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Bipolar, amacrine, and retinal ganglion cells elaborate arbors and form synapses within the inner plexiform layer (IPL) of the vertebrate
retina. Specific subsets of these neuronal types synapse in one or a few of the �10 sublaminae of the IPL. Four closely related Ig
superfamily transmembrane adhesion molecules—Sidekick1 (Sdk1), Sdk2, Dscam, and DscamL—are expressed by non-overlapping
subsets of chick retinal neurons and promote their lamina-specific arborization (Yamagata and Sanes, 2008). Here, we asked whether
contactins (Cntns), six homologs of Sdks and Dscams, are expressed by and play roles in other subsets. In situ hybridization showed that
cntn1–5 were differentially expressed by subsets of amacrine cells. Immunohistochemistry showed that each Cntn protein was concen-
trated in a subset of IPL sublaminae. To assess roles of Cntns in retinal development, we focused on Cntn2. Depletion of Cntn2 by RNA
interference markedly reduced the ability of Cntn2-positive cells to restrict their arbors to appropriate sublaminae. Conversely, ectopic
expression of cntn2 redirected neurites of transduced neurons to the Cntn2-positive sublaminae. Thus, both loss- and gain-of-function
strategies implicate Cntn2 in lamina-specific neurite targeting. Studies in heterologous cells showed that Cntn2 mediates homophilic
adhesion, but does not bind detectably to Sdks, Dscams, or other Cntns. Overexpression analysis showed that Cntns1 and 3 can also
redirect neurites to appropriate sublaminae. We propose that Cntns, Sdks, and Dscams comprise an Ig superfamily code that uses
homophilic interactions to promote lamina-specific targeting of retinal dendrites in IPL.

Introduction
The hallmark of the nervous system is the specificity of its synap-
tic connections. In the retina, on which we focus here, photore-
ceptors form synapses on interneurons that synapse in turn on
retinal ganglion cells (RGCs); the RGCs then send information to
the brain (Sanes and Zipursky, 2010). Whereas photoreceptors
are essentially light detectors, RGCs respond selectively to visual
features such as objects moving in a particular direction. The
transformation from light detection to feature detection results
from the specific connections made by �50 types of interneurons
(amacrine and bipolar cells) onto �25 types of RGCs in a synap-
tic region called the inner plexiform layer (IPL) (Masland, 2001;
Sanes and Zipursky, 2010; Wässle, 2004). The IPL is divided into
10 or more sublaminae (Roska and Werblin, 2001), with the
arbors of each subtype being confined to just one or a few of these
sublaminae. Thus, as elsewhere in the nervous system (Sanes and
Yamagata, 2009), mechanisms that determine the laminae within
which synaptic partners meet are major determinants of synaptic
specificity.

In previous studies, we identified four closely related transmem-
brane Ig superfamily (IgSF) adhesion molecules—Sidekick-1

(Sdk1), Sdk2, Dscam, and DscamL—that promote laminar specific-
ity in chick retina (Yamagata et al., 2002; Yamagata and Sanes,
2008). They are expressed by mutually exclusive subsets of
interneurons and RGCs in chick retina and neurons express-
ing each of the four send processes to a restricted subset of IPL
sublaminae. In each case, presynaptic and postsynaptic neu-
rons expressing the same gene arborize in the same sublami-
nae. Moreover, loss- and gain-of-function studies indicated
that these IgSF proteins act to target or restrict processes to
appropriate IPL sublaminae.

Sdks and Dscams together mark only around half of all retinal
neurons, so other molecules are surely involved in promoting
laminar specificity in the IPL. These molecules could be members
of other families. Indeed, recent studies have shown critical roles
for semaphorins and their receptors, the plexins, in this process
(Matsuoka et al., 2011). In addition, other IgSF members might
act in Sdk/Dscam-negative cells. Here, we analyzed contactins
(Cntns) to test this possibility. The Cntns comprise a set of six
homologous proteins: Cntn1/F3/F11, Cntn2/TAG-1/Axonin-1,
Cntn3/BIG-1, Cntn4/BIG-2, Cntn5/NB2, and Cntn6/NB3.
Cntns are the closest relatives of the Sdks and Dscams (Fig. 1) and
all have been implicated in various aspects of neural development
(for review, see Salzer et al., 2008; Shimoda and Watanabe, 2009;
Stoeckli, 2010; Zuko et al., 2011). Thus, both their structure and
their function encouraged us to test Cntns as mediators of lami-
nar specificity.

We show here that cntns1–5 are expressed by subsets of retinal
neurons and that the Cntn1–5 proteins are concentrated in dis-
tinct IPL sublaminae. Then, using Cntn2 as exemplar, we dem-
onstrate that cntns promote lamina-specific targeting of neurites
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in the IPL. Together with previous results on Sdks and Dscams,
these results suggest that a complex IgSF code regulates laminar
specificity in retina.

Materials and Methods
Contactin sequence analysis and cDNAs. Clustal W2 analysis (http://
www.ebi.ac.uk/Tools/msa/clustalw2/) was used for initial comparison of
�200 IgSF molecules. Clustal � (http://www.ebi.ac.uk/Tools/msa/
clustalo/) was used for detailed comparison of protein sequences (Sievers
et al., 2011). Chick cntn cDNA sequences were obtained from GenBank.

