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Semaphorins and Plexins form ligand/receptor pairs that are crucial for a wide range of developmental processes from cell
proliferation to axon guidance. The ability of semaphorins to act both as signaling receptors and ligands yields a multitude
of responses. Here, we describe a novel role for Semaphorin-6D (Sema6D) and Plexin-A1 in the positioning and targeting of
retinogeniculate axons. In Plexin-A1 or Sema6D mutant mice of either sex, the optic tract courses through, rather than along,
the border of the dorsal lateral geniculate nucleus (dLGN), and some retinal axons ectopically arborize adjacent and lateral to
the optic tract rather than defasciculating and entering the target region. We find that Sema6D and Plexin-A1 act together in
a dose-dependent manner, as the number of the ectopic retinal projections is altered in proportion to the level of Sema6D or
Plexin-A1 expression. Moreover, using retinal in utero electroporation of Sema6D or Plexin-A1 shRNA, we show that
Sema6D and Plexin-A1 are both required in retinal ganglion cells for axon positioning and targeting. Strikingly, nonelectro-
porated retinal ganglion cell axons also mistarget in the tract region, indicating that Sema6D and Plexin-A1 can act non–
cell-autonomously, potentially through axon–axon interactions. These data provide novel evidence for a dose-dependent and
non–cell-autonomous role for Sema6D and Plexin-A1 in retinal axon organization in the optic tract and dLGN.
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Significance Statement

Before innervating their central brain targets, retinal ganglion cell axons fasciculate in the optic tract and then branch and arbo-
rize in their target areas. Upon deletion of the guidance molecules Plexin-A1 or Semaphorin-6D, the optic tract becomes disor-
ganized near and extends within the dorsal lateral geniculate nucleus. In addition, some retinal axons form ectopic aggregates
within the defasciculated tract. Sema6D and Plexin-A1 act together as a receptor-ligand pair in a dose-dependent manner, and
non–cell-autonomously, to produce this developmental aberration. Such a phenotype highlights an underappreciated role for
axon guidance molecules in tract cohesion and appropriate defasciculation near, and arborization within, targets.

Introduction
Throughout the brain and spinal cord, afferent axons course as
tracts before defasciculating and forming collaterals that enter
target regions, branching into synaptic arbors. In the mouse vis-
ual system, retinal ganglion cell (RGC) axons from each eye
grow toward the optic chiasm, guided ipsilaterally or contralater-
ally, fasciculate within the optic tract, and then enter their tha-
lamic targets, such as the dLGN (Tuttle et al., 1998; Sitko et al.,
2018). Most RGC axons remain at the pial surface of the dLGN
as they continue to course toward the midbrain (Godement et
al., 1984; Tuttle et al., 1998). To innervate the dLGN, a subset of
RGC axons terminating in the superior colliculus, emits a collat-
eral to the dLGN. Retinal axons reach the dLGN around E16 but
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do not enter and branch within the dLGN until P0 (Godement et
al., 1984). At P3, retinal axon collaterals from both eyes have in-
nervated the dLGN and are intermingled. From P4, retinal axon
terminals begin to branch profusely and concomitantly prune ex-
uberant branches (Dhande et al., 2011), leading to the segrega-
tion of ipsilateral and contralateral axons in different regions of
the dLGN by P7 (Godement et al., 1984; Jaubert-Miazza et al.,
2005; Koch et al., 2011; Hong et al., 2019).

Topographic mapping within the dLGN and SC and the role
of ephrins and their Eph receptors have been demonstrated
(Triplett and Feldheim, 2012), but the molecular mechanisms for
prior steps, such as RGC axon tract organization and target
entry, are not well understood (Seabrook et al., 2017; Zhang et
al., 2017). Evidence suggests that the time a RGC axon arrives in
the brain is correlated with its targeting strategy (Osterhout et al.,
2014). The few molecules that have been identified include:
Cadherin 6 for targeting to the olivary pretectal nuclei (OPN)
(Osterhout et al., 2011), Contactin-4 (CNTN4), and amyloid pre-
cursor protein (APP) to the nucleus of the optic tract (NOT)
(Osterhout et al., 2015), Reelin and its receptor to the ventrolat-
eral lateral geniculate nucleus (vLGN), and intergeniculate leaflet
(IGL) (Su et al., 2011). While Semaphorin 6A and PlexinA2/A4
are important for retinal axon targeting to the medial terminal
nucleus (MTN) (Sun et al., 2015), in general, Semaphorins and
their receptors have been implicated primarily in axon guid-
ance at decision regions, such as the optic chiasm (Sakai and
Halloran, 2006; Kuwajima et al., 2012), the floor plate (Zou et
al., 2000; Nawabi et al., 2010), and corpus callosum (Niquille et
al., 2009; J. Zhou et al., 2013).

Semaphorins can act as attractive or repulsive cues through
Plexin and Neuropilin receptors (Kolodkin and Tessier-Lavigne,
2011). As Neuropilins do not seem to have clear transduction
capacity, the main functional receptors for Semaphorins are
Plexins (Winberg et al., 1998; Tamagnone et al., 1999). In addi-
tion, transmembrane Semaphorins can also mediate “reverse”
signaling, acting as receptors to initiate downstream signaling
cascades (Jongbloets and Pasterkamp, 2014; Battistini and
Tamagnone, 2016). In Drosophila, Sema-1a is required for axon
fasciculation, targeting, and synapse formation involving both
forward and reverse signaling (Godenschwege et al., 2002;
Cafferty et al., 2006; Komiyama et al., 2007; Yu et al., 2010; Jeong
et al., 2012). The closest vertebrate homologs to Sema-1a are the
Class 6 Semaphorins, Sema6A–6D (L. Zhou et al., 1997), which
are also capable of bidirectional signaling. Semaphorins can sig-
nal in trans or in cis (Jongbloets and Pasterkamp, 2014; Battistini
and Tamagnone, 2016), adding complexity to their signaling
possibilities.

