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Establishment of functional synaptic connections in a selective
manner is essential for nervous system operation. In mammalian
retinas, rod and cone photoreceptors form selective synaptic con-
nections with different classes of bipolar cells (BCs) to propagate
light signals. While there has been progress in elucidating rod
wiring, molecular mechanisms used by cones to establish functional
synapses with BCs have remained unknown. Using an unbiased
proteomic strategy in cone-dominant species, we identified the cell-
adhesion molecule ELFN2 to be pivotal for the functional wiring of
cones with the ON type of BC. It is selectively expressed in cones and
transsynaptically recruits the key neurotransmitter receptor mGIuR6
in ON-BCs to enable synaptic transmission. Remarkably, ELFN2 in
cone terminals functions in synergy with a related adhesion mole-
cule, ELFN1, and their concerted interplay during development spec-
ifies selective wiring and transmission of cone signals. These
findings identify a synaptic connectivity mechanism of cones and
illustrate how interplay between adhesion molecules and postsyn-
aptic transmitter receptors orchestrates functional synaptic specifi-
cation in a neural circuit.
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ensory systems update the internal states of an organism

based on detected alterations in the surrounding environ-
ment (1, 2). This process is essential for the survival of all ani-
mals, equipped accordingly with many specialized structures and
organs for the detection of a wide spectrum of sensory modali-
ties. Meaningful processing of different sensory inputs requires
their segregation into dedicated circuits for transmitting the in-
formation into the brain for integration (3, 4).

As life on our planet is powered by light, vision is one of the
most fundamental senses. In vertebrates, light is detected by the
retina, a specialized neural circuit in the eye and component of the
central nervous system (5, 6). Here, all vision-forming inputs
originate from two types of light-sensitive neurons—rod and cone
photoreceptors—segregated by distinct properties reflecting their
unique roles (7-9). Rods are exquisitely light-sensitive but slow-
acting and operate only under very low levels of luminance (7, 10,
11). In contrast, cones are fast and have much broader dynamic
range (9, 10, 12). Cones are also tuned to different wavelengths of
light, enabling color vision, and also segregate their outputs to
allow detection of visual features with high acuity (8, 13). These
properties endow cone photoreceptors with versatility utilized by
most diurnal species for daylight vision.

For the nervous system to optimally utilize the distinct fea-
tures of cones, their signals need to be distinguished from those
generated by rods. To a large extent, this is thought to be
achieved by differential wiring of photoreceptors into the retina
circuitry, thereby allowing cones to relay their information in a
selective manner (14-16). While rods, for the most part, form
selective contacts with a single dedicated postsynaptic partner,
the rod ON-bipolar cell (RBC), cones largely avoid RBCs and
instead make synapses with several types of ON-cone bipolar
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cells (ON-CBCs) and OFF-cone bipolar cells (OFF-CBCs). We
have recently reported that synaptic wiring of rods is mediated by
the cell-adhesion molecule ELFNT1; however, loss of ELFN1 had no
effect on cone synaptic communication (17). This notable specificity
led to the hypothesis that a distinct, previously uncharacterized
synaptic adhesion molecule(s) may enable selective synaptic wiring
of cones for daylight vision.

In this study, we report the identification of the synaptic cell-
adhesion molecule ELFN2 as a critical component for the syn-
aptic wiring of cone photoreceptors. We show that ELFN2 acts
transsynaptically to recruit and allosterically modulate the key
transduction receptor mGluR6 in ON-CBCs. Through the use of
multiple genetic animal models, we further uncover an unex-
pected role of ELFN1 in early development of cone synapses and
demonstrate how ELFN1 and ELFN2 cooperate to enable syn-
aptic communication of cone photoreceptors.

Results

Cones Share a Molecularly Similar Wiring Mechanism with Rods. Be-
cause loss of rod synapses upon elimination of ELFN1 resulted in
selective deficits in mGIuR6 targeting in RBCs but not in ON-
CBCs (17), we reasoned that cone wiring with ON-CBCs might
rely on a distinct transsynaptic association of mGluR6 with an
unknown, cone-specific cell-adhesion molecule. To test this hy-
pothesis, we examined the consequence of expressing ELFN1 in
cones, where it is not normally detected. These experiments were
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performed in Elfn] ™'~ mice to concurrently assess the possible role
of ELFNI in the selectivity of photoreceptor wiring. Subretinal
injections of virus (recombinant adeno-associated virus; tAAV)
containing a mouse Elfnl gene under control of a cone-specific
promoter (Fig. 14) resulted in selective expression of ELFNI in
cones (Fig. 1B). Encouragingly, ELFN1 was specifically targeted
to cone terminals identified by cone-arrestin immunostaining and
concentrated in the active zones labeled by peanut agglutinin
(PNA) (Fig. 1 B and C). Furthermore, cone-expressed ELFN1 was
found to be in close apposition to mGluR6 (Fig. 1D). Quantitative
analysis revealed a significant increase in synaptic mGluR6 con-
tent in apposition to PNA-positive terminals of cones expressing
ELFN1 as compared with control ELFNI1-negative terminals
(Fig. 1E). Additionally, expression of ELFN1 resulted in an in-
crease in the number of discrete mGluR6 puncta, thereby sug-
gesting an increase in the number of synaptic contacts between
ON-BCs and cones (Fig. 1E).