Full-length chicken cntn1, 2, 4, and 5 cDNAs and partial chick cntn3
and 6 cDNAs were amplified from oligo-dT-selected mRNA from em-
bryonic day (E) 15 chick retina and optic tectum, using SuperScript III
(Life Technologies), and Phusion high-fidelity thermostable DNA poly-
merase (New England BioLabs), and the products were cloned into
pCR8-TOPO (Life Technologies). Because a full-length chick cntn3 se-
quence was not available in GenBank, we generated a cDNA encoding a
chimeric protein by fusing 381 nt of 5� and 102 nt of 3� mouse cntn3
sequence to the central 2601 nt of chick cntn3.

In situ hybridization. For in situ hybridization, RNA probes were gen-
erated from linearized plasmids using T7 RNA polymerase (Life Tech-
nologies) and digoxygenin- or fluorescein-labeled nucleotides (Roche).
In situ hybridization using nitro-blue tetrazolium and 5-bromo-4-
chloro-3�-indolyphosphate and double color in situ hybridization using
TSA Plus (PerkinElmer) were performed as described by Yamagata et al.
(2006), except that slides were incubated with 0.1 M glycine-HCl, pH 2.0,
for 30 min at room temperature following the first color reaction to
remove peroxidase-conjugated anti-hapten antibodies and thereby avoid
crossreactivity (Lauter et al., 2011).

Antibodies. A mouse monoclonal antibody to chick Cntn1 (clone F11,
IgG1) was obtained from Fritz G. Rathjen (Max-Delbrück-Centrum,
Berlin, Germany) (Rathjen et al., 1987). A mouse monoclonal antibody
to chick Cntn2 (clone 23.4 –5, IgG1) (Dodd et al., 1988) was obtained
from Developmental Studies Hybridoma Bank. Mouse polyclonal anti-
bodies to chick Cntns3, 4, and 5 were generated in mice by immunization

with cntn-transfected mouse L cells. An expression vector, pCAG-RfA-
IRES-neo, was constructed from pSNAP (New England Biolabs) by
changing its eukaryotic promoter to CAG (CMV plus chick �-actin pro-
moter) and replacing SNAP with Gateway cassette RfA (Life Technolo-
gies). This expression vector has a neomycin resistance gene downstream
of an IRES (internal ribosome entry site) for selection of stable transfec-
tants. Cntn cDNAs were transferred to the RfA site using LR clonase (Life
Technologies). Mouse L fibroblasts (ATCC) were transfected using
DMRIE-C (Life Technologies) and selected with 1 mg/ml G418 (Life
Technologies). Pooled stable transfectants were dissociated with trypsin-
EDTA (Life Technologies); the reaction was then stopped by adding fetal
bovine serum-containing Dulbecco-F12 medium. Cells were rinsed with
PBS three times, and resuspended in PBS. BALB/c female mice were injected
intraperitoneally with 107 cells in 0.5 ml 4–5 times at 2–3 weeks intervals,
beginning at 6 weeks of age. Antiserum was then collected, incubated with
paraformaldehyde-fixed untransfected L cells to remove irrelevant antibod-
ies, and used for immunostaining.

To test the specificity of the anti-Cntn antibodies, we generated a panel
of cntn-expressing HEK cells (Fig. 2a–f ). Cntn cDNAs were inserted into
a unique NotI site of pCMV-Venus-t2A-NotI vector. Venus is a bright
yellow fluorescent protein (Nagai et al., 2002). The triple-2A (t2A) se-
quence comprises three tandem copies of a 2A self-cleavable peptide
sequence (DLLKLAGDVESNPGP) from a foot and mouth disease virus
(Ryan and Drew, 1994). These constructs were transfected to HEK293T
cells and stained as described previously (Yamagata and Sanes, 2010). As
shown in Figure 2, antibodies to Cntns1–5 were monospecific. Overex-
pressed Cntns are expressed on the cell surface (data not shown), indi-
cating successful cleavage of the polyprotein at the t2A sequence.

Anti-mouse Sdk1 antibodies, which cross-react with chick Sdk1, were
generated by immunizing Sdk1-null mice (M. Yamagata and J. R. Sanes,
unpublished observations) with mouse Sdk1-transfected L cells as de-
scribed above. Mouse monoclonal antibodies to Sdk2 (CS22) and GFP
(GFP-G1) were described previously (Yamagata et al., 2002; Yamagata
and Sanes, 2012). Rabbit anti-choline acetyltransferase antibodies were
from Miles Epstein (University of Wisconsin, Madison, WI). Mouse

Figure 1. Sequence and structure of Contactins and related members of the IgSF subfamily. a, Phylogenetic relationship of Cntns1– 6 and their closest relatives in the IgSF, the Sdks, Dscams, and
NgCAM/L1s. Dendrogram was constructed using the Clustal � algorithm. b, Predicted domain structure of Cntns, Sdks, Dscams, and NgCAMs. Circles, Ig domains; rectangles, fibronectin type III
(FnIII) domains; vertical line, plasma membrane; green bar, GPI anchor; X, PDZ domain-binding C-terminal sequence.
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anti-synaptotagmin antibody 48 was from Developmental Studies Hy-
bridoma Bank. Rabbit anti-green fluorescent protein was from
Millipore.

Immunohistochemistry. Retina was fixed, sectioned, and immuno-
stained as described previously (Yamagata and Sanes, 2010). For double
staining with two different mouse antibodies, Zenon Horseradish Perox-
idase Mouse IgG1 Labeling Kit (Life Technologies) was used to label
mouse IgG and detected using TSA Plus.

