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Abstract

Although synaptogenesis within the retina is obviously essential for vision, mechanisms

responsible for the initiation and maintenance of retinal synapses are poorly understood. In

addition to its scientific interest, understanding retinal synapse formation is becoming clinically

relevant with ongoing efforts to develop transplantation-based approaches for the treatment of

retinal degenerative disease. To extend our understanding, we have focused on the chick model

system and have studied the neuroligin family of neuronal adhesion factors that has been shown to

participate in synapse assembly in the brain. We identified chicken orthologs of neuroligins 1, -3,

and -4, but could find no evidence of neuroligin 2. We investigated temporal and spatial patterns

of mRNA and protein expression during development using standard polymerase chain reaction

(RT-PCR), quantitative PCR (QPCR), laser-capture microdissection (LCM), and confocal

microscopy. At the mRNA level, neuroligins were detected at the earliest period tested, embryonic

day (ED)5, which precedes the period of inner retina synaptogenesis. Significant alternative

splicing was observed through development. While neuroligin gene products were generally

detected in the inner retina, low levels of neuroligin 1 mRNA were also detected in the

photoreceptor layer. Neuroligin 3 and -4 transcripts, on the other hand, were only detected in the

inner retina. At retinal synapses neuroligin 1 protein was detected in the inner plexiform layer, but

its highest levels were detected in the outer plexiform layer on the tips of horizontal cell dendrites.

This work lays the groundwork for future studies on the functional roles of the neuroligins within

the retina.
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Synaptogenesis, a key component in the development of neural circuits, involves a series of

overlapping processes in which pre- and postsynaptic proteins must be transcribed,

translated, and transported to specific cellular compartments in a carefully choreographed

manner (Lise and El-Husseini, 2006). In the chick retina, rods and four spectral classes of

cone photoreceptors make connections at the outer plexiform layer (OPL) where they form

stereotypical triad structures comprised of photoreceptor nerve endings with invaginating

dendrites of horizontal and bipolar cells. Although less well characterized than other retinal

cell types, some 8–9 classes of morphologically distinct bipolar cells can be distinguished in

the avian retina with fine dendrites projecting to the OPL and single axons to the inner

plexiform layer (IPL) where they innervate with amacrine and ganglion cell dendrites

(Mariani, 1987). In addition, there exist at least three classes of morphologically distinct

horizontal cells that vary in the extent of their dendritic arbor surface area, the depth of their

projections to different strata in the OPL, and in some cases the presence of lateral axons

(Gallego, 1986; Tanabe et al., 2006; Fischer et al., 2007; Edqvist et al., 2008; Rompani and

Cepko, 2008). Lastly, amacrine cells are situated in the half of the inner nuclear layer (INL)

proximal to the IPL where they modulate signals moving between bipolar and ganglion

cells.

Two groups of proteins whose important role in synaptogenesis have been well

demonstrated outside of the eye are the neuroligin (NLGN) and neurexin (NRXN) families

(Lise and El-Husseini, 2006; Chih et al., 2006; Huang and Scheiffele, 2008). These adhesion

molecules are thought to participate in synapse organization by bringing into register the

pre- and postsynaptic elements responsible for neurotransmitter release and reception,

respectively (Ichtchenko et al., 1996; Scheiffele et al., 2000; Taniguchi et al., 2007). Studies

of central synapses from the brain in vitro have demonstrated that their ectopic expression

can promote excitatory or inhibitory synapse formation depending on the combination of

NLGN and NRXN molecules present (Scheiffele et al., 2000; Dean et al., 2003; Chih et al.,

2006; Huang and Scheiffele, 2008). For instance, interactions between NLGN2 and its

respective binding partners, the α- and β-NRXNs, are thought to promote formation and/or

stabilization of inhibitory synapses through recruitment of GABAergic signaling machinery,

while NLGN1, -3, and -4 are believed to influence excitatory synapses through recruitment

of glutamatergic signaling components (Chih et al., 2006; Craig and Kang, 2007; Huang and

Scheiffele, 2008; Kang et al., 2008). The recent discovery of NLGN3 at both GABAergic

(inhibitory) and glutamatergic (excitatory) synapses, however, suggests that this situation

might be more complex than previously appreciated (Budreck and Scheiffele, 2007).

In humans, the three NRXN genes give rise to considerable diversity through alternative

promoter use and internal splicing. An upstream promoter gives rise to the more abundant

larger α-NRXNs while a downstream promoter gives rise to the smaller b-NRXNs

(Ushkaryov et al., 1992; Ushkaryov and Südhof, 1993). The NLGNs are encoded by five

genes in humans (NLGN1–4X, 4Y) and by four genes (NLGN1–4) in mice and several other
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species. Although they too undergo alternative splicing, their degree of variability is

considerably less than the NRXN's (Ichtchenko et al., 1996; Philibert et al., 2000; Bolliger et

al., 2008). The inclusion of short alternative exons within the NLGN1 gene at three sites

(designated A1, A2, and B) account for much of the variability in their binding affinity to

NRXN ligands. NLGN2 mRNA undergoes similar splicing at the A2 site, thereby generating

two different isoforms. The B site is absent from NLGN2, -3, and -4. While all NLGN genes

are capable of producing transcripts bearing the A2 splice site, only NLGN1 and -3 have

both A1 and A2 splice inserts (Bolliger et al., 2008). Strong polar charges at the A- sites

and/or inhibitory N-linked glycosylation at the B- site influence interactions between

alternatively spliced α- and β-NRXNs and NLGNs. Splice variants that preferentially bind

β-NRXNs promote synapse formation, while those that bind both α-and β-NRXNs promote

synapse expansion (Comoletti et al., 2003; Boucard et al., 2005; Comoletti et al., 2006).

Cell replacement therapy holds promise as an approach for the treatment of blinding retinal

diseases such as the retinal degenerations; however, establishing synapse formation between

graft and host tissues remains a major challenge (Adler, 2008). Overcoming this obstacle

requires a better understanding of the molecules involved in synaptogenesis. As a step in this

direction, we have concentrated on the NLGN family, and have focused on the chick retina

model system because it is well suited to both gain-of-function and loss-of-function studies.

To this end, we have experimentally derived the full open reading frames for each of the

chick NLGN genes (NLGN1, -3, and 4), including their numerous retinal isoforms, studied

their developmental patterns of expression, and investigated their distribution throughout the

retina.

Materials and Methods

Animals

All procedures were carried out in accordance with animal protocols approved by the

Animal Care and Use Committee at Johns Hopkins University. White Leghorn chick

embryos (Gallus domesticus; B&E Eggs, York Springs, PA) were incubated at 37°C in a

forced-air incubator with periodic rotation until the desired embryonic stage.

Gene analysis

Total RNA was isolated from chicken retinas by Trizol extraction and reverse transcription

was carried out with Superscript III according to the manufacturer's protocol (Invitrogen,

Gaithersburg, MD). Gene-specific primers were designed to recognize splice sites in the

three chicken NLGN genes (Table 1). The identity of PCR products was verified by

sequencing. Real-time QPCR was performed in 96-well plates with the Bio-Rad (Hercules,

CA) IQ5 Multicolor Real Time PCR system. Each 20-μL reaction contained 10 μL of 2×

SYBR Green Supermix (Bio-Rad) and 300 nM of target gene primer mix. QPCR conditions

included denaturation at 95°C, followed by 40 cycles of amplification (95°C for 10 seconds,

56°C for 30 seconds, and 72 for 30 seconds). Relative gene expression was calculated as

described by Pfaffl (2001). The housekeeping gene GAPDH was used for normalization.
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Cloning of open reading frames

Full-length chicken orthologs of human NLGN genes were identified using genomic and

expressed sequence tag (EST) information from publicly available databases at NCBI and

TIGR (www.tigr.org). BLAT (Blast-like alignment tool) alignments from the University of

California at Santa Cruz (UCSC) genome browser were used to identify phylogenetically

conserved sequences. When significant gaps at translation start or stop sites became

problematic we performed RACE PCR (see below) to obtain full-length coding sequences.

Contig assembly was performed using Sequencher 4.7 software (Genecodes, Ann Arbor,

MI) or Geneious Pro (Biomatters, New Zealand). Amplification of full-length open reading

frames, including alternatively spliced transcripts, was carried out with Phusion Hot Start

high fidelity DNA polymerase (Finnzymes, Espoo, Finland) using the included HF buffer or

GC buffer supplemented with 3% DMSO for difficult to amplify sequences. HA-tags were

introduced by overlap extension PCR, adjacent to the signal peptide cleavage site

(Supporting Fig. S3). Blunt-end PCR products were directionally inserted into pENTR-D-

TOPO (Invitrogen, Carlsbad, CA) and sub-cloned into a pCAGEN (Addgene) expression

plasmid custom modified to include gateway recombination sites (CMV enhancer/chicken β-

actin promoter). The identity of all clones was verified by sequencing.