Next, we determined the identity of the ON-BCs responsible
for increased wiring with cones. Elfn] '~ mice were crossed with
an mGluR6-tdTomato reporter line (18) that sparsely labels
different ON-BC types and enables tracking their dendritic
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Fig. 1.

invaginations into the cone pedicles. Subsequently, protein ki-
nase C o (PKCa) staining was used to distinguish immuno-
positive RBCs from negative ON-CBCs (Fig. 1F). Applying this
strategy, we found no evidence of RBC invagination into cone
pedicles of Elfnl™'~ retinas. Viral expression of ELFN1 in cone
pedicles also did not significantly alter this pattern and all con-
tacting ON-BCs (40 cells) were classified as ON-CBCs. To-
gether, these results show that while normally ELFN1 is not
detected in cones, its overexpression can drive transsynaptic re-
cruitment of mGluR6 to ON-CBC contacts, suggesting that
cones utilize an ELFN1-like mechanism for wiring.

Identification of ELFN2 as an mGluR6-Binding Partner in the Retina.
To identify endogenously expressed ELFNI1-like molecules in
cones responsible for the transsynaptic recruitment of mGluR6 on
ON-CBCs, we designed a proteomic screen for mGluR6-binding
partners, as previous screens in mouse retinas have failed to
identify such molecules (17). Reasoning that our chances of
detecting relevant mGluR6 partners would be greater in cone-
dominant species, we obtained retinas from both ground squirrel
and tree shrew species (Fig. 24). Sequence divergence of mGluR6
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Virally mediated overexpression of ELFN1 in cones. (A) Schematic illustration of a strategy for expressing mouse ELFN1 in cones by subretinal injection

of rAAV using cone-specific PR2.1 promotor (cCAAV-ELFN1). ITR, inverted terminal repeat; mELFN1, mouse ELFN1; PR2.1, human red opsin promoter; SV40 SD/
SA, SV40 splice donor/splice acceptor. (B) Selective overexpression of ELFN1 in cones. Retina sections were immunostained for ELFN1 (green) and the cone
marker cone arrestin (red). OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GC, ganglion cells. (Scale bar, 10 pm.) (C) High-power confocal imaging reveals ELFN1 localization in cone terminals. Retina sections were
labeled with ELFN1 (green) along with the cone terminal markers cone arrestin (Upper, red) or PNA (Lower, red). (Scale bar, 5 um.) (D) Effect of ELFN1
overexpression in cones on postsynaptic mGluR6. Retina sections were triple-labeled with ELFN1 (green), mGIuR6 (red), and PNA (blue). #, ELFN1 expression-
negative terminal (control); A, ELFN1 expression-positive terminal ((AAV-ELFN1). (Scale bar, 5 um.) (E) Quantification of the effects of ELFN1 overexpression in
cones on mGIuR6 content. PNA puncta were used as a mask for the quantification of mGluR6-positive staining. Error bars are SEM. Mean values were
obtained from terminals imaged from three mice. *P < 0.05, t test. a.u., arbitrary units. (F) Analysis of cone terminal contacts with dendrites of ON-BC neurons
of different classes. tdTomato expression driven by Grmé promotor sparsely labeled ON-BCs to trace the dendritic tips of a single cell. ON-RBC projections
were identified by positive staining with PKCa. Cone synaptic puncta are indicated by arrowheads. (Scale bar, 5 pm.)
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across species necessitated generation of antibodies which could  ELFNI1 (17) and, excitingly, a homologous protein, ELFN2, which
specifically recognize mGIluR6 in cone-dominant retinas (S Ap-  had never been characterized in the retina (Fig. 2 B and C). ELFN2
pendix, Fig. S14), and the resulting antibody could precipitate  shares overall topology with ELFNI including leucine-rich repeats
mGluR6 from ground squirrel and tree shrew but not mouse and a fibronectin type 3 domain (Fig. 2D).

