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a b s t r a c t

The neurexin superfamily is a group of transmembrane molecules mediating cell–cell contacts and gen-
erating specialized membranous domains in polarized epithelial and nerves cells. We describe here the
domain organization and expression of the entire, core neurexin superfamily in the nematode Caenorhab-
ditis elegans, which is composed of three family members. One of the superfamily members, nrx-1, is an
ortholog of vertebrate neurexin, the other two, itx-1 and nlr-1, are orthologs of the Caspr subfamily of
neurexin-like genes. Based on reporter gene analysis, we find that nrx-1 is exclusively expressed in most
if not all cells of the nervous system and localizes to presynaptic specializations. itx-1 and nrx-1 reporter
genes are expressed in non-overlapping patterns within and outside the nervous system. ITX-1 protein
co-localizes with b-G-spectrin to a subapical domain within intestinal cells. These studies provide a start-
ing point for further functional analysis of this family of proteins.

� 2010 Elsevier B.V. All rights reserved.
The neurexin superfamily of cell adhesion molecules contains
two main subgroups, the classical neurexins and members of the
Caspr subfamily (Lise and El-Husseini, 2006). In vertebrate, three
genes encode the classical neurexins, each giving rise to two differ-
ent transcripts (i.e., a and b forms) as a result of alternative pro-
moter usages (Missler et al., 1998; Ushkaryov et al., 1992). In
addition, the neurexins are subjected to extensive splicing, which
results in the generation of a large number of multiple isoforms
(Ullrich et al., 1995). The extracellular domains of a-neurexins con-
tain three modular repeats that are composed of two laminin G do-
mains that flank an EGF-like domain (Fig. 1A). The extracellular
domain of b-neurexins is short and contains a single laminin G do-
main. The Caspr proteins (for Contactin associated protein), which
in humans are encoded by five distinct genes, also contain a discoi-
din and a fibrinogen-like domains in their extracellular region
(Peles et al., 1997; Peles and Salzer, 2000) (Fig. 1A).

Neurexins are trans-synaptic cell adhesion molecules that
mediate neuron–neuron interaction and the functional organiza-
tion of synapses (Lise and El-Husseini, 2006; Sudhof, 2008). Two
of the five Caspr proteins (i.e., Caspr and Caspr2) mediate neu-
ron–glia interaction and are essential for the functional organiza-
tion of myelinated axons (Bhat et al., 2001; Boyle et al., 2001;
Feinberg et al., 2010; Gollan et al., 2003; Poliak and Peles, 2003;
Poliak et al., 2003; Traka et al., 2003). Mutations in genes coding
All rights reserved.

Hobert), tel.: +972 8 9344561

t), peles@weizmann.ac.il (E.
for neurexin family members have been associated with a wide
range of neuropsychiatric diseases (Sudhof, 2008).

With the exception of a single divergent member (bam-2),
which is involved in axon branching (Colavita and Tessier-Lavigne,
2003), members of the neurexin superfamily have not yet been
comprehensively described in the Caenorhabditis elegans model
system. We provide here an overview of the number, structural
organization and expression pattern of neurexin superfamily
members in C. elegans.

1. Results

1.1. Sequence analysis

Reciprocal BLAST searches demonstrate that the C. elegans gen-
ome contains four genes coding for members of the neurexin
superfamily: the as yet uncharacterized nrx-1, itx-1 and nlr-1 core
family members and the previously described, more divergent
bam-2 gene (Fig. 1). All four genes code for transmembrane pro-
teins with short cytoplasmic tails and laminin-G type domains
and EGF domains in their extracellular region. Based on primary
sequence identity, one protein, NRX-1 is most closely related to
vertebrate neurexin proteins (Tabuchi and Sudhof, 2002), while
the other two, ITX-1 and NLR-1, are orthologs of the CASPR-family
of adhesion proteins (Fig. 1A). ITX-1 and NLR-1 lack the N-terminal
discoidin domain and the PGY repeats found in the fly and mam-
mals CASPR orthologs. In addition, the C-terminal SH3 binding do-
main is replaced with a PDZ binding motif making these ITX-1 and
NLR-1 more closely related to Caspr2 and Caspr3. Another protein
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Fig. 1. The neurexin superfamily in C. elegans. (A): Domain organization of neurexin superfamily members. NLR-neurexin-like receptor 1; NRX-neurexin; ITX-intexin; AXO-
axotactin. DISC, discoidin I-like domain (also called F5/8 type C, or C1/C2-like domain); LamG, laminin globular (G) domain; EGF, EGF-like domain, FIB, fibrinogen-like
domain; BPTI (bovine pancreatic trypsin inhibitor) domain found in Kunitz family of serine protease inhibitors. (B): Gene structure, as annotated in wormbase. Transcript
analysis of nrx-1 demonstrated the existence of two splice forms, a and b. Structure of reporter gene constructs are indicated.
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in the C. elegans genome, BAM-2 (Colavita and Tessier-Lavigne,
2003) is a more divergent neurexin family member, with lami-
nin-G and EGF-like domains that are not readily detectable by
InterPro Scan analysis (Quevillon et al., 2005).