Rapid amplification of cDNA ends (RACE): suppression and SMART-RACE

Suppression PCR based 3′ RACE-PCR was used to obtain 3′ prime sequence information

(Innis, 1990; Ozawa et al., 2004). A random 9-mer containing a unique polylinker (5′-ACA

GCA GGT CAG TCA AGC AGT AGC AGC AGT TCG ATA AGC GGC CGC CAT GGA

NNNNNNNNN-3′) was used to prime reverse transcription. The SMART (Switching

Mechanism At 5′ end of RNA Transcript; ClonTech, Palo Alto, CA) method was used to

complete 5′ end sequences. Briefly, reverse transcription with MMLV reverse transcriptase

was followed by addition of 3–5 residues (predominantly dC) to the 3′ end of the first-strand

cDNA by the endogenous terminal transferase activity of MMLV. A GC-rich SMART oligo

was annealed to the dC-rich tail, thus serving as a primer for second-strand formation. Using

universal (sense) and gene specific (antisense) primers RACE products were PCR-amplified,

subcloned into pENTR-D-TOPO.

Protein alignment and sequence analysis

Open reading frames were identified as described above and the deduced protein sequences

were aligned using the ClustalW (Id matrix) plugin provided with Geneious Pro (http://

www.geneious.com). Sequences from Anolis carolinensis (anole lizard), Apis mellifera

(European honeybee), Acyrthosiphon pisum (pea aphid), Aedes aegypti (mosquito), Bos

taurus (bovine), Danio rerio (zebrafish), Equus caballus (horse), Gallus gallus (chicken),

Homo sapiens (human), Mus musculus (mouse), Pan troglodytes (chimpanzee), Rattus

norvegicus (rat) obtained with accession numbers provided in Figure 1 were collected for

tree building. Prior to alignment, signal peptide sequences were trimmed and gaps at internal

splice sites were joined. Percent identity between human and chicken orthologs was

calculated using ClustalW (http://www.ebi.ac.uk/Tools/clustalw) (Thompson et al., 1994).

Identity along the NLGN sequence is graphically illustrated in Supporting Figure S1. Signal

peptide cleavage sites were predicted with SignalP, a Web-based predictor of signal peptides
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(Bendtsen et al., 2004; Emanuelsson et al., 2007). PHYML was used to make a bootstrapped

(100 iterations) maximum-likelihood phylogenetic tree using the JTT substitution model and

was optimized for topology and branch length and rate parameters (Guindon and Gascuel,

2003).

Western blot analysis

Tissues from chicken retinas and brain or COS-7 cells transfected with HA-tagged NLGN

expression plasmids were probed by Western blot. Transfections were carried out with

Lipofectamine 2000 according to the manufacturer's recommendations. Tissues or cells were

homogenized in ice-cold lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 2 mM EDTA, 1%

Triton X-100, plus “complete mini” protease inhibitor), incubated for 40 minutes on ice, and

supernatants were sequentially spun at 4°C at 3,000 rpm for 10 minutes and 12,000g for 15

minutes. Then 30 μg of tissue lysate or 5 μg from transfected COS cells were separated on

NuPAGE Novex 4-12% bis-tris gels (Invitrogen) and transferred to nitrocellulose

membranes (iBlot system, Invitrogen). Membranes were blocked in 1 × casein and

sequentially incubated with rat anti-HA or mouse anti-neuroligin antibodies followed by

alkaline phosphatase-conjugated secondary antibodies (1:2,000; Sigma, St. Louis, MO).

Protein bands were detected with NBT/BCIP in Tris buffer containing 100 mM NaCl, 100

mM Tris pH 9.5, 50 mM MgCl2.

Laser-capture microdissection

Embryonic day (ED) 20 chick embryos were euthanized by halothane overdose and samples

processed as previously described (Wahlin et al., 2008). The anterior pole and vitreous from

enucleated eyes were removed and resulting eyecups were incubated in 6.75, 12.5, and 25%

sucrose for 10, 20, and 30 minutes, respectively, equilibrated in OCT-sucrose, and snap-

frozen. Seven-μm cryosections were thaw-mounted onto PEN-foil slides (Leica

Microsystems, Deerfield, IL), fixed in 70% cold ethanol for 30 seconds, briefly rinsed in

DEPC-treated water, stained with hematoxylin for 10 seconds, and dehydrated in 70%

ethanol for 30 seconds and 100% ethanol for 1 minute. Samples from the outer nuclear layer

(ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) (Fig. 4) were collected

from the eye using an LMD6000 laser capture micro-dissection microscope (Leica

Microsystems). RNA concentrations were determined with an Agilent (Palo Alto, CA)

Bioanalyzer. Total RNA was purified using Qiagen's RNeasy microkit (Valencia, CA),

primed with oligo(dT15) and cDNAs synthesized using Superscript III reverse transcriptase.

Assuming an average cell diameter of 5-7 μm and 10 pg of total RNA per cell, of which 2%

is mRNA, estimated sample sizes were ≈85,000 photoreceptor cells with 17 ng mRNA,

110,000 INL cells containing 22 ng mRNA, and 105,000 GCL cells with 21 ng mRNA.

Antibody characterization

Please see Table 2 for a detailed list of all antibodies used.

1. Mouse anti-calbindin is recognized in a 2D gel (manufacturers observation);

specificity shown by indirect immunofluorescence, immunoenzymatic labeling and

radioimmunoassay, and in a comparison of retinas from wildtype and calbindin −/−
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mice (Wässle et al., 1998). It labels cones, subsets of bipolar and amacrine cells,

and occasional cells in the GCL in the chicken retina as reported (Ellis et al., 1991).

2. Rabbit anti-calretinin showed a single band of ≈28–29 kDa by Western blot and

labels horizontal cells by immunohistochemistry (IHC) across many species

including chicken (Pasteels et al., 1990; Ellis et al., 1991; Ikenaga et al., 2006;

Fischer et al., 2007).

3. Mouse anti-CASK recognizes bands of ≈75 kDa and 125 kDa on Western blots of

chick retinas consistent with the two mammalian variants in GenBank (Wahlin et

al., 2008).

4. GABA antiserum selectively labels amacrine and horizontal cells by IHC from

multiple species, including chicken, as previously reported (Fischer et al., 1998).

5. GluR4 antiserum recognizes a single band of expected size ≈100–110 kDa in size

on Western blots of chick retina and in horizontal cells by IHC as described

(Silveira dos Santos Bredariol and Hamassaki-Britto, 2001; Wahlin et al., 2008).

6. Mouse anti-islet1 recognizes both Islet-1 and -2 and has a well-established pattern

of cell labeling by IHC and in situ hybridization (ISH) in chicken motor and retinal

neurons (Tsuchida et al., 1994; Fischer and Reh, 2002).

7. The specificity of anti-Lim1/2 antibodies was verified by IHC and ISH showing

specific expression in only a subset of horizontal cells as previously reported

(Tsuchida et al., 1994; Lui et al., 2010).

8. Lim3 antibodies label bipolar cells by IHC equivalent to patterns observed by ISH

(Tsuchida et al., 1994; Zhadanov et al., 1995; Ericson et al., 1997; Glasgow et al.,

1997; Edqvist and Hallbook, 2004; Edqvist et al., 2006). A band of expected size

≈45–50 kDa (unpublished data) is observed by Western blot.

9. Mouse anti-NLGN1 recognized a doublet band of expected size ≈100 kDa by

Western blot of ED15 and postnatal (P)0 chicken retinas and brain tissues (see Fig.

5). Blots with lysates from COS7 cells overexpressing HA-tagged chicken NLGN1

(AAB), NLGN3 (A1A2), and NLGN4 (A2) showed no cross-reactivity to NLGN3

or -4. Knockout mice are negative by IHC and Western blot (data from M. Bolliger

and T. Sudhof; NeuroMab).

10. The two antibodies against Pax6 recognize different epitopes yet show identical

patterns of cell staining in chicken and mammalian retinas, namely, in horizontal,

amacrine, and ganglion cells (Belecky-Adams et al., 1997; Ashery-Padan et al.,

2000; Fischer and Reh, 2000).

11. Rabbit anti-Prox1 strongly labels chicken horizontal and amacrine cell

subpopulations similar to previously reported studies (Edqvist and Hallbook, 2004;

Fischer et al., 2007; Edqvist et al., 2008).

12. Mouse anti-PSD95 detects multiple, closely sized bands of expected size ≈95–110

kDa on a Western blot of chick retina and brain lysates and in the synaptic layers of
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the retina by IHC (Wahlin et al., 2008). No signal is present in knockout mice

(Béïque et al., 2006).

13. In the retina, mouse anti-ribeye/CtBP2 Western blots revealed bands of ≈50 kDa

and 130 kDa corresponding to the expected sizes for the short nuclear and longer

synaptic ribbon specific variants, while in the brain only the short nuclear variant

was detected with an IHC pattern of synaptic labeling similar to other species

(Schmitz et al., 2000; Wahlin et al., 2008).

14. Rabbit anti-rod α-transducin Gαt1 (K-20), which is an affinity-purified rabbit

polyclonal antibody raised against a peptide corresponding to amino acids 90–109

of human rod α-transducin, has been shown to react with α-transducin of mouse,

rat, and human origin (Boughter et al., 1997). Its specificity was verified in chicken

retinas using fluorescent promoter viruses that selectively label chicken rod

photoreceptors in vivo (Semple-Rowland et al., 2007).