In ovo electroporation. Venus-t2A-cntn sequences (see above) were
amplified using Phusion DNA polymerase, cloned into pCR8-TOPO,
and transferred to a piggyBac transposon plasmid, pXL-BacII-CAG-
RfA (Yamagata and Sanes, 2010). The Venus-t2A-cntn plasmid was
mixed 10:1 with pCAG-mPBorf, a CAG-driven piggyBac transposase
plasmid with a mouse-codon-optimized piggyBac transposase DNA
sequence. Optic vesicles of E2 (Hamburger/Hamilton Stage 10)
chicks were electroporated as described previously (Yamagata and
Sanes, 2008, 2010). Retinas were dissected out at E16 and fixed with
4% paraformaldehyde/PBS.

To attenuate cntn2 expression, we used RNA interference. Six se-
quences were tested by inserting them into the pcDNA6.2-GW/EmGFP-
miR vector (Life Technologies) as described previously (Yamagata and
Sanes, 2008, 2010), coexpressing them with cntn2 cDNA in HEK 293T

cells, and staining with anti-Cntn2. Sequences Cntn2A and Cntn2C ef-
fectively decreased Cntn2 levels as illustrated for Cntn2C in Figure 3. For
quantitative analysis of the decrease, we measured fluorescence intensity
of Cntn2 in micrographs such as those shown in Figure 3. This analysis
indicated that the Cntn2C miRNA decreased Cntn2 levels to 12 � 5% of
control levels (mean�SEM, n � 12).

Cntn2A:TGCTGCAATGTAGAGGTTTCCTGTGGGTTTTGGCCA
CTGACTGACCCACAGGACCTCTACATTG; Cntn2C:TGCTGAGC
AGTAATAGTCACCCTGCTGTTTTGGCCACTGACTGACAGCAGG
GTCTATTACTGCT. These sequences and EmGFP were transferred to
pXL-BacII-CAG-RfA and embryos were coelectroporated with a piggyBac
transposase plasmid as described above.

Experiments were performed in accordance with NIH guideline pro-
tocols approved by the Harvard University Standing Committee on the
Use of Animals in Research and Teaching.

Cell adhesion assay. Human erythroleukemic K562 cells (ATCC) were
transfected using DMRIE-C with the pCAG-cntn-IRES-neo constructs
described above. Stable transfectants were selected using G418, and sin-
gle cells were cloned by limiting dilution. Cells were labeled with Cell
Tracker Green CMFDA (5-chloromethylfluorescein diacetate) (Life
Technologies) or Cyto-ID Red Long-Term Cell Tracer (Enzo Life Sci-
ences), and adhesion was assayed as described previously for Sdks and

Figure 2. Specificity of Contactin antibodies. Antibodies to Cntns1–5 were tested in HEK cells transfected with cDNAs encoding a Cntn plus a yellow fluorescent protein, Venus (a–f ). Cells were then fixed,
permeabilized,andstainedwithanti-Cntnantibodies(a�–D).Eachanti-CntnantibodyrecognizeditscognateCntnbutdidnotcross-reactdetectablywithotherCntns.a�–f�showsamefieldsasa–f.Scalebar,(inD)10�m.

14404 • J. Neurosci., October 10, 2012 • 32(41):14402–14414 Yamagata and Sanes • Contactins in Retina



Dscams using HEK 293T cells (Yamagata and Sanes, 2008), except that
trypsin digestion was omitted because K562 cells are nonadherent.

Results
Subsets of retinal neurons express contactins1–5
Approximately 60% of the neurons in chick retina express one of
four homologous IgSF genes: Sdk1, Sdk2, Dscam and DscamL
(Yamagata et al., 2002; Yamagata and Sanes, 2008). To begin this
study, we examined expression of closely related genes. Analysis
of the mouse and chick genomes showed that two small groups of
IgSF genes are the closest relatives of the Sdks and Dscams: four
NgCAM/L1-like genes and six cntn genes (Fig. 1a). Previous stud-
ies showed that NgCAM/L1 and NrCAM are broadly expressed in
retina but that cntn2 is expressed by a discrete subset of retinal
neurons (Drenhaus et al., 2003) (M. Yamagata, unpublished ob-
servations). We therefore focused on the cntns. Each contains six
Ig domains, four fibronectin type III repeats, and a glycosylphos-
phatidyl inositol (GPI) anchor that links them to the cell surface,
and all are closely related to the Sdks and Dscams (Fig. 1b) (Shi-
moda and Watanabe, 2009; Stoeckli, 2010).

In situ hybridization revealed that cntns1–5 are expressed by

neuronal subsets in chick retina at E15
(Fig. 4). All five genes are expressed by
cells in the inner half of the inner nuclear
layer (INL) and in the ganglion cell layer
(GCL). Based on their position, the cells in
the INL are identifiable as amacrine cells;
the cells in the GCL could be amacrine
and/or retinal ganglion cells (Millar et al.,
1987). For cntns2–5, more cells were la-
beled in the INL than in the GCL. Cntn2
was also expressed in the outer nuclear
layer, which contains photoreceptors.
Cntn6 was not detectably expressed in E15
retina. No cntns were detectably expressed
in the outer part of the INL, which con-
tains bipolar, horizontal, and Müller glial
cells.

Contactins are localized to sublaminae
within the IPL
To localize Cntn proteins, we obtained or
generated antibodies to Cntns1–5, en-
sured that they were monospecific (Fig.
2), and used them to stain sections of ret-
ina. Each Cntn was concentrated in two or
more discrete bands within the IPL (Fig.
5a,c,e,g,i). Some somata in the INL were
also Cntn positive.

