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D E V E L O P M E N TA L  N E U R O S C I E N C E

Lrrn-mediated retinal ganglion cell targeting drives 
visual circuit assembly for brightness and 
contrast detection
Elena Putti1, Giulia Faini1, Julie Thanh-Mai Dang1, Jay H. Savaliya2, Fanny Eggeler1,  
Karine Duroure1, Juliette Vougny1, Gonzalo Ortiz-Álvarez3, Cristina Pujades3, Armin Bahl2,4,  
Jeff W. Lichtman2, Florian Engert2, Jonathan Boulanger-Weill1,2,  
Filippo Del Bene1*†, Shahad Albadri1*†

Brightness and contrast are fundamental features of vision, crucial for object detection, environmental navigation, 
and feeding. Here, we identify a brightness- and contrast-processing circuit in the zebrafish visual system and un-
cover the role of leucine-rich repeat neuronal (Lrrn) cell adhesion molecules (CAMs) in regulating its assembly. We 
show that deep-projecting retinal ganglion cells serve as the first synaptic relay to the brain, requiring Lrrn2 and 
Lrrn3a for precise axonal targeting within the optic tectum. Using a new reporter line, we achieved high-resolution 
mapping of this previously undercharacterized vertebrate visual circuit. Genetic disruption of Lrrn CAMs leads to 
disorganization of the circuit and impairments in brightness and contrast sensitivity, resulting in deficits in visu-
ally guided behavior. Additionally, ultrastructural circuit reconstruction and functional imaging analysis identified 
both its synaptic partners and revealed its critical role in luminance processing. These studies define a core visual 
processing pathway and establish Lrrn CAMs as essential molecular drivers of its assembly.

INTRODUCTION
Alterations in the formation of precise neuronal circuits profoundly 
affect nervous system function and subsequent behaviors, such as 
navigation and feeding that rely on brightness and contrast percep-
tion and integration (1–4). Yet, the developmental and molecular 
mechanisms governing their assembly are only partially understood. 
While diverse regulatory mechanisms—including transcription 
factors (5–7), axon guidance cues (8–10), and neuronal activity 
(11)—contribute to circuit formation, synaptic partner recognition 
is essential for neurons to establish precise connections (12–16). 
This final step in connectivity strongly relies on cell adhesion mole-
cules (CAMs) (14, 17–20).

The larval zebrafish has been extensively used as an optically ac-
cessible and genetically tractable vertebrate model for dissecting vi-
sual system circuits that underlie key aspects of perception, such as 
brightness and contrast (21–23). Retina ganglion cells (RGCs) axons 
project from the zebrafish retina to the optic tectum (OT), serving 
as the first relay of visual information to the brain. Within the OT, 
they establish synapses in 10 distinct laminae of the superficial neu-
ropile (24, 25). Each RGC projects exclusively to a single lamina, 
without innervating others, reflecting a high degree of specificity in 
this system. Among these, the stratum album centrale/stratum peri-
ventriculare (SAC/SPV) lamina, the deepest layer of the OT, has re-
mained poorly characterized due to imaging and genetic targeting 
limitations (26, 27). Using a novel RGC transgenic reporter enriched 
in this lamina [Tg(gfi1ab:gal4)], we identified leucine-rich repeat 

neuronal (Lrrn) CAMs as critical regulators of SAC/SPV-projecting 
RGC targeting.

Lrrn proteins belong to the leucine-rich repeat (LRR) family known 
for their roles, among others, in axon guidance (8, 9), target selec-
tion (5, 28, 29), synapse formation (30, 31), and their involvement 
in neurological disorders (32–34). In Drosophila, the Lrrn homolog 
Capricious (Caps) mediates photoreceptor targeting (5). In zebrafish, 
we show that four Lrrn family members are expressed in the retina, 
of which Lrrn2, Lrrn3a, and Lrrn3b are selectively expressed in RGCs. 
Using CRISPR-Cas9–mediated loss-of-function approaches, we dem-
onstrate that Lrrn2 and Lrrn3a CAMs are required for the targeting of 
presynaptic SAC/SPV-projecting RGCs with their target neurons both 
in cell-autonomous and nonautonomous manners. Furthermore, the 
genetically induced disruption of this circuit leads to severe impair-
ments in brightness and contrast processing, directly linking molecu-
lar mechanisms of circuit formation to visual function and behavior. 
By assigning a novel role to SAC/SPV-projecting RGCs, mapping their 
synaptic targets through electron microscopy (EM) segmentation, 
and integrating genetic, anatomical, functional, and behavioral analy-
ses, our study provides additional insights into the genetic control of 
visual circuit assembly.

RESULTS
Shedding light onto deep-projecting RGCs
Although deep-targeting RGCs were identified decades ago, they re-
main poorly characterized, in part, because available pan-RGC trans-
genic lines do not efficiently label them (35). In addition, precise 
characterization of tectal laminae remains challenging due to the 
dense and overlapping projections of RGCs (26, 27). To target spe-
cific subsets of these neurons, we sought to leverage the transcription 
factor growth factor–independent 1ab, gfi1ab, which is selectively 
expressed in a subset of RGCs (Fig. 1A) (36). Based on this specificity, 
we generated a novel transgenic reporter line, Tg(gfi1ab:gal4) (see 
Materials and Methods). The resulting line, when crossed with 
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Fig. 1. Gfi1ab and lrrns are expressed in the developing RGCs of the zebrafish retina. (A to D) Gfi1ab sparse expression in RGCs at 3 days postfertilization (dpf ). 
(A) Confocal stack of a 3-dpf zebrafish retina stained by whole-mount HCR in situ hybridization for gfi1ab (green) and DAPI (gray) highlighting cell nuclei. (B to D) Confocal 
images of 3-dpf Tg(gfi1ab:gal4;isl2b:GFP) embryos injected at the one-cell stage with a 10UAS:lynRFP plasmid. (B) Gfi1ab:gal4 expression (magenta) is sparse in RGCs com-
pared to the pan-RGC marker Isl2b (green). (C) Gfi1ab-RGC axons crossing the chiasma at the midline. (D) Gfi1ab-RGC axons project within all sublaminae of the tectal 
neuropil. (E) Whole-mount in situ hybridization of all four lrrn isoforms at 2 dpf reveals broad expression in the forebrain, midbrain, and hindbrain. (F) Whole-mount in situ 
hybridization of all four lrrn isoforms at 3 dpf reveals their broad expression in the brain. Cross sections of the retina at 3 dpf show differential expression patterns within 
the neural retina of lrrn1, lrrn2, lrrn3a, and lrrn3b. (G to J) Confocal Z-stack images of a 3-dpf retina stained by multiplex HCR for lrrn2 (cyan; hairpin fluorophore 594 nm), 
lrrn3a (magenta; hairpin fluorophore 633 nm), and lrrn3b (green; hairpin fluorophore 488 nm), showing their relative expression in the GCL and ACs. DAPI (gray) highlights 
retinal layers. Insets show magnified regions where Cellpose segmentation of DAPI borders was used to assess colocalization within RGCs. AC, amacrine cells; GCL, gan-
glion cell layer; IPL,  inner plexiform layer; OT, optic tectum; RGC,  retinal ganglion cells; SAC, stratum album centrale; SFGS, stratum fibrosum et griseum superficiale; 
SGC, stratum griseum centrale; SO, stratum opticum; SPV, stratum periventriculare.
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Tg(UAS:lynRFP), faithfully reflected the endogenous gfi1ab sparse 
expression in RGCs (Fig. 1, A to D, and fig. S1, A and B), as well as 
in the pineal gland and ear hair cells, consistent with previ-
ous findings (36).