15. Mouse anti-SV2 recognizes a band of ≈75–110 kD in immunoblots of brain

synaptosomes from rat, chick, and frog (Buckley and Kelly, 1985; Feany et al.,

1993). In the chicken retina, SV2 labels synaptic terminals in the outer and inner

plexiform layers along with PSD95, CASK, and ribeye (Wahlin and Adler, 2007a;

Wahlin et al., 2008).

16. Rabbit anti-trkA was raised to the entire extracellular domain of chicken trkA

which was expressed in COS7 cells, purified, and used to produce antibodies in

rabbits (Oakley et al., 1997). To demonstrate specificity human kidney 293 cells

were transfected with trkA, trkB, or trkC and reacted with antibodies to trkA. Its

role as a retinal horizontal cell marker has been extensively studied by

immunohistochemistry, showing a similar pattern to ISH studies with expression in

a subset of horizontal cells and a few types of amacrine cells (Lefcort et al., 1996;

Gallo et al., 1997; Karlsson et al., 2001; Fischer et al., 2007).

Tissue processing for IHC

Tissue processing was performed as described (Wahlin et al., 2008). Enucleated eyes were

opened along the ora serrata, vitreous removed, and eyecups fixed for 20 minutes in cold 4%

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and subsequently immersed in 6.75,

12.5, and 25% sucrose in phosphate buffer for several hours each, followed by overnight

incubation in 25% sucrose and 1 hour in a 2:1 ratio of 25% sucrose-0.1M phosphate buffer

and OCT Tissue-Tek (Ted Pella, Redding, CA), and by snap-freezing on dry ice /

isopentane. Cryostat sections were cut at 8–10 μm, thaw-mounted onto Super-Frost Plus

glass slides (Fisher, Pittsburgh, PA). In general, sections were blocked and permeabilized in

10% goat serum in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 and

incubated overnight in primary antibody in 2% goat serum containing 0.02% Triton X-100.

Incubation of NLGN1, GluR4, LIM 1+2, and LIM3 antibodies was done overnight at 4°C in

1% goat serum with 0.1% Triton X-100 with or without previous blocking in 1%goat serum.

Primary antibody sources and dilutions are listed in Table 2. Alexa647 conjugated peanut

lectin agglutinin (PNA) (Invitrogen) was used at 1:1,000. Secondary antibodies were goat

antimouse and goat antirabbit IgGs coupled to Alexafluor-488, -546, -594, or -647
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(Invitrogen; 1:1,000). Ten μg/mL Hoechst 3342 (Molecular Probes, Eugene, OR) was used

to visualize cell nuclei. Double labeling with primary antibodies from the same species was

performed using tyramide signal amplification (TSA) with TSA plus reagents (Perkin

Elmer, Boston, MA) according to the manufacturer's recommendations. Following primary

antibody incubation, endogenous peroxidases were quenched with 1% hydrogen peroxide in

phosphate buffer for 30 minutes at room temperature and sequentially incubated with

biotinylated goat antimouse IgG (1:1,000; Vector Labs, Burlingame, CA), horseradish

peroxidase conjugated streptavidin (1:1,000; Vector Labs), and fluorescein-tyramide (1:500

dilution). A second mouse monoclonal antibody was then applied at standard working

concentrations (see Table 2) and visualized with Alexafluor-647 conjugated goat antimouse.

Control reactions using ultralow antibody concentrations were detectable with tyramide

amplification but were undetectable by standard fluorescent microscopy. Serial sections

processed similarly but without primary antibody were used as negative controls to rule out

endogenous peroxidase or nonspecific background.

Microscopy and image processing

Confocal mages were acquired with a Zeiss LSM510 laser scanning microscope and images

were adjusted for brightness and contrast using ImageJ freeware (NIH; http://

rsb.info.nih.gov/ij/) or Adobe Photoshop (San Jose, CA). Similar settings were used for laser

power, photomultiplier gain and offset, and a pinhole diameter of one Airey unit. Brightest

point projections of z-stacks (5–10 optical sections, 0.5–1.0 μm thickness, 0.5–1.0 μm step

size) were performed to highlight 3D elements of synaptic terminals such as the alignment

of pre- and postsynaptic elements. Very thin optical sections (≈0.5 μm) were used to study

subcellular localization or colocalization.

Results

Cloning and gene structure of the chicken neuroligins

Full-length open reading frames for chicken NLGN1, -3, and -4 were identified by analysis

of genomic DNA, ESTs, and mRNA sequences from publicly available databases and

experimentally derived RACE PCR products. These were subsequently cloned and sequence

verified. ENSEMBL alignments localized them to chromosomes 9, 4, and 1, respectively

(Fig. 1A); however, the exact gene lengths are unknown due to intronic sequence gaps that

exist even in the most recent revision of the publicly available chicken genome (June 17,

2006 v11draft assembly). With the exception of NLGN1, for which there was ample

sequence data, we had to rely on several complementary molecular approaches (e.g., RACE

PCR and comparative genomic alignments) to identify the remaining chicken NLGN full-

length coding sequences. Among the three NLGN genes, a total of 11 isoforms were

amplified from chick retina or brain cDNA (GenBank accession numbers: NLGN1 isoforms,

A1A2B (GU574580), A1A2 (GU080337), A1B (GU080338), A2B (GU080339), B

(GU080340); NLGN3 isoforms, A1A2 (GU574581), A2 (GU080341), (−) (GU080342); and

NLGN4 isoforms, A2 (GU080343), (−) (GU080344), x3 (GU080345). One of the NLGN1

variants is equivalent (with minor differences) to a previously identified isoform isolated

from ED15 chick ciliary ganglion (Conroy et al., 2007). Primers spanning the translation

initiation and termination sites of NLGN1 allowed isolation from the retina of five distinct
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transcripts that vary at two positions within the extracellular carboxyesterase domain, which

are designated splice sites A and B. These sites are similar to those already identified in

mammals (Fig. 2). These transcripts produce precleaved proteins of 874 (NLGN1 A1A2B),

865 (NLGN1 A1A2), 843 (NLGN1 A1B), 843 (NLGN1 A2B), and 823 (NLGN1 B) amino

acids with predicted molecular weights of ≈96.6, 95.5, 94, 94, and 92 kDa, respectively.

Splice variation for NLGN4 was observed at the A splice site, but not the B-site, yielding

precleaved proteins of 847 (NLGN4 A2), 827 (NLGN4 -), and 776 (NLGN4 -x3) amino

acids in length. The NLGN4 -x3 variant was unique in that it lacked both site A2 and the

adjacent exon 3. We are not aware of a mammalian equivalent. For NLGN3, we needed to

perform suppression PCR-RACE and SMART RACE (ClonTech) to obtain full sequence

data. A BLAT alignment of NLGN1 and -3 contig sequences revealed seven coding exons

while NLGN4 had only six (Fig. 2B–D). Despite repeated attempts, an avian equivalent for

NLGN2 was not identified using degenerate PCR or through extensive online database

searches of the chicken genome.

Conservation and sequence analysis of the chicken neuroligin proteins

Alignment of the deduced protein-coding regions when compared with those of other

vertebrates, including human, showed a high degree of interspecies conservation

(Supporting Fig. S1) which is consistent with a recently published report including partial

chicken NLGN sequences (Bolliger et al., 2008). Analysis of the mature cleaved protein

showed a 97.5% identity between human and mouse NLGN1, 92.8% identity for NLGN3,

and 96.4 or 94.6 for NLGN4X and -4Y, respectively (Fig. 1B). Since the N-terminal signal

peptide sequence is cleaved from the mature protein (Supporting Fig. S3) and is less

conserved we did not include that in the phylogenetic analysis. Bolliger et al. (2008)

previously uncovered partial evidence of three neuroligin orthologs (NLGN1, -3, and -4) in

the chicken and no evidence of NLGN2. Such identification was based on limited EST

sequences and/or computationally predicted sequences and did not reflect experimentally

derived open reading frame sequences. Our own phylogenetic analysis, shown in Figure 1C,

builds on this by including direct experimentally verified open reading frame sequences that

fills in significant sequence gaps at 5′ and 3′ ends of the NLGN3 and -4 coding sequence.

Figure 1C illustrates the evolutionary relationship among a wide range of species from

insects to primates with orthologs from the class Insecta forming the root of this tree.

Throughout the vertebrate clade the root lays with NLGN2; however, this gene appears to be

absent from chicken. As expected, primate NLGNs are clustered together, while those from

avian and teleost species are generally offset at adjacent nodes, as would be expected of

their evolutionary distance. A noteworthy outlier is mouse NLGN4 that is situated far away

from other mammals. This evolutionary difference has been attributed to rapid mutations in

the mouse genome (Bolliger et al., 2008). While the sequencing of lizard genomes are far

from complete, we identified sequences from Anolis carolinensis that are homologous to

NLGN2 (Supporting Fig. S1). Furthermore, we noted that some syntenic regions adjacent to

the human NLGN2 gene are scattered throughout the chicken genome, while others are not

(Supporting Fig. S4). For instance, genes immediately upstream to human NLGN2 were not

found and genes downstream mapped remotely to chicken Chr18. It is noteworthy that a

striking number of genes flanking the NLGN2 gene (e.g., SPEM1, FGF11, etc.) were found
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in human but not in chick. The absence of NLGN2 in the chick warrants further exploration

of animals closer to their evolutionary lineage.