At least 10 sublaminae can be recog-
nized in the IPL; we follow Ramon y Cajal
(1892) in grouping them into five sets,
S1–5 (Fig. 5k). The outer portions of S2
and S4 contain processes of starburst
amacrine cells, the sole cholinergic neu-
rons of retina (Millar et al., 1987). There-
fore, double-staining with antibodies to
Cntns and to the cholinergic marker, cho-
line acetyltransferase (ChAT), provides a
useful way to determine the sublaminae in
which Cntn-positive processes reside.
Cntn1 and 2 were each concentrated in
pairs of sublaminae, with Cntn1-positive
bands in S1 and S5, and Cntn2-positive

bands in inner S2 and S4 (Fig. 5b,d). Cntn-3 was concentrated in
bands that spanned the region from the lower portion of S2 to the
upper portion of S4 (Fig. 5f). Cntns4 and 5 were each concen-
trated in three closely spaced groups of bands (Figs. 5h,j). Re-
markably, the sublaminae positive for each of these 5 Cntns
formed nearly mirror-symmetric patterns within the IPL. This
pattern raises the possibility that Cntns are expressed by “par-
amorphic pairs” of retinal cell types, that are similar in structure
and function but differ in that one arborizes in the ON and the
other in the OFF sublaminae (Famiglietti, 2005).

Contactins are differentially expressed by non-overlapping
neuronal subsets
We next asked whether cntns are expressed by overlapping or
distinct subsets of retinal neurons. In some cases, mutually exclu-
sive expression of two cntns was suggested by the distinct sub-
laminae within which their proteins were localized (for example,
Cntns1/2, 2/4, and 2/5; Fig. 6a– c). Other pairs, however, were
partially colocalized within sublaminae (for example, Cntns4 and
5; Fig. 6d). In these cases, the cntns might either be coexpressed,

Figure 3. Depletion of contactin2 by RNAi. HEK cells were cotransfected with two plasmids, one encoding Cntn2 and the other
encoding GFP (a, a�, a�) or GFP and microRNA Cntn2C (b, b�, b�). The microRNA dramatically decreased Cntn2 levels. Note that
most of the Cntn2-positive cells in b do not coexpress microRNA, likely due to imperfect cotransfection. Scale bar, 10 �m.

Figure 4. Expression of contactin1– 6 in chick retina. Expression of cntns1– 6 was assessed by in situ hybridization to sections of
E15 chick retina. Cntns1–5 are expressed by subsets of cells in the inner side of INL and in the GCL (a– e). Based on their position,
labeled cells in the INL are amacrine cells; GCL cells may be amacrine and/or retinal ganglion cells. Cntn2 is also expressed by
photoreceptors in ONL. Cntn6 is not detectably expressed in chick retina at this stage (f ). Scale bar, 25 �m.

Yamagata and Sanes • Contactins in Retina J. Neurosci., October 10, 2012 • 32(41):14402–14414 • 14405



or expressed by distinct neurons with processes that stratify in
close proximity. To distinguish these possibilities, we used two
color in situ hybridization. Examples are shown in Figures 6e–n
and results are summarized in Figure 6o. In most cases, cntns were
expressed at high levels by non-overlapping subsets of retinal
neurons; the upper limit to expression was �5%, some of which
might reflect inability to distinguish adjacent cells. (Additional
cells were lightly labeled by cntn probes, but we could not distin-
guish this expression from background and therefore did not
score it.) One exception was the cntn4/cntn5 pair; �10% of the
neurons that expressed either one of these cntns coexpressed the
other (Fig. 6n). Thus, cntns are expressed largely but not entirely
by mutually exclusive neuronal subsets in retina.

Expression and localization of Contactin2
For detailed analysis of contactin function, we focused on Cntn2. To
provide a foundation for these studies, we first compared the distri-

bution of Cntn2 to those of Sdk1, Sdk2, Dscam, and DscamL. Im-
munostaining indicated that Cntn2 was concentrated in IPL
sublaminae that were poor in Dscam and DscamL but rich in Sdks1
and 2 (Fig. 7a,b) (data not shown). Thus, cntn2 is unlikely to be
coexpressed with dscam or dscamL but could be coexpressed with
sdk1 or sdk2. In situ hybridization confirmed that cntn2 is expressed
entirely by dscam- and dscamL-negative neurons, and also showed
that all cntn2-positve neurons are sdk2 negative (Fig. 7d–f). Thus,
cntn2, sdk2, Dscam, and DscamL define four mutually exclusive neu-
ronal subsets, even though processes of some Cntn2- and Sdk2-
positive neurons arborize in the same sublaminae. In contrast,
significant overlap was observed between cntn2- and sdk1-
expressing neurons in the inner part of the INL, where amacrine cell
somata reside (Fig. 7c). In this region, approximately half of the
cntn2-positive cells were also sdk1 positive and approximately half of
the sdk1-positive cells were cntn2 positive.

We next asked when Cntn2 immunoreactivity appears in the

Figure 5. Contactins are concentrated in discrete sublaminae within the inner plexiform layer. Sections of E16 retina were stained with antibodies to Cntns-1–5. a, c, e, g, i, Each antibody stains
distinct sublaminae in the IPL, as well as somata of presumptive amacrine cells in the INL. Layers were identified by counter-staining with a fluorescent Nissl dye (blue). The antibodies also lightly
stain some cell bodies in INL (arrowheads). b, d, f, h, j, Higher-power views of IPL from similar sections double-stained with anti-Cntn plus anti-ChAT to facilitate identification of sublaminae. k,
Schematic summarizing sublaminae localization of Cntns-1–5 in the IPL. Abbreviations as in Figure 4. Scale bar: 10 �m for a, c, e, g, and i; 5 �m for b, d, f, h, and j.
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IPL, and whether it is localized to specific sublaminae from the
time it first appears. Little Cntn2 was detectable in the IPL of
central retina at E9 (Fig. 8a). Levels increased gradually from E11
to E15, then declined over the next several days (Fig. 8b– e).
Throughout this period, immunoreactivity was localized to two
narrow bands, as shown above for E15 retina. A previous paper
reported a third band of Cntn2 immunoreactivity in the chick
IPL (Drenhaus et al., 2003); we observed a similar pattern with a
polyclonal antibody to Cntn2 (data not shown) but not with the
monoclonal antibody shown here. It is therefore possible that the
third band represents a Cntn2-related epitope on another pro-
tein, or that a distinct isoform of Cntn2 is present on processes in
this band. Cntn2 was also present in photoreceptors and in the
outer plexiform layer (OPL) between E11 and E15, with the peak
expression in the OPL being a few days earlier than that in the IPL
(Fig. 8a– e).