We then crossed Tg(gfi1ab:gal;UAS:lynRFP) fish with the pan-
RGC marker Tg(isl2b:GFP) to analyze the projection profiles of 
gfi1ab-expressing RGCs in the retina (Fig. 1B) and OT (Fig. 1, C and 
D) of developing larvae. Although gfi1ab did not label a specific 
morpho-group of RGCs, it is expressed in a salt-and-pepper manner 
across different subpopulations (fig. S1, B to D). These Gfi1ab-RGC 
axons project to all OT layers, including stratum opticum (SO), stra-
tum fibrosum et griseum superficiale (SFGS), and stratum griseum 
centrale (SGC), and particularly in the SAC/SPV layer (Fig. 1D). 
This unique enrichment of gfi1ab expression in SAC/SPV-projecting 
RGCs provides a novel tool for labeling deep-projecting axons in 
this tectal lamina that complements pan-RGC transgenic lines such 
as Tg(isl2b:GFP), where the strong fluorescence from superficial 
layers (SO/SFGS) makes challenging functionally imaging deeper 
projections (fig. S1, E and F).

In Drosophila, the ortholog of the zebrafish Gfi1ab transcription 
factor, Senseless, regulates the expression of the LRR CAM Caps, which 
plays a key role in photoreceptor targeting (5, 28). We assessed the con-
servation of this pathway in vertebrates by performing an in silico 
search analysis (HomoloGene, National Center for Biotechnology In-
formation) of Caps orthologs. We identified the Lrrn CAM protein 
family, comprising Lrrn1, Lrrn2, Lrrn3a, and Lrrn3b. Whole-mount 
in situ hybridization at 2 and 3 days postfertilization (dpf) revealed 
early and broad expression of all four paralogs in the fish’s forebrain, 
midbrain, and hindbrain (Fig. 1, E and F). Retinal cross sections at 
3 dpf showed lrrn2, lrrn3a, and lrrn3b expression in RGCs, with lrrn2 
and lrrn3b also present in the amacrine cell (AC) layer (Fig. 1F). Multi-
plex hybridization chain reaction (HCR) combined with confocal im-
aging showed that the expression of these three lrrn members partially 
overlap in the ganglion cell layer (GCL) (Fig. 1, G to J). Using Cellpose 
(37), we extracted the nuclear 4′,6-diamidino-2-phenylindole (DAPI)–
derived signal, delineated the RGC membrane borders, and observed 
that the HCR signals colocalized within the same cells (Fig. 1, G to J). 
Quantitative HCR–based analyses revealed extensive combinatorial ex-
pression: Among lrrn2-expressing cells, ~60% also express lrrn3a, 65% 
express lrrn3b, and 47% coexpress both. Among lrrn3a-expressing 
cells, more than 50% express lrrn2, 65% express lrrn3b, and 43% ex-
press both. These results indicate that RGCs in the GCL display distinct 
but overlapping lrrn expression patterns.

Because the GCL contains both RGCs and displaced ACs, we 
next assessed the extent of displaced ACs expressing either lrrn2 
or lrrn3a. Using the Tg(ptf1a:gal4;UAS:H2B-GFP) line combined 
with multiplex HCR, we quantified the colocalization of lrrn2 and 
lrrn3a with ptf1a-expressing cells, a pan-AC marker (fig. S1G). 
We found that ~30% of lrrn2-expressing cells and less than 12% of 
lrrn3a-expressing cells coexpress ptf1a in the GCL, indicating 
that most of lrrn2- and lrrn3a-expressing cells are RGCs and few 
displaced ACs.

Genetic loss of gfi1ab and lrrn2/3a leads to mistargeting 
defects in the deep-OT
To investigate the roles of Gfi1ab and Lrrn CAMs in vertebrates for 
RGC projections, we adopted a loss-of-function approach in zebrafish 
using CRISPR-Cas9–mediated knockout (KO) to either introduce 
early stop codons (gfi1ab−/−) or disrupt the signal peptide and the 

LRR domains (lrrn−/−) (see Materials and Methods) (fig. S2, A to C). 
All mutant lines generated were viable at homozygosity and showed 
no gross morphological defects.

We first assessed the impact of gfi1ab loss of function on lrrn 
CAMs expression levels in the larval visual system. To do so, we 
performed quantitative reverse transcription polymerase chain re-
action (qRT-PCR) on the heads of gfi1ab−/− mutants and wild-type 
(WT) controls at 2 and 3 dpf. Lrrn2 and lrrn3a mRNAs were signifi-
cantly down-regulated in the absence of Gf1ab, particularly at 3 dpf 
(Fig. 2A and fig. S3A), while lrrn3b and lrrn1 levels remained un-
changed (fig. S3, B and C). For lrrn2 and lrrn3a, we further confirmed 
this down-regulation specifically in RGCs by performing quantitative 
multiplex HCR on gfi1ab−/− mutants and WT controls at 3 dpf 
(fig. S3D). HCR experiments performed in 3-dpf Tg(gfi1ab:gal4;UAS: 
lyn-GFP) larvae showed notable colocalization of lrrn2 (fig. S3E) and 
lrrn3a (fig. S3F) within gfi1ab-expressing cells. To more precisely as-
sess the degree of colocalization between gfi1ab and the Lrrn family 
members, we performed multiplexed HCR to simultaneously label 
gfi1ab, lrrn2, and lrrn3a in the GCL (fig. S3, G and H). Leveraging the 
quantitative nature of multiplex HCR and the sparseness of the sig-
nals, we quantified transcript signals among gfi1ab-expressing RGCs. 
We found that ~52% of gfi1ab-RGCs express lrrn2, 73% express lrrn3a, 
and 38% coexpress both lrrn2 and lrrn3a, while less than 14% express 
neither gene. These results indicate that gfi1ab-RGCs comprise dis-
tinct molecular subsets characterized by differential lrrn expressions. 
These observations further pinpoint a shared molecular pathway be-
tween Gfi1ab and Lrrn2/3a CAMs. In addition, qRT-PCR on the 
heads of lrrn2 and lrrn3a mutant larvae, performed to assess expres-
sion changes in the other CAMs part of the lrrn subfamily, revealed a 
compensatory mechanism between both lrrn2 and lrrn3a specifically. 
Lrrn2 was up-regulated in lrrn3a−/− mutants (SM-3a) at 3 dpf (Fig. 2B), 
and, similarly, lrrn3a was up-regulated in lrrn2−/− mutants (SM-2) 
(Fig. 2B). In contrast, lrrn3b and lrrn1 expression remained un-
changed in both mutants (fig. S3, I and J).