The degree of sequence conservation between the chicken NLGN family members and their

human homologs tended to be within the extracellular esterase domain, with less

conservation evident in the linker before the transmembrane domain (green) (Supporting

Fig. S2). For each NLGN an N-terminal signal peptide sequence, an esterase domain, a

linker with O-glycosylation sites, a transmembrane domain, putative N-glycosylation sites,

and a cytoplasmic tail containing a PDZ interacting domain were identified. Although the

signal peptide region was relatively poorly conserved at intra- and interspecies levels, the

predicted cleavage sites appeared similar: at amino acids 45–46 for NLGN1 (human and

chick), 37–38 (human), and 39–40 (chick) for NLGN3, and 33–34 for NLGN4 (human and

chick). (Complete signal peptide sequences are highlighted in Supporting Fig. S3C.)

Temporal aspects of neuroligin gene expression

To assess the developmental regulation of NLGN in the retina we performed RT-PCR (Fig.

3). In general, the NLGNs were detected in the retina considerably before the period when

synaptogenesis is thought to occur. Using standard PCR conditions, NLGN1, -3, and -4

mRNAs were each detected in the developing retina at the earliest time evaluated (ED5; not

shown), rising only slightly between ED6 and ED20 (Fig. 3B). A more careful examination

using quantitative real-time PCR with oligonucleotides flanking the B splice site, however,

uncovered levels of gene expression for NLGN1, -3, and -4 that progressively increased

during development, peaking between ED12 and -14 (Fig. 3C). NLGN1 transcripts remained

high while transcripts for NLGN3 and -4 decreased after the initial peak.

The temporal pattern of alternative splicing was evaluated by PCR. NLGN1, -3, and -4

mRNA spliced transcripts were monitored with gene-specific oligonucleotides flanking the

conserved A sites such that PCR products yielded 1, 2, or 3 bands, depending on the degree

of splicing (Fig. 3B). Although there are actually four possible transcripts at the A site, only

three can be resolved by electrophoresis, with a small 99 bp band for transcripts lacking at

the A site, an intermediate band of 159 bp for those containing the A1 or A2 splice sites, and

a higher band 219 bp band for those containing both the A1 and A2 sites. At ED6, NLGN1

amplification gave both short and intermediate sized bands, representing none or only one

“A” splice site, and by ED8 a combination of all three transcript sizes were present. Control

samples from forebrain (FB) or midbrain brain (MB) also had evidence of alternative

splicing. NLGN1 splice site B showed two DNA bands of unequal intensity; one intense

band represents a single splice insert while the other much less intense band indicates the

absence of this site. NLGN3 and -4 had splicing at site “A” but showed no variation at site

B. NLGN3 transcripts had 1 short band at ED6 and three bands at ED8. Although they were

generally similar, they had slightly different profiles than NLGN1. The high and low

molecular weight NLGN3 bands were several-fold more abundant than the less intensely

stained intermediate band, while with NLGN1 the intermediate band was more prevalent.

Analysis of NLGN4 transcripts revealed two prominent bands throughout development,

indicating the presence of splice site A2 for the larger molecular weight band. Interestingly,
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beginning at ED18 we saw an additional larger molecular weight DNA band that, although

not verified by sequencing, suggests that additional splice variants may exist.

Laminar position of alternatively spliced isoforms

In order to analyze the laminar pattern of expression of the various NLGN genes and their

spliced isoforms within the retina, we performed RT-PCR on pooled laser-capture

microdissected ONL, INL, and GCL samples (Fig. 4). Demonstrating specificity of the

LCM samples, green opsin was detected only in the photoreceptor layer (ONL); Brn3 was

only detected in the GCL samples; Lim1, a marker specific for a subset of horizontal cells,

was detected only in the INL samples; and Pax6 was detected in the INL and GCL but not

the ONL (Fig. 4B).

Although NLGN1, -3, and -4 were each detected in all cell layers, the signal for NLGN3 in

the ONL was so low that it was barely above background (Fig. 4C,D). To determine the

transcript abundance in retinal cell layers, we used quantitative real-time PCR (Fig. 4E–G).

Based on normalization to GAPDH expression, NLGN1 was most abundant in the INL and

least abundant in the ONL, with intermediate levels of expression in the GCL. Similar levels

of NLGN3 were seen among the INL and GCL samples, while NLGN4 had ≈3-fold higher

levels in the INL than in the GCL. Both NLGN3 and -4 showed low levels of expression in

photoreceptors that were barely detectable. Analysis of NLGN1 transcripts in the ONL by

standard PCR and gel electrophoresis revealed two DNA bands of different length; one

small molecular weight signal presumably belonging to transcripts lacking the A site and

another barely detectable band with a higher molecular weight that was suggestive of having

both A1 and A2 splice inserts. Both the INL and GCL samples had three bands representing

all combinations of alternative splicing at splice site A. Qualitatively, we observed that the

smallest molecular weight band was most intense in the INL, while the intermediate band

was more prominent in the GCL. NLGN3 transcripts were also more abundant in the inner

retina, with the INL expressing both small and a large molecular weight transcripts and the

GCL exhibiting all three bands, the largest molecular sizes band being the most prominent.

For NLGN4 we only observed two bands, suggesting that only one splice site is present,

which is consistent with both experimental cloning and genomic analysis and is similar to

that observed in mammals that have no splice insert at the A1 splice site. It should be noted

that we did not see the third upper band that was occasionally noted in cDNA preparations

from late-stage retinas. At the alternatively spliced B site we only observed variation for

NLGN1, with NLGN3 and -4 being consistently negative.

Alternative splicing of NRXN1 and -3 were studied in a similar fashion. While NRXN1 (Fig.

4H) was restricted primarily to the INL and GCL layers, NRXN3 (Fig. 4I) was more

variable, expressing both large molecular weight transcripts in the photoreceptor samples

and lower molecular weight transcripts in the INL and GCL. In order to detect a broader

range of NRXN1 and -3 transcripts the oligonucleotides used in this study do not

discriminate between α- and β-neurexin isoforms. Many more neurexin isoforms do exist

and are currently being investigated separately. To date, we have uncovered the open

reading frames from the retina of at least seven β-NRXN3 transcripts (unpubl. data), and this

preliminary analysis did not include the α-NRXNs for which many more are likely to exist.
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Localization of neuroligin 1 to cells in the OPL and IPL

The specificity of the antibody against NLGN1 was confirmed by Western blot and

immunohistochemistry (Fig. 5A,B). Expression patterns in vivo showed that many cells of

the inner retina, including those in the INL and GCL, showed moderate to strong NLGN1

signals (Fig. 5C,D). The strongest NLGN1 signal was evident in the two plexiform layers,

particularly the OPL, where rod and cone synapses are known to exist. An especially strong

signal was apparent in the uppermost S1 sublayer of the OPL. Other regions where NLGN1

was abundantly expressed were those occupied by amacrine and ganglion cell synapses.

Developmental patterns of expression of neuroligin 1 in the chick retina

As noted above, NLGN mRNA transcripts can be detected at early stages of retinal

development, significantly earlier than synapses are thought to exist (Fig. 3). To determine

whether protein expression follows suite, we used immunohistochemistry to analyze

expression from ED5 to ED20 (Fig. 6). As early as ED5 (Fig. 6A), faint expression was seen

throughout the neuroepithelium, with slightly higher deposits along the vitreal border. At

ED7, expression increased in the ganglion cell layer and in cell bodies and processes likely

to belong to amacrine cells (Fig. 6B). At ED8, staining increased in those cells and the range

of cells expressing NLGN1 expanded to include putative horizontal cells (arrow) as

determined by their proximity to the nascent OPL (Fig. 6C). One day later, at ED9, after

horizontal cells have completed their outward migration to the outer aspect of the inner

nuclear layer, expression was readily detected in their cell soma (Fig. 6D). In the IPL,

expression was seen as early as ED7 and peaked at ≈ED14 (Fig. 6F). Although its

distribution became more diffuse and less intense over time, it still persisted even after the

retina was fully mature. In the OPL, expression was observed as early as ED8 and peaked at

around ED17 (Fig. 6G). By ED20 (Fig. 6H) it became more discrete in appearance

throughout the OPL, decorating what appeared to be the apical tips of horizontal cell

dendrites.