Here, we identify a new role for Sema6D and Plexin-A1 in
RGC organization in the optic tract and entry to the dLGN. In
loss of function experiments, we determine that Sema6D and
Plexin-A1 interact in a dose-dependent manner for proper orga-
nization within the optic tract at the outer limits of the dLGN,
proper axonal positioning, fasciculation, and target invasion. We
also describe for the first time a non–cell-autonomous effect for
both Sema6D and Plexin-A1, suggesting that bidirectional inter-
actions, within and across axons, may mediate the same biologi-
cal process.

Materials and Methods
Animals. The Plexin-A1�/� mouse line (Yoshida et al., 2006) and the

Sema6D�/� mouse line (Takamatsu et al., 2010) were maintained in a
C57BL6 background. Plexin-A1�/�; Sema6D�/� double heterozygotes

were generated from these mutants. These mice are born at Mendelian
ratios and survive to adulthood. For genotyping of the two mouse lines,
mouse tails were immersed in 50 mM NaOH at 95°C for 1 h and then
neutralized with 1 M Tris-HCl. PCR was performed on the tail
lysates using the following primers: PlxA1 WT forward: 59-CC
TGCAGATTGATGACGACTTCTGC-39, PlxA1 WT reverse: 59-
TCATGCAGACCCAGTCTCCCTGTCA-39; PlxA1 mutated for-
ward: 59-GCATGCCTGTGACACTTGGCTCACT-39, PlxA1 mutated
reverse: 59-CCATTGCTCAGCGGTGCTGTCCATC-39; Sema6D for-
ward 59-ACAAACGAGAAACCAGTTTCACC-39, Sema6D reverse:
59-CCAGCAATATAAAGTGTGTCTCG-39. PlxA1 WT band: 200 bp,
PlxA1 mutated band: 600 bp, Sema6D WT band: 850 bp; Sema6D
mutated band: 1370 bp.

All animal procedures followed the regulatory guidelines of the
Columbia University Institutional Animal Care and Use Committee
and were approved (animal protocol #2496) by the French Ministry
of Agriculture and Forestry, and conducted in compliance with the
European community ethical guidelines (decree 2010/63/UE).

Plasmids. The plasmids used were obtained by cloning using the fol-
lowing vectors and oligonucleotides. For the shRNA plasmids, shRNA
was obtained directly in pLKO vector from Sigma. Scrambled shRNAs
were designed and corresponding oligonucleotides were integrated in
Sigma MISSION pLKO.1-puro Empty Vector Control Plasmid DNA
using The RNAi Consortium-Broad Institute protocol. shRNA and the
mU6 promoter were then cut and placed in a pCAGGS-dsRed2 vector
using T4 DNA-ligase (Extended Data Fig. 4-1).

Anterograde labeling of retinogeniculate projections and perfusion.
Ocular injections of fluorescent cholera-toxin subunit B (CTB,
Invitrogen) were done as previously described in Rebsam et al.
(2009). Briefly, P2 to P6 mice were anesthetized on ice during 5-
8 min. P13 mice were anesthetized with ketamine-xylazine (75 and
15 mg/kg) in NaCl 0.9% and concentrations were multiplied by 2
for the adult mice (.1month). After anesthesia, each eye was
injected intravitreally twice (diametrically opposed injections)
with a glass micropipette (Drummond) for a total of 2-3 ml of 0.2%
CTB (Invitrogen) conjugated to AlexaFluor (AF) 488, 594 or 647
diluted in 1% DMSO (see Fig. 2K). AF488 and/or AF594 were used
for ocular tracing of mutant mice (see Figs. 1, 2, 4, 5). AF594 and
AF647 were used for clearing with iDISCO1 protocol as AF488
gives strong background (see Fig. 2L–O). AF488 and AF647 were
used after electroporation experiments with DsRed2 (see Fig. 4). If
eyes were not naturally open (at P3), the skin was cut with a scalpel
following the natural line between the two eyelids. Mice were anes-
thetized with pentobarbital (547 mg/kg) and then perfused trans-
cardially with 4% PFA in 0.12 M PB, 24 h (P3) or 48 h (P15-adult)
after tracer injection.

In utero retinal electroporation. In utero retinal electroporation was
adapted from our previously published method (Petros et al., 2009).
Briefly, in utero retinal electroporation was done at E14.5 to electro-
porate a large number of RGCs, as their production peaks at this age
(Drager, 1985) and electroporation is most efficient when RGCs are
in their last cell division. Pregnant WT mice (Janvier Labs) were anes-
thetized using isoflurane. Left eyes of E14.5 embryos were injected
using a glass micropipette (Drummond) and an INJECT1MATIC
Microinjector with a mix of plasmidic DNA generated as described
above: pCAGGS-shRNAs-DsRed2 at 2 mg/ml (Extended Data Fig. 4-
1). Eyes were then electroporated with 5 pulses of 45 V lasting 50ms
each, every 950ms (Nepagene electroporator) using CUY650P5 elec-
trodes (Sonidel). For whole eye electroporation, the positive electrode
was placed on the injected eye and the negative electrode at the oppo-
site side. This electrode positioning mostly targets RGCs at the center
of the retina, sparing ventro-temporally located ipsilateral RGCs.
Mice were then injected subcutaneously with flunixin (16mg/kg) for
postsurgery analgesia. To increase the survival of the pups, a Swiss
female mated 1 d earlier than the C57BL6 electroporated mice was
added to each cage of 2 electroporated mice. After birth of Swiss
pups, only 3 Swiss pups were kept to stimulate nursing.

