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Abstract

The calsyntenins are atypical members of the cadherin superfamily that have been implicated in 

learning in C. elegans and memory formation in humans. As members of the cadherin 

superfamily, they could mediate cell-cell adhesion, although their adhesive properties have not 

been investigated. As an initial step in characterizing the calsyntenins, we have cloned clstn1, 

clstn2 and clstn3 from the zebrafish and determined their expression in the developing zebrafish 

nervous system. The three genes each have broad, yet distinct, expression patterns in the zebrafish 

brain. Each of the ectodomains mediates homophilic interactions through two, aminoterminal 

cadherin repeats. In bead sorting assays, the calsyntenin ectodomains do not exhibit hompphilic 

preferences. These data support the idea that calsyntenins could either act as adhesion molecules 

or as diffusible, homophilic or heterophilic ligands in the vertebrate nervous system.
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Introduction

Differential cell-cell adhesion is required to regulate a wide range of cellular processes at 

every stage of development. Cell surface proteins belonging to large, multigene families 

mediate the majority of these adhesive interactions. The cadherin superfamily is a large and 

diverse collection of proteins related by the presence of extracellular repeats of a ~110 

residue cadherin motif (Nollet et al., 2000, Redies, 2000). While the classical cadherins were 

originally identified on the basis of their calcium-dependent adhesive activity and are known 

to mediate predominantly homophilic interactions (Takeichi, 1988, 1990), much less is 

known about the adhesive activity of other superfamily members.
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Recent results suggest that other cadherin subfamilies exhibit a range of adhesive properties 

and mechanisms. In contrast to classical cadherins, some superfamily members participate 

primarily in heterophilic interactions. Protocadherin-15 and Cadherin-23 interact 

heterophilically to form the tip-links found in stereocilia and mediate adhesion through a 

"handshake" mechanism involving the first two cadherin repeats of each protein 

(Kazmierczak et al., 2007, Sotomayor et al., 2012). Similarly, the atypical cadherins Fat and 

Dachsous have been shown to mediate heterophilic interactions (Ishiuchi et al., 2009). 

Moreover, an atomic model for Drosophlia N-cadherin (DN-cadherin) and sequence 

analysis also provide evidence for diversity in cadherin structure and adhesive interactions 

(Jin et al., 2012). Protocadherins comprise the largest group of molecules within the 

cadherin superfamily. Although their domain structure is similar to classical cadherins, 

direct testing of protocadherin ectodomains has generally failed to detect significant 

adhesive activity for a number of family members (Chen and Gumbiner, 2006, Morishita et 

al., 2006, Blevins et al., 2011). Recently, Protocadherin-24 and Mucin-like protocadherin 

were shown to interact heterophilically during assembly of the intestinal brush border 

(Crawley et al., 2014). In addition, some evidence suggests that protocadherins are 

components of multiprotein assemblies, which may be required for their adhesive activity 

(Emond et al., 2011). Thus, each group within the cadherin superfamily may exhibit very 

distinct adhesive properties and mechanisms.

The Calsyntenins (Clstns) are cadherin superfamily members, each consisting of two 

cadherin motifs near the amino terminus, a membrane proximal LGN domain, a single-pass 

transmembrane domain and a highly acidic intracellular domain (Hintsch et al., 2002). The 

intracellular domain binds calcium (Vogt et al., 2001) and also interacts with Kinesin Light 

Chain to act as a vesicular cargo adapter (Konecna et al., 2006, Araki et al., 2007). They 

appear to play important roles in intracellular transport and have been implicated in 

endosomal trafficking (Ponomareva et al., 2014), NMDA Receptor trafficking (Ster et al., 

2014) and APP trafficking (Araki et al., 2003, Araki et al., 2004, Suzuki et al., 2006, 

Mizumaru et al., 2009). Calsyntenins have been implicated in learning and memory in both 

C. elegans (Ikeda et al., 2008, Ohno et al., 2014) and humans (Jacobsen et al., 2009, Zhang 

et al., 2009, Preuschhof et al., 2010). Like many type-I transmembrane proteins, 

Calsyntenins undergo proteolytic processing and ectodomain shedding (Vogt et al., 2001, 

Araki et al., 2004, Maruta et al., 2012). While the specific function of this cleavage is not 

known, the ectodomain alone is sufficient to rescue learning defects in C. elegans (Ikeda et 

al., 2008).