Neuroligin 1 protein is present adjacent to but not within photoreceptor terminals

NLGN1 protein was observed in “mushroom cap”-shaped structures in the OPL in a fashion

reminiscent of horizontal cell dendrite labeling. To localize NLGN1 more precisely to

individual cell types we used double label immunohistochemistry with a panel of synaptic

markers that selectively label photoreceptor terminals (Fig. 7). Labeling of posthatch (P3)

chick retinas was analyzed with antibodies against NLGN1 and ribeye (Fig. 7A–D), PSD95

(Fig. 7D–G), and SV2 (Fig. 7H–K). NLGN1 colocalized just beneath ribeye positive

terminals in all three sublayers of the OPL, indicating that most, if not all, photoreceptors

retain NLGN1 near their nerve terminals (Fig. 7D; arrows). Similar to the situation in the

pigeon, the trilaminar structure of the chick OPL is separated into three sublayers with the

strata most proximal to photoreceptors composed of rod and double cone terminals, a medial

strata composed of red and green cone terminals, and a lower distal strata closest to the INL

composed of terminals for blue and violet sensitive photoreceptors. Thus, the staining

pattern at all three sublayers of the OPL reflects synaptic terminals of all major classes of

photoreceptors. Similar results were observed for PSD95 and SV2 that also labeled all OPL

sublayers. Identification of NLGN1 at postsynaptic terminals is most conspicuous near the
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base of double cone terminals in the uppermost strata (S1), as these are easily identified by

their position and their comparatively larger synaptic terminal diameters as compared to

terminals in the medial (S2) and distal (S3) aspects of the OPL, which are considerably

smaller. Top-down orthogonal slice views of the OPL were constructed from z-stacks in

which ribeye and PSD95 (Fig. 7B1,B2,F1,F2) were respectively used to visualize NLGN1-

positive structures in the OPL. Positive signals in each sublayer could be distinguished by

size since S1 terminals have a significantly larger average diameter (≈5 μm) as compared

with the smaller terminals in S2 that are only 2 μm on average. Since rods are the only other

cell type to project to S1 we performed double labeling with NLGN1 and rod transducin

(Fig. 8). Although the separation between the photoreceptor terminal and horizontal cell

dendrites was less obvious with this type of synaptic connection than with cones, there was

slightly more NLGN1 signal just beneath the transducin positive rod terminal rather than

strictly colocalized with it. Thus, both cones and rods are likely to retain NLGN1 as part of

their synaptic complex.

Since strong neuroligin signals were present in the outer aspects of the OPL (S1), where

double cone terminals reside, we sought to further verify that these signals were not present

within double cones but were merely projecting to them. For this purpose we performed

double staining with antibodies against calbindin (Fig. 9), an established marker of the

principal component of double cones (Fischer et al., 2007; Wahlin et al., 2008). Staining

showed intense NLGN1 staining in S1 at the base of calbindin-positive terminals with little

actual staining within the photoreceptor itself (not shown). Peanut lectin agglutinin (PNA)

has also been extensively used as a cone marker, where it has a high affinity for inner and

outer segments of all cones and subset of their synaptic terminals (Adler et al., 1984; Blanks

and Johnson, 1984). In addition, it has also been employed as a marker for double cone

synaptic terminals (Tanabe et al., 2006). We therefore used PNA to add additional positional

information to NLGN1 expression (Fig. 9B). Surprisingly, we observed that while NLGN1-

positive terminals were distributed throughout the OPL, PNA-positive terminals were only

present in the medial strata (S2) and not in the outer strata where the double cone terminals

exist (Fig. 9B–G). Furthermore, when PNA was incubated with calbindin antibodies there

was a clear separation between the calbindin (+) principal cones in S1 and PNA in S2 (Fig.

9C). Since ribeye labels all three OPL sublamina (S1–3), its association with PNA in S2

provides the clearest bit of evidence that PNA does not label double cone terminals (Fig. 9E)

as previously reported (Tanabe et al., 2006). It is also helpful that TrkA antibodies label only

a subset of horizontal cells projecting to double cone terminals (Fischer et al., 2007). When

TrkA antibodies and PNA were incubated together, trkA (+) terminals predictably projected

to S1, while PNA was restricted to a region distinctly below that (Fig. 9D). In the report that

used PNA as a marker for double cones, retinal tissues studied were from ED16 chick

retinas. To investigate whether this discrepancy might be related to the age of the retina, we

compared PNA staining in retinas harvested from ED16 and ED21 chick eyes. In this

fashion, we demonstrated that at ED16 the OPL is only comprised of one tight sublayer as

opposed to the three loose sublayers present at maturity (Fig. 9F,F1,G,G1). Since red and

green cones reside in the medial S2 sublamina of the OPL, our data suggest that, rather than

being a marker for double cones, PNA actually labels red and/or green principal cone
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synapses. Although we currently do know whether green or red cones are being labeled, this

observation should help us study this synaptic sublayer in greater detail.

GluR4 and neuroligin 1 are present in the majority of horizontal cells

NLGN1 signal at the nascent OPL and adjacent cell soma at ED9 (Fig. 6D) pointed to a

horizontal cell identity, so we performed additional IHC analysis with markers previously

described to label horizontal cells at maturity. AMPA-type GluR4 receptors in the OPL

appear to be present in many (if not all) horizontal cells (Wahlin et al., 2008). While

NLGN1 (+) signals were most readily observed in discrete “mushroom cap-like” structures

located at the distal tips of OPL dendrites, GluR4 was additionally present along the entire

cell surface, thus providing a useful silhouette of each horizontal cell with which to correlate

NLGN1 expression. GluR4 provided a better silhouette at ED21 than in the posthatch

setting, so this period was used for further analysis (not shown). Thus, by using double-

labeling IHC we observed that virtually all GluR4 (+) cells in the OPL were also positive for

NLGN1 (Fig. 10A–O). The synaptic terminals of photoreceptors were essentially negative

for both NLGN1 and GluR4 (Fig. 10A–C); however, the presence of a very faint signal in

the inner segment region prevents ruling out the possibility of low expression in these cells

(Fig. 5D).

Since there are at least three horizontal cell subgroups based on morphology, and possibly

four or more if one accounts for differences in dendritic field arborization and protein

expression, one cannot be certain that all horizontal cells express NLGN1 simply by looking

at NLGN1 and GluR4 colocalization. We therefore used an indirect approach to determine

that NLGN1 is present in all horizontal cell types (Mariani, 1987; Fischer et al., 2007).

Several homeodomain transcription factors have been previously established as markers for

subpopulations of HCs: lim1 labels type I axon-bearing horizontal cells with “brush-shaped”

dendrites, islet1 labels nuclei of axon-less types II and III HCs, and Prox1 labels all

horizontal cells (Fischer et al., 2007; Edqvist et al., 2008). In addition, at the age studied

(P0) Pax6 also labels all horizontal cells, as reported elsewhere (Fig. 10L–O) (Edqvist et al.,

2008). While these markers are all useful for identifying nuclear bodies of these cell types,

the separation between NLGN1 signals and the cell nuclei did not provide enough overlap to

ensure that transcription factor (+) signals and NLGN1 belonged to the same cells.

Fortunately, double labeling with GluR4 and transcription factors can be extrapolated with

the strong overlap between GluR4 and NLGN1 to indirectly explore whether or not NLGN1

is expressed in all horizontal cells or simply subsets. In this fashion, we observed that GluR4

was present in all cells that expressed Lim1 (Fig. 10D–G), Islet1 (Fig. 10H–K), Pax6 (Fig.

10L–O), and Prox1 (not shown). Since this spectrum of markers covers all horizontal cell

types and there was a very strong association between GluR4 and NLGN1, it is likely that at

the age tested all horizontal cells express both GluR4 and NLGN1.

Neuroligin 1 localizes to dendrites of all major horizontal cell subgroups

While it is likely that the anti-NLGN1 antibody was labeling dendrites of all horizontal cell

types, the data above was only indirect. Direct evidence was accomplished by using

horizontal cell marker antibodies that preferentially label specific horizontal cell subgroups

(Fig. 11). TrkA (+) cells have a smaller somata and bulbous dendritic endings, which project
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to the S1 synaptic sublamina. Double labeling with trkA and NLGN1 showed positive

signals at the thin distal tips of trkA (+) cells often crossing one another in a chiasm-like

formation (Fig. 11B–D; arrowhead). Extensive labeling of NLGN1 in the surrounding areas

was also seen in dendrites from trkA (−) cells. The morphology and cell type distribution of

GABA and calretinin has been shown to be similar and is primarily in trkA (−) cells (Fischer

et al., 2007). While thickly branched GABA (+) dendrites were less refined than those seen

with calretinin labeling, this approach allowed us to further visualize GABA (+) shafts

which extended right up to NLGN1-positive structures (Fig. 11E–H). Calretinin-positive

cells, on the other hand, showed very fine “brushed-like” structures with calretinin-

immunoreactive features overlapped by NLGN1 (+) signals (Fig. 11I–L). Together, these

findings suggest that NLGN1 is expressed in most, if not all, horizontal cells in a fashion

that links them directly to photoreceptor synaptic terminals.

While all horizontal cell types were immunoreactive for NLGN1, it was often difficult to

determine whether all dendrites, or just a significant portion, of a particular cell type were

positive. For example, the broad “brush-shaped” dendritic branches of calretinin (+) HC1

cells were clearly positive for NLGN1, even though we could not trace all dendrites due to

their fine interwoven structure. Similarly, GABA-positive HC2 cells (medium-to-wide field

or “stellate” cells) were strongly positive for GABA along their thick dendritic trunks, while

at their distal tips GABA reactivity was considerably less. In contrast to the difficulty

associated with identifying HC1 and HC2 cells, NLGN1-positive HC3 (“candelabrum”

shaped) cells were much easier to identify since trkA reactivity was continuous throughout

the cell, including the distal dendritic tips where NLGN1 resides. The fine projections of

bipolar cells, on the other hand, were much more difficult to study since in addition to there

being up to nine morphologically distinct subclasses they have comparatively fewer

immunocytochemical markers to identify them. Considering these technical hurdles,

NLGN1 was not easily observed in bipolar cell dendrites, so we cannot rule out the

possibility that NLGN1 plays a role there too. Future work should address these technical

issues.