Next, to evaluate the impact of the loss of Gfi1ab on gfi1ab-
expressing RGC development, we imaged Tg(gfi1ab:gal4;UAS:mRFP); 
gfi1ab−/− larvae at 3 dpf when all RGCs should have projected their 
axons to the OT and reached their target layer. However, unlike WT 
control larvae, no fluorescence could be detected in the gfi1ab−/− 
mutant (fig. S3K). To investigate whether the absence of fluores-
cence was due to the loss of gfi1ab-expressing cell in its absence, we 
performed a terminal deoxynucleotidyl transferase–mediated deoxy-
uridine triphosphate nick end labeling (TUNEL) assay on gfi1ab−/− 
larvae, which revealed no increase in apoptosis compared to that in 
controls (fig. S3L). Furthermore, using DAPI staining and Cellpose, 
we measured no difference in the average cell number in gfi1ab−/− 
compared to that in WT central GCL at 3 dpf (n = 7 WT retinae/
larvae and n = 9 gfi1ab−/− mutant retinae/larvae). These results sug-
gest that gfi1ab-expressing cells are not lost. Rather, it suggests the 
presence of a self-regulatory mechanism of Gfi1ab on its own pro-
moter that is disrupted in gfi1ab−/− mutants.

With lrrn2 and lrrn3a down-regulated in gfi1ab−/− mutants, we 
evaluated the impact of their loss of functions as well as their com-
bined depletion on gfi1ab-expressing RGC projections in the OT. 
We generated single- (SM) and double-mutant (DM) lines in the 
Tg(gfi1ab:gal4;isl2b:GFP) transgenic background and injected a 
10UAS:lynRFP plasmid into SM-2, SM-3a, and DM larvae at the one-
cell stage, enabling single-cell analysis by mosaically labeling RGC 
membranes and axons. The Tg(isl2b:GFP) background served as a 
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Fig. 2. Gfi1ab and lrrns KO impair RGC wiring assembly. (A) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analyses show significant down-
regulation of lrrn2 and lrrn3a at 2 dpf and at 3 dpf in gfi1ab−/−. P = 0.0286 for all. (B) qRT-PCR analyses show significant up-regulation of lrrn2 in SM-3a at 3 dpf (P = 0.0286) 
and lrrn3a in SM-2 at 3 dpf (P = 0.0286). (C and D) Gfi1ab RGCs target unique tectal laminae in WT, whereas DM shows mistargeting in the SAC/SPV layer. Confocal imaging 
of axonal projections of 3-dpf WT (C) and DM (D) gfi1ab-RGCs in the Tg(gfi1ab:gal4;isl2b:GFP) background injected with a 10UAS:lynRFP construct for mosaic labeling of 
axonal projections. (E) Percentage of correctly targeted and mistargeted Gfi1ab-RGCs in WT, DM, and SM embryos. (F) Average absolute distances of RGC axonal tips from 
the skin for (C) and (D), showing a significant difference in the SAC/SPV layer of DM larvae compared to WT (P < 0.0001). (G and H) Confocal imaging of gfi1ab-expressing 
SAC/SPV-RGCs output synapses (magenta, synRFP) and axonal projections (green, GFPcaax) at 5 dpf in WT (G) and DM (H) at time point 0 and 3 hours later. h, hours. 
(I) Absolute number of synapses within SAC/SPV-projecting RGCs for (G) and (H), showing no difference between WT and DM larvae. (J) Synaptic density within SAC/SPV-
projecting RGCs for (G) and (H), showing a significant difference between WT and DM larvae (P = 0.0201). (K) Average length of the SAC/SPV-projecting axons for (G) and 
(H), showing a significant difference between WT and DM larvae (P = 0.0426). (L) Proportion of stable synapses for (G) and (H), showing no difference between WT and DM 
larvae. Data are means ± SD. P < 0.0001. Statistical significance was determined by a Mann-Whitney U test: not significant (n.s.), P > 0.05; *P < 0.05; ****P < 0.0001. 
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reference to identify precise tectal laminae. While lrrn mutants did 
not show any obvious retinal or optic tract defects (fig. S3, M and N), 
SM-2, SM-3a, and DM larvae exhibited clear axonal mistargeting 
precisely in the SAC/SPV layer (Fig. 2, C to F, and fig. S4A). Com-
pared to WT larvae, where red fluorescent protein (RFP)–positive 
RGCs projected to single and precise laminae of the OT, qualitative 
scoring revealed that more than 25% of SAC/SPV-projecting RGCs 
deviated from their normal target in the SM-2 and SM-3a larvae 
(Fig. 2E). DM larvae displayed even more severe defects than SM 
larvae, with >60% of deep-projecting RGCs exhibiting miswiring 
(Fig. 2E), suggesting an additive effect of lrrn2 and lrrn3a losses. 
Tracing the different RGCs within the OT revealed no significant 
differences in RGCs projecting to the SO, SFGS, and SGC layers be-
tween DM larvae and WT controls (Fig. 2F). However, RGCs pro-
jecting to the SAC/SPV layer in DM larvae showed a significantly 
increased distance from the reference point on the skin compared to 
WT controls (Fig. 2F). These defects persisted at 5 dpf (fig. S4A), 
indicating that Lrrn2 and Lrrn3a are key CAM regulators of SAC/
SPV targeting. To test whether these defects are due to an axon 
guidance impairment to the OT or a lamination/targeting pheno-
type, we also measured the distance from the skin at the axon de-
viation point before entering the SAC/SPV layer (fig. S4B). No 
difference was detected between WT and DMs (fig. S4B), excluding 
early guidance defects to enter the OT. Instead, DM axons overshot 
or deviated prematurely without terminating within the SAC/SPV 
layer. Similar SAC/SPV-related miswiring defects were also detect-
ed in the gfi1ab−/− larvae at 3 dpf injected with the isl2b:gfp plasmid 
at the one-cell stage (fig. S4C).

Last, we also investigated whether lrrn3b, also expressed in RGC, 
would induce defects in the axonal projections of Gfi1ab-RGCs 
when knocked out (KO). We thereby injected a UAS:GFP construct 
at one-cell stage to label gfi1ab-expressing RGCs in SM-2, SM-3a, 
and SM-3b larvae. Compared to those in SM-2 and SM-3a, no de-
fects were observed in SM-3b larvae whose phenotype appeared to 
be reminiscent of those of WT control larvae (fig. S4, D to G).