Though Clstns have two amino-terminal cadherin motifs, their role in cell adhesion is not 

well understood. The two repeats lack conserved cadherin sequence signatures and have an 

extended linker not present in other cadherin superfamily members (Hintsch et al., 2002). To 

investigate the adhesive properties of Clstns, we cloned zebrafish Clstn1, 2 and 3, with each 

exhibiting a distinct expression pattern in the developing nervous system. We used fusions 

of the ectodomains to the Fc (fragment, crystallizable) region of human IgG to determine 

whether Clstns mediate homophilic adhesion. We show that Clstn ectodomains (ECs) can 

mediate adhesion, and that the atypical cadherin repeats are both necessary and sufficient for 

this adhesive activity. We observe substantial heterophilic interactions among Clstns, 
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suggesting that there is no homophilic specificity among these proteins. As the Clstn 

ectodomains are constitutitvely shed due to proteolytic cleavage (Vogt et al., 2001, Araki et 

al., 2004, Ikeda et al., 2008), it is not clear whether Clstns function as adhesion molecules, 

or whether their ectodomains act as secreted signaling molecules. These results provide the 

first characterization of the adhesive properties of this family of neural molecules with a 

demonstrated role in learning.

Materials and Methods

Fish Maintenance

Adult zebrafish (Danio rerio) and embryos of the Tübingen longfin and AB strains were 

maintained at ~28.5°C and staged according to Westerfield (1995). Embryos were raised in 

E3 embryo medium (Westerfield, 1995) with 0.003% phenylthiourea (Sigma-Aldrich, St. 

Louis, MO, USA) to inhibit pigment formation.

Identification of zebrafish calsyntenins

Human Calsyntenin protein sequences were used to BLAST the NCBI zebrafish genomic 

database, using tblastn. The zebrafish sequences identified from the BLAST search were 

used to design PCR primers corresponding to the predicted open reading frames of the 

zebrafish clstns:

Clstn1

Forward primer, 5'- 

GCGCTCGAGGCCACCATGCGCATTCGCGGGGTCAAACCTTTCGCT-3';

EC Reverse primer, 5'- 

CGGATCCCCGCCTCCGCCGTAGGTGAGAGTGGAGTCGTCCCACTC-3';

T7, 5'- 

GTAATACGACTCACTATAGGGCGAAAGCTCCACAGTGCCAGAGCTGGCACC

-3'

Clstn2

Forward primer, 5'- 

GCGCTCGAGGCCACCATGAAGATGCGCGCGATAACAGCGATG-3';

EC Reverse primer, 5'- 

CGGATCCCCTCCGCCTCCATAGGGTAACGTAGACGGGTCCCACTC-3';

T7, 5'- 

GTAATACGACTCACTATAGGGCGACAGGTTCTGTGGCACAACCCAATCTGG-

3'

Clstn3

Forward primer, 5'- 

GCGCTCGAGGGCACCATGGCCAGAATGAGTTTCCTATCCTTTCTC-3';
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EC Reverse primer, 5'-

CGGATCCCCTCCGCCTCCGTAGCGCCTAGGGGCGGAGTCTCTTCC-3';

T7, 5'-

GTAATACGACTCACTATAGGGCGATGAAGCCACTGAATCGGGCACTACAGC

-3'

Total RNA was extracted from 72 hours postfertilization (hpf) embryos using Trizol 

(Invitrogen, Carlsbad, CA, USA). Oligo-dT was used to prime the synthesis of cDNA from 

1 µg of total RNA. First-strand cDNA synthesis was performed using Superscript III RT 

(Invitrogen) for 2 hours at 37°C. The coding sequences for the EC domains of each 

calsyntenin were then obtained by RT-PCR and TOPO-cloning (Invitrogen), and were 

sequenced.

