weak expression is found in the
optic vesicles. By 36 h postfertilization, ten3 mRNA expression
is concentrated on the forebrain (Mieda et al., 1999). Further
ten3 mRNA expression has been described by Antinucci et al.
(2013) in retinal cells. At 48 h postfertilization, expression is
predominantly found in the ventral retina and medial portion of

the stratum periventricular (tectal cells), while at 3 and 5 days
postfertilization, ten3 mRNA is diffusely expressed.

Regarding ten3 mRNA mesodermic expression, at 14 hpf
strong expression is found on the developing somites, while only
low expression is seen on the notochord. At 17 hpf, a mediolateral
gradient of expression develops, with the medial parts presenting
weaker expression, and by 20 h fen3 mRNA is detectable in
the pharyngeal arches. By the end of segmentation, fen3 mRNA
is not detectable in the medial somites, and expression fully
vanishes on somites by 36 hpf. At this stage, expression of ten3
mRNA is observed in the pectoral fin buds and on pharyngeal
arches (Mieda et al., 1999). No information is available about the
distribution of ten3 in the adult D. rerio.

tend

In contrast to ten3 mRNA, the expression of ten4 mRNA is
exclusively ectodermic in nature. By 10 hpf, ten4d mRNA is
expressed along the anterior margin of the neural plate, and by
14 h postfertilization the brain is the main site of expression. At
this stage, the pattern of ten4 mRNA is partially complimentary
to ten3 mRNA, with transcripts found on the forebrain, including
the optic vesicles (albeit in lower levels than ten3 mRNA) and the
rostral diencephalon, the mesencephalon, and in rhombomere 5
and 6 of the rhombencephalon. On 20 hpf, the segmental pattern
of ten4 mRNA becomes stronger, with expression found in the
rostral diencephalon, the mesencephalon, the mesencephalon-
hindbrain boundary and rhombomere 2 (previously clear of
ten4 mRNA expression). Expression in rhombomeres 5 and 6
persist and increase in intensity. Finally, transcripts are also
found in the anterior spinal cord, with additional weak expression
of ten4 mRNA is found in individual neurons of the caudal
spinal cord. At 23 hpf the distribution of ten4 mRNA strongly
diverges of that of ten3 mRNA, with dorsal and ventral bands of
expression in the rostral diencephalon, weak expression on the
caudal diencephalon, mesencephalic expression on the ventral
part of the tectal primordium, strong expression in the caudal
mesencephalic-hindbrain boundary, very strong expression on
rhombomeres 2, 5, and 6 and in the anterior spinal cord.
Widespread expression is found in the brain at 36 hpf (Mieda
et al., 1999). No information is available about the distribution
of ten-4 in the adult D. rerio.

Comparing the expression of teneurins in D. rerio to the
distribution of C. elegans ten-1 and D. melanogaster Ten-a and
Ten-m, a pattern can be distinguished. D. rerio ten3 has a
similar pattern of expression to the C. elegans teneurin and the
D. melanogaster Ten-m, as it is found in both mesodermal and
ectodermal tissue early during embryogenesis and then becomes
prevalent in neural cells during axiogenesis and connection
formation. On the other hand, D. rerio ten4 mRNA carries
semblance to D. melanogaster Ten-a, being utilized later during
embryogenesis by the nervous system in a pattern partially
complementary to that of ten-3 mRNA. As commented before,
however, it is likely that a duplication event happened specifically
on the insect lineage to generate Ten-a and Ten-m, while the four
vertebrate ten genes result from two other events of duplication
specific to the early vertebrate lineage. The similarities between
ten3 and Ten-m and ten4 and Ten-a, therefore, must result
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from evolutionary convergence, rather than homology itself. This
is underscored by the fact that the mechanism that regulates
the nervous system-specific paralog in each species is different:
while in D. melanogaster Ten-a is expressed early but the
protein only appears late, be it by RNA silencing or protein
degradation, in D. rerio ten4 mRNA will only be detectable
once the nervous system begins to differentiate. We cannot
exclude, however, the possibility that the presence of two different
promoters for the teneurin gene early in evolution may have
facilitated the differentiation of functions once the gene was
duplicated, what may have contributed to the retention of
multiple paralogs and may have guided how the new patterns of
expression/synthesis emerged.

Although ten3 and ten4 are equidistant to the C. intestinalis
teneurin (Tucker et al, 2012), it is likely that, from a
morphofunctional perspective, ten3 represents a more conserved
expression pattern when compared to early forms of teneurin.
More studies in D. rerio are necessary to establish if the
complementary pattern of expression between fen3 and ten4
developed before or after the genic events that resulted in the
creation of tenl, ten2A, and ten2B.