To test whether synapse formation is impaired in DMs, we quan-
tified the number of synapses formed by deep-projecting RGCs in 
the SAC/SPV layer. For this, we injected a UAS:synRFP-E2A-GFPcaax 
plasmid, which labels presynaptic puncta (Synaptophysin-RFP) to-
gether with the full axonal arbor (GFPcaax). The construct was in-
jected at the one-cell stage into both WT and DM embryos in the 
Tg(gfi1ab:gal4) embryos, and RGCs were imaged at 5 dpf. To con-
firm that the analyzed puncta represent stable synapses, we imaged 
the same axons at an initial time point and again 3 hours later, fol-
lowing the approach of Meyer et al. (38) (Fig. 2, G to L). Loss of 
Lrrns did not alter the total number of stable presynaptic puncta per 
axon (Fig. 2L). However, DM SAC/SPV axons exhibited reduced 
synapse density as a consequence of their extended arbors. Specifi-
cally, the absolute number of puncta per axon was comparable be-
tween WT and DM (Fig. 2I), but the number of puncta normalized 
to axon length was significantly decreased in mutants (Fig. 2J), con-
sistent with an increase in axonal length (Fig. 2K).

Last, to determine whether SAC/SPV-targeting RGCs directly ex-
press both gfi1ab and the CAMs lrrn2 and lrrn3a, we performed multi-
plexed HCR experiments including eomesa, a specific marker of SAC/
SPV-targeting RGCs in the retina (27). These experiments revealed 
strong coexpression of eomesa with lrrn2, lrrn3a, and gfi1ab (fig. S4H). 
Reanalysis of a published single-cell RNA-sequencing dataset of 2- and 
3-dpf zebrafish retinae (39) confirmed that eomesa-positive cells also 

express gfi1ab, lrrn2, and lrrn3a (fig. S4I). Consistent with these 
findings, we simultaneously probed all four transcripts through 
multiplex HCR in situ hybridization and were able to identify RGCs 
coexpressing eomesa, gfi1ab, lrrn2, and lrrn3a (fig. S4J). Together, 
our results demonstrate that Lrrn2 and Lrrn3a function downstream 
of Gfi1ab in the vertebrate visual system, contributing to the accu-
rate targeting of gfi1ab-expressing deep-targeting RGCs to the SAC/
SPV layer of the OT.

Deep-targeting SAC/SPV RGCs molecular requirements for 
proper axonal projection
We then asked whether, at the cellular level, these CAMs are required 
within RGCs to achieve proper tectal lamination or act via non–cell-
autonomous mechanisms. To address this, we performed cell trans-
plantation assays at the blastula stage. First, we transplanted DM 
RGCs lacking Lrrn2 and Lrrn3a into a WT environment to determine 
whether defects persisted in a WT OT (Fig. 3A). Chimeric embryos 
were generated by transplanting donor cells from 10UAS:lynRFP-
injected WT or DM Tg(gfi1ab:gal4) embryos into WT Tg(isl2b:GFP) 
hosts of the same developmental stage (Fig. 3A). Confocal imaging of 
the resulting chimeric larvae at 3 dpf was performed to assess the axo-
nal development of WT or DM gfi1ab-expressing RGCs devoid of 
Lrrn2 and Lrrn3a transplanted into WT. Our analysis revealed that 
mistargeting defects persisted when DM cells developed in a WT en-
vironment (Fig. 3, B and C), revealing a cell-autonomous require-
ment of Lrrn2 and Lrrn3a in RGC targeting (46%) (Fig. 3, D and E). 
Next, we assessed the contribution of the OT by transplanting WT 
RGCs (expressing lrrn2 and lrrn3a) into a DM host (Fig. 3F). More 
than 44% of deep-projecting RGCs expressing both CAMs failed to 
reach their targets in the DM OT, differently from controls (Fig. 3, G 
to J). These results indicate that Lrrns are essential for proper axonal 
targeting both in the presynaptic retina and the postsynaptic partners 
in the OT.

Having established that Lrrns function in both pre- and postsyn-
aptic compartments to regulate RGC targeting, we next sought to 
unravel the molecular mechanisms underlying their role in axon 
guidance. In Drosophila, Caps is thought to mediate targeting through 
homophilic binding interactions (5). To determine whether zebrafish 
Lrrns operate through similar or distinct mechanisms, we performed 
an in vitro protein aggregation assay to assess their binding properties. 
We asked whether, like Caps, Lrrn CAMs act through homophilic or 
heterophilic interaction or both. We performed an in vitro protein ag-
gregation assay using human embryonic kidney (HEK) 293 cells 
transfected with pCX:lrrn2-GFP or pCX:lrrn3a-RFP, with pCX:GFP 
and pCX:RFP as controls (Fig. 3, K to R, and fig. S5, A to D). To evalu-
ate homophilic interaction, aggregated cells expressing either Lrrn2–
green fluorescent protein (GFP) or Lrrn3a-RFP showed an increased 
aggregation index compared to controls (Fig. 3, K to N and Q, and 
fig. S5, E to H). To assess whether both CAMs could interact through 
heterophilic binding, Lrrn2-GFP and Lrrn3a-RFP cells were coaggre-
gated. We observed a higher number of aggregates coexpressing both 
fluorophores (Fig. 3, O, P, and R, and fig. S5, I to K). Together, these 
results indicate that Lrrn2 and Lrrn3a can bind through both homo-
philic and heterophilic interactions.

SAC/SPV-projecting RGCs and intertectal neurons converge 
onto OT projection neurons
Previous studies have shown that both neurons from the peri-
ventricular zone (PVZ) and nontectal neurons such as intertectal 
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RGCs transplanted into WT embryos, showing SAC/SPV-projections and misprojections (axons 1 and 2). Traced and magnified views of axons 1 and 2 are shown. (D) Percentage 
of correctly targeted and mistargeted SAC/SPV-RGCs in WT and DM transplanted into WT (WT = 6 and DM = 13 SAC/SPV-RGCs). (E) Axonal distances from the skin for (B) and 
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(P), assessing heterophilic interactions. (Q) Aggregation index for control and Lrrn2/Lrrn3a overexpression conditions. (Lrrn2, P = 0.04; and Lrrn3a, P = 0.0306). 
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independent experiments. Statistical analyses: nonparametric Mann-Whitney U test. Data represented as means ± SD. *P < 0.05. n.s., not significant.
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commissural neurons (ITNs) can project to the deepest layers of 
the OT (26, 40–44), but a comprehensive connectome remains un-
resolved. To address this, we performed an ultrastructural analysis 
using an EM dataset (45), which enabled us to reconstruct the de-
tailed morphology and synaptic connectivity of SAC/SPV axons in 
the lower half of the OT (Fig. 4A and fig. S6, A and B). Across four 

traced RGCs, we detected axodendritic, axo-axonic, and axosomatic 
synapses with axodendritic contacts being most prevalent (Fig. 4B 
and fig. S6C). RGCs axodendritic inputs primarily targeted nonstrat-
ified periventricular interneurons (nsPVINs) and projection neurons 
(nsPVPNs) with a strong bias toward excitatory neurons (Fig. 4, C 
and D, and fig. S6, D to F).
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ITNs extend axonal arbors into the deep OT layers, where they 
could receive synaptic inputs from deep projecting RGCs (41). Given 
this hypothesized connectivity in the deep OT where SAC/SPV ax-
ons also terminate, we asked whether ITNs form synapses with SAC/
SPV-RGCs. To address this, we completely reconstructed three ITNs, 
identified by registering an image stack of a 6-dpf Tg(ITNGal4;UAS: 
RFP;cry:GFP;HuC:H2B-GCaMP6s) larva to the EM dataset (Materials 
and Methods and fig. S6G) (45). Although, we did not observe direct 
synaptic contacts between ITNs and SAC/SPV RGCs (fig. S6H), we 
identified nine PVPNs receiving convergent input from three ITNs 
and eight SAC/SPV RGCs (Fig. 4, E to G). A large fraction of these 
PVPNs projected to the hindbrain where they formed contacts with 
reticulospinal neurons (Fig. 4G and fig. S6I). Although the overall 
fraction of ITN and SAC/SPV synapses on PVPNs is likely underes-
timated in our sparse connectome reconstruction (Fig. 4G), these 
data support convergence onto PVPNs, mediated indirectly rather 
than by direct ITN/RGC axo-axonic connections.