Generation of Clstn1 deletion mutants

To make the Clstn1EC deletions, we performed overlapping PCR reactions, using 

Clstn1EC-Fc as the template DNA, an upstream forward primer in the vector sequence and a 

downstream reverse primer, 5'- GGTCTCCAACATGATGCTGGC-3'. The resulting 

fragments were then cut with AfeI, subcloned back into the Clstn1EC-Fc plasmid and 

screened for orientation. The Clstn1EC1–2 fragment was amplified and subcloned using 

XhoI and BamHI. The primers used were:

Clstn1ΔEC1

Forward primer, 5'- CTGGACCCTCCTCTGATAAAAGAGAAGTCCTACAAA-3';

Reverse primer, 5'- TTTGTAGGACTTCTCTTTTATCAGAGGAGGGTCCAG-3';

Clstn1ΔEC2

Forward primer, 5'- GACAGCATCATGAAGGTGCAAGGATTTAACAAAAGG-3';

Reverse primer, 5'- CCTTTTGTTAAATCCTTGCACCTTCATGATGCTGTC-3';

Clstn1Δ(EC1–2)

Forward primer, 5'- CCTTTTGTTAAATCCTTGCACCTTCATGATGCTGTC-3';

Reverse primer, 5'- CCTTTTGTTAAATCCTTGTATCAGAGGAGGGTCCAG-3';

Clstn1EC1–2

Forward primer, 5'- 

GCGCTCGAGGCCACCATGCGGATCCGCGGGGTCAAACTT-3';

Reverse primer, 5'- 

CGCGGATCCCCTCCACCTCCCAGATGCATGCTGGGAAACAGCGC-3';

Bead aggregation and bead sorting assays

Bead aggregations were performed essentially as described previously (Sivasankar et al., 

2009, Biswas et al., 2010). Plasmids encoding the Fc-fusion proteins were independently 

transfected into HEK293 cells using FuGene 6 (Roche Applied Science, Indianapolis, IN, 

USA) according to the manufacturer’s instructions. After 24 hours, the growth medium was 
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replaced with serum-free medium. After an additional 48 hours, the culture medium 

containing the secreted Fc-fusion proteins was collected. The media was concentrated using 

Amicon Ultra-15 centrifugal filters (EMD Millipore, Billerica, MA, USA) and incubated 

with 1.5 µL Protein A-Dynabeads (Invitrogen) for 2 hours with gentle agitation at 4°C. The 

beads were washed extensively in binding buffer (50 mM Tris, 100 mM NaCl, 10 mM KCl, 

0.2% BSA, pH 7.4). The beads were split into two tubes and either 2 mM EDTA or 2 mM 

CaCl2 (final concentrations) was added to each tube, the beads were mixed thoroughly, and 

then transferred to glass depression slides. Beads were allowed to aggregate with gentle 

rocking for 1 hour. To document bead aggregation, images were collected on an Axiostar 

microscope (Zeiss, Thornwood, NY, USA) using a 10× objective. Bead sorting assays were 

performed essentially the same as bead aggregation assays, except that the Protein A-

magnetic beads were fluorescent (green: screenMAG/G-Protein A or red: screenMAG/OP-

Protein A; Chemicell, Berlin, Germany).

Whole mount in situ hybridization

The ectodomain of each calsyntenin was amplified by PCR. A T7 RNA Polymerase binding 

site was included in each of the reverse primers, and these PCR products were used as 

templates for in vitro transcription (Promega, Madison, WI, USA). Antisense riboprobes 

were labeled with digoxygenin-dUTP (Roche). Whole mount in situ hybridizations were 

carried out using standard methods (Westerfield, 1995). Briefly, embryos were fixed at 4°C 

overnight in 4% paraformaldehyde in PBS, dehydrated in a methanol series and stored in 

100% methanol overnight at −20°C. They were rehydrated in decreasing concentrations of 

methanol and embryos 24 hpf and older were permeabilized using Proteinase K (10µg/ml, 

Roche). Embryos were refixed in 4% paraformaldehyde prior to hybridization. 

Digoxygenin-dUTP-labeled riboprobe was added to the hybridization buffer at a final 

concentration of 200 ng/ml and hybridization was carried out at 65°C overnight. Alkaline 

phosphatase-conjugated antidigoxygenin Fab fragments (Roche) were used at 1:5000 

dilution. NBT/BCIP (Roche) was used for the coloration reaction. Images were captured on 

a MZ16F stereomicroscope (Leica Microsystems, Wetzlar, Germany).