Gallus gallus

TEN1

Unfortunately, expression analyses of TENI mRNA are not
available for the early embryogenesis of chicken. By day 5,
transcripts are detected on the embryo head, but not the trunk.
On day 7, a hybridization signal can be found only in the
developing nervous system. By days 14 and 17, strong signals
are found in the tectofugal elements of the visual system, such
as retinal ganglion cells, the stratum griseum centrale of the optic
tectum, and the rotund nucleus of diencephalon. Further signals
are also detected in the inner nuclear layer of the retina and
in other layers of the optic tectum. Areas linked to olfactory
sensing and processing are also stained, such as the mitral cells
of the olfactory bulb and neurons from the hippocampus and
piriform cortex. In the hindbrain, transcripts were found in the
nucleus laminaris, nucleus magnocellularis and throughout the
cerebellum. TEN1 immunoreactivity is largely compatible with
the aforementioned distribution, but extends to some regions
connected with TENI mRNA synthesizing areas, such as the
glomerular layer of the olfactory bulb (which accommodates the
dendrites of mitral cells) and the outer portion of the inner
nuclear layer of the retina (Minet et al., 1999; Rubin et al., 1999;
Kenzelmann et al., 2008). Information about TENI mRNA in the
adult chicken is limited. Minet et al. (1999) detected signals for
TENI1 mRNA in northern blot experiments of adult chicken brain
extracts. No signal was detected in adult kidney, heart or liver.

TEN2
The expression of TEN2 and TEN2 immunoreactivity are
both found in neuroectodermal and mesodermal tissues
during development, and that is why these two sites of
expression/synthesis will be addressed separately.

Trunk expression of TEN2 mRNA can be detected as
early as 3 days after incubation, during late somitogenesis
stage. At this stage, transcripts can be found in branchial

arches, heart, somites, craniofacial mesenchyme and the
apical ectodermal ridge of developing buds. After 5 days of
incubation, transcripts are seen in the wing and hindlimb,
the trunk, maxillary and mandibular processes and the
head mesenchyme. At 7 days of development, the signals
disappear (Tucker et al, 2001). Immunohistochemistry
for TEN2 resulted in agreeable results to those of in situ
hybridization, including the cranial mesenchyme, branchial
arches, the developing somites, and the apical ectodermal ridge.
The only exception was the notochord, which was stained
with the antibody but did not show signs of TEN2 mRNA
expression. The investigation of TEN2 immunoreactivity
outside the nervous system also gave clues about the
subcellular localization of TEN2 in the avian model, as
the punctuate outlining-pattern of staining resulting from
immunohistochemistry is expected from a membrane-anchored
protein (Tucker et al., 2001).

In the nervous system, TEN2 mRNA is first detected at
4 days after incubation. In 7-days old embryos, transcripts
are found in the retina, telencephalon, diencephalon and the
optic tectum, in a pattern that mostly overlaps with that
of TENI mRNA, except in the diencephalon, where TEN2
mRNA is found on the anterior thalamus, while TENI mRNA
is prevalent on the dorsal thalamus. As was the case of
TENI, most of TEN2 expression was concentrated on members
of the tectofugal system. In day 10 after incubation, strong
hybridization signals are found in the forebrain, particularly on
the hippocampus and in the visual Wulst, and by day 12 the
retinal cell ganglion is clearly labeled. By 14 days after incubation,
TEN2 mRNA expression concentrates on the stratum griseum
periventriculare of the optic tectum, mostly separated from TEN1
mRNA in the stratum griseum centrale. Additional signals are
found on the lateral geniculate nucleus (Rubin et al., 1999;
Rubin et al., 2002).

Immunoreactivity to TEN2 was similar to gene expression,
with some additional areas of staining that were not previously
found. On day 7 post incubation, labeling can be seen in the
retinal nerve fiber layer. Labeling has expanded to other elements
of the visual system by day 11, including the inner plexiform
layer, the optic nerve and the optic tectum. As was the case
with the messenger RNA, by day 17/18 post incubation the
synthesis of TEN2 becomes more widespread. On the visual
system, immunoreactivity is found in the inner plexiform layer
of the retina, visual Wulst, the ventral geniculate nucleus,
pretectal nuclei, stratum griseum periventriculare and centrale.
Some of these areas show remarkable separation between TEN1
and TEN2, such as the retina (TEN2 is found in laminae 1
and 3, while TEN1 is found in laminae 2 and 5) and the
optic tectum (while TEN1 appears to be actively synthesized by
stratum griseum centrale cells, TEN2 is found in a punctiform
manner that suggests its synthesis by cells in other areas that
are synapsing at the stratum griseum centrale). Other areas
that include TEN2 immunoreactivity are the olfactory bulb,
piriform cortex, hippocampus, septal nuclei, and cerebellum.
In several cases, TEN2 immunoreactivity was found associated
to the presence of a basement membrane (Tucker et al., 2001;
Kenzelmann et al., 2008). In the adult, TEN2 mRNA transcripts
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are detected by northern blot and RT-PCR in the adult brain, but
no signals are found in the heart or liver (Rubin et al., 1999).