Given that lrrn2 and lrrn3a are expressed in the PVZ and that 
these nsPVINs and nsPVPNs are key targets of SAC/SPV axons, we 
wondered whether these periventricular neurons (PVNs) might be 

affected in our mutants. To address this question, we injected the 
foxp2:gal4 plasmid and analyzed PVNs morphology in DM larvae, 
as previously performed (46). However, we did not find any differ-
ence in the proportion of stratified (sPVNs; which include mono-, 
bi-, and tri-stratified PVPN) versus nonstratified PVNs (nsPVNs; 
which include both nsPVPNs and nsPVINs) between WT and DM 
larvae (fig. S6, J and K), nor did we observe any clear mistargeting 
defect (fig. S6, J and K).

SAC/SPV-projecting RGCs are sensitive to 
luminance changes
Previous calcium imaging studies of the OT and pretectum have iden-
tified distinct functional groups within RGCs but had limited insights 
on the functional properties of the SAC/SPV layer (26, 27, 47). To ad-
dress this knowledge gap, we used our Tg(gfi1ab:gal4;UAS:GcaMP6s) 
transgenic line. First, we used a battery of visual stimuli on the basis of 
those used in previous studies (26, 27) and successfully subdivided the 
neuropil into five regions—SO, SFGS1, SFGS2, SFGS3, and SAC/
SPV—according to their distance from the skin (Fig. 5, A and B). 
Functional responses in SO and SFGS regions were consistent with 
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Fig. 5. Functional responses of SAC/SPV RGCs in the OT. (A) Illustration of the setup used for functional calcium imaging in in vivo 5- to 6-dpf larvae, with visual stimu-
li projected in front of the fish’s eye. (B) Two-photon image of tectal lamination of a Tg(gfi1ab:gal4;UAS:GcaMP6s) 5-dpf embryo, with different regions within the volume 
discriminated. (C) Functional responses from distinct tectal regions shown in (B) to a series of visual stimuli (illustrated above the traces). Data are averaged across larvae 
(n = 11 for the first stimulus set and n = 7 for the second). Shaded areas represent SD. (D) Quantification of normalized response amplitudes (ΔF/F) for each stimulus in 
the SFGS 3 region, corresponding to the stimuli shown in (C). (E) Quantification of normalized response amplitudes (ΔF/F) for each stimulus in the SAC/SPV region, cor-
responding to the stimuli shown in (C). F, fluorescence intensity. Bkg, background; Fwd, forward; Upwd, upward; Downwd, downward.
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prior findings (27), confirming the reliability of the stimulus set (Fig. 5, 
C and D, and fig. S7, A to D).

In contrast, in the SAC/SPV layer, we observed a robust activa-
tion to luminance changes, particularly when brightness decreased. 
This was most pronounced during dark and bright flashes (stimuli 
nos. 1 and 2 in Fig. 5C), as well as for the dark ramp stimulus (no. 
11), and was also observed when the stimuli were turned off (e.g., 
nos. 7 and 20) (Fig. 5, C and E, and fig. S7A). To explore more spe-
cific responses, we presented prey-like stimuli and gratings inde-
pendently of the standard stimulus battery. While the SAC/SPV 
layer showed some activation to prey-like dots (nos. 13 and 14), it 
did not generate a distinct fluorescence peak as seen in the more 
superficial layers. Notably, its response emerged slightly earlier and 
persisted longer. A similar prolonged response pattern was observed 
when gratings were reintroduced (nos. 16 to 19), an effect that had 
not been detected during the initial stimulus presentation, possibly 
because the preceding stimulus (appearance of a dark background, 
stimulus no. 2) elicited strong neuronal activation that masked sub-
sequent responses (Fig. 5, C and E). Activation persisted even after 
the gratings were turned off, extending until the background transi-
tioned to black. Together, these findings demonstrate that the SAC/
SPV layer is highly sensitive to luminance changes, particularly to 
brightness decreases, but does not encode direction or orientation.

Similarly, we presented to 6-dpf DM larvae the same battery of 
visual stimuli and performed calcium imaging in the SAC/SPV layer 
of the OT. We found that gfi1ab-expressing RGC axons in DMs re-
sponded to the same stimuli as previously tested in WT larvae (fig. S7, 
E and F). This indicates that visual processing within the retina and 
the basic response properties of these RGCs are intact in DMs.

Altered SAC/SPV projections lead to impairments in 
brightness and contrast detection
The pronounced laminar defects observed in DM larvae raised the 
question of whether these structural abnormalities also led to visual 
impairments, especially given their distinct functional responses to 
dimming stimuli (Fig. 5C). To assess this, we first ruled out general mo-
tor impairments by tracking freely swimming 6-dpf WT and DM lar-
vae for several minutes, finding no significant differences (fig. S8A).

To evaluate visual deficits, we initially examined the hunting be-
havior in 6-dpf larvae, as done in (41), in which the ablation of ITN 
cell bodies produces behavioral deficits in capture strikes. Initially, a 
prey-consumption assay was conducted to compare the overall hunt-
ing efficiency between DM and WT larvae. The assay revealed a sig-
nificant reduction in the number of rotifers consumed by the DM 
larvae during the 4 hours of monitoring compared to WT controls 
(Fig. 6B), indicating a defect in prey capture. Similar deficits were ob-
served for SM-2, SM-3a, and gfi1ab−/− larvae, revealing the involve-
ment of this molecular pathway in the correct development of the 
neuronal circuits associated with this behavior (Fig. 6C and fig. S8B).

The hunting sequence comprises multiple stages from initiation 
to the capture of the prey, as previously described in other studies 
(Fig. 6A) (41, 48, 49). To further investigate the defects observed in 
the hunting sequence of DM larvae (Fig. 6B), we recorded 12-min 
videos where single larvae in presence of rotifers performed several 
hunting sequences (movies S1 and S2). Both WT and DM larvae 
spent a similar percentage of time foraging (fig. S8C) and hunting 
with converged eyes (Fig. 6D). Furthermore, there were no signifi-
cant differences in the initiation of the hunting sequence (Fig. 6E), 
tracking (fig. S8C), target fixation (Fig. 6F), or any other steps leading 

up to predation (fig. S8C). However, DM larvae showed a significant 
impairment in initiating capture swims when the prey was within the 
strike zone (Fig. 6G). Although the mutants were able to approach the 
prey and get close to it, they often failed to initiate the stereotypical 
capture swims required for successful predation, opting instead to 
abort the hunting sequence and abandon the prey.