Results

To obtain zebrafish calsyntenins, we first cloned the three zebrafish calsyntenin genes in 

silico, then used these sequences to design gene specific primers for RT-PCR. We used the 

protein sequences for the three human calsyntenins to BLAST zebrafish genomic and EST 

databases. From these sequence data, we assembled full open reading frames for each 

calsyntenin gene. We then cloned the ectodomains from each of the three genes using RT-

PCR (Fig. 1). The calsyntenins each have two, amino-terminal cadherin motifs and a Leu-

Gly-Asn repeat-enriched (LGN) domain in the extracellular domain, a single-pass 

transmembrane segment and a short intracellular region (Fig. 1). The cadherin motifs are 

separated by an extended linker and lack some of the sequence features conserved in other 

cadherin subfamilies. Comparsion to sequences from mouse and humans shows that the 

three zebrafish calsyntenin sequences correspond to clstn1, clstn2 and clstn3 (Fig. 2).
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As a first step in investigating the roles of the calsyntenins in neural development, we 

determined their temporal and spatial expression using RT-PCR and in situ hybridization. 

To characterize the temporal expression of the calsyntenins, we performed RT-PCR using 

primers directed against the intracellular domains (Fig. 3). Expression of each calsyntenin is 

detected at 4.5 hour post-fertilization (hpf), the earliest timepoint assayed, and continues into 

the larval stage (Fig. 3). Though present at early stages, the expression of clstn3 is initially 

weak and steadily increases as development proceeds. At 24 hpf, the three clstn genes 

exhibit similar, yet distinct patterns. The expression pattern for clstn1 is similar to what was 

described previously (Ponomareva et al., 2014). Clstn1 and clstn3 are expressed strongly in 

the forebrain, midbrain and hindbrain (Fig. 4). Clstn1 expression appears broader that that of 

clstn3 in the telencephalon and extends more dorsally in the midbrain. By contrast, the 

expression of clstn2 is weak in the brain, with some expression detectable in the 

telencephalon and diencephalon (Fig. 4). In the spinal cord, both clstn1 and clstn3 are 

expressed broadly (Fig. 4B & D, insets), while clstn2 expression is restricted to an array of 

large dorsal neurons and small clusters of ventral neurons, likely Rohon-Beard cells and 

Primary motoneurons, respectively (Fig. 4C, inset). By 48 hpf, the expression of each clstn 

is expressed broadly in the brain (Fig. 5). Each is expressed strongly in the telencephalon 

and the midbrain, though clstn3 expression is absent in the optic tectum (Fig. 5H). All three 

clstn genes exhibit segmental expression in the hindbrain, with distinct patterns (Fig. 

5C,E,G).

Calsyntenins mediate homophilic adhesion through their cadherin domains

As members of the cadherin superfamily, it is possible that the calsyntenins mediate 

homophilic cell adhesion. To test this, we fused the ectodomain sequences of Clstn1, Clstn2 

and Clstn3 to the Fc region of human IgG (Fig. 6A). Plasmids encoding each of these fusion 

proteins were transfected into HEK293 cells and the secreted ClstnEC-Fc fusions were 

captured on magnetic Protein-A beads. Using standard bead aggregation assays (Emond and 

Jontes, 2014), each of the three ClstnEC-Fc fusions mediated calcium-dependent bead 

aggregation (Fig. 6B,E,H). However, in each case there appeared to be some residual 

aggregation in the absence of calcium (Fig. 6C,D,F,G,I,J).

To determine whether the two amino-terminal cadherin domains are responsible for bead 

aggregation, we generated a domain deletion series for Clstn1EC (Fig. 7A). Calcium-

dependent bead aggregation was completely abolished by deletion of either cadherin domain 

alone, or both together (Fig. 7B,D,F,J). Moreover, the low levels of calcium-independent 

adhesion were also eliminated (Fig.7C,E,G,J). To determine whether the cadherin repeats 

were sufficient for adhesion, we made Fc fusions using the coding sequence for the Clstn1 

amino-terminal region, including the cadherin domains (Fig. 7A, Clstn1(EC1–2)-Fc). This 

truncated ectodomain was sufficient to mediate robust bead aggregation (Fig. 7H,J). We also 

observed substantial calcium-independent aggregation (Fig. 7I,J).