Looking at the distribution of TENI and TENZ2 in the
Gallus brain, we see several of the morphofunctional aspects
exhibited as early as in C. elegans, as well as the more
complex patterned expression between TENI and TEN2 that
will be characteristic of integrative areas of the amniote brain.
In several ways, the expression and synthesis of TEN2 is
evocative of the C. elegans teneurin, the D. melanogaster
Ten-m, and the D. rerio ten3, including its expression in
both non-neural and neural tissues, the timing of expression,
and its association to the basement membrane. On the
other hand, TENI is evocative of the Drosophila Ten-a and
the D. rerio ten4, with a predominantly neural expression
that occurs in tandem with that of the other paralog in
regions of great connectivity, such as the visual pathway and
olfactory areas.

TEN3
No information is available for the G. gallus TEN3 expression
or TEN3 synthesis.

TEN4

The largest body of evidence available points to a peripheral
expression of TEN4 mRNA in non-neuronal tissue of the
developing chicken. Transcripts are first detected 3.5 days after
incubation in zones of polarizing activity (ZPA), branchial
arches, cells lining the intersomitic clefts and in the cranial
mesenchyme. As development progresses, increased signals
are detected in the mesenchyme, including the mesenchyme
dorsal to the dorsomedial lip of the somites, the cranial
mesenchyme and the mesenchyme of the first, second and
third brachial arches. By 5 days of development, however,
most of the signal is found in the developing limbs, including
additional patches of expression (outside the zones of polarizing
activity) in the leg and wing buds (Tucker et al, 2000).
Unfortunately, little has been described about the distribution
of TEN4 mRNA in the developing nervous system of the
chicken, except for the observations of Tucker et al. (2000) that
transcripts can be seen in the midbrain-hindbrain junction and
in the diencephalon.

Macropus eugenii

TEN3

Carr et al. (2013, 2014) investigated the post-natal development
of ipsilateral retinogeniculate projections in the wallaby
marsupial (Macropus eugenii). In these animals, TEN3 mRNA
can be found in the retina, with labeling concentrated on the
retinal ganglion cell layer and in the superior colliculus, where
labeling is found in the superficial retinorecipient layers at all ages
examined, from P12 to P99, and in the adult. Additional labeling
was found in the dorsal part of the lateral geniculate nucleus
of P12-P71 animals, but older animals were not examined.
The main difference between developing and adult animals
was the existence of dorsoventral (retina) and mediolateral
(superior colliculus) gradients in the young subjects, which
disappeared in the adult.

Mus musculus

Tent

The earliest reported expression of Tenl mRNA in the developing
mouse is at E13.5. By EI5.5, transcripts can be detected
in subplate and cortical plate in a rostral-low/caudal-high,
dorsomedial-low/ventrolateral-high gradient. Tenl mRNA is also
detected in the dorsal thalamus at this stage, including the
ventroposterior nucleus, posterior complex and lateral geniculate
nucleus, dorsal part. By E18.5 the gradient is reversed, with a
rostral-high/caudal-low pattern. At P2, the overall pattern of
expression stays the same, with Tenl mRNA found in layer 4
and subplate in the cortex, while low signals are found in
layers 5 and 6. Low expression also remains in the thalamic
ventroposterior nucleus, and strong expression is found in the
thalamic reticular nucleus. By P7, additional expression is seen
on CAl, CA3 and dentate gyrus of the hippocampal formation (Li
et al., 2006). The distribution of Tenl mRNA is likely to be more
widespread than that, as Zhou et al. (2003) describe hybridization
signals for Tenl mRNA in the midbrain, hindbrain, spinal cord,
and trigeminal ganglion. Furthermore, despite not described by
the authors, it is clear in the work of Li et al. (2006) that other
areas of the brain are stained in the developing brain, including
midline nuclei of the thalamus, the amygdaloid complex and
discreet nuclei of the hypothalamus. No data is available on
non-neuronal expression of Tenl mRNA in the mouse.

In the adult mouse, Oohashi et al. (1999) report the presence
of Tenl mRNA transcripts in the adult brain, in addition
to faint signals in the kidney, testis, and thymus. In 6-week
old animals, prominent TenI mRNA hybridization signals are
found in the stratum pyramidale of the CA2 subfield of the
hippocampus proper and in the granular layer of the dentate
gyrus, while weak expression is found in the CAl and CA3
subfields. TEN1 immunoreactivity in the hippocampus at this
stage was only partially similar, with stronger staining in the
stratum lucidum of the CA3 region and weaker staining in
CAl and dentate gyrus. This mismatch between expression
and immunoreactivity likely reflects the intra-hippocampal
connectivity, with immunoreactivity found in the axons of
neurons that express Tenl mRNA (Oohashi et al., 1999; Zhou
et al, 2003). The cerebellum also contained Tenl mRNA
transcripts, which were found in the granular layer. The protein
was found in the molecular and granular layers, in addition
to cerebellar nuclei (Oohashi et al., 1999; Zhou et al., 2003).
Additional hybridization/protein is found in the cerebral cortex
(layers 2-6) and thalamus, and protein has been found in the
brainstem and retina (Oohashi et al., 1999; Zhou et al., 2003).
Outside the brain, TENI is found in the lung, kidney and in the
testes. In the latter, immunofluorescence signals are detected in
the tunica propria of the seminiferous tubule and the surrounding
interstitial cells (Oohashi et al., 1999; Chand et al., 2014).

