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Teneurins are multifunctional transmembrane proteins that are found in all multicellular
animals and exist as four paralogous forms in vertebrates. They are highly expressed in
the central nervous system, where they exert their effects, in part, by high-affinity binding
to latrophilin (LPHN), a G-protein coupled receptor (GPCR) related to the adhesion
and secretin GPCR families. The teneurin C-terminal associated peptides (TCAPS)
are encoded by the terminal exon of all four teneurins, where TCAPs 1 and 3 are
independently transcribed as soluble peptides, and TCAPs 2 and 4 remain tethered to
their teneurin proprotein. Synthetic TCAP-1 interacts with LPHN, with an association with
B-dystroglycan, to induce a tissue-dependent signal cascade to modulate cytoskeletal
dynamics. TCAP-1 reduces stress-induced behaviors associated with anxiety, addiction
and depression in a variety of models, in part, by regulating synaptic plasticity. Therefore,
the TCAP-1-teneurin-LPHN interaction represents a novel receptor-ligand model and
may represent a key mechanism underlying the association of behavior and neurological
conditions.

Keywords: stress, synapse, molecular evolution, neuroendocrine interactions, adhesion GPCR

Introduction

The molecular association of adhesion proteins and G protein-coupled receptors (GPCRs) became
established in the evolution of eukaryote and later multicellular organisms, and their relation-
ship with energy metabolism would be essential to the survival of these systems. Ultimately, such
fundamental molecular transducing systems would have been evolutionarily retained and incorpo-
rated into newly evolving signaling and biochemical pathways. The teneurin-latrophilin (LPHN)
intermolecular trans-synaptic pairing formed at the earliest stages of metazoan evolution, and is
currently the only known example of a trans-synaptic molecular adhesion coupling that is com-
mon between invertebrates and vertebrates. However, although the teneurins are well established to
play a role in adhesion, these multifunctional transmembrane proteins are also associated, in part
with paracrine signaling via a peptide termed “teneurin C-terminal-associated peptide (TCAP),
found in the terminal exon of each of the four teneurin genes. Its primary structure is highly con-
served throughout animal evolution and is associated with modulating numerous stress-associated
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behaviors. In this review, we posit that the teneurin/TCAP-LPHN
unit represents one of the most fundamental signaling systems to
regulate neuronal metabolism and associated behaviors.

Discovery and Structure of Teneurins,
TCAP, and Latrophilins

The teneurin and LPHN ligand receptor system represents an
early evolving system that has become associated with the coor-
dination of cellular development, sensory regulation and control
of energy systems to promote the survival of cells in multicellu-
lar organisms. On the distal extracellular tip of each teneurin is a
short amino acid sequence termed “T'CAP” that has actions inde-
pendent of the full-length teneurin protein. Also, TCAP possesses
a compelling structural homology with a number of bioactive
peptide ligands associated with the secretin family of GPCRs.
The teneurin TCAP protein binds and activates the LPHNs, a
family of adhesion- associated GPCRs, to regulate numerous
neurological and physiological activities.

Teneurins

The teneurins (Figure1l) comprise a family of glycosylated
type II transmembrane proteins that were originally discov-
ered in Drosophila as tenascin-like molecule accessory (ten-
a) (Baumgartner and Chiquet-Ehrismann, 1993), tenascin-like
molecule major (ten-m) (Baumgartner et al., 1994) and odd oz
(odz) (Levine et al, 1994), by two independent groups in a
search intended to identify orthologs of the vertebrate tenascins
(Baumgartner et al.,, 1994) and tyrosine phosphorylated pro-
teins (Levine et al., 1994). However, they were eventually estab-
lished to be structurally and functionally distinct from the
tenascins, despite the high degree of conservation of their epi-
dermal growth factor (EGF)-like repeats (Tucker et al., 2006).

The name “teneurins” reflects the protein’s high level of expres-
sion in the developing and adult nervous system, as well as
its association with ten-m (Oohashi et al., 1999; Lovejoy et al,,
2006). Teneurin genes encode large proteins that are composed
of approximately 2800 amino acids and contain an N-terminal
intracellular domain, a single span transmembrane domain and a
large highly conserved C-terminal extracellular domain (Rubin
et al., 1999; Tucker and Chiquet-Ehrismann, 2006), consis-
tent with the architecture of prokaryote polymorphic proteina-
ceous toxins (see below). The intracellular region contains two
EF-hand-like domains, typical of calcium-binding proteins, as
well as two polyproline regions which serve as c-Cbl-associated
protein/ponsin binding sites, facilitating interaction between
teneurin-1 and the cytoskeleton (Nunes et al., 2005). On the
highly conserved extracellular side, there are eight tenascin-type
EGF-like repeats, a region of conserved cysteine residues, and a
unique stretch of 26 tyrosine-aspartate (YD)-repeats (Minet and
Chiquet-Ehrismann, 2000; Young and Leamey, 2009). Among
eukaryotic proteins, the 26 YD repeats occur only in teneurins.