Additionally, optomotor response (OMR) assays indicated that 
both WT and DM larvae swam similar distances toward bright black 
and white and high-contrast (100, 50, and 35%) bars (Fig. 6H and 
fig. S8E), with comparable speeds and initiation latencies (fig. S8D). 
In contrast, DM larvae swam significantly less toward low-contrast 
and dimmer bars (20 and 10%) compared to WT controls and at a 
lower speed, highlighting a specific deficit in responding to reduced 
brightness and/or visual contrast (Fig. 6I and fig. S8, D and E). In-
stead, reducing the size of the moving bars did not affect the OMR 
response of the DM larvae (Fig. 6J), indicating no defect in visual 
acuity. The same specific OMR defect was also observed in gfi1ab−/− 
mutants (Fig. 6, K to M, and fig. S9, A to F). These findings demon-
strate that the Lrrn2 and Lrrn3a pathway downstream of Gfi1ab plays 
a critical role in specific visually guided behaviors, particularly those 
requiring the visual detection of brightness and contrast.

DISCUSSION
Our work established Lrrn2 and Lrrn3a as key CAMs regulated by 
Gfi1ab guiding RGC axons to the SAC/SPV layer of OT, a previously 
uncharacterized microcircuit that we find essential for brightness 
and contrast processing. Lrrn CAMs are evolutionarily conserved 
both in spatial distribution and functions across species, underscor-
ing their fundamental role in visual system development. In zebraf-
ish and mouse (50, 51), Lrrns are expressed in the retina, and, in 
Drosophila, their homologs localize to photoreceptors (5, 28), sug-
gesting shared molecular pathways across vertebrate and inverte-
brate visual systems (12). Functionally, we showed that DM larvae 
for Lrrn2 and Lrrn3a exhibit highly specific defects in RGC target-
ing, following correct axonal entrance into the OT. While projec-
tions to superficial OT layers remain intact, SAC/SPV innervation 
is specifically disrupted. Moreover, our transplantation experiments 
reveal that, like Caps, Lrrns operate both cell-autonomously in RGCs 
and non–cell-autonomously from the OT, ensuring precise targeting/
and or termination, yet RGCs remain capable of forming synapses. 
While these findings establish Lrrns as necessary for proper SAC/
SPV circuit formation in both tissues, it is possible that their role 
likely extends beyond direct homophilic or heterophilic interactions, 
as previously suggested for Caps (5, 17, 52). Although CAM over-
expression increases aggregation, Lrrns may require in vivo additional 
heterophilic factors to promote or stabilize membrane complexes. 
This interplay and unique combination of factors likely refines target 
specificity within microcircuits that express the same molecules 
(17). The partial colocalization of Lrrns in the retina, specifically 
Lrrn2, Lrrn3a, and Lrrn3b, suggests that these proteins may either 
act redundantly in different combinations or have specialized roles 
in guiding distinct subsets of RGCs to specific tectal layers. This 
combinatorial organization resembles the interplay between Caps 
and its paralog Tartan in Drosophila, both contributing to photore-
ceptor targeting with overlapping but distinct functions (53, 54). The 
absence of detectable targeting defects in the SAC/SPV layer of lrrn3b 
mutants indicates that its role may be either redundant with other 
Lrrns or confined to distinct RGC subtypes.
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Fig. 6. Lrrn2, Lrrn3a, and Gfi1ab loss of functions lead to impairments in visually guided behaviors. (A) Representation of a complete 6-dpf larva hunting sequence. 
Converging eyes are circled in blue. (B and C) DM and gfi1ab−/− larvae consume significantly fewer rotifers than WT (n = 10 larvae per genotype; DM, P = 0.0013; and gfi1ab−/−, 
P = 0.0014) after 2 and 4 hours. (D) Percentage of time spent hunting with converged eyes in 6-dpf WT and DM larvae. (E to G) Hunting sequence events in 6-dpf WT and 
DM larvae (total sequences: WT = 1084 and DM = 1249). (E) Hunting sequences initiation probability between WT and DM larvae. (F) Target fixation probability between 
WT and DM larvae. (G) Significant impairment of initiating capture swims in DM larvae and WT (P = 0.0037). (D to G) WT = 12 and DM = 12 larvae. (H) Distance swam by 
WT and DM larvae with 10-mm gratings at 100% contrast difference. (I) Distance swam by WT and DM larvae with 10-mm gratings at 20% contrast difference. DM larvae 
swim significantly less than WT (P = 0.0006). (J) Distance swam by WT and DM larvae with 4-mm gratings at 100% contrast difference. (K) Distance swam by WT and gfi-
1ab−/− larvae with 10-mm gratings at 100% contrast difference. (L) Distance swam by WT and gfi1ab−/− larvae with 10-mm gratings at 20% contrast difference. Gfi1ab−/− 
larvae show reduced swimming distance compared to WT (P = 0.0095). (H to L) WT = 18 and gfi1ab−/− or DM = 18 larvae. (M) Distance swam by WT and gfi1ab−/− larvae 
with 4-mm gratings at 100% contrast difference (WT = 17 and gfi1ab−/− = 18 larvae). Statistical analyses: nonparametric Mann-Whitney U test. Data represented as 
means ± SD. **P < 0.01, ***P < 0.001. CS, capture strike; OMR, optomotor response. n.s., not significant.
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Similarly to Sens controlling Caps in Drosophila (5, 28), our 
analysis identifies Gfi1ab as a key regulator of lrrn2 and lrrn3a in 
zebrafish, as they partially colocalize with gfi1ab-expressing RGCs 
and are down-regulated in the absence of Gfi1ab. When we examined 
gfi1ab mutants, we observed targeting defects within the SAC/SPV 
layer, providing direct evidence that its regulatory role influences 
RGC connectivity.

One of the main challenges in studying the SAC/SPV layer has 
been efficiently labeling this deep region of the tectal neuropile, as 
transgenic lines like isl2b, which mark pan-RGCs, do not adequately 
label the RGCs that project to this layer. Thus, prior functional imag-
ing studies have struggled to directly capture the activity of the SAC/
SPV layer, restricting our understanding of its role in higher-order 
visual processing. Previous efforts to address this gap have involved 
measuring functional responses from RGCs projecting to intermedi-
ate targets, such as arborization field 9 (27) or from PVN neurons that 
project within the deep neuropile (26). These studies have suggested a 
potential role for the SAC/SPV layer in responding to light inten-
sity changes. In our study, the novel Tg(gfi1ab:gal4;UAS:GcaMP6s) 
transgenic line enables to directly capture RGC activity within the 
SAC/SPV lamina. We show that this layer is particularly responsive 
to luminance changes, with higher sensitivity to brightness decreas-
es, especially during sudden or gradual shifts to dark backgrounds 
(stimuli OFF or dark ramp). Although these neurons respond more 
strongly to light decrements, they also activate upon presentation of 
light increment stimuli, suggesting that they do not conform strictly 
to ON or OFF selectivity. These results provide direct evidence that 
the SAC/SPV layer plays a specialized role in processing luminance 
shifts, which is essential for detecting dynamic visual cues in low-
light environments.