The gene structure of the three core members of the family is
shown in Fig. 1B. The nlr-1 locus is unusual since a part of the 50

end of the gene appears to have duplicated, with the duplicate prob-
ably constituting a pseudogene (www.wormbase.org) (Fig. 1B). In
striking similarity to vertebrate neurexins, the nrx-1 locus produces
a long and a short splice forms, a and b (Fig. 1B). Additional splice
forms have also been detected by RT-PCR analysis (J.S. and J.S., data
not shown).

1.2. Reporter gene expression pattern

The expression pattern of the nrx-1 gene was determined by
inserting gfp coding regions into a �25 kb genomic DNA piece that
contains the entire nrx-1 locus. The insertion point is shared by
both isoforms and the reporter should therefore reveal the expres-
sion of both. We find that nrx-1::gfp is expressed broadly through-
out the entire nervous system during all larval and adult stages
(Fig. 2A). Co-labeling with reporters that label subpopulation of
individual neurons as well as the counting of neurons in several
ganglia indicate that all neurons in the nervous system may ex-
press NRX-1. The only exception may be the canal-associated neu-
ron CAN, a neuron which is known to make little if any synaptic
contacts (White et al., 1986). No expression is observed in glia
cells. The only cells outside the nervous system in which NRX-
1::GFP could be observed are the spermathecal valve cells (data
not shown).

NRX-1 localizes along the entire length of axonal projection
(Fig. 2); however, as synapses in C. elegans are made en passant
within thick axonal bundles (nerve ring, nerve cord), the synaptic
localization of a pan-neuronally expressed synaptic protein would
be expected to result in a diffuse staining. To circumvent this prob-
lem, we set out to visualize NRX-1 in isolation, i.e. not neighbored
by other axons. To this end, we expressed the a-isoform under con-
trol of the sra-6 promoter which is expressed in three neurons with
axonal projections into the nerve ring. Transgenic animals reveal
that NRX-1a shows a synaptic localization pattern in the nerve ring
(Fig. 2B). Its localization overlaps with that of the presynaptic mar-
ker synaptotagmin/SNB-1 (Fig. 2B), consistent with the presynaptic
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Fig. 2. nrx-1 expression and localization. (A): Expression of a gfp-tagged version of the genomic copy of the nrx-1 locus (see Fig. 1B for construct), expressed in transgenic
animals. (a) Expression in a first larval stage animal. (b) Expression in head ganglia and nerve ring. (c) Expression in dorsal nerve cord and commissures. (d) Expression in
ventral nerve cord with motor and interneuron. (e) Expression in ALM neuron. (f) Expression in neurons in tail ganglia. (B): Synaptic localization of NRX-1 protein. (a)
Localization of gfp-tagged nrx-1, fused to the promoter of the sra-6 gene in the nerve ring of an adult wild type animal and in an unc-104 mutant animal (b). (c) Localization of
bfp-tagged snt-1, fused to the promoter of the sra-6 gene in the nerve ring of an adult wild type animal and in an unc-104 mutant animal (d). (e) and (f) Overlap of panels
above.
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localization of neurexins in other systems (Sudhof, 2008). Unlike
synaptic localization of synaptic vesicle proteins, such as synapto-
tagmin, this synaptic localization is independent of the kinesin
protein UNC-104 (Fig. 2B).

To examine sites of expression of the other neurexin family
members, we generated gfp reporter gene fusions for itx-1 and
nlr-1 by fusing 2977 bp of sequences upstream of the itx-1 pre-
dicted start site and 3526 bp upstream of the nlr-1 predicted start
site to gfp and generated transgenic animals expressing these con-
structs (itx-1prom::gfp and nlr-1prom::gfp).