TCAP-1

The presence of TCAP-1 immunoreactivity was examined in
adult BALB/c mice using an antibody directed to its sequence.
TCAP-1 immunoreactivity is observed in the pyramidal layer
and stratum oriens of the CA1 subfield; pyramidal layer, stratum
lucidum and stratum radiatum of the CA2/CA3 subfields, and
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additional weaker staining in the granular layer of the dentate
gyrus (Chand et al., 2013). Outside the nervous system, TCAP-1
immunoreactivity is found in germ cells and spermatocytes
adjacent to the basement membrane (Chand et al., 2014).

Ten2

Expression of Ten2 mRNA in the developing mouse starts around
E10.5, when hybridization signals are positive in the forebrain,
rostral and central midbrain, the outer linings of the optic
cup and in the auditory vesicle. At E12.5, expression becomes
more widespread and can be detected in the caudal forebrain,
very strongly on the midbrain, strongly in the hindbrain and
weakly on the spinal cord. By E15.5, transcripts are more
clearly located to the roof of the midbrain, in addition to the
hindbrain and the nasal cavity. In the telencephalon, Ten2 mRNA
transcripts are distributed in a rostral-low/caudal-high within
the cortical plate. Expression is also found in the diencephalon,
including the centrolateral nucleus, dorsal part of the laternal
geniculate nucleus posterior complex and ventral part of the
medial geniculate nucleus, ventral thalamus, and discreet nuclei
of the hypothalamus. During development, the cortical gradient
of Ten2 mRNA remains the same. By P2, Ten2 is widely expressed
in the cortex but the strongest signal is found in layer 5. A new
site of expression after birth is the hippocampal formation, with
high expression in CA1 when compared to the weaker signals
of CA3 and DG. By P7, the different levels of expression in the
hippocampus equalize (Zhou et al., 2003; Li et al., 2006).

Immunoreactivity data for TEN2 during mouse development
is available in the investigation of Young et al. (2013) of the
developing visual pathway. At E14, immunoreactivity is found
in the retinal ganglion cell layer within the central retina, while
by E16 the dorsoventral axis has become uniform. Synthesis of
TEN2 is ample on axons of the retinofugal pathway, including
the optic nerve, optic tract, and optic chiasm. Targets of the
retina are also immunoreactive to TEN2, including the superior
colliculus and the dorsal part of the lateral geniculate nucleus,
and such synthesis was observed from E16 until P7. By P7,
immunostaining can be identified on layers 4 and 5 of the primary
visual cortex (Young et al., 2013).

In 6-week old adults, Ten2 mRNA transcripts are found in
the brain, kidney, and testis (Oohashi et al., 1999; Ben-Zur et al.,
2000). In the brain, Ten2 mRNA was thoroughly expressed in
the pyramidal and granular layers, with immunoreactivity found
in the stratum oriens, stratum radiatum, and stratum lacunosum
moleculare of the CA1/CA2 subfields (Zhou et al., 2003). In the
cerebellum, Ten2 mRNA is found in the molecular layer and
Purkinje’s cell layer. Immunoreactivity, on the other hand, is
found in the molecular and granular layers. Finally, expression
and synthesis of Ten2/TEN2 are found on layers 2-6 in the
cerebral cortex (Zhou et al., 2003).

Ten3

As more information is available about Ten3 mRNA expression
in non-neuronal tissues, this distribution will be discussed
separately from that in neuronal tissue. At E7.5, high levels of
Ten3 mRNA are found in the notochord. Two days later, Ten3
mRNA is detected on anterior somites and limb buds. By E10.5,

expression starts to be detected in the first, second, and third
branchial arches. At E12.5, expression of Ten3 mRNA is found
in the facial mesenchyme and in the head meninges, and at E16.5
transcripts are seen in the mesentery of the gut and the urogenital
system. Finally, at E18.5, expression is seen in the dermis,
developing limbs and in the outer layers of the periosteum and
muscle epimysium (Ben-Zur et al., 2000; Zhou et al., 2003).