Subsequently, the vertebrate orthologs of ten-a and ten-m
were discovered. Mouse Doc4, the first vertebrate member of
the teneurin family, was identified in a screen for novel genes
that were expressed in response to perturbation of protein fold-
ing in the endoplasmic reticulum (Wang et al., 1998) and since
then, several laboratories independently described the ten-a and
ten-m/odz homologs in zebrafish (Mieda et al., 1999), chicken
(Mieda et al., 1999; Rubin et al., 1999), mouse (Oohashi et al.,
1999), rat (Otaki and Firestein, 1999), human (Minet et al., 1999;
Minet and Chiquet-Ehrismann, 2000), and Caenorhabditis ele-
gans (Drabikowski et al., 2005). In most invertebrates, only one
teneurin copy has been identified, with the exception of insects,
where two paralogs have been discovered (Tucker et al., 2012).
However, unlike invertebrates, four teneurin paralogs have been
reported in most vertebrates.

Cysteine residues YD repeats TCAP
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FIGURE 1 | Schematic of teneurin-TCAP protein structure. The
intracellular amino terminus contains polyproline (pp) sites and EF-hand-like
CaZt binding motifs (EF). The extracellular domain is composed of eight

~
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epidermal growth factor (EGF)-like repeats, a cysteine-rich region, followed
by 26 tyrosine-aspartic acid (YD) repeats. Finally, the carboxy terminus
contains the TCAP structure with 40-41 residues. Drawing is not to scale.
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In metazoans, it has been postulated that the teneurins arose
from a single ancestral gene. Comparison of the gene organiza-
tion among human Ten-1, Drosophila ten-a and ten-m and the
C. elegans ten-1 reveals the presence of both conserved intron
locations and exon sequences (Minet and Chiquet-Ehrismann,
2000). Sequence comparisons of teneurins show that it is not pos-
sible to classify any of the vertebrate teneurins specifically with
either Drosophila ten-a or ten-m. However, phylogenetic anal-
ysis suggests that insects and vertebrates separated before the
teneurin gene started to duplicate in each indicating that the two
insect ten-m (teneurin) homolog genes are the result of a lineage-
specific duplication. Therefore, the insect teneurin ancestor gene
duplicated once to allow for two teneurin paralogs, ten-a and ten-
m, whereas the duplication of the teneurins in the vertebrates
occurred before the vertebrates radiated into their respective
classes.

Recent evidence indicates that the original transfer of
teneurin-like homologs originated from a prokaryotic transmem-
brane polymorphic proteinaceous toxin gene into the genome
of a choanoflagellate. Subsequently, it became associated with
another gene possessing a set of EGF- like domain repeats, which
are a hallmark of metazoan genomes (Tucker et al., 2012; Tucker,
2013). Before the advent of single-celled eukaryotes (protists),
prokaryotes were the initial form of life on the planet. Prokary-
otes were likely the major food source of the first eukaryotes. As
the first heterotrophic (non-phototrophic) multicellular organ-
isms evolved, prokaryotes and protists would have been the
fundamental nutrient sources. Choanoflagellates are thought to
be the most closely related protist lineage to the Metazoa (Ni
et al., 2012; Ramulu et al., 2012; Tucker et al., 2012; Tucker,
2013).

Teneurins and their invertebrate homolog, ten-m, have been
found in most metazoans studied to date. In vertebrates,
teneurins have been functionally implicated in neurite out-
growth (Rubin et al., 1999), cell adhesion (Rubin et al., 2002),
and neuronal pathfinding. In neuroblastoma cells, overexpres-
sion of teneurin-2 led to enhanced neurite elongation, enlarged
growth cones, increased filopodia formation and co-localization
with actin-containing filopodia (Rubin et al., 1999, 2002). Sim-
ilar effects were also observed in chicken dorsal root ganglia
explants plated on recombinant teneurin-1 YD-repeats (Mieda
et al.,, 1999). In mice, a missense mutation at the C-terminus
of teneurin-4 results in delayed gastrulation and neural tube
defects prior to embryonic lethality (Lossie et al., 2005). Knock-
out mice lacking teneurin-3 show abnormalities in mapping of
ipsilateral projections, indicating that teneurin-3 has a role in
axonal guidance within the visual cortex. These mice also exhibit
deficits when performing visually mediated behavioral tasks,
however the deficits were described as mild, suggesting functional
redundancy with other teneurins. Similar actions are observed
within the invertebrate teneurins. The Drosophila ten-a and ten-
m are required for correct matching of olfactory projection neu-
rons and receptor neurons, leading to proper olfactory mapping
(Hong et al., 2012). Thus, the conservation of the teneurin gene,
its function, and duplication in multicellular organisms argues
for its early essential role in species survival and evolutionary
success.