Expression of itx-1prom::gfp was observed in the intestinal tract
of embryos from 1.5-fold stage throughout post-embryonic larval
development and adulthood (Fig. 3). Furthermore, GFP could be de-
tected in socket cells ensheathing the inner and outer labial neu-
rons (Fig. 3). Expression could also be observed in the
spermatheca and vulva muscle cells (Fig. 3). No other cell type dis-
plays consistent reporter gene expression.

Expression of nlr-1prom::gfp was observed in a pattern distinct
from that of itx-1prom::gfp. Transgenic animals expressing nlr-
1prom::gfp showed strong fluorescence in pharyngeal g1 and g2
gland cells, pharyngeal muscle cells and the unilateral, GABAergic
RIS interneuron (Fig. 4). This neuron is the only GABAergic neu-
ron in C. elegans for which no function has been described yet
(McIntire et al., 1993). These are the only cells in which strong
and consistent expression is observed. Expression was observed
during all stages of larval development and adulthood. We can
not exclude the possibility the additional regulatory elements
are located outside the region used for the reporter analysis.
Yet the expression that we observe with this reporter represents
a useful starting point for examining nlr-1 function in these cells
in the future.
1.3. ITX-1 protein is localized to the lateral membrane of gut epithelia
and labels a unique membranous domain distinct from the apical
junctions

We examined the subcellular localization of ITX-1 using poly-
clonal-antibodies raised against the 16 C-terminal amino acids of
ITX-1. Affinity purified sera were used for staining whole mount
N2 wild type worms at various developmental stages (Fig. 5).
Pre-immune sera and the flow-through fractions from the affin-
ity–purification procedures were used as a negative control to en-
sure specificity of staining. Whole mount antibody staining
established the expression of the protein at the baso-lateral mem-
branes of gut epithelia in embryonic and post-embryonic stages. Its
expression was restricted to gut and was not observed in other
polarized epithelia, such as the pharynx or post-embryonic vulva,
uterus, and hypodermis (Fig. 5A and B). Immunoelectron micros-
copy experiments confirmed localization of ITX-1 to intestinal
adherens junctions (Fig. 5C). We could not detect embryonic or
post-embryonic ITX-1 antibody staining that we could unambigu-
ously ascribe to sheath cells, in which we observed itx-1prom::gfp
expression. It is possible that ITX-1 is only transiently expressed
in these cells while they develop during embryogenesis.

To characterize the specific membrane domain occupied by ITX-
1 in the intestine, we conducted co-localization studies with vari-
ous epithelial membrane markers. As indicated in Fig. 5C, ITX-1 de-
fines a lateral membrane domain basal to the apical junction, a
domain containing the adhesion proteins AJM-1 and DLG-1 (Lynch
and Hardin, 2009). However, ITX-1 staining along the apical junc-
tion appears as a wider belt differently than the typical AJM/DLG
pattern. Moreover, ITX-1 localization is independent of AJM-1, as
ajm-1 null mutant embryos show normal ITX-1 staining (data



Fig. 3. itx-1 expression. (A): itx-1prom::gfp expression in non-neuronal cells. (a) Intestinal expression in embryo and (b) in an L1 larva. (c) expression in spermatheca (white
arrows) and (d) in vulva (white arrows). Blue star in (c) and (d) indicates gut expression. (B): itx-1prom::gfp expression in glial cells. (a) Expression in amphid socket cells; gfp
signal is inverted for contrast; (b–e) co-labeling of itx-1-expressing sheath cells and sensory neurons filled with dye, as previously described (Perkins et al., 1986) (b), socket
cells with itx-1prom::gfp (c), Normarksi image (d) and overlap of red and green in (e); (f): Sensory anatomy with associated sheath cell nuclei labeled in blue, socket cell nuclei
in green and sensory neuron nuclei in red. Adapted from (Ward et al., 1975).

Fig. 4. nlr-1 expression. The head region of a transgenic young adult animal, expressing nlr-1prom::gfp is shown (see Fig. 1B for structure of reporter gene). No consistent or
strong gfp expression is observed elsewhere in the worm. Expression is the same in all post-embryonic stages examined. Higher magnification of the boxed area is shown in
the right panel.
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not shown). Co-labeling of ITX-1 with anti b-G Spectrin show that
it co-localizes with ITX-1 along the entire lateral membrane of gut
epithelia (Fig. 5C). However, like the previously reported RNAi-
mediated depletion of b-G Spectrin (Hammarlund et al., 2000;
Moorthy et al., 2000), RNAi depletion of itx-1 does not result in
the disruption of gut morphology (data not shown). It is possible
that the function of these two components is possibly masked by
a redundant role conferred by other lateral membrane and mem-
brane associated components.