retinas (SI Appendix, Fig. S1B). Using this tool, we immunopreci- To determine if ELFN2 was the cone-specific adhesion mole-
pitated mGluR6 from membrane extracts prepared from ground cule we were hoping to identify, we next performed a series of
squirrel and tree shrew retinas on a preparative scale (Fig. 24).  experiments characterizing its interaction with mGluR6. First, we
Subsequently, mass spectrometry was used to identify coimmuno-  were able to reconstitute the binding using heterologous expres-
precipitating proteins. To account for nonspecific binding, nonim-  sion in two populations of HEK293T cells transfected separately
mune immunoglobulin G (IgG)-binding experiments were conducted ~ with either mGluR6 or ELFN2 (Fig. 2E). These experiments
in parallel and proteins identified in these experiments were ex-  showed that ELFN2 robustly coimmunoprecipitated mGIluR6 with
cluded. Analysis of proteins specifically copurifying with mGluR6 in  a similar efficiency relative to ELFN1, indicating that ELFN2 and
both species (Fig. 2B) revealed only a few synaptic molecules con-  mGIuR6 can form a complex in trans. Next, we studied the impact
taining a transmembrane region and also in extracellular segments  of transcellular ELFN2 binding on mGluR®6 activity, suggested by
(Fig. 2C). These included the previously characterized rod-expressed  analogous interactions of ELFN2 with other group III members of
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Fig. 2. ELFN2 is a binding partner of mGIuR6 in cone-dominant retinas. (A) Schematics of the proteomic strategy for identification of mGluR6-interacting
proteins. LC-MS/MS, liquid chromatography-tandem mass spectrometry. (B) Analysis of proteins coimmunoprecipitated with mGIuR6 as identified by mass
spectrometry in ground squirrel (Left) and tree shrew (Right) retina. (C) Categorical classification of mGluR6-binding partners by DAVID functional anno-
tation. (D) Domain composition of ELFN2. The protein contains extracellular leucine-rich repeats and fibronectin type 3 (FN3) domains, the transmembrane
segment (TM), and intracellular C terminus (CT). (E) ELFN2 and mGIuR®6 interact in trans. Proteins were coimmunoprecipitated following transient expression
in separate HEK293 cells followed by Western blot detection. IB, immunoblotting. (F) ELFN2 modulates pharmacological properties of mGIuR6 in trans.
Schematic representation of transcellular GPCR signaling assay utilizing cCAMP pGloSensor in mGluR6-expressing cells exposed to control or ELFN2-expressing
cells that lack the biosensor. (G) Dose-response curves plotted for the identical mGIuR6- and biosensor-expressing cell populations, differing only by exposure
to either control or ELFN2-expressing cells. (H) Quantification of ELFN2 effects on mGIuR6 response parameters: maximal efficacy (Enax) and half-maximal
effective concentration (ECsp) for L-glutamic acid. *P < 0.05, paired t test. (/) Transcellular interactions with ELFN2 alter G protein-coupling efficiency of
mGIuR6. Schematic representation of transcellular GPCR-Gao signaling assay utilizing real-time kinetic BRET strategy in mGluR6-expressing cells cocultured
with control or ELFN2-expressing cells. (J) ELFN2-induced changes in kinetic properties of mGIuR6 signaling to Gao. (K) Quantification of ELFN2 effects on
mGluR6-mediated Gao activation rate and maximal response amplitudes (En,x) for L-glutamic acid. **P < 0.01, *P < 0.05, paired t test.
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the mGluR family in the brain (19). Initially, we used cyclic
adenosine monophosphate (cAMP) as a readout for mGIuR6
activity, studying it in a transcellular format where mGluR6 and
ELFN2 were segregated to different cell populations (Fig. 2F).
Coculturing ELFN2-expressing cells, but not control cells, with
cells expressing mGIluR6 and cAMP reporters revealed a signifi-
cant modulation of both efficacy and potency of mGIluR6 re-
sponses to glutamate (Fig. 2 G and H) and its synthetic agonist
L-AP4 (SI Appendix, Fig. S1 C-E). Dissecting the mechanism of
this effect using bioluminescence resonance energy transfer
(BRET) sensors that directly report G-protein activation, we
found that coculturing with ELFN2-expressing cells directly
inhibited mGluR6-mediated activation of Gao, a G protein that
transmits mGluR6 signals in ON-BCs (Fig. 2I). This transcellular
interaction critically altered both the activation kinetics, which
serve as a proxy for potency, and maximal amplitude, which is a
measure of efficacy (Fig. 2 J and K). Importantly, ELFN2 had no
effect on mGluR6 desensitization following its prolonged activa-
tion by glutamate (SI Appendix, Fig. S1 F-K), suggesting the ob-
served changes in both potency and efficacy are attributable to
transcellular allosteric modulation of receptor function rather
than altered receptor trafficking. Together, this evidence supports
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a model in which ELFN2 directly associates with mGluR6 and
serves as its direct allosteric modulator in trans.

ELFN2 Is Expressed by Cone Photoreceptors and Hierarchically
Integrated into Their Synapses. To characterize ELFN2 expres-
sion and distribution, we stained retina cross-sections with anti-
ELFN2 antibodies. We found ELFN2 protein to be prominently
present across the entire outer plexiform layer (OPL) in both
tree shrew and ground squirrel (SI Appendix, Fig. S24), where it
was associated with the synaptic markers (SI Appendix, Fig. S2B).
We have also observed immunoreactivity for ELFN2 protein in
the inner plexiform layer (INL). A rod-dominant mouse retina
exhibited pronounced staining for the ELFN2 protein in the
OPL with islands of intense signal reminiscent of its presence in
cone pedicles (Fig. 34). To study the cell specificity of ELFN2
expression in photoreceptors, we conducted fluorescence in situ
hybridization which also showed sparse distribution of Elfn2
messenger RNA (mRNA) (S Appendix, Fig. S2C). Double la-
beling showed that all Elfn2 signals were confined to cells also
expressing cone marker Gnat2 and absent in the surrounding
rods (Fig. 3B). These results point to selective expression of
Elfn2 in cones and not in rods. Consistent with these data,
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Fig. 3. ELFN2 is a synaptic protein localized in cone terminals. (A) Analysis of ELFN2 protein localization in mouse retina cross-sections by immunohisto-

chemistry with a specific anti-ELFN2 antibody. (Scale bar, 25 pm.) (B) Cellular specificity of ELFN2 expression revealed by double in situ hybridization for E/fn2
mMRNA (red) with mRNA for cone-specific Gat2 (green). (Scale bar, 10 um.) (C) Selective localization of ELFN2 at the synapse terminals of cone photoreceptors.
Mouse retina cross-sections were costained with cone terminal markers cone arrestin and PNA, presynaptic photoreceptor marker (CtBP2), and postsynaptic
ON-BC marker (mGIuR6). (Scale bar, 5 pm.) (D) Coimmunoprecipitation of mGIluR6 and ELFN2 from mouse retinas as detected by Western blotting. Samples
from retinas of a Grm6~'~ mouse or pulled down from nonimmune IgG lacking mGIuR6 antibodies are used as specificity controls. (E) Schematic illustration of
the identity and localization of key molecules at photoreceptor synapses analyzed in the experiments. (F) Effect of eliminating key synaptic molecules on
expression and localization of ELFN2 at cone synapses. Retinas of the indicated knockout mice were analyzed. (Scale bars, 5 pm.)
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higher-power confocal microscopy of the OPL revealed that all
ELFN?2 protein was localized at the base of cone terminals la-
beled with cone arrestin (Fig. 3C). ELFN2 staining also coin-
cided with the cone-specific active zone marker PNA. Within the
cone terminals, ELFN2 coclustered with photoreceptor ribbons
in direct apposition to postsynaptic mGluR6, characteristically
contacting cone terminals in the lower sublamina of the OPL.
Notably, we found no overlap between ELFN2 and the dendritic
tips of RBCs that contact rods (SI Appendix, Fig. S2D).