Teneurin C-terminal Associated Peptide (TCAP)
The discovery of TCAP in rainbow trout occurred after the
reports of teneurin and ten-m by an independent study, searching
for homologs of corticotropin-releasing factor (CRF) (Qian et al.,
2004). Alignment with other genomic sequences uncovered a 40-
residue carboxy-terminal sequence located in the final 3’ exon
of teneurin, now known as TCAP (Qian et al., 2004). Flanked
by a cleavage motif on the amino terminus and an amidation
motif on the carboxy terminus, TCAP contains features charac-
teristic of an endogenous bioactive peptide (Qian et al., 2004).
In comparing teneurin-3 orthologs, a high degree of conserva-
tion was observed across the zebrafish, mouse and human, and
the TCAP portion embedded within the teneurin carboxy ter-
minal was found to be the most highly conserved sequence of
the final exon; this resistance to change is highly suggestive of
functional importance. The TCAP sequence alone bore the clos-
est resemblance to the CRF peptide family, in terms of amino
acid sequence, than any other known peptide sequences. Since
then, it has been shown to possess sequence similarity to all of the
secretin GPCR family peptide ligands (Lovejoy et al., 2006; Love-
joy and de Lannoy, 2013). It has since been hypothesized that the
original TCAP-like peptide introduced into the Metazoa by lat-
eral gene transfer spawned the evolution of the peptide ligands
of the secretin family of GPCRs. This hypothesis is further sup-
ported by the close relationship among the cognate receptors (see
further discussion below).

Recent studies on the evolution of prokaryote polymorphic
proteinaceous toxins indicate that the C-terminal region of the
teneurins is derived from the toxin “payload” resulting from the
original gene transfer in choanoflagellates (Zhang et al., 2012).
This confirmed previous studies on the biological efficacy of
the TCAPs. The TCAP family of peptides was first discovered
in a search for novel CRF homologs (Qian et al., 2004). Since
then, four TCAPs have been identified in vertebrates, annotated
as TCAP-1,-2, -3, and -4, based on their location in the four
teneurin genes. All TCAPs are the same size as CRFE, but possess
less than 20% sequence similarity to the CRF family of peptides
(Lovejoy et al., 2006) and differ markedly in structure (Tan et al.,
2012). However, the TCAP family is highly conserved across the
metazoans.

In the genome, TCAPs are annotated as being part of the
extracellular domain of teneurin but recent studies indicate that
some members of the TCAP family may possess functions that
are independent of the larger teneurins. Rodent brain teneurin-1
(Zhou et al., 2003) and TCAP-1 (Wang et al., 2005) mRNA
expression is distinct in some regions such as in the limbic areas,
but overlap in others areas such as the olfactory bulb and cere-
bellum suggesting that the teneurin gene could be differentially
regulated. Northern blot studies in the adult brain and embryonic
hypothalamic cell culture demonstrated that only TCAP-1 and -3
can be independently synthesized from the larger teneurins,
(Chand et al., 2012a).

Latrophilins

A receptor for the teneurins and TCAP has recently been charac-
terized through an independent identification of the black widow
spider toxin component, a-latrotoxin. This led to the discovery of
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the LPHNS, a family of GPCRs (Lelianova et al., 1997). Like the
teneurins, recent studies have indicated that the LPHNS, evolved,
in part, by lateral gene transmission from prokaryotes to an early
metazoan ancestor (Zhang et al., 2012). Based on sequence com-
parisons of other GPCRs known at the time, LPHN was a novel
member of the secretin family of GPCRs. Since then, recent
analyses have placed the receptors within the adhesion family
of GPCRs (Silva et al., 2011). There are three types of LPHNs
(-1, -2, and -3), and both LPHN-1 and -3 are expressed in the
brain, whereas LPHN-2 shows expression in non-neural tissues
(Silva and Ushkaryov, 2010). The authors suggest that LPHN
may play a role in the regulation of the presynaptic release of
neurotransmitters in a system that regulates the role of calcium.

LPHNs possess a ligand-binding domain that is character-
ized as a “hormone binding-domain” as identified by Perrin
et al. (1998) based on the characterization of the ligand binding
domain of the CRF receptors. This region is found in a num-
ber of the adhesion GPCRs (Matsushita et al., 1999; Vakonakis
et al., 2008). The toxin, a-latrotoxin, acts a potent agent via its
interaction with the hormone-binding domain of LPHN-1 to reg-
ulate presynaptic neurotransmitter function by influencing, in
part, the voltage-gated calcium channels (Davydov et al., 2009;
O’Sullivan et al., 2014). Specifically, a-latrotoxin has been shown
to release both y-aminobutyric acid (Storchak et al., 2002) and
acetylcholine (Lelyanova et al., 2009). However, because it pro-
duces neurotransmitter release in both calcium containing and
calcium free media, it was thought to act on different recep-
tor sites (Storchak et al., 2002). The stimulation of neurons by
a-latrotoxin leads to a fusion of synaptic vesicles even in the
absence of action potentials, calcium ionophores or hypertonic
sucrose media (Boudier et al., 1999; Storchak et al., 2002).