In neural tissue, Ten3 mRNA is detected as early as E7.5
in the neural plate, with higher expression levels in the neural
folds. At E8.5, transcripts are found in the caudal forebrain,
dorsal midbrain region and in the otic vesicle. A day later,
Ten3 mRNA expression can be seen in the telencephalon,
diencephalon, dorsal midbrain and in the otic vesicle (Zhou
et al., 2003). At E10, expression has also been reported in the
Rathke’s pouch (Ben-Zur et al., 2000). By E12.5, the optic tectum
becomes the most preeminent site of Ten3 mRNA expression.
Hybridization signals are also seen in all layers of the neocortex,
in the hippocampus, and in the thalamus. At this developmental
stage, high levels of transcription are seen in the optic recess
of the diencephalon, in the optic stalk, in lens cells and in the
corneal ectoderm. Restricted signals are detectable in the pons
and the rostral medulla at this stage, as well as in the dorsal horn
of the spinal cord. At E15.5, cortical plate expression of Ten3
mRNA follows a low-rostral/high-caudal gradient. In the dorsal
thalamus, transcripts are detected in the centrolateral nucleus,
dorsal part of the lateral geniculate nucleus, ventral part of the
medial geniculate nucleus and posterior complex. At E16.5, the
retinal expression of Ten3 mRNA shifts to the inner neuroblastic
layer, with a high-ventral/low-dorsal gradient that will remain
into the first postnatal week. In the superior colliculus, a high-
medial/low-lateral gradient of Ten3 mRNA is observed in the
superficial retinorecipient layers. Outside the central nervous
system, low levels of expression were found in dorsal root ganglia
while higher levels were found in trigeminal ganglia (Ben-Zur
etal., 2000; Zhou et al., 2003; Li et al., 2006; Leamey et al., 2007a;
Dharmaratne et al., 2012).

Shortly after birth, on PO, Ten3 mRNA transcripts are
found on layer 5 of the developing virtual cortex, while the
protein is found in the same region as well as in axons
projecting from this area. P2 expression of Ten3 mRNA in the
cortex is detectable in layers 5 and 6, with the somatosensory
cortex also displaying labeling in layer 4. In the hippocampus,
staining is seen in CAl exclusively. Thalamic expression has
increased and includes the centrolateral nucleus, ventral posterior
nucleus, lateral posterior nucleus, posterior complex, lateral
geniculate nucleus and reticular thalamic nucleus. At P3, Ten3
expression can also be detected in the striatum, with a stronger
labeling in the dorsal striatum following the characteristic
striatal organization in patches. This pattern is conserved by
P7 (Li et al, 2006; Leamey et al., 2007b; Tran et al., 2015).
At P10, TEN3 immunolabeling is seen in the proximal CAl,
distal subiculum and medial entorhinal cortex. TEN3 was most
prominent in synaptic layers, including the stratum lacunosum-
moleculare of CAl and the molecular layer of the subiculum,
what is consistent with TEN3 being present in the synaptic
cleft. TEN3 was also present in axons, dendrites and cell bodies
(Berns et al., 2018).
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In 6-week old adults, Ten3 mRNA transcripts are found
in the brain, liver and testes (Oohashi et al., 1999; Ben-Zur
et al., 2000). In the hippocampus, the expression of Ten3 was
relatively lower when compared to other teneurin paralogs,
with transcripts found in the CA2 subfield and weakly in CAl.
TEN3 immunoreactivity was broadly found in the cerebellum,
including the molecular, granular and Purkinje’s cells layers and
the white matter. Hybridization signals for Ten3 were found in
layers 2-6 of the cerebral cortex (Zhou et al., 2003).

Ten4

Outside the nervous system, Ten4 mRNA transcripts are first
detected in the mesentery of the gut, as early as E7.5 (Ben-
Zur et al., 2000). Expression is then detected in the posterior
somites and the tail bud at E9.5, and by E10.5 Ten4 mRNA
was also observed in the periocular area and in the first, second
and third branchial arches (Zhou et al., 2003). At E12.5, ample
expression of Ten4 mRNA is detected in the facial mesenchyme,
nasal epithelium, trachea, mesentery of the gut and urogenital
system. By E18.5, Ten4 mRNA is expressed by the epidermis
of the skin and the developing joints between bones in the
limbs and in adipose tissue, but this expression subsides as birth
approaches (Ben-Zur et al., 2000). It is noteworthy that Lossie
etal. (2005) found a radically different pattern of Ten4 expression
in the developing mouse, with transcripts found in the epiblast
by E6.5, in the mesoderm of the developing embryo by E7.5, and
expression exclusive to the tail bud and limbs in E11.5 embryos.
It is likely that the probe used by Lossie et al. (2005) detected
a splicing variant of Ten4 that was different from that of Ben-
Zur et al. (2000) and Zhou et al. (2003). The existence of multiple
splicing variants with specific patterns and timings of appearance
in the developing embryo considerably increases the complexity
of studying the morphology of the teneurins and represents a
challenge to be overcome in future studies.

In the nervous tissue, Ten4 mRNA is detected at E7.5
in the neural plate. At E8.5, transcripts are detected in the
caudal forebrain and the rostral midbrain region. Considerable
expansion in expression occurs in E9.5, with Ten4 mRNA found
in the alar and basal regions of the caudal diencephalon and
in the midbrain-hindbrain boundary, including the caudal alar
mesencephalon and the basal rostral rhombencephalon. At this
stage, weak expression of Tend4 mRNA starts to be detected in
the cortex. At 12.5E, low levels of expression are found in all
layers of the cerebral cortex, with higher levels found in the
mantle layer, and in the hippocampus. The diencephalic staining
at this stage becomes sharper, with signals localized to the medial
thalamus, the mammillary bodies, and the optic recess. The
inferior colliculus and the optic tectum are also labeled at this
stage, as well as the saccule. At E15.5, Tenl and Ten4 show an
overlapping expression in the cortex, with Ten4 mRNA found
in a low-rostral/high-caudal gradient in both differentiating cells
in the cortical plate and proliferating cells in the ventricular
zone. Thalamic expression can be pinpointed to the dorsal
lateral geniculate nucleus, ventral medial geniculate nucleus and
posterior complex. Finally, at E16.5, Ten4 mRNA expression is
seen in the inner neuroblastic layer of the retina. In the periphery,
Ten4 mRNA is found in high levels in the dorsal root ganglia