The functional significance of the SAC/SPV layer is further sup-
ported by behavioral findings in DM mutants, which show a higher 
rate of prey-capture sequence failures, particularly during the criti-
cal transition to capture swims when prey is within the strike zone. 
Although these larvae can detect and approach prey, they fail to ex-
ecute the precise capture swims necessary for successful hunting. 
Furthermore, while DM mutants respond robustly to OMR stimuli, 
even when the stimulus is presented at high spatial frequency, they 
struggle when contrast is reduced, indicating difficulty in perceiving 
decreased luminance variations.

Zebrafish have tetrachromatic vision, with cone photorecep-
tors sensitive to ultraviolet (UV, ~360 nm), short (blue, ~415 nm), 
medium (green, ~480 nm), and long (red, ~565 nm) wavelengths 
(55, 56). While our behavioral setups did not include UV illumina-
tion, the spectral profile of the OMR setup has a broad illumination 
spectrum covering the short-, medium-, and long-wavelength rang-
es, similarly to the prey capture illumination setup, where we used 
live prey. These wavelengths are sufficient to activate multiple cone 
types and drive visually guided behaviors in both WT and our dif-
ferent zebrafish mutant larvae, as shown in prior work demonstrat-
ing robust prey capture and optomotor responses under broadband 
visible light conditions (41, 48, 57, 58). Recent studies underscore 
the critical role of brightness and contrast as fundamental optical 
properties in prey detection, particularly for estimating target dis-
tance during the final strike decision (3). Our findings align with 
these observations, as DM larvae, which show defects in prey cap-
ture, also exhibit impaired responses to grating stimuli with reduced 
intensity and contrast. While their ability to detect prey at a distance 
remains intact, they may fail to accurately estimate its distance as it 

approaches or struggle to detect it altogether, leading to aborted 
strike attempts and inability to complete the hunting sequence. This 
suggests that the SAC/SPV layer, which is key in processing lumi-
nance cues, might be necessary for distance estimation. While 
Khan et al. (3) focused on the contribution of the UV, our findings 
conceptually align with this study in that reducing brightness or 
contrast (independently of spectral channels) diminishes cue strength 
perception against background. These features of the prey stimulus, 
whether fictive or live, are key at the capture strike initiation step to 
complete a successful hunting sequence. Future work could explore 
the relative contribution of each wavelength, including UV, and to 
which threshold. Because Lrrn molecules are also expressed in the 
OT and other brain regions, we sought to confirm whether the ob-
served behavioral deficits stem specifically from retinal neurons. To 
address this, we tested gfi1ab−/− mutants, as Gfi1ab expression is re-
stricted to RGCs in the retina and absent in the OT. These mutants 
exhibited the same prey-capture and OMR deficits as DM larvae, 
confirming that the observed phenotypes arise from RGC dysfunc-
tion rather than Lrrn expression in other brain regions. Furthermore, 
we did not observe clear defects in the morphology of downstream 
nsPVPNs and nsPVINs in DM larvae, although their nonstratified 
and variable dendritic morphologies and the lack of subpopulation 
markers make it difficult to rule out more subtle targeting differences. 
Nonetheless, we do not exclude that subtle miswirings within the OT, 
or impairments in other extra tectal visual circuits could also con-
tribute to the observed behavioral deficits. At the same time, the 
identified role at the level of the retina alone is a critical first step to 
mediate this behavior as proven by our transplantation analysis and 
our behavioral assays on gfi1ab−/− mutants.

The behavioral deficits observed in DM larvae closely resemble 
those seen when the ITN cell bodies are ablated (41). In both DM 
mutants and ITN-ablated larvae, the capture strike step is selectively 
disrupted, hinting at a potential functional link between SAC/SPV-
targeting RGCs and the ITNs. ITNs have been shown to be involved 
in the detection of the prey specifically at the moment when the prey 
enters the binocular strike zone, thereby enabling the initiation of 
capture swims through disinhibition of downstream circuits (41). 
Consistent with this, our connectomic analyses show that ITNs and 
SAC/SPV-targeting RGCs converge onto overlapping populations of 
PVPNs. This convergence provides a plausible circuit substrate through 
which SAC/SPV-RGCs inputs and ITN inputs could jointly regulate 
specific features of visually guided behaviors.

Overall, our study unravels a novel neural circuit from genetic 
and developmental components to functional output and anatomi-
cal connectivity, establishing the SAC/SPV layer as a key integrator 
of luminance processing and its downstream behavioral effects such 
as distance estimation. By bridging circuit development with visu-
ally guided behaviors, we provide insights into the molecular and 
structural mechanisms shaping deep tectal connectivity in a verte-
brate brain.

MATERIALS AND METHODS
Fish lines and husbandry
Zebrafish (Danio rerio) were maintained under controlled conditions 
at a temperature of 28°C and subjected to a 14-hour light/10-hour 
dark cycle with sunset and sunrise. Embryos were collected and cul-
tured in fish water supplemented with 0.003% 1-phenyl-2-thiourea to 
prevent pigmentation and 0.01% methylene blue (VWR, catalog no. 
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1.59270.0100) to inhibit fungal growth in the petri dish. The fish were 
housed within our institute’s animal facility, constructed following lo-
cal animal welfare standards. All animal procedures adhered to the 
ethical guidelines outlined by French and European Union regula-
tions. Animal handling and experimental procedures were approved 
by the committee on ethics of animal experimentation of Sorbonne 
Université (APAFIS, no. 21323- 2019062416186982). Experimental 
procedures were conducted on larval zebrafish before the onset of 
sexual differentiation.