Next, we confirmed the interaction between ELFN2 and
mGlIuR6 in mouse retinas by coimmunoprecipitation (IP) using
anti-mouse mGIluR6 antibodies. These experiments showed that
ELFN2 was specifically present in the mGIuR6 IP eluates in
wild-type retinas and not in Grm6~'~ or IgG controls (Fig. 3D).

To understand the place of ELFN2 in the hierarchy of synaptic
organization, we next determined how it is influenced by the
disruption of pre- and postsynaptic elements. We found that
synaptic accumulation of ELFN2 was reduced in cone terminals
of Lrit3 and Cacnalf knockout retinas but detectable upon
elimination of a264 protein (Fig. 3F). Consistent with trans-
synaptic stabilization of ELFN2-mGIluR6 complexes, elimina-
tion of mGluR6 dramatically decreased ELFN2 content in cone
terminals. In contrast, loss of TRPM1 or RGS proteins did not
affect ELFN2 synaptic targeting in cones (Fig. 3F). Taken to-
gether, these results indicate that ELFN2 is a cone-specific
synaptic molecule that transsynaptically scaffolds mGluR6 on
the dendritic tips of ON-CBCs and is uniquely integrated in the
synaptic milieu of cone pedicles.

Knockout of ELFN2 Has No Discernable Structural or Functional Effects
but Activates ELFN1 Expression in Cones. To further investigate the
role of ELFN2 in the retina, we used a null mutant mouse line
(Elfn27""), where the entire coding sequence of Elfn2 was elimi-
nated (Fig. 44). Indeed, this resulted in complete loss of ELFN2
immunoreactivity upon immunohistochemical staining of retina
sections and loss of positive bands in Western blotting of retina
lysates, indicating complete loss of ELFN2 expression and also
confirming specificity of the antibody we used to detect ELFN2
(Fig. 4 B and C). Contrary to our expectations, elimination of
ELFN2 did not affect the expression levels of key molecules in-
volved in synaptic communication of photoreceptors including
mGluR6, TRPM1, Gao, and the GAP complex, as analyzed by
Western blotting (Fig. 4C and SI Appendix, Fig. S34). We also
detected no changes in the molecular architecture of the retinas
lacking ELFN2, with all of the synaptic signaling components
examined being appropriately targeted to the synaptic sites in both
rod and cone photoreceptors (SI Appendix, Fig. S3B).

Analysis of retina light responses by electroretinography (ERG)
revealed no changes in either a or b waves under either scotopic or
photopic conditions. The amplitudes and kinetic parameters of the
light responses in Elfn2~~ were indistinguishable from wild-type
(WT) littermates across a range of eliciting light intensities in
dark-adapted animals and upon background adaptation (Fig. 4 D—
I and SI Appendix, Fig. S3C). These results indicate that loss of
ELFN2 alone does not impact synaptic transmission of either rod
or cone photoreceptors.

Strikingly, during our immunohistochemical analysis of retina
architecture, we found that cone pedicles of Elfn2~~ mice
uniquely contained ELFN1 that was undetectable in cones of WT
retinas (Fig. 4/ and SI Appendix, Fig. S3B). This cone ELFN1
immunoreactivity in Elfn27~ retinas recapitulated localization of
ELFN2 in WT cones, demonstrating close association with PNA-
positive active zones in immediate apposition to mGIuR6 clusters
of the ON-CBCs in the lower OPL sublamina (Fig. 47). Thus, lack
of an observed phenotype in Elf27/~ mice might be obscured by
cone-specific activation and synaptic compensation from ELFN1
whose expression in cones was triggered by the loss of ELFN2.
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Developmental Dynamics of ELFN1 and ELFN2 Interplay in Cone Synapses.
To better understand the relationship between ELFN1 and ELFN2
in cones, we studied developmental dynamics of their expression and
their interdependence during the time frame of photoreceptor syn-
aptogenesis. Strikingly, we found that at early stages of development
(postnatal day 7; P7), ELFNI protein was in fact present in cone
synapses (Fig. 5 and SI Appendix, Fig. S4). However, we observed
that the levels of ELFN1 progressively declined as the synapses
matured, falling to barely detectable levels in fully developed retinas
at P21. This trajectory was markedly altered in Elfn27~ retinas,
where ELFN1 underwent substantial up-regulation in cone synapses,
instead reaching peak levels upon completion of synaptogenesis at
P17 before stabilizing to adult levels at P21.

The dynamics of ELFN2 expression were markedly different
(Fig. 5 and SI Appendix, Fig. S4). Following initial up-regulation
at the peak of cone synapse formation at P11, its levels remained
rather steady throughout development. Interestingly, in Elfnl =/~
retinas, the levels of ELFN2 continued to rise, reaching the
plateau later, around P17. These observations suggest that
ELFN1 and ELFN2 expression is interdependent and temporally
segregated throughout retinal development, acting during dif-
ferent stages in cone synapse ontogeny, switching from ELFN1-
abundant early synapses to ELFN2-abundant mature synapses.