Immunohistochemistry and brain clearing. After perfusion, mice
brains were dissected. Brains and rest of the head were postfixed
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overnight at 4°C in 4% paraformaldehyde in PB 0.12M (PFA). Retinae
were then dissected, oriented with an incision in the dorsal part, immu-
nolabeled as described below, and whole-mounted. Brains were cryopro-
tected in a bath of PBS, 30% sucrose and 0.01% azide sodium during 24
h. CTB-injected brains were then coronally cut at 60 mm with a freez-
ing microtome (Microm). They were immunolabeled and mounted as
retinas in moviol-dabco (Calbiochem, Sigma). Electroporated retinae
and brain slices were washed in PBS, blocked in 0.1% Triton, 10%
horse serum, 0.01% azide sodium in PBS for 30min, and incubated at
4°C overnight with primary antibodies in blocking solution followed by
incubation with secondary antibodies at room temperature for 1 h. In
between and after antibody incubations, tissues were washed 3 times
10min in PBS, 0.1% Triton. For DAPI staining, an additional bath of
DAPI diluted at 1/2000 in PBS, 0.1% Triton was added just after second-
ary antibody incubation.

Some whole P15 brains, labeled with CTB, were dissected (removal
of the cortex and separation of the two hemispheres) and cleared follow-
ing the iDISCO1 protocol without immunostaining (Renier et al., 2016).

In situ hybridization (ISH). After perfusion with 4% PFA in PB 0.12
M, P5 eyes and P7 mice brains were dissected, postfixed overnight at 4°C
in 4% PFA, then rinsed in PB 0.12 M. Brains and eyes were cryoprotected
overnight in 10% sucrose in PB 0.12 M. Brains were embedded in 7.5%
gelatin and 10% sucrose in PB 0.12 M (DIG-ISH) and eyes directly in
optimal cutting temperature compound before freezing in cold isopen-
tane (�55°C); 20mm coronal sections for brains and 16mm eye sections
were cut on a cryostat (Leica) and air dried briefly.

Brain sections were fixed for 10min in 4% PFA, washed 3� 3 min in
PBS. Proteinase K (5mg/ml) in PBS for 10min (or less) was used fol-
lowed by 3� 3 min washed in PBS. An acetylation step with TEA was
performed for 10min. Sections were then prehybridized 2 h at 68.5°C in
hybridization buffer (50% formamide, 5� SSC, 5� Denhardts, 250mg/
ml E. coli tRNA, 500mg/ml herring sperm), then overnight in hybridiza-
tion buffer with RNA probe at 68.5°C. After several washes (5� SSC,
0.2� SSC), sections were equilibrated in B1 buffer (0.1 M Tris, pH 7.5;
0.15 M NaCl), incubated in blocking solution (B11 10% sheep serum)
for 1 h at room temperature and in anti-DIG solution (B11 1% sheep
serum1 1/5000 anti-DIG-AP antibody) overnight at 4°C. After rinses
in B1, sections were equilibrated in B3 (0.1 M Tris, pH 9.5; 0.1 M NaCl;

50 mM MgCl2). Color reaction was performed in B3
solution with 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) (3.5 ml/ml), Nitroblue tetrazolium chloride
(NBT) (3.5ml/ml), and levamisol (0.24mg/ml) in the
dark until staining was observed. The reaction was
stopped by rinsing sections in TE pH 8 several times,
fixing in PFA 4% for 30min, washing in PBS. Sections
were coverslipped and mounted in Gel Mount.

For fluorescent ISH, sections of the eye were proc-
essed according to the manufacturer’s protocol described
in RNAscope multiplex Fluorescent Reagent kit V2
Assay (BioTechne) for Plexin-A1-C1 and Sema6D-
C2 custom-made probes with a few adjustments: tar-
get retrieval was done for 5min at 96°C -100°C,
Protease III was applied for 15min at room tempera-
ture. TSA vivid fluorophore kit (Tocris Bioscience)
was used for fluorescence signal revelation. Plexin-
A1-C1 was revealed with TSA 570 and Sema6D-C2
with TSA 650. Sections were mounted with Prolong
Gold Anti-fade (Invitrogen).

Imaging. Whole-mount retinae and brains were
imaged using a Leica-DM6000 fluorescence microscope
with a 10�/0.3 objective, and the complete image of the
retina was reconstructed with MetaMorph software.
CTB-labeled brains were imaged with a 10�/0.4 objec-
tive. The high-resolution images of ectopic aggregates
and electroporated axons in dLGN were obtained by z-
stack projection of images using a Leica SP5 confocal
microscope and a 40� objective. Dissected brains
cleared by the iDISCO1 method (Renier et al., 2016)
were imaged using a Leica SP5 confocal microscope
and a 10� objective. Sections processed for RNAscope

were imaged using an Olympus FV3000 laser-scanning confocal micro-
scope equipped with high-sensitivity GaAsP detectors using Olympus
Fluoview software FV31S Version 2.61.243. The objective used was an
Olympus UPLXAPO20X NA 0.8 WD 0.6. Exposure settings that mini-
mized oversaturated pixels in the final images were used.

Analysis. The proportion of dLGN occupied by ipsilateral axons was
measured as a ratio of ipsilateral pixels to the total number of pixels in
the dLGN region (mean percentage 6 SEM) and obtained as described
in Rebsam et al. (2009). Briefly, using MetaMorph software (Molecular
Devices), the boundary of the dLGN was outlined, excluding the intrage-
niculate leaflet, the ventral lateral geniculate nucleus, and the optic tract.
The intensity threshold for the ipsilateral projection was chosen when
the signal-to-background ratio was at least 1.2 and the area of ipsilateral
projection was measured within the boundary of the dLGN. Statistical
analyses were performed using ANOVA test and Student’s t test.