Discussion

Through a detailed exploration of the NLGNs expressed in the chick retina, we have found

that: 1) chicken NLGN1, -3 and -4 are well conserved with their mammalian counterparts,

but an avian homolog of NLGN2 appears to be absent. 2) Alternative splicing generates

considerable diversity of the NLGN1, -3, and -4 family of proteins, through alternative

splicing occurring at conserved “A” and “B” splice sites, similar to that observed in

mammals. In total, five unique NLGN1 transcripts, three NLGN3 transcripts, and three

NLGN4 transcripts were identified. 3) NLGN expression at the mRNA level begins relatively

early in development, by ED5, which represents the earliest age tested. This is potentially

interesting since it is considerably earlier than when synaptogenesis is thought to occur in

either the inner or outer retina. Although alternative splicing exists at ED6, by ED8 (the

period of inner retina synaptogenesis) elevated levels of alternatively spliced variants were

evident. In general, levels of neuroligin mRNA increase over time, peaking at ED14 for

NLGN1 and NLGN4. NLGN3, on the other hand, continues to rise throughout development.

4) Although RT-PCR of LCM-derived samples allowed detection of NLGN1 and -4
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transcripts in all three nuclear layers, more careful quantitative analysis revealed that

NLGN1 expression is markedly higher in the inner retina than in the outer retina, and

NLGN3 and -4 are only expressed in the inner retina. Alternative splicing was most complex

in the ganglion cell layer and less variable in the inner nuclear layer. 5) At the protein level,

NLGN1 is present in both synaptic plexiform layers. 6) NLGN1 protein was first detected in

the radial processes of the neuroepithelium by ED5, in ganglion cells and presumptive

amacrine cells at ED7, and in the soma of horizontal cells by ED8. At ED9 both the outer

and inner plexiform layers were clearly positive. 7) Photoreceptor synaptic terminal active

zone markers such as ribeye, PSD95, and SV2 failed to colocalize with NLGN1, while

horizontal cell markers such as GluR4, trkA, calretinin, and GABA did, indicating a

postsynaptic distribution in the dendrites of horizontal cells.

With the exception of the NLGN2 gene, which appears to be absent in the chick, the NLGN

gene family is well conserved between chicken and other vertebrate species. Humans have

five NLGN genes. Although it was previously thought that rodents only have three, a fourth

gene with a dramatically divergent sequence was recently discovered in mouse (Bolliger et

al., 2008). The absence of NLGN2 from chicken EST databases and from the available

chicken genome does not appear to be due to limitations in the state of the chicken genome

project, since in its most current state (June 17, 2006 draft assembly) the chicken genome

has a 6.6-fold coverage with ≈95% of sequences anchored to chromosomes and the

remainder concatenated into a virtual chromosome (“chrUn_random”); however, its possible

presence in a so-called “difficult to clone” region cannot be excluded. It is noteworthy that

fish, which are presumed to be more ancient than birds or mammals, have all four NLGN

genes, as does the lizard Anolis carolinensis that branched off from the evolutionary tree

more recently after birds and snakes diverged. A genomic contraction after this evolutionary

split could offer a possible explanation for this difference (Veyrunes et al., 2008). In

addition, there are numerous genes flanking the human NLGN2 gene for which there are no

regions of shared synteny with the chicken genome, further supporting the notion that

portions of the chicken genome may have been lost through evolution.

The discovery that NLGN1 is expressed in developing and mature mouse and chick retinas

raises the possibility that neuroligin/neurexin family members may also play a role in retinal

synapse formation or function (von Kriegstein and Schmitz, 2003; Paraoanu et al., 2006). In

the mouse retina, NLGN1 has been observed at synaptic plexiform layers, but the identity of

the cells expressing it was not clear (von Kriegstein and Schmitz, 2003). Until now, the

identity of cells expressing NLGN1 in the chick was even less clear since the only published

report involved mRNAs extracted from whole retina (Paraoanu et al., 2006). Although we

now know that NLGN1 protein is expressed in chick horizontal, amacrine, and ganglion

cells, we have been unable to identify NLGN1 at photoreceptor terminals even though we

detected low levels of mRNA from LCM-prepared photoreceptor samples. One possibility is

that the protein is expressed but simply at a level below our threshold for detection.

Alternatively, there are an increasing number of examples where post-transcriptional

regulation of protein synthesis limits the translation of mRNA (Decembrini et al., 2006;

Filipowicz et al., 2008). As for NLGN2, it is expressed in both the outer and inner nuclear

layers of the mouse retina, where, in addition to being present at inhibitory sites alongside
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components of the dystroglycan complex in the inner plexiform layer, it is found at

presynaptic terminals of photoreceptor ribbon synapses (Lui et al., 2010). Since inhibitory

GABA receptors are also expressed by photoreceptors, this finding is not altogether

surprising except for the fact that thus far we have been unable to identify NLGN2 in the

chicken, let alone their photoreceptors. NLGN3 is reportedly expressed in mice by olfactory

ensheathing glia and astrocytes of the retina, where it has been labeled as a retinal

“gliotactin” (Gilbert et al., 2001). Given the reported observation that NLGN3 is “strikingly

absent” from the chick retina, we were surprised to detect abundant mRNA levels

throughout retinal development (Paraoanu et al., 2006). Further examination of NLGN3 and

-4 protein expression patterns in the chicken, which so far has been limited by the

availability of suitable antibodies, would clearly be of great interest.

Although it is not known precisely which neuroligin–protein interactions occur within the

retina, a fair amount is already known about neuroligin-interacting molecules in other

central nervous system (CNS) regions that could be applicable here. First, there are many

proteins recruited as part of PDZ containing scaffolds at pre- and postsynaptic sites; one

interaction involves NRXN and CASK proteins associated together at presynaptic sites,

while another involves NLGN and PSD95 coupled NMDA receptors at postsynaptic sites

(Hata et al., 1996; Missler et al., 1998; Bolliger et al., 2001). The neurexin1 and -3

transcripts we identified in the outer retina gives some degree of evidence that neurexins

could interact with neuroligins at photoreceptor synapses. In addition, we previously

reported that its binding partner CASK is present on all presynaptic photoreceptor terminals

in the chick retina (Koulen et al., 1998; Wahlin and Adler, 2007b; Wahlin et al., 2008;

Fischer et al., 2008). Similar to other vertebrates, PSD95 is expressed on chick photo-

receptor terminals rather than at more typical postsynaptic sites, such as the horizontal or

bipolar cell dendrites, where abundant levels of glutamate receptors exist (Koulen et al.,

1998; Wahlin and Adler, 2007b; Wahlin et al., 2008). The association of PSD95 with

plasma membrane Ca2+ pumps at photoreceptor synapses raises the possibility that it could

have an altogether different role at photoreceptor synapses (Aartsen et al., 2009). In

hippocampal and cortical cultures, NLGN1 and the AMPA-type glutamate receptor GluR4

can cluster together at sites of contact in artificial and neuronal synapses (Sia et al., 2007). It

is conceivable that this specific interaction might also occur in the eye, since a variety of

glutamate receptor subunits are known to be present in the outer plexiform layer. For

example, GluR4 is robustly expressed in the outer plexiform layer where it decorates

horizontal cell postsynaptic elements. In these cells the extensive overlap between NLGN1

and GluR4 (+) dendrites suggests that NLGN1 could participate in the function, assembly,

or maintenance of photoreceptor-to-horizontal cell synapses; however, functional studies are

needed to draw any further conclusions.

All vertebrate species studied thus far have distinct horizontal cell subtypes. In the chicken,

there are three or more types of horizontal cells that are classified by morphology (dendritic

field size and presence or absence of an axon) and/or expression of selective cell markers

(Mariani, 1987; Karlsson et al., 1998; Tanabe et al., 2006; Fischer et al., 2007; Rompani and

Cepko, 2008; Edqvist et al., 2008). Although it is currently unknown how such connections

are made, each horizontal cell type has a unique series of projections from specific cone and
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rod subpopulations in the OPL; double cones and rod terminals project to the proximal or

“upper” strata (S1), red and green cones to the medial strata (S2), and blue and violet

sensitive cones to the distal or “lower” strata (S3). By colabeling NLGN with horizontal cell

markers we demonstrated that essentially all horizontal cell types in the chick retina express

NLGN1 at their dendritic tips, making it unlikely that NLGN is responsible for the unique

targets that form between photoreceptors and horizontal cells, although it is possible that

alternatively spliced variants could account for some degree of specificity (Mariani, 1987;

Tanabe et al., 2006; Fischer et al., 2007; Rompani and Cepko, 2008; Edqvist et al., 2008).