Changes in ELFN1 and ELFN2 Content Alter Synaptic Transmission of
Cone Photoreceptors. To test the possibility that induction of
ELFN1 expression may functionally compensate for the loss of
ELFN2, we attempted generating a line of constitutive double-
knockout mice by crossing Elfnl ™~ and Elfn2~'~ strains. How-
ever, this was not successful due to embryonic lethality associ-
ated with concurrent elimination of both proteins, reinforcing
the possibility of their coinvolvement in many other circuits es-
sential for survival across the nervous system. Thus, we gener-
ated a strain for conditional elimination of Elfn1-flanking exon 2
by loxP sites (Elfin1™"1%; Fig. 64). In the resulting homozygous
Elfn 1119 mice, the synaptic content of ELFN1 was decreased
(SI Appendix, Fig. S5 A and B). However, this reduction did not
result in lower postsynaptic recruitment of mGIuR6 (SI Appen-
dix, Fig. S5C). Furthermore, the content of all other proteins
examined, including components of the calcium channel and
GAP complexes in the synapses of rods and cones, were normal
and indistinguishable from WT retinas. Consistent with these
observations, the light responses of ElfnI°1°% mice as mea-
sured by ERG were not different from WT mice (SI Appendir,
Fig. S5 D-J), making it a suitable model for studying conditional
elimination of ELFNI.

We next generated and characterized conditional Elfn
Elfn27"~ double-knockout (cDKO) mice, which were now viable.
As before, we did detect ELFNI1 induction in cone synapses of
¢DKO retinas (Fig. 6B). We found that mGluR6 was reduced in
¢DKO cone synapses, suggesting that combined ELFN1/ELFN2
content in cones in this model fell below the critical threshold
needed for normal transsynaptic recruitment of mGluR6
(Fig. 6 B and C). This change was specific, as we did not detect
significant alteration in localization of other synaptic signaling
molecules in ¢cDKO retinas (SI Appendix, Fig. S64). We further
detected a small but significant reduction in the amplitude of
photopic ERG b waves in ¢DKO mice (Fig. 6 D and E), indi-
cating that decrease in mGluR6 controlled by ELFN1/2 in cones
was sufficient to functionally impact synaptic transmission to
ON-CBCs.

To further reduce the levels of ELFN1/2, we crossed the
Elfn1"¥1°*Elfn 2/~ mouse with the inducible pan-neuronal Cre
driver line CAG*FR™? followed by tamoxifen induction in adults
to avoid embryonic lethality (iDKO) (Fig. 64). Cre-mediated
deletion reduced the ELFNI1 content in cones to barely detect-
able levels (Fig. 6F and SI Appendix, Fig. S6 B and C). This was
accompanied by further reduction in mGluR6 levels in cone
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staining (green) in E/fn2~" retinas. (Scale bar, 25 pm.) (C) Effect of ELFN2 elimination on the expression of major photoreceptor synaptic proteins analyzed by
Western blotting of retina lysates. (D) Representative ERG traces elicited by a scotopic flash of 0.001 cd*s/m? (~0.6 R* per rod) to activate the primary rod
pathway only. (E) Dose-response plot of maximal dark-adapted ERG b-wave amplitudes from E/fn2*'* (n = 5) and E/fn27'~ (n = 4) mice plotted against their
eliciting flash intensities. Data are represented as mean + SEM. (F) Representative ERG traces of responses to a photopic flash of 100 cd*s/m? (~58,000 R* per
rod) to activate both rod and cone pathways. (G) Dose-response of maximal b-wave time to peak from E/fn2*"* and Elfn2~~ mice plotted against their
eliciting flash intensities. Data are represented as mean + SEM. (H) Representative ERG traces of responses to a photopic flash of 100 cd*s/m? (~58,000 R* per
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adapted ERG in E/fn2*"* (n = 5) and EIfn27~ (n = 4). Data are represented as mean + SEM. (J) Analysis of the effect of ELFN2 loss on synaptic content of ELFN1
in cone terminals. Retina cross-sections were double-immunostained with antibody against ELFN1 (green) and presynaptic cone terminal marker PNA (red) or
cone arrestin (red), or double-stained with postsynaptic receptor mGIuR6 (red). (Scale bar, 5 pm.) There were no significant genotype differences in data
reported in D, F, |, and J, P > 0.05 based on multiple t test.
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two-way ANOVA followed by Sidak’s multiple-comparisons test.

synapses to 12.3% of the amount present in cDKO (Fig. 6 F and
G). Analysis of cone synaptic transmission in iDKO mice by
ERG revealed dramatic reduction of the photopic b wave rela-
tive to ¢cDKO mice (Fig. 6 H and I). Yet, when compared with
Trpml ~/~ mice in which synaptic transmission of photoreceptors
is completely ablated, the iDKO mice still showed a discernable
residual b wave. The incomplete elimination of ELFNI is likely
explained by a weak activity of the CAG™“*R™? driver in pho-
toreceptors. Together, the comparative analysis of ¢cDKO and
iDKO models revealed that synaptic mGluR6 content and
resulting generation of the postsynaptic response are titrated by
availability of presynaptic ELFN1 proteins in mature retinas and
that even small amounts of ELFN1 can enable some level of
functional wiring of photoreceptors.

Complete Inactivation of Both ELFN1 and ELFN2 Abolishes Synaptic
Transmission of Photoreceptors. In an attempt to completely elimi-
nate both ELFN1 and ELFN2, we crossed Elfn] ﬂ"’“ﬂ‘”‘Elfn2 mice
with the Pedh21<™ line, a constitutive driver active in rod and cone
photoreceptors (Fig. 74). The resulting Elfn]0o¥xg )5 01—
Pcdh21°" mice (pDKO) was expected to delete ELFN1 specifically
in photoreceptors in addition to global elimination of ELFN2
(Fig. 7B). Indeed, we found complete elimination of ELFN1 im-
munoreactivity in cone synapses of pDKO retinas. Concomitantly,
mGluR6 puncta at cone synapses were also completely absent
(Fig. 7B). The loss of mGluR6 was paralleled by a prominent re-
duction in accumulation of several postsynaptic proteins in cone
synapses known to be dependent on mGluR®6, including RGS11 and
GPR179, but not presynaptic mGluRé-independent proteins
(Fig. 7B and SI Appendix, Fig. S7A). Interestingly, we found the
cone-enriched synaptic cell-adhesion molecule LRIT3 to be signif-
icantly reduced yet present at cone synapses, suggesting that ELFNs
and LRITs could cooperate during cone synaptic development
(Fig. 7B and SI Appendix, Fig. STB).