The number of ectopic aggregates of retinal projections in the dLGN
were counted in each brain section containing the normal ipsilateral ter-
ritory divided by the total number of dLGN sections. The bar represents
the mean, and dots represent individual values. Statistical analysis was
performed by GraphPad Prism, using the Mann–Whitney nonparamet-
ric Student’s t test. Differences were considered statistically significant
when p , 0.05. 3D images of CTB-labeled and transparent brains were
reconstructed using IMARIS software.

Results
Sema6D and Plexin-A1 are both crucial for proper RGC
axon entry in the dLGN
We had previously shown that a complex of Sema6D, Plexin-A1,
and NrCAM is necessary for a proper RGC axon divergence at
the optic chiasm, based on our finding that in Sema6D-KO and
Plexin-A1/NrCAM-DKO ipsilateral projections were increased at
the level of the optic chiasm (Kuwajima et al., 2012). We set out
to determine the role of these molecules further along the visual
pathway. To trace RGC axon projections to the dLGN, the major
target of retinal axons in the brain, we used ocular injections of

Figure 1. A–D, Sema6D and Plexin-A1 are involved in dLGN targeting by retinal axons during innervation early
postnatally. Eye-specific projections to dLGN on coronal slices in heterozygotes (as a control) and mice lacking
Plexin-A1 or Sema6D at P3. Ipsilateral (green) and contralateral (red) projections were labeled by ocular injection of
CTB, coupled with a fluorophore. The dLGN in Plexin-A1�/� and Sema6D�/� mice at P3 have ectopic ipsilateral pro-
jections (arrows) localized in the lateral aspect of the optic tract, between the optic tract and pia lining the
ventricle.
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CTB coupled to AlexaFluor dyes, with a different fluorophore in
each eye, in P3 mice mutant for Sema6D or Plexin-A1. In Sema6D
and Plexin-A1mutant mice, striking ectopic ipsilateral projections
are positioned external to the normal optic tract at P3 (Fig. 1), at
the time when most RGC axons have reached their brain targets,
including the dLGN and ipsilateral and contralateral projections
overlap within the dLGN. Thus, the increase in ipsilateral projec-
tions found at embryonic ages (Kuwajima et al., 2012) is main-
tained, and these ipsilateral projections are strongly concentrated
along the optic tract where most axons have entered and are
branching within the dLGN.

When similar ocular injections are done in P15 or adult mice
(Fig. 2K), the bulk of the projections into the superior colliculus

(data not shown) and the dLGN is not affected by the absence of
Sema6D or Plexin-A1. The normal ipsilateral core and contralat-
eral shell in the dLGN are maintained, correctly positioned and
properly segregated (Fig. 2A–F), and no difference is observed in
the proportion of dLGN occupied by ipsilateral fibers between all
genotypes (Sema6D1/1:11.2% 6 0.8, Sema6D1/�: 10.2% 6 0.8,
Sema6D�/�: 9.9% 6 1.2, Plexin-A11/�:13.16 1.8, Plexin-A1�/�:
10.46 1.7). However, although the optic tract normally encom-
passes the dLGN and runs beneath the pial surface (Fig. 2A,D),
in both single-KO mice (Sema6D�/� or Plexin-A1�/�), the optic
tract partially passes through the superficial dLGN, resulting in a
small portion of the dLGN positioned lateral to the optic tract as
seen in coronal sections (Fig. 2C,F). Furthermore, whereas in

Figure 2. Sema6D and Plexin-A1 are involved in dLGN targeting by retinal axons with a dose-dependent effect. A–F, Eye-specific projections on dLGN coronal slices in WT, heterozygotes,
and KO adult mice for Sema6D (A–C) and Plexin-A1 (D,E). Ipsilateral (green) and contralateral (red) projections were labeled by ocular injection of CTB, coupled with an AlexaFluor dye. In het-
erozygotes and more prominently in KO mice, the optic tract is entering slightly in the dLGN instead of following it (dashed lines). Compared with WT dLGN, Plexin-A1�/� and Sema6D�/�

dLGNs present some ectopic retinal projections forming aggregates (arrows) localized at the other side of the optic tract, near the ventricle. Plexin-A1�/� mice (F) and Sema6D�/� mice (C)
show ipsilateral and contralateral ectopic aggregates in slices, whereas Plexin-A11/� (E) and Sema6D1/� (B) present only contralateral ectopic aggregates. G–J, Quantification of the number
of ectopic aggregates on each dLGN slice containing ipsilateral projections divided by the total number of dLGN slices. K, Schematic representation of eye-specific injection with CTB-AlexaFluor
(CTB AF) 488 and 594 and the retinal projections labeled in the mouse brain. L, M, Ipsilateral ectopic projections in Sema6D mutant mice are an extension of the normal ipsilateral projections.
Eye-specific projections in 3D dLGN in Sema6D1/� and Sema6D�/� mice at P15, after brain clearing using iDISCO1 protocol and confocal 3D imaging. Arrows indicate ectopic projections. N, O, 3D
surface rendering of the ipsilateral projection using Imaris software. Arrowhead indicates the ectopic ipsilateral projection that is identified as an isolated aggregate in coronal sections (i.e., Fig. 1C)
but appears in continuity with the normal ipsilateral projection in 3D. Scale bars: A–F, B9–F9, 200mm; M, 150mm. P, Schematic representation of the different phenotypes following deletion of
one or both alleles of Plexin-A1 or/and Sema6D. Retinal projections from each eye are labeled in red or green and ectopic projections are represented as aggregates of corresponding colors.
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control mice, ipsilateral axons terminate only within the core of
the dLGN (Fig. 2A,D) (Godement et al., 1984; Jaubert-Miazza et
al., 2005), in single Sema6D or Plexin-A1 KO mice, some ipsilat-
eral RGCs terminate in small ectopic aggregates in the superficial
zone lateral to the displaced optic tract (Fig. 2C,C9,F, F9,I,J).
Contralateral axons in single-KO animals also innervate this
zone and form ectopic aggregates (Fig. 2C,C9,F,F9,G,H). In con-
trast, RGC axons in NrCAM mutant mice did not display aber-
rant projections and there was no additional phenotype in
Plexin-A1-NrCAM DKO compared with Plexin-A�/� mice (data
not shown). Thus, in Sema6D�/� or Plexin-A1�/� mice, RGC
axons from both eyes form ectopic projections within and super-
ficial to the optic tract that no longer courses around the dLGN
cells along the ventricle (Fig. 2C,F).