At the time of the LPHN protein discovery, the endogenous
ligands were not known, but were later shown to interact
with synaptic scaffolding proteins and were generally impli-
cated in presynaptic function leading to neurotransmitter release
(Lelianova et al., 1997; Vakonakis et al., 2008; O’Sullivan et al.,
2014). The LPHNs, which possess three paralogous genes and
proteins and a number of splice variants, were eventually estab-
lished to be part of the adhesion family of G-protein coupled
receptors and were subsequently termed Lec 1, 2, and 3 by
virtue of their lectin-like-binding regions (Lelianova et al., 1997;
Matsushita et al.,, 1999). The LPHNs consist of multidomain
regions possessing a rhamnose-binding lectin-like domain, an
olfactomedin-like domain, and a hormone-binding domain sim-
ilar to that previously established for the CRF family of recep-
tors (Perrin et al., 1998; Vakonakis et al., 2008). As mentioned
previously, it was thought that LPHNs were associated with
the Secretin family (Family B) group of GPCRs, as both LPHN
and the secretin family both contain a unique hormone-binding
domain (Fredricksson et al., 2003; Nordstrom et al., 2009; Schioth
etal., 2010). However, more recently, LPHNs have been found to
belong to the Adhesion family of GPCRs (Silva et al., 2011).

Several studies support a significant functional and physi-
cal interaction between teneurins and LPHNs, which is integral
for the maintenance of the stability of the synaptic cleft. Silva
et al. (2011) show that teneurin-2 binds and activates LPHN-1
with a Kd of less than 2nM. Moreover, a C-terminal fragment

of teneurin-2, comprising the region that encompasses TCAP-2
likewise binds LPHN-2 inducing release of intracellular calcium
stores. The authors suggest, in the case of teneurin-2, the TCAP-2
region likely remains tethered to the teneurin-2 protein to pro-
duce its physiological and behavioral effects. In this study, there
was little evidence to suggest that teneurins-1, -3 or -4 bound to
the LPHN-1 receptor, and suggest that teneurin-2 was one of the
cognate ligands for LPHN-1. However, a later study, confirmed
that teneurin-2 did, indeed, bind to LPHN-1 with similar affin-
ity, but teneurin-4 also bound the receptor with a physiologically
similar, albeit somewhat lower affinity than teneurin-2 (Boucard
et al., 2014). In this study, the lectin domain region of LPHN-1
was essential for full affinity of the teneurin ligand, which is
consistent with the lower affinity and activity established for
the C-terminal TCAP-2 containing fragment previously reported
(Silva et al., 2011). As previously mentioned, the lectin domain is
the most highly conserved region of LPHNs, which further sup-
ports the ancient ligand receptor interaction and coevolution of
teneurin and LPHN.

Dystroglycans and Additional Proteins in the
Teneurin-LPHN Complex
Given the complexity of the teneurin and LPHN proteins, it
is unsurprising that the association of these two protein sys-
tems results from complex stoichiometry (Figure 2). Additional
proteins including dystroglycans, fibronectin leucine-rich trans-
membrane (FLRT) proteins and neurexins have also been asso-
ciated with the organization and signaling of this system (Sugita
etal., 2001; O’Sullivan et al., 2014). Research shows that the FLRT
proteins bind to the lectin domain of LPHNs and are involved in
excitatory synapse development, axon guidance, and cell migra-
tion in the hippocampus and cortex (O’Sullivan et al., 2012).
Moreover, a number of studies indicate a functional and physi-
cal association of the teneurin-TCAP protein and dystroglycans.
Dystroglycans were initially established as intercellular adhesion
proteins in a number of tissues. They arise as single precursor
proteins that are then cleaved into o and B forms where they
remain associated in the membrane. The o subunit is extracellu-
larly exposed and binds a number of extracellular matrix proteins
in non-neuronal cells, including laminin, perlecan, and agrin.
Neurexins have been implicated as extracellular binding sites
for neuronal a-dystroglycan. Similar to laminin, perlecan, and
agrin, the extracellular sequences of neurexins contain a laminin-
neurexin-sex hormone-binding/laminin G domain (Sugita et al.,
2001). The B-dystroglycan form, on the other hand, consists of
a smaller transmembrane region and a cytoplasmic tail. There is
little exposure of this subunit to the extracellular space. The intra-
cellular region of the f subunit binds to dystrophin and utrophin,
both of which interact with the actin cytoskeleton (Hemler,
1999; Henry and Campbell, 1999). Thus, the dystroglycan com-
plex serves, in part, to couple extracellular matrix proteins with
the intracellular matrix. The significance of this arrangement is
underscored by deletion studies indicating that loss of the dystro-
glycan gene results in embryonic lethality (Henry and Campbell,
1998).