Most strikingly, evaluation by ERG revealed complete lack of
photopic b wave amid normal a wave, indicating that light re-
sponses of cone photoreceptors were intact but their synaptic
communication with ON-BCs was abolished (Fig. 7C). These
changes were paralleled by the expected loss of scotopic b wave
(SI Appendix, Fig. S7D), given the critical role of ELFN1 in
synaptic transmission of rod signals. This phenotype was no

23920 | www.pnas.org/cgi/doi/10.1073/pnas.2009940117

different from the responses seen in TrpmI~~ mice and other
models with complete loss of synaptic transmission (20), typically
referred to as nob (no b wave). Thus, we have determined that
combined contributions of both ELFN1 and ELFN2 in cones are
absolutely required for recruitment of postsynaptic signaling
complexes and synaptic transmission of cone signals.

Because elimination of ELFNI1 disrupted physical synapse
formation of rod photoreceptors (17), we next asked whether
ELFN proteins play a role in establishment of synaptic contacts
of cones as well. Examination of cone pedicles in pDKO retinas
by transmission electron microscopy revealed that their overall
morphology was normal with multiple easily identifiable ribbons
and adjacent processes of horizontal cells (Fig. 7D). We further
found abundant evidence for the presence of the invaginating
contacts typically made by the ON-CBCs. Quantitative analysis
did not reveal differences between pDKO and their Cre-negative
control littermates (¢DKO) in the number of invaginating ON-
CBC contacts (Fig. 7E). We also observed a similar number of
flat contacts at the base of cone pedicles, typically formed by the
OFF-BCs between pDKO (329 contacts in 99 cone pedicles) and
¢DKO (304 contacts in 84 cone pedicles) (Fig. 7D). Control ex-
periments confirmed the expected disruption of rod synapses in
PDKO retinas (SI Appendix, Fig. STC) similar to what was observed
upon constitutive elimination of ELFN1 (17). These results suggest
that elimination of ELFN1/2 primarily affects functional rather than
structural wiring of cones with their postsynaptic partners.

This normal synaptic morphology suggests that observed def-
icits in synaptic transmission are driven by reduction in mGIluR6
function. To confirm this connection, we performed comparative
analysis of several mouse models that produce varying degrees of
ELFN protein loss. We found that changes in the synaptic con-
tent of ELFNs at cone synapses nearly perfectly correlated with
the synaptic accumulation of mGluR6: The more ELFN proteins
present, the more mGluR6 was recruited to cone synapses
(Fig. 7F). Importantly, the mGluR6 synaptic content tightly
correlated with the strength of the synaptic transmission as evi-
denced by ERG b-wave amplitudes (Fig. 7F). These observations
suggest that ELFN proteins are essential in the functional wiring
of cone photoreceptors by regulating the extent of the trans-
synaptic recruitment of mGluR®é.
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Fig. 6. Reduction of ELFN1 in E/fn2~'~ mice diminishes cone synaptic transmission. (A) Schematic of the strategy for conditional elimination of E/fn1 in the
retina. A conditional knockout allele for E/fn1 (Elfn171°f°X) \was generated by flanking exon 2 with loxP sites. E/fn17¥flX mice were crossed with E/fn2~~ mice
to generate conditional Elfn1"1°¥f°XEjfn2~"~ double-knockout mice. cDKO mice were then crossed to a tamoxifen-inducible Cre strain to generate inducible
double-knockout mice Elfn1o¥fo%E1fn 27/~ CAG"*ER™2, To induce ELFN1 loss, iDKO mice were administered tamoxifen for 5 d followed by testing. IHC, im-
munohistochemistry. (B) Analysis of ELFN1 and mGIuR6 localization in cones of cDKO mice. Retina cross-sections were double-immunostained with antibody
against ELFN1 (green), or mGIluR6 (green) and cone terminal marker cone arrestin (red). (Scale bar, 5 pm.) (C) Quantification of mGIuR6 content in cone
synapses of cDKO mice. Mean fluorescence intensity from 10 puncta per retina section was measured from three to six sections per retina collected from two
separate mice. Data are represented as mean + SEM; n = 6 to 11. **P < 0.01, t test. (D) Analysis of cone synaptic transmission in cDKO mice by ERG. Rep-
resentative traces of responses to a photopic flash of 100 cd*s/m? (~58,000 R* per rod) under a 32 cd*s/m? (~18,500 R* per rod per second) light background
to activate cone pathway only are shown. (E) Quantification of b-wave ERG amplitudes in Elfn1flo¥flox (n = 5) and ¢cDKO (n = 6) mice under photopic con-
ditions. **P < 0.01, t test. (F) Analysis of ELFN1 and mGIuR6 localization in cones of /DKO mice. Retina cross-sections were double-immunostained with
antibody against ELFN1 (green), or mGIuR6 (green) and cone terminal marker cone arrestin (red). (Scale bar, 5 pm.) (G) Quantification of mGIuR6 content in
cone synapses of iDKO mice. Mean fluorescence intensity from 10 puncta per retina section was measured from three to six sections per retina collected from
two separate mice. Data are represented as mean + SEM; n = 12 to 15. **P < 0.01, t test. (H) Analysis of cone synaptic transmission in iDKO mice by ERG.
Representative traces of responses to a photopic flash of 100 cd*s/m? (~58,000 R* per rod) under a 32 cd*s/m? (~18,500 R* per rod per second) light
background to activate the cone pathway only are shown. (/) Quantification of b-wave ERG amplitudes in cDKO (n = 6) in comparison with iDKO (n = 4) mice.
Data are represented as mean + SEM. **P < 0.01, t test.