Examination of single confocal images revealed a difference
between the subcellular localization of Cntn2 and Sdks. In the
outer retina, Sdk2 is concentrated at synapses formed by photo-
receptor terminals on processes of horizontal and bipolar cells in
the OPL (Yamagata and Sanes, 2010) (Fig. 8i). In contrast, Cntn2
was present on lateral surfaces of photoreceptor processes, but
not concentrated at synaptic sites (Fig. 8h). Similarly, in the IPL,
Cntn2 was diffusely distributed along processes in the IPL (Fig.
8f), whereas Sdk2 was concentrated in puncta (Fig. 8g). In both
OPL and IPL, Sdk2 was more closely associated with nerve ter-
minals (marked with antibodies to the synaptic vesicle protein,
synaptotagmin) than was Cntn2 (Fig. 8f—i) (data not shown).
These differences are consistent with the idea that Cntn2 is pres-

ent along neuritic surfaces, whereas Sdk2 is concentrated at syn-
aptic sites.

Contactin2 is required for laminar targeting of neurites
We used RNA interference (RNAi) to determine whether Cntn2
is necessary for correct targeting of neurites to appropriate sub-
laminae. We tested six miRNA sequences for their ability to de-
crease Cntn2 levels in heterologous cells, and found two, Cntn2A
and Cntn2C, that were effective (Fig. 3). We then used a piggyBac
transposon system to introduce Cntn2C miRNA together with
GFP into retinal progenitors at E2. At E15, following develop-
ment of sublaminae, we stained retinas for Cntn2 and Sdk1,
which as noted above, is expressed by a large subset of Cntn2-
positive neurons. Whereas Sdk1 is highly concentrated in S4 of
control retinas, it is more diffusely distributed in Cntn2-depleted
retinas (Fig. 9). Our interpretation is that when Cntn2 levels fall
below some critical level, neurites can still arborize in the IPL, but
the arbors are no longer tightly confined to specific sublaminae.

Three additional observations confirmed the specificity of this
effect. First, similar results were obtained with Cntn2A, a second
miRNA directed at cntn2 (data not shown). Second, the localiza-
tion of Sdk1 was unaffected by introduction of control miRNAs
(compare Figs. 7a, 9c). Third, the localization of Sdk2, which is
expressed exclusively by Cntn2-negative neurons, was unaffected
by depletion of Cntn2 (Fig. 9d,h). Together, these results demon-
strated that Cntn2 is necessary for targeting arbors of Cntn2-
positve neurons to appropriate sublaminae.

Figure 6. Contactins are expressed by largely non-overlapping subsets of retinal neurons. a– d, Sections of E16 retina were stained with pairs of antibodies to Cntns. Cntn1 and Cntn2 (a), Cntn2
and Cntn4 (b), and Cntn2 and Cntn5 (c) are concentrated in non-overlapping sublaminae in the IPL. In contrast, Cntn4 and Cntn5 are concentrated in partially overlapping sublaminae (d). e–n, E16
retinal sections were incubated with pairs of cntn probes, conjugated to distinct haptens for two-color in situ hybridization. Arrows and arrowheads mark corresponding points in n, n’, n”. o,
Summary of quantitative results from sections such as those in e–n (n � 20 –50 heavily labeled cells per pair). The only substantial coexpression of cntns is a �10% overlap between cntn4 and
cntn5. Scale bar: 10 �m for a– d; 6 �m for e–n.
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Overexpression of contactin2
redirects neurites
We used a gain-of-function strategy to de-
termine whether Cntn2 is not only neces-
sary but also sufficient for sublaminar
targeting of neurites in the IPL. To this
end, we introduced Cntn2, together with a
fluorescent protein (Venus), into neu-
rons; retinas were transfected at E2 and
examined at E15–E16. Whereas we trans-
fected large patches of retinal cells with
miRNAs for loss-of-function analysis
(Fig. 9), we transfected small groups of
neurons for the gain-of-function experi-
ment, so that transgenic neurons would
have ample opportunity to interact with
wild-type neighbors. As expected, intro-
duction of Venus alone labeled neurons
that, in the aggregate, sent processes to all
IPL sublaminae (Fig. 10a). Thus, most
transduced neurons are unlikely to have
expressed endogenous cntn2. In contrast,
neurons transduced with Cntn2 and GFP
sent a disproportionate fraction of their
neurites to S2 and S4, the sublaminae rich in
endogenous Cntn2 (Fig. 10b). Double stain-
ing with anti-choline acetyltransferase
(ChAT) showed that the GFP-positive neu-
rites, like those rich in endogenous Cntn2,
were localized directly beneath the ChAT-
positive band (compare Figs. 5d, 10c). Thus,
adding Cntn2 to a neuron’s adhesive reper-
toire is sufficient to redirect its processes to
sublaminae rich in Cntn2.