and in lower levels in the trigeminal ganglia. After birth, the
low-rostral/high-caudal gradient of Ten4 mRNA expression in
the cortex is maintained at least in P2 and P7, as well as in the
thalamus and in the CALl field of the hippocampus (Wang et al.,
1998; Ben-Zur et al., 2000; Zhou et al., 2003; Li et al., 2006).

In 6-week old adults, Ten4d mRNA transcripts are found
in the brain, liver and testes (Oohashi et al., 1999; Ben-Zur
et al., 2000). In the hippocampus, expression of Ten4 is weakly
found in the granular layer of the dentate gyrus and in the
stratum lacunosum moleculare, as well as in the entire stratum
pyramidale. Immunoreactivity to TEN4, on the other hand, was
prominent in both molecular layers of the dentate gyrus, stratum
lacunosum pyramidale and stratum oriens of the CA3 subfield.
In the cerebellum, hybridization signals for Ten4 mRNA were
found in the Purkinje’s cells zone and in the white matter,
while immunoreactivity was strongly found in the granular
layer and only weakly observed in the molecular layer and
white matter. Hybridization signals for Ten4 mRNA were found
throughout layers 2-6 of the cerebral cortex and in the thalamus
(Zhou et al., 2003).

Rattus norvegicus

Ten1

The expression of Tenl mRNA in the nervous system starts
weakly at E16 and increases in intensity from E17 forward. In the
E17 cerebral cortex, Tenl mRNA is found in a low-rostral/high-
caudal gradient, with signals mostly located to pyramidal cells in
the cortical plate and subplate. In the thalamus, the anterior and
intermediate parts were more strongly labeled than the posterior
area. The midbrain, the hypothalamus, cerebellum, pons, medulla
and spinal cord were also positive for signals. Proliferating zones
were free of staining. The main olfactory bulb shows transcripts
in the external, middle and internal tufted cells, and the accessory
olfactory bulb is staining in its caudal-most area. By E19, the
output cell layer of the accessory olfactory bulb is strongly
stained, and the main olfactory bulb has uniform expression
throughout the external plexiform layer. At this stage, staining
intensity increases in the thalamus and the septum, and signals
start to be detected in the subicular area, hippocampus, and
dentate gyrus. By E21, signal is strong in the cortex, thalamus,
septum and midbrain. At this stage, weak signals are detected
in the rhinencephalon. After birth, several sites of Tenl mRNA
waned, including the cortex, the thalamus, the septum, the
midbrain, the hypothalamus and the rhinencephalon. Staining
in tufted cells was significantly decreased by P1 and vanished
completely by P5, but granule cells started expressing Tenl
mRNA at P3. In the accessory olfactory bulb, Tenl mRNA
expression increased by P3 but vanished by P5. By P30, the
expression of Tenl mRNA increased in the granule cells of the
dentate gyrus and in pyramidal cells of the hippocampus proper
(Otaki and Firestein, 1999).

TCAP-1

The distribution of the C-terminal exon of Tenl was investigated
as a proxy for TCAP-1 expression in the adult rat brain
by Wang et al. (2005). Several brain areas were positive for
TCAP-1-corresponding transcripts, including allocortical areas
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(olfactory bulb, piriform cortex, hippocampus proper and dentate
gyrus), the central and basolateral nuclei of the amygdala, the
ventromedial nucleus of the hypothalamus, the subthalamic
nucleus, the vagus and hypoglossal nuclei, and the Purkinje cell
layer of the cerebellum. Figure 4 shows the main prosencephalic
regions presenting TCAP-1 immunoreactivity.

Ten2

The only available data about TEN2 synthesis and Ten2
expression in the rat is in the developing teeth. Ectomesenchymal
cells of the dental papilla subjacent to the internal enamel
epithelium layer are immunoreactive to TEN2 starting at bell
stage, by E20. Later at this stage there is an increase in labeling
intensity in the odontoblast cell layer adjacent to pre-ameloblasts.
In postpartum animals (P0-P7), TEN2 immunoreactivity is still
detected in odontoblasts during crown formation. In mature
teeth, TEN2 is diffusely distributed in the cell bodies and
processes of odontoblasts of the coronal and radicular pulps.
The expression patterns of Ten2 mRNA and that of exon 28 of
Ten2 (corresponding to the TCAP-2 region of the protein) were
coherent with that of the protein (Torres-da-Silva et al., 2017).