Interestingly, heterozygote mice (Sema6D1/� or Plexin-A11/�)
present a similar but milder phenotype to single-KO mice with
splaying of the optic tract within the dLGN and contralateral axons
forming ectopic aggregates although less extended than in single-
KO mice and without any ipsilateral ectopic aggregates (Fig. 2B,E,
G–J,P).

To better describe the aberrant innervation of the dLGN in
Sema6D1/� and Sema6D�/� mouse brains, we used tissue clear-
ing with the iDISCO1 technique (Renier et al., 2016). 3D imag-
ing of the labeled retinogeniculate projection in the dLGN
showed that the ectopic ipsilateral projections on the outer edge
of the optic tract are continuous with the normal ipsilateral
projection, forming an ectopic crescent-shaped extension, as a
trailing branch along the optic tract in Sema6D�/� but not
Sema6D1/� (Fig. 2L–O). The ectopic contralateral aggregates
are small protrusions from the normal contralateral territory
(Fig. 2M).

Sema6D and Plexin-A1 are necessary in the
retina for proper dLGN targeting in a non–
cell-autonomous manner
ISH revealed that Plexin-A1 and Sema6D are
both expressed in the ganglion cell layer (GCL)
of the mouse postnatal retina as previously
described (Fig. 3A) (Matsuoka et al., 2011, 2013)
and in the dLGN (Fig. 3C,D). Furthermore, all
cells in the GCL, thus all RGCs, express Plexin-
A1, while a subset of cells coexpress Sema6D and
Plexin-A1.

In order to determine whether Plexin-A1 or
Sema6D are necessary in RGCs for the targeting
phenotype described above, we electroporated in
utero at E14.5 shRNA constructs (Extended Data
Fig. 4-1) to downregulate Sema6D or Plexin-A1
expression only in the retina. Generally, .25%
of the surface of the retina was electroporated
(cells labeled with DsRed2 reporter) and almost
all electroporated RGCs projected contralaterally
as the electroporation targets the center of the
retina (Fig. 4A–C) and ipsilateral RGCs are
located in the ventrotemporal retina (Drager and
Olsen, 1980). At P13, each eye (electroporated
and nonelectroporated) was injected with a dif-
ferent CTB-AlexaFluor dye to trace retinogeni-
culate projections at P15, once the eye-specific
map is mature, to assess whether retinal down-
regulation of Plexin-A1 or Sema6D is sufficient
to perturb retinal projections.

In electroporated mice with retinal knock-
down of either Sema6D or Plexin-A1, we observed
retinal axon targeting defects in the dLGN with

increased branching in the optic tract of electroporated axons
(Fig. 4D–F). Furthermore, in the dLGN located on the side oppo-
site to the eye electroporated with Sema6D or Plexin-A1 shRNA,
we observed ectopic contralateral projections (red) next to the
optic tract (Fig. 4D–I). This phenotype is similar to the pheno-
type observed in Sema6D1/� (Fig. 2B), Sema6D�/� (Fig. 2C),
Plexin-A11/� (Fig. 2E), and Plexin-A1�/� mice (Fig. 2F). We did
not observe ipsilateral aggregates from the electroporated eye
possibly because ipsilateral RGCs that are normally located ven-
trotemporally were not electroporated as our electroporation
targets mostly central RGCs (Fig. 4A–C). While we cannot com-
pletely rule out unintended off-target effects, the fact that both
deletion of Plexin-A1 or Sema6D in mutant mice and in utero
retinal knockdown of Plexin-A1 or Sema6D result in a similar,
unprecedented phenotype strongly argue for a specific role of
these molecules. Thus, this result indicates that Plexin-A1 and
Sema6D are both necessary in the retina to properly position
RGC axons within the dLGN.

To note, we did not observe any ectopic aggregates in other
retinal axon targets, such as the superior colliculus or the vLGN,
highlighting the specificity of this phenotype. Importantly, ec-
topic aggregates on both dLGN sides were mostly composed of
axons that were not electroporated with Sema6D or Plexin-A1
shRNA. For instance, the contralateral ectopic aggregates (green)
in the outer dLGN found in most cases of Sema6D shRNA elec-
troporation (6 of 8), and a few cases of Plexin-A1 shRNA electro-
poration (2 of 10) (Fig. 4N,R), originate from RGCs in the
nonelectroporated eye. Similarly, the ipsilateral ectopic aggre-
gates (green) (Fig. 4H,K) found in half the cases of mice electro-
porated with Sema6D shRNA correspond to ipsilateral axons