It is worth mentioning that dynamic changes in synaptic protein expression, cell markers, or

morphology can occur even over short periods during development and this could influence

how cell connections are described. For example, peanut lectin agglutinin was reported in

ED16 chick retinas as a synaptic marker for double cones, where it was used to monitor

dendritic targeting of horizontal cells by cadherin (Tanabe et al., 2006). Contrary to this, we

showed that double cone terminals are, in fact, negative for PNA; the actual target lies

within the medial stratum, not the proximal stratum, of the OPL where red and green cone

terminals reside. While it is possible that dynamic changes in expression of the ligand for

PNA account for this difference, a more plausible explanation is that only upon maturity do

horizontal cell dendrites stratify into multiple readily discernible sublaminae (Gallego,

1986). Furthermore, the immature OPL at ED16 has only limited amounts of synaptic

ribbon-associated protein (e.g., RIBEYE) and lacks the characteristic trilaminar structure of

the mature retina evident days later (Wahlin et al., 2008). Such findings underscore the need

for a more complete understanding of timing for OPL morphogenesis. Developmental

changes in gene expression should also be considered when classifying horizontals cells or

the nature of their connections, particularly when this is done on the basis of cytochemical

markers. For example, varying levels of GABA are seen in posthatch chicks from between

P0 and P7, with high expression levels in all HC subsets at the time of hatching, but a week

later these high levels only persist in HC2 cells (Edqvist et al., 2008). Differences in Pax6

levels in horizontal cells of the posthatch chick retina have also been observed (Fischer et

al., 2007; Edqvist et al., 2008).

Understanding how the immature retina acquires its final state comprised of a fine network

of highly organized connections is critical for understanding the molecular basis of eye

development and for improving cell transplantation-based approaches for restoring vision in

people with debilitating retinal degenerations. The present study contributes to this effort by

offering a comprehensive analysis in the eye of NLGN gene family products that appear to

play a role in synapse assembly in other parts of the nervous system. Future attention to the

role of alternative splicing in the diversity of cellular connections during normal

development and disease will be important areas of research to address. Functional studies

are currently under way to dissect the role of NLGN1 alternative splicing in vivo and in

vitro.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Identification and phylogenetic analysis of neuroligin family members. A: There are 38

autosomes and two sex chromosomes (W,Z) in the chicken. The identity of the

chromosomes carrying possible NLGN homologs were identified with the Ensembl gene

browser and are indicated by horizontal arrowheads. B: Percent identity between the coding

regions of human and chicken NLGN genes calculated using a ClustalW alignment shows

the degree of homology between the chicken and human orthologs. C: A rooted tree layout

cladogram displaying the evolutionary relationships between vertebrate and non-vertebrate

animals includes Anolis carolinensis (Lizard), Acyrthosiphon pisum (pea aphid), Aedes

aegypti (yellow fever mosquito), Bos taurus (bovine), Danio rerio (zebrafish), Equus

caballus (horse), Gallus gallus (chicken), Homo sapiens (human), Mus musculus (mouse),

Pan troglodytes (chimpanzee), and Rattus norvegicus (rat). Accession numbers used for

alignments and tree building are listed within the dendrogram.
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Figure 2.
Genomic structure of alternatively spliced isoforms identified in the chick nervous system.

A: Cartoon representation of NLGN1, -3, and -4 determined experimentally by sequencing

of chicken transcripts from either retina and/or brain. Peptide sequences were aligned to the

chicken genome using BLAT. The intron–exon structure of the coding regions for NLGN1

(B), NLGN3 (C), and NLGN4 (D) depict the two major splice sites indicated by inverted red

and blue triangles above the A and B splice sites, respectively. The length in basepairs of

each exon is indicated within each box and this diagram is not drawn to scale. The amino
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acid length of each isoform is indicated on the right. The chromosomal positions were

included for human NLGN3 and -4 to distinguish between the two genes that are both

located on the X-chromosome. The accession numbers used for constructing the human

NLGN3 and NLGN4 exon maps were AAF71232.1 and NP_065793.1, respectively. The

human NLGN3 did not contain A1 and A2 sites so they were added prior to doing a BLAT

alignment. A similar approach was taken for NLGN4. The asterisk above human NLGN4

indicates that NLGN4 is represented in the human genome. The jagged peaks represented by

“∧∧∧∧∧∧∧” above coding exons 5 and 6 for chicken NLGN3 signify probable gaps in the

current draft of the chicken genome.
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Figure 3.
Alternatively spliced neuroligin family members expressed during retinal development and

relative abundance of gene expression. A: PCR primers flanking each of the conserved

splice sites (sites A and B) for NLGN were used to detect NLGN isoform variation and give

rise to several combinations of transcript variants. B: PCR amplification of cDNAs from a

developmental time course of retinal tissues was separated by gel electrophoresis. C–E:

Quantitative real-time PCR shows the relative abundance of NLGN1 (C), NLGN3 (D), and

NLGN4 (E) transcripts in relation to the GAPDH housekeeping control gene. Error bars

represent standard deviation (n = 3).
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Figure 4.
Laminar position of alternatively spliced neuroligin and neurexin transcripts in the chick

retina. A: The retina is compartmentalized into outer and inner nuclear layers and the

ganglion cell layer, each separated by the synaptic plexiform layers. A representative laser

capture microdissection cut of the outer nuclear layer is indicated here. B: LCM samples

were validated for purity and lack of contamination of RNA from other retinal layers by

PCR using primers specific for photoreceptors (green opsin), inner nuclear layer horizontal

cells (Lim1), inner retina (Pax6), or the ganglion cells (Brn3). Detection of NLGN1, -3, or -4
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alternatively spliced variants in isolated nuclear layers is revealed by analysis with primers

flanking splice sites -A (C) or -B (D). E–G: Real-time PCR was used to show relative

abundance of NLGN1, -3 and -4 transcripts in relation to the housekeeping gene GAPDH.

Different sized alternative spliced NRXN1 (H) and NRXN3 (I) transcripts reveal differences

in splicing.
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Figure 5.
Detection of NLGN1 protein in the chick retina and antibody specificity. A: Western blots

with HA-tagged recombinant chicken NLGN1, -3, or -4 proteins were probed with NLGN1

antibodies to demonstrate a lack of cross-reactivity to other NLGN family members.

Samples run in parallel were probed with anti-rat HA antibodies as a loading control. B:

Native protein from ED15 and P0 chick retinas and ED15 chick forebrain were separated by

SDS-PAGE gel electrophoresis and probed with antibodies against NLGN1. C,D: Tissue

sections from ED20 retinas were probed with NLGN1 antibodies and detected by

fluorescence immunohistochemistry. Panel C is a magnified image of the outer plexiform

layer with NLGN1 positive dendrites projecting from the outer inner nuclear layer into the

outer plexiform layer (arrow). is, photoreceptor inner segment; onl, outer nuclear layer; opl,

outer plexiform; inl, inner nuclear layer; ipl, inner plexiform layer; gcl, ganglion cell layer.

Scale bars = 5 μm in C; 25 μm in D.
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Figure 6.
Developmental patterns of NLGN1 expression during development. A–H: A developmental

series of NLGN1 immunoreactivity in the synaptic plexiform layers of the chick retina was

carried out from between embryonic day 5 (ED5) and ED20. Arrows indicate preferential

detection in the OPL while arrowheads are used to indicate inner plexiform layer features.

is, inner segments; onl, outer nuclear layer; opl, outer plexiform layer; sublamina of the

outer plexiform layer are indicated as sublayers 1–3 (sublayer1 is located proximal to the

onl, sublayer 3 is positioned distal and sublayer 2 is located in between); see text for details.

Scale bar = 20 μm.
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Figure 7.
NLGN1 expression adjacent to photoreceptor terminals in the mature chick retina. Double-

labeled immunohistochemistry for NLGN1 and ribeye (A–D), PSD95 (E–H) or SV2 (I–L)

is shown in a 21-day-old (ED21) chick retina at the level of the outer plexiform layer.

Accumulation of NLGN1 and presynaptic proteins in three distinct strata (S1–3) showed

separate labeling patterns between NLGN1 immunoreactive bodies and the boundaries of

photoreceptor terminals. Single arrows indicate the ribbed appearance of synaptic ribbon-

like structures (D), the peripheral staining of PSD95 (E), or the SV2 positive vesicle pool (I)
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of double cone terminals. Panels to the right (B1,B2,F1,F2) are top-down orthogonal views

showing size differences between synaptic terminals in S1 and S2. Scale bars = 15 μm in A;

5 μm in B,B1.
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Figure 8.
Neuroligin expression in rod photoreceptors. Double labeling with antibodies against

NLGN1 and rod transducin were carried on cryosections from 21-day-old chick retinas.

Thin optical sections showing (A) transducin-positive rod photoreceptors were

superimposed with (B) NLGN1-positive signals to reveal (C) positive signals at the base of

rod photoreceptor terminals. Arrows indicate identical regions of the tissue section across

different fluorescent filter sets. Scale bar = 10 μm.
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Figure 9.
Neuroligin expression in specific sublayers of the OPL. Double labeling

immunohistochemistry was performed with antibodies against NLGN1 and markers known

to localize to different OPL strata in 21-day-old (ED21) chick retinas. A: A cartoon diagram

of photoreceptor projections illustrates the projections of different photoreceptor types that

project to different OPL strata. B: AlexaFluor conjugated PNA labeling (magenta) in the

medial OPL is indicated with an inverted arrow while NLGN1 signal is in multiple strata

(green). C: Calbindin (+) double cone terminals are located in the outer aspect of the OPL
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(arrowhead) while PNA is located in the medial aspect of the OPL (arrow). D: TrkA positive

dendrites extending to the outer OPL terminate near the base of double cones (arrowhead).