Homo sapiens

TEN2

Torres-da-Silva et al. (2017) investigated immunoreactivity to
TEN2 in the dental pulp of adult humans. Coronal dental
pulp fragments evidenced a uniform distribution of TEN2-
immunoreactivity only in odontoblasts. The authors report that,
sometimes, the initial segment of the odontoblastic process
was preserved, showing TEN2-immunoreactivity, similar to rat
odontoblasts. RT-PCR analysis confirmed expression of TEN2
and that of exon 29 of TEN2 (corresponding to the TCAP-2
region of the protein) in human coronal pulp samples. Tews et al.
(2014,2017) detected the expression of TEN2 mRNA in adipocyte
precursor cells, with higher expression on white cell precursors
when compared to brown cell precursors.

TEN4

Graumann et al. (2017) investigated TEN4 expression in the ovary
of normal and tumoral patients. The expression of TEN4 mRNA
was detected by PCR in the normal ovary.

THE DISTRIBUTION OF ADGRLs

Caenorhabditis elegans

The expression of lat-1 reporter begins on the zygote and is
more evident in the AB lineage. In early development, lat-1 is
broadly expressed in a stripped pattern visible in epidermal and
pharyngeal precursors during dorsal intercalation. In larval and
adult stages, lat-1 is expressed in the pharynx, the nervous system,
the gonad and the vulva (Langenhan et al., 2009). The expression
of lat-2 is generally imbricated with lat-1 in the pharyngeal
primordium and it is restricted to the pharynx and the excretory
cell in later stages (Langenhan et al., 2009).

FIGURE 4 | The telencephalic expression of TCAP-coding mRNA in the rat.
Darkfield photomicrographs of coronal male rat brain slices that underwent

in situ hybridization for the localization of TCAP-coding mRNA. It is noteworthy
that TCAP-coding mRNA staining pattern is diffuse and seldom aggregate in
cells, as seen for other markers. (A) The piriform cortex has one of the highest
concentrations of mMRNA, particularly in layer 2 and, to a lesser extent, in layer
3. (B) The pyramidal layer of the dentate gyrus also contains a high density of
in situ hybridization labeling, while some degree of staining can also be seen in
CAB of the hippocampus proper. (C) The somatosensorial cortex has ample
expression of TCAP-coding mRNA, with low expression in layer 1 and high,
uniform expression on layers 5 through 6. CA3, cornus ammonis 3 of the
hippocampus proper; Ctx, somatosensorial cortex, layer 1; MoDG, molecular
layer of the dentate gyrus; PoDG, polymorphic layer of the dentate gyrus; Pir1,
piriform cortex, layer 1; Pir2, piriform cortex, layer 2; Pir3, piriform cortex, layer
3. Scale bar: 100 um. Based on the data published by Wang et al. (2005).
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Drosophila melanogaster

The main sites of Cirl expression in D. melanogaster are the
larval CNS and the brain. Other enriched areas with Cirl mRNA
expression are the thoracoabdominal ganglion, the salivary gland,
the head and the eyes' (van der Voet et al., 2016). Cirl is expressed
in several peripheral sensory neurons of the D. melanogaster
larva, including type I and type II neurons. Expression of this
gene was most prominent in larval pentascolopidial chordotonal
organs (Scholz et al., 2015).

Gallus gallus

Doyle et al. (2006) investigated the presence of ADGRL2 on heart
formation in stage 5, 16 and 21 of chicken embryos. By using
in situ hybridization, the author observed ADGRL2 expression in
the mesoderm leaving the primitive streak of the stage 5 embryo
and also a weak labeling in the epiblast. In the stage 16, ADGRL2
expression was detected in forming somites, notochord, nephric
ducts and the cardiac endothelium. At stage 21, immunostaining
was observed in both the endothelium and the mesenchyme of
the cardiac cushions as well as the muscle.

Mus musculus

In situ hybridization of P7 mouse brain slices revealed Adgrll
expression in layer 5 of the cerebral cortex, the anterodorsal and
anteroventral nuclei of the thalamus and the internal and external
glanular layers of the cerebellum. Signals were also detected
in the subiculum and the CAl region of the hippocampus.
Immunostaining in P14 mice confirmed the presence of ADGRL1
in layer 5 of the cerebral cortex and in the anterodorsal and
anteroventral nuclei of the thalamus (Zuko et al., 2016).

Rattus norvegicus

Northern blot analysis of different adult rat tissues analyzed
revealed the presence of Adgrll exclusively in the brain, and not in
liver, heart, lung, kidney, spleen, skeletal muscle, and duodenum.
In the brain, Western Blot of different brain areas revealed that
ADGRLI was most preeminent in the striatum, somewhat lower
in cortex and hippocampus, and much less in the cerebellum
(Krasnoperov et al., 1997).

Matsushita et al. (1999) investigated the distribution of Adgrii
mRNA in northern blots of RNA isolated from different adult rat
tissues. Adgrll mRNA was almost exclusively brain-specific, with
very low levels of Adgril detected in kidney, lung and spleen. The
concentration of Adgrll mRNA in the brain is leastways 50-fold
higher in the brain than in any other tissue. No ADGRLI was
detected in liver samples by Western Blotting.