Discussion Key to this process is the ability of cones to relay high-sensitivity

The results of this study offer molecular insight into a long-  signals via selective synaptic contacts with many subtypes of ON-
standing question of how cone photoreceptors wire into the ~CBCs. The response characteristics of the ON-CBCs to cone

retina circuitry to enable transmission of light-evoked signals.  inputs vary across subtypes, contributing to decoding temporal
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amplitudes. Quantification of data presented in Figs. 4 Jand /, 6 B, E, F, and |, and 7 B and C.

aspects of vision (21). However, processing of cone signals in-
variably relies on a sign-inverting metabotropic cascade on all
ON-CBCs nucleated by the postsynaptic receptor mGluR6 (22).
In this study, we identify the key molecular factors that enable
synaptic communication of cones with ON-CBCs. We report that
the process is orchestrated by a pair of cell-adhesion molecules,
ELFNI1 and ELFN2, which act during different stages in devel-
opment to transsynaptically recruit and maintain mGluR6 in
ON-CBC synapses. This mechanism shows important similarities
and distinctions from the analogous wiring of rod photoreceptors
with their downstream partners, RBCs. First, rods utilize a single
molecule, ELFN1, throughout their ontogeny and its elimination
selectively affects only rod synapses. Instead, cones express
ELFN1 during early synaptogenesis and then switch to cone-
specific ELFN2 to support synaptic signaling in mature retinas.
Knockout of either ELFN1 or ELFN2 alone does not prevent
their signaling to ON-CBCs due to the apparently compensatory
relationship between the two molecules. Second, like ELFN1, in
adult retinas the new player ELFN2 directly interacts with
mGluR®6, stabilizing it at the tips of ON-CBC dendrites. Third,
interaction with ELFN1 and ELFN2 clearly regulates pharma-
cological properties of mGIuR6 in trans, thus contributing to

23922 | www.pnas.org/cgi/doi/10.1073/pnas.2009940117

responses of ON-BCs to glutamate. Fourth, deletion of both
ELFN1 and ELFN2 completely prevents synaptic transmission
of cones, indicating that the two molecules are sufficient for
mGIluR6 recruitment and establishing the communication
channel. Fifth, in contrast to rods, loss of both ELFN proteins
does not prevent cones from making physical contacts with ON-
CBCs. This likely reflects a morphologically distinct organization
of cone synapses that feature shallow contacts with cone pedicles
in contrast to deeply invaginating RBC contacts within rod
spherules, while additionally synapsing with rod-avoiding OFF-
CBC neurons. We believe that reliance on two synergistically
acting cell-adhesion molecules constitutes a synaptic code that at
least in part contributes to setting up their unique connectivity
pattern and characteristic synaptic properties.

Our observations prompt a few intriguing questions that open
new avenues for future explorations. Quintessentially, many of
these revolve around diversification of cell-adhesion molecules
for anchoring mGluR6 and reliance of cones on both ELFN1
and ELFN2 for development and synaptic signaling. The ob-
servation that mature cone synapses exclusively utilize ELFN2
while in principle ELFN1 can seemingly substitute for it suggests
that ELFN2 endows cone synapses with some unique features
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advantageous for cone function. One such domain could be re-
lated to shaping unique temporal or adaptive properties of cone
synapses which essentially rely on mGluR®6 signaling. We found
that ELFN2 can allosterically modulate mGluR6 pharmacology
in trans, lowering its affinity for glutamate and decreasing max-
imal activity. These effects are similar to the ones exerted by
ELFNI1 (23), yet may be quantitatively distinct and thus could
endow distinct synaptic properties to differentiate cone synapses.
Even subtle alterations in mGluR6 pharmacological properties
would likely have significant impact on how readily and fast ON-
BCs respond to changes in glutamate release by the photore-
ceptors during the light response, thus affecting temporal char-
acteristics of the response and its light sensitivity. Provocatively,
it could be imagined that these parameters are adjusted differ-
entially across subtypes of ON-CBCs, further contributing to
diversification of their responses. The ERG recordings employed
in this study do not have the power to resolve functional dif-
ferences in response parameters of individual ON-BCs, making it
of interest to examine selective contribution of ELFN2 to
establishing synaptic properties of various ON-CBC populations
in future studies. Alternatively, we can also envision that ELFN2
may endow cones with advantages related to postdevelopmental
synaptic maintenance and/or presynaptic function. Previously, we
found that ELFNI is integrated with the presynaptic release
apparatus by forming a complex with a284/Cay 1.4 that regulates
transmitter release (24). We expect that, by analogy, ELFN2 is
also integrated with the vesicular release machinery in the active
zone of cone pedicles. Consistent with this possibility, our ob-
servations show that deletion of Cay1.4 prevents accumulation
of ELFN2 in cone pedicles. However, unlike ELFN1, whose
synaptic localization in rods depends completely on o284, tar-
geting of ELFN2 to cone synapses is unaffected by the o204
deletion. It suggests the key role of ELFN2 in selective preser-
vation of cone transmission in a284 knockouts and thus the
identification of ELFN2 may provide a molecular explanation
for the resilience of cone synapses. Moreover, ELFN1 and
ELFN?2 vary considerably (sharing only 49% identity), making it
possible that they differentially affect vesicular release and/or its
homeostatic regulation. It also seems possible that ELFN1 could
be utilized early in development for the advantages that it pro-
vides over ELFN2 in some aspect of morphological develop-
ment. While we have not detected overt developmental defects
in cone synaptogenesis in retinas lacking ELFN1, this possibility
may need to be examined in finer detail. The reciprocal sensi-
tivity of ELFN1 and ELFN2 expression levels and distinct pro-
files of their developmental regulation suggest that the interplay
may be important for some, yet to be determined, aspects of
retina physiology.