Dystroglycan is a main component of the transmembrane
protein complex, dystrophin-glycoprotein complex, originally
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FIGURE 2 | Schematic interpretation of the teneurin/TCAP-latrophilin
complex in the trans-synaptic region. Current evidence suggests that
teneurins interact with both the lectin-like (LEC) and olfactomedin-like (OLF)
binding domains. We further postulate that TCAP interacts with the
hormone-binding domain (HBD) of latrophilin, and associates with
B-dystroglycan to activate the MEK-ERK1/2 pathway leading to cytoskeletal
reorganization and synaptic plasticity (Adapted from Chand et al., 2012b).
Teneurin/TCAP and latrophilins, together with a—dystroglycan, neurexin and
fibronectin leucine-rich transmembrane protein (FLRT) play a role with the
stabilization of the trans-synaptic region.

discovered in skeletal muscle (Masaki and Matsumura, 2010).
In muscle, dystroglycan acts as a scaffold providing a crucial
link between extracellular matrix and the cytoskeleton (Henry
and Campbell, 1996; Masaki and Matsumura, 2010), and is also
present at the neuromuscular junction where it links rapsyn and
acetylcholine receptor, thereby aiding in acetylcholine receptor
clustering (Banks et al., 2003). Mice that are homozygous null
mutants for dystroglycan result in embryonic lethality, which
indicates it is critical for development (Williamson et al., 1997).
However, dystroglycan is expressed in non-muscular tissue as
well and has functional properties that are not muscle-specific
(Henry and Campbell, 1996). Dystroglycan plays an important
role in kidney epithelial morphogenesis by its interaction with
laminin (Henry and Campbell, 1996), as well; neuronal dystro-
glycan is responsible for the maintenance of Schwann cell myeli-
nation and axonal guidance (Masaki and Matsumura, 2010).

In Trzebiatowska et al. (2008) initially reported an association
of the teneurins with dystroglycans. It was concluded that the
teneurins have partly related and redundant functions in C. ele-
gans development, particularly with respect to the organization
and maintenance of the basement membrane in tissues associ-
ated with the gonad, pharynx and hypodermis. Both teneurins
and dystroglycans bind laminins (Rubin et al., 1999; Henry
et al., 2001), a key component of the basement membrane and

extracellular matrix in non-neural tissues. Although these studies
pointed to a functional relationship between teneurins and dys-
troglycans, a physical association was not established. In an inde-
pendent study, Chand et al. (2012b) identified a-dystroglycan
as a candidate target for further investigation, when it was
found to have the highest level of mRNA up-regulation as ascer-
tained by gene array studies following the treatment of synthetic
mouse TCAP-1 on cultures of immortalized mouse hypothala-
mic cells. It was subsequently determined that fluoresceinisothio-
cyanate (FITC)-labeled mouse TCAP-1 with lysine substitutions
for arginine residues 8 or 37 (FITC-K8/37-mTCAP-1) showed
significant co-localization with immunoreactive B-dystroglycan
although an association with a-dystroglycan was equivocal. How-
ever, although FITC-K37-mTCAP-1 was internalized into the cell
via clathrin-independent but caveolin-associated vesicle trans-
port, no co-labeling of this TCAP-1 analog with either of the dys-
troglycan subunits could be discerned (Chand et al., 2013). These
findings were partially resolved when TCAP-1 and teneurin-1
was investigated in the mouse testes. Here, the studies indicated a
clear relationship of teneurin-1 with a-dystroglycan, and TCAP-1
with B-dystroglycan (Chand et al., 2014). However, in these stud-
ies, teneurin immunoreactivity was found at the cell membrane,
whereas TCAP-1 immunoreactivity was typically found within
the cytosol. Thus, it was not clear if the intact teneurin-TCAP
protein was binding to both dystroglycan subunits. Although
these studies show a different interaction profile of the teneurins
and TCAPs with respect to dystroglycans, it is not clear whether
a similar arrangement occurs in the brain. Thus, based on these
studies, the authors suggested that while the dystroglycans were
associated with the teneurins and TCAPs, they were not the
cognate receptors.

In the brain, the arrangement of the dystroglycan complex
with components of the extracellular matrix differs as laminin,
perlecan, and agrin are not typically found (Sugita et al., 2001).
Indeed, as basement membrane is found in non-neural tissues,
it is similarly lacking in the brain. However, because of the high
expression of dystroglycans in the brain, additional ligands were
sought. There is a strong association of both dystroglycan sub-
units with the neurexins (Sugita et al., 2001; Reissner et al.,
2014). Neurexins are neuron-specific cell surface proteins, and
although only three vertebrate neurexin genes have been identi-
fied, there are thought to be over a thousand alternative splice-
generated forms (Ullrich et al., 1995). The neurexin structure can
be complex in that it includes an extracellular domain consisting
of a number of laminin-neurexin, sex steroid-binding globulin
domains that are interspersed with EGF-like domains, although
this region is variable depending upon the splice variant. Dystro-
glycans specifically bind to this region under the appropriate gly-
cosylation and appears to compete with a-latrotoxin, as neurexin
has been identified as an alternate viable receptor for a-latrotoxin
(Sudhof, 2001; Sugita et al., 2001).