Figure 3. ISH for Sema6D and Plexin-A1 on sections of the retina (A,B) and coronal sections of the dLGN (C,D).
Both Plexin-A1 and Sema6D are expressed in the retina at P5 and in the dLGN at P7. A, Plexin-A1 is expressed in all
cells of the GCL and in most cells of the lower part of the INL. Sema6D is more expressed in a subset of cells in the
GCL and in the INL and in a few cells of the upper part of the INL close to the OPL, possibly horizontal cells. B,
Higher-magnification image of rectangle in B confirms that all sema6D-positive cells are also Plexin-A1-positive. A
few cells are only Plexin-A1-positive. IPL, Inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;
ONL, outer nuclear layer.
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Figure 4. Sema6D and Plexin-A1 act non–cell-autonomously in retinal axons for proper dLGN targeting. A–C, Whole-mount retina at P15 showing electroporated retinal cells (dsred2 re-
porter) of WT mice after retinal in utero electroporation of plasmid coding for shRNAs (Sema6D scramble, Sema6D, or Plexin-A1, see Extended Data Fig. 4-1) at E14.5. D–F, Electroporated reti-
nal axons invading the dLGN contralateral to the electroporated retina. G–L, Eye-specific projections in the dLGN contralateral to the electroporated retina. Ipsilateral (green) and contralateral
(red) projections were labeled by ocular injection of CTB, coupled with an AlexaFluor, and electroporated axons (blue) are labeled with the dsred2 reporter. In mice electroporated with
Sema6D or Plexin-A1 shRNA, ectopic retinal aggregates (arrows) are located lateral to the optic tract, near the ventricle. J–L, Higher magnification of G–I. Most of the ectopic aggregates are
not dsred2-positive, and ipsilateral ectopic aggregates originate from the nonelectroporated eye. M–O, Eye-specific projections in the dLGN ipsilateral to the electroporated retina. Mice electro-
porated with Sema6D shRNA have contralateral ectopic aggregates (green arrows) originating from the nonelectroporated eye; these ectopic projections form at the lateral edge of the optic
tract, and are separated from the pia, similar to the phenotype of the Plexin-A1 and Sema6D KO. Scale bars, 200mm. P–R, Quantification of the number of ectopic aggregates of each dLGN
slice divided by the number of sections containing dLGN. S, Schematic representation of the different phenotypes following knockdown of Plexin-A1 and Sema6D by shRNA. Retinal projections
from each eye are labeled in red or green, and electroporated axons are in light blue. The electroporated RGCs (light blue dot) are located in the eye labeled in red.
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arising from the nonelectroporated eye, hence without Sema6D
shRNA. Thus, both ipsilateral and contralateral projections
from the nonelectroporated eye can form ectopic aggregates
(Fig. 4). Moreover, the contralateral ectopic aggregates (red)
whose axons do indeed originate from the electroporated eye
are composed of only very few DsRed2-positive axons (blue)
(Fig. 4K,L) and mostly nonelectroporated axons. Therefore, a
reduction of Plexin-A1 or Sema6D in only a few retinal axons is
able to influence the pathfinding and positioning of other reti-
nal axons from the same or opposite eye. This suggests that
Plexin-A1 and Sema6D can act non–cell-autonomously for the
growth and positioning of retinal axons in the optic tract,
potentially through axon–axon interactions.

Sema6D and Plexin-A1 interact for dLGN targeting in a
dose-dependent manner
The intermediate phenotype of Plexin-A1 and Sema6D heterozy-
gote mice (Fig. 2B,E,P) suggests that both Plexin-A1 and
Sema6D act in a dose-dependent manner for the proper dLGN
innervation by retinal axons. As only a total loss of either Plexin-
A1 or Sema6D modifies ipsilateral projections (Fig. 2C,F), this
suggests that ipsilateral projections are less sensitive to inter-
mediate levels of Plexin-A1 or Sema6D than the contralateral
projections. Sema6D is a Semaphorin that binds the Plexin-A1 re-
ceptor (Toyofuku et al., 2004; Yoshida et al., 2006). Furthermore,
as both Plexin-A1 and Sema6D KO mice show a similar pheno-
type concerning retinal projections in the dLGN, it is likely that
Sema6D and Plexin-A1 interact together. To identify this puta-
tive genetic interaction, we compared retinal projections in the
dLGN of Plexin-A11/�; Sema6D1/� double heterozygotes (Fig.
5B) with simple Sema6D1/� heterozygotes (Fig. 5A). Interestingly,
Plexin-A11/�; Sema6D1/� double heterozygotes display ectopic

ipsilateral projections (Fig. 5B), a hallmark of
the stronger phenotype detected only in Plexin-
A1 or Sema6D single-KO (Figs. 2C,F, 5E).
Unfortunately, despite breeding efforts, we could
not obtain double-KO for Plexin-A1 and Sema6D
to assess the effect of the complete loss of both
ligand and receptor. Thus, this finding indicates
that Plexin-A1 and Sema6D interact together in
this newly described aberrant targeting phenotype
and supports the notion that Plexin-A1 and
Sema6D are indeed a receptor-ligand pair as pre-
viously described in this system (Kuwajima et al.,
2012) and in the cortico-spinal tract (Yoshida et
al., 2006; Gu et al., 2017).

Discussion
Initially discovered as axon guidance mole-
cules, Semaphorins and their receptors have
been implicated in cell migration, angiogene-
sis, bone homeostasis, immune responses, and
cancer (Alto and Terman, 2017). Here we
show that Plexin-A1 and Sema6D interact for
proper retinal axon positioning and cohesion
in the optic tract at the surface of the dLGN
and entry into this target. Upon downregula-
tion of either Plexin-A1 or Sema6D, or both,
in a dose-dependent manner and also on spe-
cific downregulation of either molecule in
RGCs, the optic tract partially invades the
dLGN and some RGC axons form ectopic
aggregates laterally to these displaced tract

bundles. To our knowledge, such a specific phenotype has not
been described previously in any other mutant mouse.
Strikingly, we also observed non–cell-autonomous effects: in
the electroporation experiments of knockdown of Sema6D or
Plexin-A1 in the retina, the ectopic aggregates contained
many axons that were not electroporated. This non–cell-au-
tonomous phenotype implies axon–axon interactions involv-
ing Sema6D and Plexin-A1. In all, our results show a new role
for Plexin-A1 and Sema6D in the developing visual system for
the precise targeting of retinal axons at the dLGN.