Classical cadherins are well known to exhibit homophilic preferences in their adhesive 

interactions. While cadherins do exhibit heterophilic interactions, different cadherins are 

able to mediate cell sorting. To determine whether the calsyntenins are preferentially 

homophilic, we used the Fc-fusions of Clstn1 and Clstn2 to perform bead sorting assays. 
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The ClstnEC-Fc fusions for Clstn1 and Clstn2 were used to coat fluorescent Protein-A beads 

(Fig. 8). First, Clstn1EC-Fc was separately bound to red fluorescent beads and green 

fluorescent beads. These were dissociated in the absence of calcium, mixed, and then 

allowed to aggregate in the presence of calcium. As expected, the red and green beads, both 

of which were coated with Clstn1EC-Fc, formed intermixed aggregates (Fig. 8A). Similar 

results were obtained with Clstn2EC-Fc (Fig. 8B). To assess whether Clstn1 and Clstn2 

would interact, we bound Clstn1EC-Fc to red fluorescent beads and Clstn2EC-Fc to green 

fluorescent beads. When allowed to aggregate in the presence of calcium, they formed 

intermixed aggregates (Fig. 8C), similar to what was observed for Clstn1EC-Fc (Fig. 8A) 

and Clstn2EC-Fc (Fig. 8B). Thus, Clstn1 and Clstn2 are able to interact heterophilically.

Discussion

The classical cadherins were discovered on the basis of their ability to confer 

calciumdependent, homophilic cell-cell adhesion (Takeichi, 1977, Hatta et al., 1988, Nose et 

al., 1988). As revealed by extensive biophysical and structural analysis, classical cadherins 

mediate adhesion through interactions of their most membrane-distal cadherin motif 

(Boggon et al., 2002, Vendome et al., 2011). The primary mode of adhesion involves the 

formation of a "strand-swap" dimer, with a reciprocal exchange of the Trp2 residue of the 

Aβ strand of one cadherin embedded into a hydrophobic pocket on the EC1 of the partner 

cadherin (Boggon et al., 2002, Vendome et al., 2011). In contrast, the related protocadherins 

do not have the conserved tryptophan on their EC1 domains and evidence suggests that 

extracellular interactions employ divergent mechanisms. More recently, cadherin family 

members have been identified that mediate heterophilic interactions. The atypical cadherns 

Fat and Dachsous appear to interact heterophilically (Ishiuchi et al., 2009), as do 

Protocadherin-15 and Cadherin-23 (Kazmierczak et al., 2007, Sotomayor et al., 2012), 

which comprise the tip links of stereocilia. Thus, members of the cadherin superfamily may 

mediate extracellular interactions through a diverse array of mechanisms.

The Calsyntenins comprise a small family of atypical cadherins that are strongly expressed 

in the developing nervous system (Hintsch et al., 2002). They have been shown to localize 

to synaptic terminals and to play a role in memory, in both C. elegans and in human. In 

mammals, there are three clstn genes: clstn1, clstn2 and clstn3. In this study, we cloned 

clstn1, clstn2 and clstn3 from zebrafish and characterized both their patterns of expression in 

the developing nervous system, and the adhesive properties of their ectodomains. Although 

they are members of the cadherin superfamily, their adhesive interactions have not 

previously been investigated. Here, we show that: 1) the Clstn ectodomains mediate 

homophilic adhesive interactions, 2) these interactions are mediated by the two cadherin 

motifs present in the aminoterminal portion of the ectodomains, 3) the ectodomains exhibit 

both homophilic and heterophilic interactions, and 4) adhesion by the cadherin motifs is less 

calcium-dependent than has been found for other cadherin subfamilies. Thus, the adhesive 

properties of these molecules differ significantly from those of previously studied cadherins.