2. Discussion

The C. elegans genome encodes three core members of the neur-
exin superfamily and one more divergent member. Well character-
ized interaction partners of members of the vertebrate neurexin
superfamily are also conserved in C. elegans. The most prominent
vertebrate neurexin binding partner, the neuroligin protein, is con-
served in C. elegans and called NRG-1 (Feinberg et al., 2008; Hunter
et al., 2010). Moreover, there is a single ortholog of the vertebrate
CASPR-binding protein contactin, called rig-6 in C. elegans (Schwarz
et al., 2009).

Bearing the caveats of reporter gene analysis in mind, we find
that members of the neurexin superfamily of proteins show di-
verse expression patterns within and outside the nervous system.
Pursuing the expression and localization of two of the neurexin
superfamily members in more detail we find that NRX-1 is synap-
tically localized, while ITX-1, a CASPR-ortholog localizes to the
baso-lateral membrane domain of intestinal epithelia.

The canonical binding partner of neurexins, neuroligin, is
expressed in pre- and postsynaptic specialization of C. elegans



Fig. 5. ITX-1 protein localization. (A): ITX-1 localizes to adherence junctions in the intestine. anti-ITX-1 immunostaining of an L1 larval stage animal is shown. (B–C):
Immuno-EM with anti-ITX-1 antibodies. Arrows point to the electron dense gold particles of ITX-1 antibody that is situated in close vicinity to the typical C. elegans adherens
junction and along the baso-lateral membrane of intestinal cells. (D–F): ITX-1 antibody staining in the intestine, along the apical junction appears as a wider belt than the
adherens junction marked using an antibody to AJM-1. (G–M): Co-localization of ITX-1 and b-G Spectrin in the intestine (G–J) and the pharynx (K–L). Panels F, I and M are
merges of the preceding red and green images.
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(Feinberg et al., 2008; Hunter et al., 2010). At this point, we can not
exclude that neurexin is also not only pre- but also postsynapti-
cally localized. Yet in any case, both neuroligin and neurexin
appear to be synaptically localized proteins, as are their vertebrate
counterparts (Lise and El-Husseini, 2006; Sudhof, 2008).

CASPR binds to the IgSF member contactin in a cis-configuration
(Peles et al., 1997). The C. elegans contactin-encoding gene rig-6 is
expressed in a restricted number of neurons and several cell types
outside the nervous system (Schwarz et al., 2009). There is little
overlap in the expression of rig-6 with nlr-1 and itx-1. More exten-
sive overlaps may be observed once the expression pattern of rig-6
and nlr-1 is more comprehensively studied by antibody staining,
rather than with reporter genes, which may be lacking relevant
regulatory regions.

Our findings on ITX-1 localization reveal an additional layer of
complexity in the structure of apical membrane domains. Recent
studies have indicated that these junctions are composed of at
least three sub-domains each with a unique molecular signature:
a subapical domain contains the transmembrane protein
Crumbs-1 (CRB-1) and NFB-2 (an intermediate component), the
C. elegans cadherin, ab catenin HMP-1/HMR-1/HMR-2 system oc-
cupy an adjacent domain and the basal unit comprises DLG-1
and AJM-1 (Lynch and Hardin, 2009). Based on genetic interaction
and RNAi knockdown experiments it was demonstrated that adhe-
sion between adjacent intestinal cells, apical junction assembly,
tissue integrity and tubulogenesis of gut lumen is dependent on
redundant or parallel systems that operate in different regions of
the plasma membrane and appear to be under different control
mechanisms. In the wild type embryo, the AJM-1/DLG-1 complex
is predominantly under the control of baso-laterally expressed
LET-413 (Legouis et al., 2000; McMahon et al., 2001). In contrast,
the establishment of the catenin–cadherin complex is barely af-
fected in a let-413 or dlg-1 background (Bossinger et al., 2004; Leg-
ouis et al., 2000; McMahon et al., 2001). This points to the
existence of additional control mechanisms operating from differ-
ent membrane domains. Consistent with this notion, we find that
ITX-1 localization does not depend on AJM-1. Therefore, despite
its simple appearance, the apical junction is assembled and main-
tained by orchestrated hierarchies of various molecular determi-
nants in which ITX-1 plays an as yet unknown role.