Matsushita et al. (1999) found that Adgrl2 mRNA expression
was prevalent in liver, lung and brain tissues, but were found
to variable extent in all tissue tested (heart, spleen, muscle, and
kidney). Disagreeing with the RNA expression, however, Western
Blot experiments performed by Matsushita et al. (1999) could not
find the ADGRL2 protein in the brain. Matsushita et al. (1999)
also investigated the distribution of Adgri3 mRNA in different
adult rat tissues. As is the case of Adgril, Adgrl3 mRNA was found
mostly in the brain and in lower amounts in the lung and spleen.

Lwww.flyatlas.org

Homo sapiens

According to Sugita et al. (1998), ADGRLI mRNA was largely
enriched in human brain samples, but longer exposure times
revealed ADGRLI expression in several other tissues, including
the placenta, lung, kidney and pancreas. PCR confirmed that
ADGRLI is expressed in fibroblasts. The authors suggest
that the failure to observe ADGRLI expression outside the
CNS in other studies was probably because of the short
exposure times used.

Compared to ADGRLI mRNA, ADGRL2 mRNA presented
a substantial different organization because ADGRL2 mRNA
expression is ubiquitous and uniformly distributed in all
tissues. The highest expression of ADGRL2 was observed in
placenta and lung, and the lowest were observed in brain
and liver (Sugita et al, 1998). According to Ichtchenko
et al. (1999), employing northern blot on adult human
tissues, ADGRL2 mRNA expression is detected almost in
all tissues tested. The highest expression was detected in
placenta, heart, lung, kidney, pancreas, spleen, and ovary.
Moderate expression was seen in brain, liver, and testis. Weak
expression was observed in the skeletal muscle and thymus
and peripheral blood leukocytes did not presented ADGRL2
mRNA expression.

According to Sugita et al. (1998), ADGRL3 mRNA expression
was only observed in the human brain. Subsequently, Ichtchenko
et al. (1999) described that ADGRL3 mRNA was expressed
mainly in the brain. Weak expression was reported in heart,
placenta, pancreas, kidney, and testis. Northern blot analysis of
different human brain tissue samples performed by Arcos-Burgos
et al. (2010) showed significant expression of ADGRL3 mRNA
in amygdala, caudate nucleus, cerebellum and cerebral cortex.
Lower expression was found in corpus callosum, hippocampus,
whole brain extract, occipital pole, frontal lobe, temporal lobe,
and putamen. No expression was detected in thalamus, medulla
and spinal cord. In situ hybridization in human brain of different
ages revealed strong cytoplasmatic signals in the amygdala,
caudate nucleus, pontine nucleus and in Purkinje cells of the
cerebellum at all ages tested. Weak signals were detected in
cingulate gyrus neurons in the 2- and 5-year old, but not in
the 8- and 30-year old, and in indusium griseum neurons in
the 2-year old. Areas of the brain that were labeled by in situ
hybridization also were labeled by immunohistochemistry.

CONCLUSION

The teneurin-latrophilin system is a remarkable model for the
study of protein-receptor interactions. The study of this system
gives us a window into the fascinating exchanges that occurred
between prokaryotes and basal eukaryotes, the repurposing of
bioactive molecules once they are acquired, and the increasing
complexity of neuropeptidergic systems as metazoans evolved. In
particular, the teneurin system is remarkable in the sense that it
is possible to build a phylogenetic tree based on the distribution
and temporal dynamics of Ten expression that will result in
a similar tree based on sequence similarity. Tenl and Ten4
genes, in the available models, share the early and widespread
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expression of the C. elegans teneurin that results in the long
isoform. On the other hand, Ten2 and Ten3 are expressed
late during development and became more pronounced in
the nervous system and, in particular, in axonal guidance,
resembling the C. elegans teneurin that results in the short
isoform. The appearance of alternative regulation of teneurin
expression after the divergence of Cnidaria/Ctenophora may
have fundamentally impacted the way the teneurins acquired
new functions and new corresponding distributions as nervous
system complexity increased. In a similar vein, the appearance
of isoforms before the nematode lineage likely facilitated the
Insecta lineage to develop two teneurin paralogs that resemble
the Tenl/Ten4 and the Ten2/Ten3 in terms of morphology,
despite no direct homology between these proteins. This is a
case of convergent evolution facilitated by a molecular event
common to the species involved. It is interesting to question,
however, how much causation there is between the increase
in teneurin complexity in metazoans and the increase in
complexity in sensory systems and in the nervous system as
a whole. If certainly not the only promoter in that increasing
complexity, it is hard to imagine that more complex sensory
systems could have evolved without a system in place to ensure
the correct connectivity, and the teneurins-latrophilins must
have contributed in that process. If this is the case, teneurin-
latrophilin interactions can be predicted to play an essential
role in human physiology. As reviewed in this work, however,
the study of those interactions is undermined by insufficient
morphological data and a limited number of animal models
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