E: Ribeye signals (arrow) are stratified in all three sublamina with PNA reactivity

(arrowhead) restricted to the medial position. Panels to the right (E1,E2) are top-down

orthogonal views showing size differences between synaptic terminals in S1 and S2,

respectively, and show PNA-negative terminals in S1 and positive PNA terminals in S2 in a

number of terminals. A single row of synaptic terminals (arrowhead) is present at ED16

(F,F1). At ED21, three sublaminae (arrowheads) are present (G,G1). dc, double cones; rc,

red cones; gc, green cones; bc, blue or violet cones. Scale bar = 10 μm.
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Figure 10.
NLGN1 and GluR4 expression in dendrites of retinal horizontal cell subpopulations. Double

labeling of embryonic day 21 chick retinas (ED21) with NLGN and GluR4 (A–C) or GluR4

and lim1 (D–G), islet1 (H–K), and Pax6 (L–O) showed strong NLGN labeling in different

retinal horizontal cell subgroups. Arrowhead (A–C) indicates dendritic tips of double-

labeled NLGN1 and GluR4-positive cells. Arrows (G,K,O) indicate GluR4/lim1, GluR4/

islet1, and GluR4/Pax6-positive horizontal cells. A single asterisk indicates a horizontal cell

that is positive for GluR4 but negative for the above transcription factors. onl, outer nuclear

layer; opl, outer plexiform; inl, inner nuclear layer; ipl, inner plexiform layer; gcl, ganglion

cell layer. Scale bars = 10 μm.
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Figure 11.
Neuroligin 1 expression in horizontal cell subsets. Double labeling of embryonic day 21

chick retinas (ED21) with NLGN1 and trkA (A–D), GABA (E–H) or calretinin (I–L)

showed colocalization with markers for different retinal horizontal cell subgroups. Arrows

indicate NLGN1-positive dendritic tips of horizontal cells that are also positive for trkA(C),

GABA(G), and calretinin(K). onl, outer nuclear layer; opl, outer plexiform; inl, inner
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nuclear layer; ipl, inner plexiform layer; gcl, ganglion cell layer. Scale bars = 15 μm in A; 5

μm in B.
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Table 1
Oligonucleotides Used for Cloning and Gene Analysis

Gene name Accession #. Forward primer Reverse primer Size (bp)

Cell markers &
housekeeping

GAPDH NM_204305 CCATTCCTCCACCTTTGATG GGAACAGAACTGGCCTCTCA 280

Brn3 NM_204759 CCATCGCCGAGAAGTTAGAC CAAACCCTGCCCAGTTCT 208

Lim1 L35569 AGTCCTCCGTTCTCCTCGATA TCCCGAGGTGACATTGTCTT 211

Pax6 D87837 CACCACTTCCACAGGTCTCAT TCGTGCCGAACCGATATAAT 281

Opsin (green) NM_205490 GAATTCTCCTCCCTGCTTCC TTCTCCGTGCTGCTTCTGTT 595

Full coding sequences

Neuroligin-1 N/A ATGGCCTTTCCAAGATCCA CTACATTACCCTGGTTGTTGAGTGTGA 2592,2565, 2532,2472

Neuroligin-3 N/A ATGTGGCTGATACTCTGGAG CTATACCCTGGTGGTGGAGTGTGAG 2565,2499, 2439

Neuroligin-4 N/A ATGTCGAAACCAATGGGACT CTATACCCTAGTTGTTGAATGTCCA 2541,2481, 2382

Neuroligin – no
splice site

Neuroligin-1 N/A ACCCATGCACAAGAAGAGGA TGGGCGTCATTAAGGGAATA 169

Neuroligin-3 N/A CGGTGGTGACAGCTGACCT CTGTTGTAGGCGGGTGAGAT 585

Neuroligin-4 N/A CCCAGAGAAACACAACCAATG GTATGCAAAGGCTGCATTCC 245

Splice site ‘A’

NL1-A site N/A ATCTATGTCCCAACCGAGGA CCAGTGCCTTCCATGTAGGAC 219,159,99

NL3 –A site N/A CCCAACGAGGACTGTCTGTA AGAAGGCGATGTTCTCACTG 418,358,298

NL4 –A site N/A ACCTGGATGAGAGGTCGTTG AAGATCCGCCATGGATGTAG 252, 192

Splice site ‘B’

NL1- B site N/A CATGCGTCAATCTGTTGACTTT GAGTGCTGTTCCACTTTGAGC 113, 86

NL3- B site N/A CATCACCGTCTTCGGTTCC GGATGATGGCTCTCTGGAAG 146

NL4- B site N/A GATCTGGGGCAGGAGCTT CGAAGGCATTCAACCAAATCAG 202

Neurexin

NRXN1 CGTAGTACGTTTCACGAGAAGTGG AGACCAGAGAGCTGGCCTTG 171, 261

NRXN3 TGACAGTGCTCCTGGACTTG TGATGTAGTTTCGCGTCTCG 1511, 1268, 1208,
896, 887,704,326
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Table 2
Information on Primary Antibodies Used in This Study (See Also Materials and Methods)

Antibody Immunogen used Source Dilution IHC Dilution Western

Calbindin-D281 Full-length calbindin- purified from chicken
gut

Sigma, mouse
monoclonal, CL3002

1:500 or 1:100,0001 1:1,000

Calretinin Full-length recombinant human protein SWANT, rabbit
polyclonal, 7699/4

1:1,000

CASK Amino acids 318-415 of rat CASK/Lin2 UC Davis NeuroMab
Facility, mouse
monoclonal, clone
K56A/50

1:200 1:200 or 1:1,000

GABA GABA conjugated to bovine serum albumin Sigma, rabbit
polyclonal, A2052

1:2,500

GluR4 Peptide sequence RQSSGLAVIASDLP of
rat GluR4

Chemicon, rabbit
polyclonal, AB1508

1:500 N/A

Hemagluttinin (HA-tag) HA peptide sequence [YPYDVPDYA] from
the human hemagglutinin protein.

Roche, rat
monoclonal,
1-867-423 clone
3F10

N/A 1:1,000

Islet-1 Amino acids 247-349 at the C-terminus of
Islet1

DSHB, mouse
monoclonal, 40.2D6

1:35 N/A

LIM 1+2 Amino acid residues 1-360 of rat Lim2
protein

DSHB, mouse
monoclonal, 4F2

1:20 N/A

LIM3 Recombinant full- length murine Lim3
fused to GST

DSHB, mouse
monoclonal, 67.4E12

1:50 1:50

Neuroligin-11 Intracellular C-terminal domain (aa
718-843) of rat NLGN1

UC Davis NeuroMab
Facility, mouse
monoclonal, N97/
A31- or N97/A31-
purified

1:10 1:500 purified or
1:5,0001

1:500 purified

Pax6 Peptide QVPGSEPDMSQYWPRLQ from
the C-terminus of mouse Pax6

Covance, rabbit
polyclonal,
PRB-278P

1:8,000 N/A

Pax6 Amino acids 1–223 of chicken Pax6 DSHB, mouse
monoclonal, Pax6-
concentrate

1:200 N/A

Prox1 C-terminal homeo- and Prospero domains
(aa 546-736) of human Prox1.

Chemicon, rabbit
polyclonal, AB5475

1:10,000 N/A

PSD95 Amino acids 77-299 of the human PSD95. 75-028 UC Davis
NeuroMab Facility,
mouse monoclonal,
clone K28/43

1:1,000 - 1,1500 1:2,000

Ribeye (CtBP2/ribeye) Amino acids 361-445 from the C-terminal
region of mouse CtBP2.

BD-Biosciences,
mouse monoclonal,
612044

1,000-1,2000 N/A

TrkA Extracellular domain of chicken trkA
purified as a secreted protein from
transfected COS cells by chroma- tography
on wheat germ agglutinin, a His-Bind
nickel-chelating column, and ion-exchange
chromatography on Mono Q.

Dr. F. Lefcort,
Montana State
University, rabbit
polyclonal

1:6,000 N/A

Gα t1 (K-20; transducin) Gα t1 of human origin corresponding to
amino acids 90-109.

SantaCruz, rabbit
polyclonal, sc-389

1:1,000 N/A

SV2 From purified cholinergic synaptic vesicles
from the electric organ of Discopyge
ommato.

DSHB, mouse
monoclonal, SV2

1:50-1:100 N/A

Mouse monoclonal, M; rat monoclonal, Mr; rabbit polyclonal, R.
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Hybridoma supernatatnt; IHC, immunohistochemistry.

1
Tyramide signal amplification (TSA).

2
No longer available (but available through SWANT). DSHB, developmental studies hybridoma bank; N/A, not applicable.
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