Does Cntn2 play a specific and instruc-
tive role or could any Cntn direct neurites
to the Cntn2-rich sublaminae? To distin-
guish between these alternatives we intro-
duced other Cntns into retinal neurons.
We chose Cntn1 and 3 for this experiment
because processes rich in these Cntns are
localized to narrower bands in the IPL
than those rich in Cntns4 or 5. Ectopic
expression of cntn1 or 3 redirected pro-
cesses to sublaminae that expressed en-
dogenous Cntn1 or Cntn3, respectively
(compare Figs. 5a,c, 10d,e). Thus, Cntns
play an instructive role in localizing neu-
rites to IPL sublaminae.

Adhesive specificity of Contactins
The diversion of neurites that overexpress cntns1–3 to sublami-
nae rich in the corresponding endogenous Cntns is consistent
with the idea that Cntns act by a mechanism that involves selec-
tive homotypic recognition. Indeed, Cntn2 has been shown to
bind homophilically (Rader et al., 1993; Felsenfeld et al., 1994),
but it is not known whether it also binds heterophilically to other
Cntns. To address this issue, we introduced Cntn2 into K562
cells, which do not express known adhesive molecules such as
cadherins or integrins (Schreiner and Weiner, 2010). As ex-
pected, untransfected cells failed to aggregate when mixed,
whereas introduction of Cntn2 led to dramatic aggregation (Fig.
11a,b). Sdk1, Sdk2, Dscam, and DscamL also promoted aggre-

gation in this system, as shown previously in other cell lines
(Yamagata and Sanes, 2008); Cntn4 also promoted aggrega-
tion, whereas cells expressing Cntn1, 3, or 5 did not aggregate
detectably under these conditions, even though immunostain-
ing confirmed that they reached the cell surface (data not
shown).

To test heterophilic interactions, we introduced Cntn2 and
another IgSF adhesion molecule into separate populations of
K562 cells, labeled the two populations with contrasting fluoro-
phores, and mixed them. As expected, red and green Cntn2-
positive cells formed mixed aggregates, as did red and green
Cntn4-positive cells (Fig. 11c,d,k,l). In contrast, aggregates of
cntn2-expressing cells remained largely distinct from aggregates

Figure 7. Limited coexpression of contactin2 with sidekicks or dscams. a, b, Sections of E16 retina were stained with anti-Cntn2
plus antibodies to either Sdk1 (a) or Sdk2 (b). Sublaminar localization of Cntn2 overlaps with those of both Sdks. c–f, Expression of
sdk1, sdk2, dscam, and dscamL was compared with that of cntn2 by two-color in situ hybridization of E15 retina. Few if any
cntn2-positive cells expressed sdk2, dscam, or dscamL, but �50% coexpressed sdk1 (arrowheads in c). Scale bar: 10 �m for a, b;
5 �m for c–f.

14408 • J. Neurosci., October 10, 2012 • 32(41):14402–14414 Yamagata and Sanes • Contactins in Retina



of cells expressing Sdk1, Sdk2, Dscam, DscamL, or cntn4 (Fig.
11e,g–j,m). Likewise, aggregates of cntn2-expressing cells failed
to incorporate cells that expressed cntn1, cntn3, or cntn5 (Fig.
11f) (data not shown). These results also show that Cntn2 does
not bind strongly to endogenous components of the K562 mem-
brane. Thus, Cntn2 mediates homophilic adhesion but does not
interact heterophilically with related IgSF proteins.

Discussion
In previous studies, we showed that four closely related IgSF
members, 2 Sdks and 2 Dscams, are expressed by non-
overlapping subsets of retinal neurons and promote lamina-
specific arborization of processes in the IPL (Yamagata et al.,
2002; Yamagata and Sanes, 2008, 2010). These results sug-
gested the existence of an IgSF code for laminar specificity in
retina, but left open the question of how laminar specificity
was regulated in the �40% of retinal cells that are Sdk and
Dscam negative. Here, we asked whether Cntns, six close rel-
atives of Sdks and Dscams, might be involved. Cntns have
been implicated in numerous aspects of neural development,
including neurite outgrowth, axonal fasciculation, myelin for-
mation, and development of sensory and motor pathways
(Rathjen et al., 1987; Gennarini et al., 1991; Yoshihara et al.,
1994, 1995; Ogawa et al., 1996; Berglund et al., 1999; Takeda et
al., 2003; Kaneko-Goto et al., 2008; Toyoshima et al., 2009)

(for review, see Salzer et al., 2008; Shimoda and Watanabe,
2009; Stoeckli, 2010; Zuko et al., 2011). They had not, how-
ever, been studied in the context of laminar specificity. We
found that five contactins are expressed in subsets of retinal
neurons, and that they, like Sdks and Dscams, promote re-
striction of neuronal arbors to specific sublaminae within the
IPL. Our results expand the IgSF code from 4 to 9 members,
and raise the question of whether it may now be complete.

An IgSF code for laminar specificity
Genomic analysis shows that the contactins are the closest rela-
tives of the Sdks and Dscams (Fig. 1). The Cntns are also remark-
ably similar to Sdks and Dscams in retinal expression and
function. We summarize these similarities here, then go on to
discuss some differences among them.

Expression
Sdk1, sdk2, dscam, dscaml, and cntns1–5 are all expressed by dis-
crete subsets of retinal cells. In each case, the positive subsets
include cells in both the inner nuclear and ganglion cell layers.
Moreover, the subsets that express each gene are, to a large extent,
non-overlapping (Fig. 12). Cells that express each of the four sdk
and dscam genes are almost completely non-overlapping, as are
cells that express each of the five cntn genes. The extent to which
sdk/dscam-positive cells express cntns and vice versa is less clear.