Plexin-A1/Sema6D participate in different steps of retinal
axon development
Recent evidence in Xenopus and humans suggests that Plexin-A1
is important for eye development (Cechmanek et al., 2021;
Dworschak et al., 2021). However, we did not observe any
obvious ocular defects in our Plexin-A1 mutants, and neither
molecule appears to be required for retinal lamination or retinal
connectivity in the mouse (Matsuoka et al., 2011, 2013). Thus,
the phenotype observed in our mutants is not likely because of
abnormal retinal development.

Plexin-A1 and Sema6D are a well-known receptor-ligand pair
involved in axon guidance at the spinal cord level (Yoshida et al.,
2006; Leslie et al., 2011) and at the optic chiasm (Kuwajima et al.,
2012), participating in the control of decussation of contralateral
retinal axons at the embryonic optic chiasm in a tripartite com-
plex consisting of Plexin-A1, Sema6D, and Nr-CAM (Kuwajima
et al., 2012). At the optic chiasm, Nr-CAM and Plexin-A1 con-
vert the repulsive effect of Sema6D on retinal axons into a
growth promotion. However, in the present case, Nr-CAM does
not seem to be involved in retinal axon positioning and targeting

Figure 5. Sema6D and Plexin-A1 act together for proper dLGN targeting by retinal axons. A, B, Eye-specific pro-
jections on dLGN coronal slices in simple Sema6D1/� heterozygotes and Sema6D1/�; Plexin-A11/� double hetero-
zygotes at P15. Ipsilateral (green) and contralateral (red) projections were labeled by ocular injection of CTB,
coupled with a fluorophore. The phenotype in double heterozygotes is stronger than in simple heterozygotes.
Sema6D1/�; Plexin-A11/� double heterozygotes present some ipsilateral ectopic aggregates, reminiscent of a
stronger phenotype specific to the single-Plexin-A1 or single Sema6D KO phenotype. Scale bars: C, D, 200mm.
Quantification of the number of ectopic aggregates of each dLGN divided by the total number of dLGN sections.
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in the dLGN as Nr-CAM/Plexin-A1-DKO have a phenotype sim-
ilar to that of single Plexin-A1 KO. Our results are similar to
those of Gu et al. (2023), in which deletion of Sema5A/5B-
PlexA1/A3 signaling leads to premature defasciculation in the
medulla and early termination of CS axons in the cervical rather
than lumbar spinal cord.

Our results on Sema6D and Plexin-A1 single KO and double
heterozygotes highlight the fact that the same molecules can be
reused in the neurons for different steps of axonal development.

While we cannot rule out that other molecules could be impor-
tant for this phenotype, such as other known ligands of Plexin-A1
(e.g., Sema6C) (Yoshida et al., 2006; Leslie et al., 2011), the similar-
ity in the penetrance and the severity of the phenotype in both
Sema6D and Plexin-A1 mutant mice, and the persistence of this
phenotype in adult brain (excluding compensatory mechanisms)
strongly suggest a direct one-to-one interaction involving only
these two molecules.

Plexin-A1/Sema-6D signaling within retinal axons near the
dLGN is important for axon positioning
Interestingly, while most retinal axons in WT mice form a cohe-
sive tract and remain at the surface of the dLGN, many retinal
axons pass through the dLGN en route to other targets
(Godement et al., 1984; Jhaveri et al., 1996). Although both types
of retinal axons emit small collaterals during early postnatal ages
in other rodents, the axons that emit a collateral and arborize
within the dLGN represent those coursing in the optic tract at
the surface of the dLGN (Bhide and Frost, 1991; Jhaveri et al.,
1991). The fact that the optic tract in Sema6D�/� or Plexin-A1�/�

mice courses through the dLGN instead of remaining at the pial
surface suggests that certain retinal axons in the mutant mice
change their behavior to cues in or around the dLGN and lose
their proper positioning. In addition, or alternatively, the aberrant
axons may follow retinal axons that pass through the dLGN or
cannot follow those that are at the pial surface (Fig. 6A). This