Intriguingly, other proteins that were previously shown to be
expressed in or close to this domain, such as AJM-1 localize to var-
ious polarized membrane domains besides the intestine (e.g. phar-
ynx or epidermis). In contrast, ITX-1 only localizes to this
membrane domain in the gut. This finding demonstrates that the
composition of junctional complexes is distinct in different cell
types and suggests that the intestine may have special needs for
building such structures and/or for maintaining its structural
integrity.

In conclusion, our expression studies provide a starting point
for a functional analysis of members of the neurexin superfamily,
making use of the specific tools available in C. elegans.
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3. Experimental procedures

3.1. GFP expression constructs

Two thousand seventy-seven base pairs upstream to the ATG of
itx-1 (W03D8.6) were amplified with forward primer 50-CGGTAA
CACTGCAGAGTAAATTG-30 (containing a PstI site) and reverse pri-
mer 50-GGGGCCCGGGTGAAATAGAGAGC-30 (containing a XmaI
site), digested with PstI/XmaI and subcloned into the multiple clon-
ing site of pPD.95.75 C. elegans expression vector (Fire lab 1999 vec-
tor Supplement kit). This construct was designated pPD95.75-itxpr.
Three thousand twenty-six base pairs of the promoter sequence lo-
cated upstream to the ATG of nlr-1 coding region were amplified
with forward primer 50-AAAGGCTTGCTGATAGAAGTATAACTG-30

and reverse primer 50-CATTCGGATCCGGAGGGCATATGTGTGTGG-30

and also cloned into the pPD.95.75 vector. The construct was desig-
nated pPD95.75-nlrprB. The nrx-1::gfp expression construct was
generated by homologous recombination in bacteria (Soutschek,
2000). Transgenic animals were generated using rol-6 as injection
marker.

3.2. C. elegans antibodies and antibody staining

Antibodies were raised against ITX-1 protein by immunizing
mice and rabbits with a peptide based hapten-carrier conjugate.
The C-terminus peptide sequence KYLHDEDIPLHMAPTI (A2) con-
sisting of amino acids 1483–1497 of the ITX-1 protein was used.
Affinity purified antibodies were used in 1:200 dilution for whole
mount immuno-staining, and 1:1000 for IP and western blots (the
Western Blot showed a band of the expected size; data not shown).
Pre-immune sera and the flow-through fractions from the affinity–
purification procedures were used as negative controls to ensure
specificity of staining.

Larvae and adult worms were stained according to the standard
Finney–Ruvkun whole mount protocol (Finney and Ruvkun, 1990).
Embryos immunostaining followed the freeze-cracking fixation
protocol (Miller and Shakes, 1995). Primary antibodies were used
in the following dilutions: rabbit and mouse aITX-1 1:200, mAb
MH27 (anti-AJM-1; Francis and Waterston, 1991) at 1:1000 and
rabbit ab-G Spectrin (Moorthy et al., 2000) at 1:250. Immunofluo-
rescence acquisition and documentation were done with a Bio-Rad
confocal microscope.

3.3. Immunoelectron microscopy

Mix stage population of N2 worms were fixed and embedded
for electron microscopy using high pressure freezing (HPF) fol-
lowed by freeze substitution at gradual temperature increase.
Samples were kept for 3 days at �90 �C in anhydrous acetone con-
taining 0.2% tannic acid and then warmed to �30 �C during 30 h.
Samples were then consecutively washed with 100% acetone,
100% ethanol and then incubated for 1 h in ethanol containing
0.5% uranyl acetate. Samples were then embedded in Lowycril
K4M, and polymerized at �30 �C. The hardened samples were
brought to room temperature and sectioned using a microtome
(Leica EM Ultracut, Vienna, Austria) equipped with a diamond
knife (Diatome AG, Biel Switzerland) and place on nickel grids.
The sections were incubated with aITX-1 antibody and then with
a rabbit IgG secondary antibody conjugated to gold particles and
double stained with uranyl acetate/lead citrate. Samples were ob-
served in a FEI Tecnai T12 transmission electron microscope.
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