Figure 8. Subcellular localization of Contactin2 in developing retina. a– e, Sections of retina from embryos of indicated ages were stained with anti-Cntn2 (red) and fluorescent Nissl dye (blue).
Cntn2 levels are low in the IPL at E9 (a); levels increase from E11 to E15 (b– d), and then decline by P0 (e). Throughout this period, immunoreactivity is localized to two narrow bands. Cntn2 is also
transiently localized to photoreceptors in the ONL and processes in the OPL (b– d), with levels declining by E15 (e). f, g, Thin confocal sections of IPL at E15, stained with anti-Cntn2 and anti-Sdk2.
Cntn2 is more diffusely distributed in S2 than Sdk2, which is punctate. Many Sdk2-positive puncta are colabeled with anti-synaptotagmin, which marks nerve terminals (arrowheads). h–j,
High-power view of photoreceptor cells at E14, stained with anti-Cntn2 (red) plus anti-synaptotagmin (green) to mark nerve terminals (h’). Cntn2 is localized to lateral surfaces of photoreceptor cells
(blue, Nissl staining) but not concentrated at synaptic sites. This pattern contrasts with that of Sdk2, which is concentrated at synapses (i, j) (Yamagata and Sanes, 2010). Abbreviations as in Figure
4. Scale bar: 10 �m for a– e; 2 �m for f, g; 5 �m for h, i.
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Nearly all cntn2-positive cells are sdk2, dscam, and dscamL nega-
tive, but around half are sdk1 positive. Based on laminar distri-
bution of the protein products, it is likely that cntn1-, cntn4-, and
cntn5-positive cells are sdk1 and sdk2 negative. Thus, despite sub-
stantial overlap, the nine IgSF genes analyzed here may define
largely distinct neuronal populations.

Localization
Sdk, Dscam, and Cntn proteins are all concentrated in the IPL.
Most strikingly, in each case, discrete sublaminae within the
IPL are labeled. This pattern results from the lamina-restricted
arborization of dendrites in the IPL, a fundamental property
that Ramon y Cajal (1892) recognized and used as a basis for
classifying retinal subtypes. Thus, the staining patterns sup-
port the idea that IgSF members mark specific retinal
subtypes.

Adhesion
Sdks, Dscams, and Cntns1, 2, and 4 all bind homophilically
(Rader et al., 1993; Felsenfeld et al., 1994; Freigang et al., 2000;
Yamagata et al., 2002; Hayashi et al., 2005; Yamagata and Sanes,
2008) (Fig. 11). Moreover, to the extent tested to far, heterophilic
interactions within this group of IgSF proteins are weak. For
example, Sdk1 does not bind appreciably to Sdk2, Dscam,

DscamL, or Cntn2; and Cntn2 does not bind appreciably to Sdks,
Dscams, or other Cntns. Thus, these IgSF molecules are well
suited to mediate selective interactions among neurites in close
proximity.

Role in laminar specificity
Perhaps, most important, effects of overexpressing or depleting
Cntn2 on lamina-restricted arborization are similar to those of
overexpressing or depleting Sdks and Dscams (Yamagata and
Sanes, 2008). In each case, ectopic expression of a gene in a small
subset of retinal neurons redirects the neurites of that cell to the
sublamina in which it encounters a high concentration of the
endogenous gene product on the neurites of its wild-type neigh-
bors. Conversely, RNAi-mediated knockdown of Sdks, Dscams,
or Cntn2 results in decreased confinement of neurites to specific
sublaminae. Although loss-of-function studies of Cntns are so far
limited to Cntn2, effects of ectopically expressing Cntns1 and 3
(Fig. 10d,e) suggest that the results can be generalized to the entire
group.

Together, these results support the idea that IgSF members
from the Sdk/Dscam/Cntn subfamily mark retinal neurons with
distinct sublaminar preferences and play critical roles in restrict-
ing neurites to appropriate IPL sublaminae.

Figure 9. Contactin2 is required for laminar targeting of neurites. GFP was introduced to large patches of retinal neurons, along with either a control miRNA (a– d) or miRNA Cntn2C (e– h).
Sections were stained with antibodies to GFP to identify transduced regions (a, e); Cntn2 to assess the efficacy of the miRNA (b, f ), Sdk1 to monitor processes of Cntn2-expressing neurons (c, g), and
Sdk2 to assess the specificity of the effect (d, h). This strategy is based on the observation that �50% of Cntn2-positive neurons are Sdk1 positive but none is Sdk2 positive (see Fig. 7). Depletion of
Cntn2 decreases the concentration of Sdk1-bearing processes in S4 (asterisk) and leads to their dispersion into neighboring zones. To quantify the dispersal, we measured the density of Sdk2
immunoreactivity as a function of laminar depth (i), then calculated the width of the curve at half-maximal intensity (j). The difference between control (n � 10) and Cntn2-depleted samples (n �
21) was significant (**p � 0.01). Scale bar, 10 �m.
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Mechanisms of laminar specificity
How do Sdks, Dscams, and Cntns mediate laminar specificity?
We have proposed that homophilic interactions between Sdks
and Dscams on presynaptic and postsynaptic partners mediate
synaptic interactions with specific sublaminae of the IPL
(Yamagata et al., 2002; Yamagata and Sanes, 2008, 2010). The
parallels listed so far encourage the speculation that contactins
act in similar ways. However, several observations suggest that
Sdks/Dscams and Cntns may promote laminar restrictions by
somewhat different mechanisms.