Figure 6. Schematic representations of (A) the hypotheses on the axonal origin of ectopic RGC axon aggregates and the defasciculation on altering Sema6D/Plexin-A1 signaling, and (B) of a
“zipper” model of axon–axon interactions and fasciculation, depending on Plexin-A1 and Sema6D levels and localization. A, The ectopic aggregates could originate either from axons that nor-
mally innervate the dLGN or the SC or from axons that normally innervate another target (before or after the dLGN) and either form an additional collateral with or without pruning or the
extension of the normal projection into the other target. A combination of all mechanisms could also be possible. B, In this “zipper” model, each side of the zipper represents retinal axons that
express both Sema6D and Plexin-A1 and fasciculate together in the optic tract. In WT, the proper ratio and expression level of Sema6D and Plexin-A1 are required for the axons to properly fas-
ciculate and reach the appropriate target, and are represented in a 1:1 ratio and in an alternating arrangement that fits a zipper pattern but may not be the actual distribution or ratio. When
Sema6D or Plexin-A1 expression level is reduced (Plexin-A11/�, Sema6D1/�, Plexin-A11/�; Sema6D1/�) or abolished (Plexin-A1�/�Sema6D�/�) globally, the proper ratio as well as the
strength of the interaction between both sides is altered and the “zipper” malfunctions; thus, axons do not properly fasciculate, and they may branch or innervate ectopic targets, as with the
ectopic aggregates in the dLGN. After retinal electroporation of Plexin-A1 or Sema6D shRNA, this downregulation also leads to an altered ratio between both sides and hence to improper fasci-
culation and ectopic aggregates. The zipper model illustrates the non–cell-autonomous effect described in the text as axons on each side need the optimal ratio and expression levels of both
molecules for proper fasciculation of the axons. An alteration even on one side will lead to defasciculation of both the electroporated and nonelectroporated axons.
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phenotype is reminiscent of that observed in the spinal cord where
Sema6D and Plexin-A1 signaling controls the axon positioning of
proprioceptive sensory axons: proprioceptive axon shafts in
Plexin-A1 or Sema6D mutants invade the superficial dorsal horn
instead of avoiding this region (Yoshida et al., 2006; Leslie et al.,
2011). The ectopic aggregates in our study could be because of the
persistence of transient collaterals as seen in cortico-motoneuronal
connections of the spinal cord in Plexin-A1 or Sema6D mutants
(Gu et al., 2017). However, such a pruning defect is unlikely, as
there is no developmental time when the retinal axons arborize so
profusely in the dLGN. For instance, at P3, ipsilateral axons
are densely branched in the homozygous mutants; but to our
knowledge, this does not occur normally during development
(Godement et al., 1984; Dhande et al., 2011). Thus, these ectopic
aggregates are most likely the result of increased branching or col-
lateral sprouting around retinal axons at the edge of the dLGN
rather than within the dLGN. Axon labeling at earlier times would
help resolve this issue. It remains to be determined whether the ec-
topic retinal axons in the dLGN correspond to axons that nor-
mally innervate the dLGN or another target and whether in the
latter case there is pruning of the normally targeted axons (Fig.
6A). Overall, our results suggest that Sema6D/Plexin-A1 signaling
is specialized in regulating axon guidance, positioning, and collat-
eral branching across different systems.

Remarkably, although most RGCs that project to the dLGN
also project to the SC (Dhande et al., 2011; Ellis et al., 2016), we
did not find defects in retinocollicular projections in the mutant
mice studied (data not shown). This is surprising as the down-
regulation of Plexin-A1 or Sema6D in RGCs should affect the
entire projection. These positioning and targeting defects high-
light specific interactions at the dLGN level rather than general
axon–axon interactions all along the path of these retinal
axons. One possibility is that a yet unknown molecule on
dLGN neurons, glia, or blood vessels could interact with reti-
nal axons for target invasion and branching (Erskine et al.,
2017; Clements and Wright, 2018; Lee et al., 2019) and that
this interaction would be regulated by the Sema6D/Plexin-A1
signaling. Furthermore, the spatiotemporal sequence of guid-
ance molecules’ presence at the axonal membrane could
explain a specific role solely near the dLGN as shown for Slits
and Semaphorins at the midline of commissural axons for
Plexin-A1 (Pignata et al., 2019).

Dose-dependent and non–cell-autonomous effects of both
Sema6D and Plexin-A1
A point of interest is that similar effects on retinal axon position-
ing and targeting are achieved with either Plexin-A1 or Sema6D
downregulation in a dose-dependent and non–cell-autonomous
manner. Usually, when the ligand is affected, there is a non–cell-
autonomous effect of its downregulation; but when the receptor
is affected, the effect is cell-autonomous. However, in our case,
both act non–cell-autonomously, and Plexin-A1 and Sema6D
must thus act in trans (in different cells) (Fig. 6B). Because
Sema6D and Plexin-A1 are expressed together in some RGCs, cis
interactions (in the same cell) could also be involved (Fig. 6B).
As semaphorins can act as ligand or receptor, the bidirectional
signaling of Sema6D and Plexin-A1 could be important for the
regulation of retinal axon positioning and targeting.

The most striking phenotype we observed is that only a few
axons electroporated with Sema6D- or Plexin-A1-shRNA can
affect the positioning and branching of other nonelectroporated
retinal axons coursing with them, regardless of their eye of ori-
gin. This suggests an interaction at the level of the optic tract

when retinal axons from both eyes converge and specifically near
the dLGN considering the localization of the ectopic aggregates
only at this location. This consideration reinforces the idea that
very few retinal axons, likely those normally expressing Sema6D
and Plexin-A1, could be responsible for the mis-positioning and
mis-targeting of retinal axons observed in this study.

Here, we propose a “zipper” model of Plexin-A1 and Sema6D
interactions to take into account the different phenotypes observed.
A normal amount of Sema6D and Plexin-A1 will balance the axon–
axon interactions and the axons will fasciculate and form tight bun-
dles in the optic tract (Fig. 6B). When Plexin-A1 or Sema6D is
reduced in heterozygous mice, this interaction is weakened and
axon bundles start to defasciculate and enter the dLGN and ectopic
branches/collaterals form (Fig. 6B). When Plexin-A1 or Sema6D is
absent and when both Plexin-A1 and Sema6D are reduced in dou-
ble-heterozygotes, axon–axon interactions are further impaired and
the phenotype is more severe (Fig. 6B). When Sema6D or Plexin-
A1 expression is downregulated in a subset of RGCs, the interaction
with adjacent nonelectroporated axons will weaken and lead to
defasciculation and ectopic branching of both electroporated and
adjacent nonelectroporated axons (Fig. 6B).

In conclusion, these observations suggest that Plexin-A1
and Sema6D can mediate axon–axon interactions between
RGC axons originating from the same or different eyes, and
that their interaction is important for retinal axon positioning
and targeting.
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