Interestingly, several cell-adhesion molecules with essential
roles in regulating transmission to ON-BCs are preferentially
enriched in cone synapses. Most notably, these include other
members of the leucine-rich repeat (LRR) family, LRIT1 and
LRIT3, which share the same domain architecture with ELFN
proteins (25-29). Because LRR proteins are well-known to form
both homophilic and heterophilic dimers (30, 31), it seems pos-
sible that ELFN2 could be uniquely integrated within a larger
cone-specific scaffold to regulate their presynaptic properties.
Supporting this idea are our observations that LRIT3 and ELFN2
are reciprocally sensitive to the elimination of either. There is an
abundant precedent in the literature that members of the LRR
family can regulate neurotransmitter release (19, 30-32), making
it of interest to explore whether ELFN2 imparts cone pedicles
with specific features related to glutamate exocytosis.

Our study also uncovers that the synaptogenesis mechanisms of
cone and rod photoreceptors appear to be different. While
ELFNI1 was strictly required for the establishment of physical
contacts between rods and RBCs (17), deletion of both ELFN1
and ELFN2 did not seem to compromise formation of cone
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synapses with ON-CBCs despite complete loss of synaptic trans-
mission. The mechanistic details for this differential reliance of
cones on physical wiring remain unclear. However, we speculate
that this may be related to selective synaptic specificity of cones as
they establish contacts before rods. Furthermore, cones connect
with unique postsynaptic partner OFF-BCs that do not synapse
with rods and also largely avoid RBCs. Establishment of this se-
lectivity likely requires orchestrating multiple molecular events to
coordinate contact selection and avoidance. As a result, disruption
of ELFN proteins only may be insufficient to alter this process.

In addition to providing molecular and mechanistic insight
into retina wiring, our study introduces a powerful toolset for
genetic control of functional photoreceptor wiring into the visual
circuitry. Using combinations of the conditional Elfnl knockout
allele with Elfn2-null and cell-specific Cre-driver lines offers the
possibility to selectively disconnect either photoreceptor from
transmitting its signals via respective ON-BC channels. Impor-
tantly, these manipulations preserve normal receptor physiology
and phototransduction, thereby allowing specific dissection of
the physiological roles played by individual pathways for the
transduction of photoreceptor signals (e.g., primary vs. second-
ary rod pathway vs. cone OFF, etc.). We believe that these ge-
netic tools may be valuable for dissecting contributions of various
pathways transducing light signal to generating retinal output in
ganglion cells and programming behavioral responses.

Finally, we think that similar mechanisms based on the inter-
play of ELFN1 and ELFN2 cell-adhesion molecules may play
out across the nervous system, providing cell-specific recruitment
and modulation of G protein-coupled receptors (GPCRs) to
synapses with differential developmental trajectories. Indeed,
transsynaptic allosteric modulation of GPCRs represents an
emerging dimension in our understanding of synaptic neuro-
transmission (33). Although much remains to be learned about
ELFN2 mechanisms and the interplay with ELFN1, both pro-
teins show differential and partially overlapping expression pat-
terns across various neuronal populations in the brain (19).
Furthermore, in some synapses, deletion of ELFN1 alone was
sufficient for disrupting transsynaptic mGluR recruitment (34,
35) and the interplay in neurons expressing both is envisioned.
Elucidating their relative contributions to the organization of
metabotropic synapses and the mGIuR group III system is an
exciting direction prompted by the current study.

Materials and Methods

Methods performed in the current study involved generation of DNA con-
structs, cell culture, subretinal injections, immunoprecipitation, GPCR signaling
assays, in situ hybridization, immunohistochemistry, electroretinography, and
electron microscopy. Briefly, EIfn2 was virally expressed in the retina with rAAV
constructs driven by the PR2.1 promoter. Retinas from various species were
harvested and lysed and proteins extracted with 1% Triton X-100 were
immunoprecipitated with anti-mGluR6 antibodies. For the transient transfec-
tion, HEK293T cells were used. In addition to mGIuR®6, cells were transfected
with sensor constructs (-22F cAMP pGloSensor, Nluc-EPAC-VV or Venus 156-
239-GB1, Venus 1-155-Gy2, and masGRK3ctNluc) and signal was monitored in
real time upon the addition of L-AP4 and glutamate. Cell specificity of Elfn2
expression was established by in situ hybridizations using probes correspond-
ing to the EIfn2 sequence and a marker for cones, Gnat2. To establish protein
localization, immunohistochemistry was used, staining retina cross-sections
with the primary antibodies of choice followed by the corresponding sec-
ondary antibodies. Image acquisition and processing were accomplished using
ZEN 2011 and Amira software packages. Electroretinography was performed
on anesthetized mice. Full-field white flashes were produced by a set of light-
emitting diodes. Traces were recorded from corneal electrodes and analyzed
using electron microscopy LKC Technologies software. For electron micros-
copy, retina eyecups were fixed in 2% osmium tetroxide for 1 h, en block-
stained with 1% uranyl acetate, and imaged on a Tecnai G2 Spirit BioTwin (FEI)
transmission electron microscope at 80 or 100 kV accelerating voltage. All
procedures involving mice were carried out in accordance with NIH guidelines
and approved by the Institutional Animal Care And Use Committees. Addi-
tional details for these procedures are available in S/ Appendix.
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