The presence of cadherin repeats near the amino-terminus suggested that calsyntenins could 

play a role in cell-cell adhesion. Our data support the conclusion that calysntenins can 

mediate adhesive interactions through their cadherin repeats. Deletion of either cadherin 
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motif abolishes bead aggregation by the Clstn1 ectodomain, and these motifs alone are 

sufficient for robust aggregation. Though each of the calsyntenins mediates homophilic 

adhesion, fluorescent bead sorting assays do not indicate a preference for homophilic over 

heterophilic interactions. In contrast, classical cadherins are also promiscuous in their 

interactions, but exhibit homophilic preferences. As bead sorting assays are not quantitative 

and do not measure relative affinities, they may not be suitable for revealing slight 

homophilic preferences among these proteins.

Cadherins were discovered through their role in mediating calcium-dependent cell adhesion. 

This is due to the binding of three calcium ions at the interfaces between successive cadherin 

repeats, which rigidifies the ectodomain. Although the calsyntenins share some of the 

conserved calcium-binding motifs, their adhesion is only modestly calcium-dependent. 

Moreover, this calcium-dependence disappears entirely if only the amino-terminal cadherin 

motifs are used: bead aggregates are of comparable size in the presence or absence of 

calcium. It appears that calsyntenin adhesive interactions are less sensitive to any changes in 

the conformational state of the protein brought about by loss of calcium.

The biological functions of calsyntenins are not well understood. Early in development, 

calsyntenins appear to play important roles in intracellular transport (Konecna et al., 2006, 

Araki et al., 2007, Ludwig et al., 2009, Vagnoni et al., 2012, Ponomareva et al., 2014, Ster et 

al., 2014). In more mature neurons, calsyntenins are enriched in postsynaptic compartments 

(Vogt et al., 2001) and may play roles in synapse formation (Pettem et al., 2013, Um et al., 

2014). As occurs for many type-I transmembrane proteins, calsyntenins are subject to 

proteolytic processing and ectodomain shedding (Vogt et al., 2001, Araki et al., 2004, 

Maruta et al., 2012), and some evidence suggests that calsyntenins are cleaved in transit to 

the cell surface (Maruta et al., 2012). In C. elegans mutations in the casy-1 gene, encoding 

the sole calsyntenin in worms, affects several forms of learning (Ikeda et al., 2008, Hoerndli 

et al., 2009, Ohno et al., 2014). Casy-1 function is required in the mature neural circuit and 

can be rescued by the ectodomain alone (Ikeda et al., 2008). While some evidence suggests 

a potential role for calsyntenins in synaptogenesis (Pettem et al., 2013, Um et al., 2014), the 

extensive ectodomain shedding does not seem consistent with a primary role in stable cell-

cell adhesion. It is possible that, rather than mediating extracellular interactions, the cadherin 

repeats could assemble cis-oligomers that would be important for intracellular trafficking. 

Thus, it isn't clear whether calsyntenins function as cell adhesion molecules, secreted ligands 

or transport chaperones, or what distinct biological functions that the intact and cleaved 

forms mediate. Our data are consistent with the ideas that membrane associated calsyntenins 

function as adhesion molecules and/or that the shed ectodomains act as homophilic or 

heterophilic signaling molecules.
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Highlights

- zebrafish calsyntenins exhibit distinct expression patterns in the developing 

zebrafish

- zebrafsih calsyntenins mediate homophilic adhesion

- the two, amino-terminal cadherin repeats are necessary and sufficient for 

adhesion

- adhesion requires both cadherin repeats

- adhesive interactions are promiscuous among the calsyntenins
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Figure 1. Protein sequences and alignments for the zebrafish calsyntenins
The three calsyntenin proteins exhibit two, amino-terminal cadherin repeats (orange and 

purple lines), an LGN domain, (yellow line), a single pass transmembrane segment (green 

line) and a short cytoplasmic tail.
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Figure 2. Phylogenetic analysis of zebrafish Calsyntenins
The protein sequences of the zebrafish calsyntenins were aligned with those of human and 

mouse, then analyzed by MAFFT/ClustalX. Each of the zebrafish calsyntenin protein 

sequences clusters with a human and mouse pair, indicating that the zebrafish genes encode 

homologs for Clstn1, Clstn2 and Clstn3.
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Figure 3. Temporal expression of calsyntenins during zebrafish development
RT-PCR was performed using cDNA prepared from 4.5 hpf to 72 hpf embryos. Expression 

was evident as early as 4.5 hpf and continued throughout all developmental stages analyzed. 