Protein-protein interactions
To date, no heterophilic transmembrane ligands have been identi-
fied for Sdks or Dscams, although Dscam has been reported to act as
a netrin receptor in both invertebrates and vertebrates (Andrews et
al., 2008; Ly et al., 2008; Liu et al., 2009). In contrast, numerous
heterophilic ligands have been documented for the contactins, in-
cluding NgCAM, protein tyrosine phosphatases, and amyloid pre-
cursor proteins (Kuhn et al., 1991; Suter et al., 1995; Kunz et al., 1998;
Pavlou et al., 2002; Osterfield et al., 2008; Shimoda and Watanabe,
2009; Zuko et al., 2011). Some of these are present in the IPL (Dren-
haus et al., 2003). Moreover, in some cases where homophilic inter-
actions of Cntn2 have been shown to be required for intercellular
adhesion, they appear to be cis-interactions (between Cntn2 mole-
cules in the same cell) rather than in trans-interactions (between
Cntn2 molecules on apposing membranes) (Buttiglione et al., 1998).
Thus, contactins may promote laminar specificity in part via inter-
actions with heterophilic ligands.

Another distinction between Sdks/Dscams and Cntns is that
the former are transmembrane proteins whereas Cntns are GPI-

linked. Thus, whereas Sdks and Dscams can bind directly in cy-
toplasmic scaffolding and signaling proteins, Cntns must signal
indirectly. Key players in this process are the six members of the
contactin-associated protein (Caspr or Cntnap) family, trans-
membrane proteins that interact selectively in cis with Cntns
(Peles et al., 1997; Poliak et al., 1999; Spiegel et al., 2002; Traut et
al., 2006). Like Sdks and Dscams (Yamagata and Sanes, 2010),
Casprs bind to scaffolding proteins of the PDZ family via their
C-termini (Spiegel et al., 2002). In addition, however, the Casprs
bind heterophilic ligands extracellularly, adding further com-
plexity to the range of intercellular interactions that could medi-
ate effects of Cntns on laminar specificity.

Subcellular localization
Although Sdks, Dscams, and Cntns are all present at highest levels
in the synaptic layers of the retina, their fine localization differs.
Sdks are highly concentrated at synaptic sites, whereas Cntns are
more evenly distributed along neuronal processes. The difference
is perhaps best seen at photoreceptor synapses, whose large size
facilitates analysis at the light-microscopic level (Fig. 8). Previous
ultrastructural studies have also shown a broad distribution of
Cntn2 along axonal processes of sensory neurons in the chick
hindlimb (Xue and Honig, 1999).

Expression by retinal ganglion cells
Each sdk and dscam is expressed by 10 –15% of retinal ganglion
cells as well as a similar fraction of interneurons. It is thus reason-
able to imagine that these proteins mediate transsynaptic inter-
actions. In contrast, while cntns1–5 are all expressed by sizeable
populations of amacrine cells, only cntn1 is expressed by a large

Figure 10. Overexpressed contactin redirects laminar targeting of neurites. a, b, Small groups of retinal cells were transduced at E2 with constructs that encoded Venus alone (a) or Venus plus
Cntn2. Retinas were analyzed at E17. Left panels show examples, and results are quantified in right panels. Venus-expressing processes were present in all IPL sublaminae at equal frequency,
whereas ectopic expression of Cntn2 biased neurites to S2 and S4. c, Section from Cntn2-transfected retina stained with anti-ChAT and anti-GFP. The localization of the Venus-positive arbors, directly
beneath the ChAT-positive arbors, precisely matches that of endogenous Cntn2 (see Fig. 5d). d, e, Overexpression of Cntns1 and 3 bias neurites to S1 and S5 or S3, respectively. These patterns are
similar to those of endogenous Cntns1 and 3 in the IPL (see Fig. 5a,c). Concentration of processes in S1/S5, S2/S4, and S3 was significant for cntn1, cntn2, and cntn3, respectively ( p � 0.01 by � 2

test) but not for control. Scale bar: 10 �m for a; 5 �m for c.

Yamagata and Sanes • Contactins in Retina J. Neurosci., October 10, 2012 • 32(41):14402–14414 • 14411



fraction of retinal ganglion cells. This, although Cntns could me-
diate transsynaptic interactions among amacrine cells, they are
less likely to mediate such interactions between amacrine and
retinal ganglion cells.

Together, these observations suggest the hypothesis that
Cntns could promote laminar specificity not only by mediating
transsynaptic interactions, but also by mediating interactions
among dendrites of a single subtype within a sublaminae. Indeed,
Cntns1 and 2 were initially described as mediators of fascicula-
tion (Chang et al., 1987; Rathjen et al., 1987; Brümmendorf et al.,
1989). Although this interaction has not been emphasized in
studies in vivo, it may underlie roles of Cntns in retina.

Is the IgSF code for laminar specificity complete?
Further double- and triple-labeling studies, as well as analysis at
other ages, will be needed to determine precisely what fraction of
retinal neurons express one of the two sdks, two dscams, and five
cntns. Nonetheless, it seems that at least for amacrine cells, the
vast majority of cells express at least one of these nine related IgSF
genes (Fig. 12). In that cntns appear to be expressed by far more
amacrine than bipolar or retinal ganglion cells, however (Fig. 4),
a substantial number of cells in the latter categories may express
no sdk, dscam, or cntn. Candidate markers for these cells are the

four members of the NgCAM subfamily (Fig. 1). We are currently
analyzing these and other IgSF members (Kim et al., 2008) in
hopes of determining whether all retinal neurons can be catego-
rized by the IgSF genes they express.
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