Evidence for Latrophilins as Cognate
Receptors of Teneurins and TCAPs

Several lines of evidence indicate that TCAP is an endogenous
ligand of the LPHNSs, and these arguments can be divided into
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evolution and phylogenetic, cellular expression, molecular and
physiological aspects. At the evolutionary and phylogenetic level,
TCAP appears to have evolved about the same time as the LPHNs
at an early stage of metazoan evolution (Zhang et al., 2012;
Chand et al., 2013; Lovejoy and de Lannoy, 2013). TCAP-like
sequences are found in most metazoans and possess sequence
similarity to a diverse range of hormones associated with the
secretin GPCR family of ligands in vertebrates, and toxins found
in both invertebrates and vertebrates. All TCAPs are associated,
in part, with the expression of the teneurins. Our studies indicate
that while mRNA expression of all TCAPs show a relationship
with the intact teneurin, TCAP-1 is transcribed independently
and TCAP-3 may also do so (Chand et al., 2013). The teneurin
expression shows a strong overlap with the LPHNs, and TCAP
and teneurins are found in all tissues known to express the
LPHNS, including the amygdala, hippocampus, and prefrontal
cortex (Arcos-Burgos et al., 2010; Silva et al., 2011). At the molec-
ular level, teneurins have been established to bind to LPHNSs at
physiologically compatible affinity at the lectin-like domain (Silva
etal.,, 2011; Boucard et al., 2012). This domain is the most highly
conserved region of LPHNG, further indicating the ancestry and
importance of teneurin-latrophilin binding.

Neurological Actions of the
Teneurin/TCAP-LPHN Complex

There are a number of synaptic adhesion proteins, although only
the teneurins, LPHNs and FLRTs have been conserved between
invertebrates and vertebrates (Tucker et al., 2006; Boucard et al.,
2014). Therefore, the teneurin-latrophilin pairing is a likely can-
didate to understand the phylogenetically earliest mechanism
that lead to neuronal transmission. Interneuronal transmission
is essential for neuron viabilities. Tan et al. (2011) showed
that intracerebroventricular (ICV) administration of synthetic
mTCAP-1 increased spine density in hippocampal neurons.
Interestingly, LPHN-1 has been localized on nerve terminals near
synaptic clefts but not on dendritic spines whereas teneurin-2 has
been found on dendritic spines, suggesting that the two types of
receptors may have different structure-function attributes (Silva
etal., 2011). Also, as mentioned previously, post-synaptic FLRTs
regulate glutamatergic synapse density in hippocampal cells;
thus, providing support for their role in the trans-synaptic cell
adhesion complex (O’Sullivan et al., 2014).

This interaction suggests a plausible mechanism for TCAP
action: the LPHN-teneurin trans-synaptic complex stabilizes the
synapse (along with the accessory proteins, dystroglycan, and
neurexins) and the TCAP region of the C-terminal region of
teneurin is required for high affinity binding to LPHN. Then, the
presence of free TCAP, either in the synthetic form or in the form
of a natural transcribed ligand, may bind to the hormone binding
domain of LPHN and compete, in part, for the teneurin bind-
ing. Once bound, TCAP may regulate the actions/coupling of the
receptor depending on the LPHN.

TCAP affects pathways related to anxiety and emotionality.
Wang and associates screened rats by their response to the acous-
tic startle test, and then divided the rats into either low or high
reactive groups based on their results (Wang et al., 2005). When

treated with ICV TCAP-1, high reactive rats had a reduced acous-
tic startle response, whereas low reactive rats had an increased
response, indicating that TCAP has a normalizing effect on
behavior. It is proposed that TCAP has a general action across all
synapses: synaptic circuits that promote a stress response would
be disrupted leading to a decrease in stress behavior because of
the inability to perceive and carry out the stress. In animals with
a reduced sympathetic response and a higher parasympathetic
response would be, likewise, inhibited and show a reduced inhibi-
tion of the stress response and so both would show a normaliza-
tion of behavior. In the case of findings from Tan et al. (2011), the
increase in spine density may reflect a normal homeostatic mech-
anism to increase the connections after synthetic TCAP-1 acted
to break existing synapses. In the short term, the post-synaptic
regions would be expected to increase dendrite spine number to
maintain the signal. Then, in the long term and under repeated
TCAP-1 administration (and assuming TCAP-1 reduces neuro-
transmitter release) the spine density would be reduced due to
continued reduction of the neurotransmitter signal.