Actin was used as a control.
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Figure 4. Expression of calsyntenins in 1 day old zebrafish embryos
A. Diagram of a lateral view of a 1 day old zebrafish brain. Abbreviations: tel, 

telencephalon; di, diencephalon; teg, tegmentum; tec, optic tectum; cb, cerebellum; hb, 

hindbrain.

B–D. Expression of clstn1 (B), clstn2 (C), and clstn3 (D) in the brain and spinal cord of 1 

day zebrafish embryos, as determined by in situ hybridization (inset; sc, spinal cord).

Ortiz-Medina et al. Page 16

Neuroscience. Author manuscript; available in PMC 2016 February 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Expression of calsyntenins in 2 day old zebrafish embryos
A, B. Diagrams of a lateral view (A) and dorsal view (B) of a 2 day old zebrafish brain. 

Abbreviations: tel, telencephalon; hy, hypothalamus; tec, optic tectum; cb, cerebellum; hb, 

hindbrain.

C, D. Expression of clstn1 in the brain of 2 day zebrafish embryos, as determined by in situ 

hybridization. Expression is evident in all the major subdivisions of the brain and is 

particularly strong in the telencephalon, as well as showing a ladder-like expression in the 

hindbrain. Rhombomeres are labeled r1–r7.
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E, F. Expression of clstn2 in the brain of 2 day zebrafish embryos, as determined by in situ 

hybridization. Like clstn1, expression is evident in all the major subdivisions of the brain. 

Segmental labeling of lateral cell clusters is apparent in the hindbrain.

G, H. Expression of clstn3 in the brain 2 day zebrafish embryos, as determined by in situ 

hybridization. The overall pattern of expression is comparable to the other calsyntenins, 

though clstn3 appears to be absent from the optic tectum.
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Figure 6. Calsyntenin ectodomains mediate bead aggregation
A. The ectodomain of each calsyntenin was fused to the Fc portion of human IgG and the 

CstnEC-Fc fusions were used in bead aggregation assays.

B–H. Each of the three Calsyntenin ectodomains, Clstn1EC-Fc (B, C, D), Clstn2EC-Fc (E, 
F, G) and Clstn3EC-Fc (H, I, J), are able to mediate calcium-dependent bead aggregation 

(n=3 for each condition). The aggregates formed by Clstn3EC-Fc (F) were smaller than 

those formed by either Clstn1EC-Fc (B) or Clstn2EC-Fc (D). Each fusion-protein also 

exhibits some calcium-independent aggregation (C, E, G). In each case, the calcium-

dependent increase was statistically significant (p<0.05, Student's T-test). Scale bar = 50 µm.
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Figure 7. Cadherin repeats are required for bead aggregation by Calsyntenin-1
A. A series of domain deletions of the Clstn1EC-Fc were generated to test the role of the 

cadherin repeats, EC1 and EC2.

B–G. Deletion of EC1 (B,C), EC2 (D,E) or EC1–EC2 (F,G) abolish calcium-dependent and 

calcium-independent bead aggregation. Scale bar = 50 µm.

H, I. The cadherin repeats EC1–EC2 are sufficient to mediate calcium-dependent bead 

aggregation. There is also an increase in calcium-independent bead aggregation.
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J. Deletion of either cadherin repeat is sufficient to abolish bead aggregation, while the two 

cadherin repeats are sufficient for bead aggregation (n=3 for each condition). The two 

cadherin repeats exhibit only a modest, but significant, calcium-dependence (p=0.04, 

Student's T-test).
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Figure 8. Heterophilic interactions by calsyntenin ectodomains
A. The ectodomain of Clstn1 (Clstn1EC-Fc) was used to coat green or red fluorescent beads. 

Coated beads formed mixed aggregates. Scale bar = 20 µm.

B. As for Clstn1EC-Fc (A), green and red beads coated with Clstn2EC-Fc intermixed.

C. Red fluorescent beads were coated with Clstn1EC-Fc and green fluorescent beads were 

coated with Clstn2EC-Fc. When allowed to aggregate in the presence of calcium, the green 

and red beads intermixed, as in A and B.
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