As part of the LPHN trans-synaptic complex, teneurins func-
tion to maintain neural networks by promoting synapse con-
nectivity and increasing neurite outgrowth (Rubin et al., 1999;
Young and Leamey, 2009). High levels of teneurins in the central
nervous system are found on axon surfaces (Wang et al., 2005),
and there is significant teneurin expression in the interconnected
neurons found in chicken and mouse (Kenzelmann et al., 2008).
Since the length of teneurin and LPHNSs together can span the
synaptic cleft (Silva et al., 2011), this allows teneurins to interact
with adjacent neurons thus increasing efficiency of the synapse.

Additionally, teneurins are integral to the normal develop-
ment of visual, auditory, and olfactory pathways (Young and
Leamey, 2009; Hong et al., 2012). For example, teneurin-3 is
required for binocular vision, as it regulates mapping of ipsi-
lateral axons connecting the ventral retina to the dorsal lat-
eral geniculate nucleus (Young and Leamey, 2009). Moreover,
teneurin-1 is expressed prominently in the L5 and L6 regions of
the neocortex (O’Sullivan et al., 2014) and in the piriform cor-
tex, a region associated with processing of odor and pheromone
signals (Wang et al., 2005). Ultimately, teneurins are important
for basic brain maturation and function, as they regulate synaptic
plasticity and modulate sensory processes.

A number of biological functions both in vitro and in vivo have
been attributed to the TCAP family of peptides. The first studies
found that in immortalized mouse neurons, TCAP-1 treat-
ment had a dose-dependent effect on cAMP levels, teneurin-1
gene expression and cell proliferation (Qian et al, 2004;
Wang et al., 2005; Al Chawaf et al,, 2007b). Further, TCAP-
1 is neuroprotective in hypothalamic neurons by increasing
superoxide dismutase-1, superoxide dismutase-1 copper chap-
erone and catalase enzyme levels (Trubiani et al., 2007). In
unstressed hypothalamic cells and primary hippocampal neu-
rons, TCAP-1 treatment increases expression of wa-actinin-4,
B-actin and B-tubulin; and also induced neurite outgrowth, den-
dritic arborization, and axon fasciculation (Al Chawaf et al.,
2007a). TCAP-1 also inhibits brain-derived neurotrophic factor
expression and translation in hypothalamic neurons (Ananthara-
man and Aravind, 2003).
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The receptor complex and signal transduction system for
TCAP-1 has been recently established. Gene array studies initially
established that the B-dystroglycan gene was significantly upreg-
ulated in TCAP-1 treated immortalized hypothalamic neurons.
Immunohistochemical studies established that FITC-tagged syn-
thetic TCAP-1 strongly co-localized with B-dystroglycan at
the plasma membrane. In addition, the MEK-ERK1/2 signal
transduction system associated with p-dystroglycan was, like-
wise, stimulated by TCAP-1 and could be blocked by a MEK
inhibitor (Chand et al., 2012b) Subsequently, TCAP-1 stimu-
lated ERK1/2-dependent phosphorylation of the cytoskeleton
regulatory proteins, filamin, and stathmin. These studies indi-
cate that TCAP-1 signals through a novel pathway associated
with the dystroglycan complex to regulate cytoskeletal dynamics.
Moreover, it provides an understanding of how TCAP and the
teneurins can regulate neurite and neuronal process formation.
Recently, studies on the carboxy-terminal region of teneurins
on cytoskeletal elements in Drosophila showed a similar mech-
anism (Hong et al., 2012; Mosca et al., 2012). The two Drosophila
teneurin proteins, ten-m and ten-a, have been implicated in
neuromuscular synapse organization. Following teneurin per-
turbation, proper microtubule organization was impaired at
presynaptic terminals, and post-synaptic spectrin cytoskeleton,
a- and B-spectrin, an essential component of the membrane-
ous subsynaptic reticulum, was significantly reduced. The most
severe effects seen were cytoskeletal, thus, teneurins and TCAP
play a vital role in pre-synaptic and post-synaptic cytoskele-
ton organization in Drosophila. (Hong et al., 2012; Mosca et al.,
2012).

Cognitive and Behavioral Effects of the
Teneurin/TCAP-LPHN System

Studies of the LPHNs have indicated a number of neurologi-
cal effects specifically in the limbic region, and recent work has
aimed at elucidating the neuronal expression of LPHNs and their
role in psychiatric disorders. For instance, high Lphnl expres-
sion was found in the rat hippocampus and high LPHN3 mRNA
expression was found in human mesolimbic brain regions such
as the amygdala and prefrontal cortex (Arcos-Burgos et al., 2010;
Silva et al,, 2011). Lphnl knockout studies have revealed some
of its neurological actions. Female mice who were homozy-
gous null mutants for Lphnl were not able to attend to their
litters compared to wild-type mice, resulting in the death of
their pups regardless of the genotype of the pups themselves
(Martinez et al., 2010). As well, Silva and Ushkaryov (2010)
found that Lphnl knockout mice showed increased aggres-
sion and schizophrenia-like behaviors compared to wild-type
mice.

High Iphn3 expression was also examined in zebrafish
dopamine neurons in the posterior tuberculum, a brain area
with similar functions as the mammalian ventral tegmental area
(Lange et al., 2012). Furthermore, loss of the Lphn3 gene has
been implicated in impaired dopamine system development and
the pathogenesis of cocaine addiction and attention-deficient
hyperactive disorder (ADHD) (Lange et al., 2012; Wallis et al.,

2012). A hyperactive motor phenotype was seen in [phn3-mutant
zebrafish, as indicated by their fast swimming behavior (Lange
et al., 2012). Moreover, mutated LPHN3 gene may be implicated
in developmental synaptic abnormalities underlying ADHD
(O’Sullivan et al., 2014). Similar to FLRTs, LPHN-3 controls
glutamatergic synapse development and abundance of synaptic
inputs in mouse pyramidal neurons. It is suggested that a muta-
tion in the lectin domain of LPHN3 impairs binding of teneurin-
1 to LPHN in the mouse neocortex (O’Sullivan et al., 2014).
Interestingly, rats that repeatedly self-administered cocaine show
upregulated Lphnl levels in the striatum (Lynch et al., 2008).
Thus, LPHNs may be important components in dopamine-
mediated mechanisms and emotional regulation. Interestingly,
GPCRs have been of major pharmaceutical interest, with about
one-third of research being directed at them (Martinez et al.,
2010). This further supports the importance of this research
of the Teneurin/TCAP-LPHN ligand-receptor interaction and
its medicinal applications in respect to neurological conditions.
Further studies indicate that the teneurin/TCAP-latrophilin sys-
tem may have a number of effects on cell and organismal
metabolism.

TCAP-1 has emerged as a novel candidate in the integration
and modulation of a number of psychiatric disorders including
stress, anxiety, and addiction (Tan et al., 2008). Acute adminis-
tration of TCAP-1 into the basolateral nucleus of the amygdala in
rats modulated acoustic startle behavior by increasing the startle
response in the low-startle group and decreasing startle response
in the high-startle group (Wang et al., 2005). Other anxiety stud-
ies, using an elevated plus maze and open field tests, showed that
TCAP-1 modulates CRF-regulated behaviors. Repeated intra-
venous (IV) administration of TCAP-1 had an anxiolytic effect
on CRF-induced responses in both the elevated plus maze and
open field tests (Al Chawaf et al., 2007b). However, ICV adminis-
tration of TCAP-1 yielded differential behavioral responses based
on the presence or absence of a stress challenge (Tan et al., 2008).
In the absence of a CRF-mediated stressor, TCAP-1 had mild
anxiolytic effects in the elevated plus maze and open field tests
of behavior however, in the presence of a stressor TCAP-1 had
anxiogenic effects in the elevated plus maze and open field tests
(Tan et al., 2008). Interestingly, the TCAP-1 induced effects on
behavior are long lasting, with effects persisting 21 days after
TCAP-1 injection (Wang et al., 2005), suggesting that TCAP-
1 may regulate neuronal plasticity in the brain. Further in vivo
studies strengthened the notion of a functional link between
the TCAP-1 and CRF-mediated systems. TCAP-1 blocked CRF-
mediated c-fos synthesis in the hippocampus and amygdala of
the adult rat (Tan et al.,, 2009) and increased spine density in
the CA1 and CA3 neurons of the rodent hippocampus but not
in the amygdala (Tan et al., 2011). Moreover, repeated ICV and
IV TCAP- 1 administration ablates CRF-induced cocaine-seeking
reinstatement in rats (Kupferschmidt et al., 2011; Erb et al,
2014).

Summary

As indicated by evolutionary and phylogenetic, molecular and
physiological aspects, we posit that TCAP is the endogenous
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ligand for LPHN. This cognate ligand-receptor coupling has
been retained since their ancient interaction approximately
one billion years ago. Endogenous TCAP-teneurin is bound
to a trans-synaptic LPHN cell adhesion complex and is asso-
ciated with FLRTs, neurexins, and dystroglycans. Ultimately,
this complex is integral to maintenance of synaptic plastic-
ity and regulating pathways associated with behavior. While
little is known about the mechanisms behind the expression
of TCAP-1, evidence strongly suggests that it can be tran-
scribed independently of teneurin-1 and is translated and pro-
cessed outside of the classical ER/Golgi pathway. This, as well
as its distinct functions and cellular expression compared to
teneurin-1, indicate that the two have independent roles within
the cell.
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