Zebrafish mutants and transgenic lines
The guide RNAs (gRNAs) used to generate the different CRISPR 
knock-in and KO lines are listed in table S1, and primers used for 
genotyping are listed in table S2. Gfi1ab−/− mutant line was gener-
ated using the CRISPR-Cas9 gene editing technology. A gRNA was 
used to target the first exon of the gfi1ab gene leading to a 4–base 
pair (bp) deletion, causing a frame shift in the open reading frame 
and a premature stop codon at the sixth amino acid, preventing any 
protein translation. For lrrn2−/− mutant line generation, two gRNAs 
were injected to target the first and single exon of the lrrn2 gene 
leading to a large deletion of 308 bp, causing a disruption of the 5′ 
untranslated region (5′UTR) region, the deletion of the signal pep-
tide of the gene, and a substantial portion of the LRR domain. It ad-
ditionally introduced a frame shift and multiple premature stop 
codons, preventing any protein translation. For lrrn3a−/− mutant line 
generation, two gRNAs were injected to target the first and single 
exon of the lrrn3a gene leading to a large deletion of 302 bp, causing a 
disruption of the 5′UTR region, the deletion of the signal peptide of 
the gene. Like for lrrn2, the generated deletion triggered a nonsense-
mediated decay as measured by qRT-PCR. For lrrn3b−/−, three guides 
were injected to generate a full KO in the F0 generation (59), creating 
a 1000-bp cut and the deletion of most of the LRR domain, preventing 
any protein translation. PCR amplicons were deposited on 1 to 3% 
agarose (LifeTechnologies, catalog no. 16500500) gel for the identifi-
cation of WT and mutants. For all the generated mutations, we also 
confirmed their effect using the SMARTprot software that modeled 
the protein translation outcome upon the induced deletion.

The gfi1ab:gal4 bacterial artificial chromosome (BAC) construct 
was generated as follows: A BAC spanning the gfi1ab genomic locus 
(CH211-164G7, BACPAC Resources Center) was used to perform 
Tol2 transposon–mediated BAC transgenesis introducing gal4 instead 
of the gfi1ab coding sequence by PCR-based homologous directed 
recombination and bacterial resistance selection. Transformation 
through electroporation of the pRedET plasmid was performed as de-
scribed (60). For Tol2 transposon–mediated BAC transgenesis, the 
iTol2-amp cassette was amplified by PCR with the primer pair 
pTarBAC_HA1_iTol2_fw (5′-gcgtaagcggggcacatttcattacctctttctc-
cgcacccgacatagatCCCTGCTCGAGCCGGGCCCAAGTG-3′) and 
pTarBAC_HA1_iTol2_rev (5′-gcggggcatgactattggcgcgccggatcgat
ccttaattaagtctactaATTATGATCCTCTAGATCAGCTC-3′), where 
the lower and upper cases indicate the pTarBAC2.1 sequences for 
homologous recombination and the iTol2-amp annealing sequenc-
es, respectively. Subsequently, the amplified iTol2-amp cassette was 
introduced into the backbone (pTarBAC2.1) of the Gfi1ab-BAC. 
The PCR product (500 ng; 1 ml) was used for electroporation. 
5′-gactgtccgattctcactaatgactggggacatatgaggcagaggaggacGCCAC-
CATGAAGCTACTGTCTTCT ATCGAAC-3′ and 5′-ggctggtggtagct-
gtgcgcttttttgctcttcaccaagaaagacctaggCCGCGTGTAGGCTGGAGCT-
GCTTC-3′ primers were used to amplify and insert the gal4FF cassette 

into the BAC (61). The lower and upper cases indicate the CH211-
164G7 sequences for homologous recombination and the pGal4FF-
FRT-Kan-FRT annealing sequences, respectively. The PCR product 
(500 ng; 1 ml) was used for electroporation in Gfi1ab-iTol2-amp- 
BAC–containing cells. The BAC DNA preparation was performed 
using the HiPure Midiprep kit (Invitrogen, catalog no. K2100), with 
modifications for BAC DNA isolation as described by the manufac-
turer. Tol2 transposase mRNA was prepared by in vitro transcrip-
tion from Not I–linearized pcs2-tol2 (62) using the T7 mMessage 
mMachine kit (Ambion, catalog no. Am1348). RNA was purified 
using the RNeasy purification kit (QIAGEN, catalog no. 74104), di-
luted to a final concentration of 100 ng/μl for injection. At least 50 
injected fish were backcrossed to WT. Germline transmission was 
observed in the offspring from two of such crossings with identical 
patterns reminiscent of endogenous gfi1ab expression.

Along with the newly generated and validated Tg(gfi1ab:gal4) 
line, three other transgenic lines expressing GFP or RFP were used 
in this study: the previously published Tg(isl2b:GFP) (63) and the 
previously published Tg(UAS:RFP;cry:GFP) transgenic line (64). The 
UAS:GCaMP6s transgenic line was generated by injecting the 
14UASubc:GCaMP6s plasmid with tol2 transposase mRNA at 25 ng/
μl in one-cell stage zebrafish embryos. To generate the plasmid, we 
cloned GCaMP6s from plasmid 59530 (Addgene) and inserted it into 
the 14UASubc backbone, using the NEBuilder HiFi DNA Assembly 
Cloning Kit (New England Biolabs, catalog no. E5520S) following the 
manufacturer’s instructions. The Tg(ptf1a:gal4) transgenic line was 
generated by injecting with tol2 mRNA the ptf1a:Gal4:polyA;cmcl2: 
EGFP plasmid. The cloning of this plasmid was done using the Gate-
way LR Clonase II Enzyme mix (Thermo Fisher Scientific, 11791020), 
according to manufacturer’s instructions, and using plasmids from K 
Kwan’s Tol2kit (65). The entry clones used were a homemade p5E-
ptf1a vector, a pME-Gal4FF vector (middle entry clone containing the 
Gal4FF sequence, gifted by Virginie Lecaudey, Goethe-Universität, 
Frankfurt, Germany) and a p3E-polyA vector (3′ entry clone including 
the SV40 late polyA signal). The p5E-ptf1a vector was produced via 
Gibson cloning (New England Biolabs, E5510S), following the man-
ufacturer’s instructions and the ptf1a:DsRed2 plasmid (66) (gifted 
by M. Brand, TU Dresden, Germany) as amplification template for 
ptf1a promoter. As destination vector, we used the pDestTol2CG2 
vector, which comprises Tol2 transposition sequences and encodes 
a cmlc2:EGFP transgenesis marker that expresses EGFP in the fish’ 
heart. The resulting Tg(ptf1a:Gal4:polyA;cmcl2:EGFP) reporter line 
was crossed with a Tg(UAS:H2B-GFP) line and the Tg(ptf1a:Gal4: 
polyA;cmcl2:EGFP;UAS:H2B-GFP) embryos were stained at 1 dpf by 
HCR in situ hybridization on endogenous ptf1a mRNA allowing the 
validation of this new reporter line. Significant colocalization be-
tween GFP protein signals and endogenous ptf1a mRNA signals 
could be detected in the hindbrain where it is first expressed at this 
developmental stage (fig. S1, G and H).

Molecular cloning
The pUAS:lyn-GFP plasmid was generated as previously described 
(46). The pUAS:lynRFP construct used in this study was previously 
cloned by Auer and Del Bene (2014) (64). The pDest-Tol2-Isl2b: 
GFP:polyA was obtained from Addgene (plasmid no. 105648). The 
pCX:lrrn2-eGFP and pCX:lrrn3a-RFP were generated by modifying 
the pCX:eGFP and pCX:RFP plasmids from Coralie Fassier. lrrn2 
and lrrn3a cDNA was obtained from 3-dpf larvae total RNA extrac-
tion. Lrrn2 and lrrn3a cDNA were subsequently subcloned into the 
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pCX:eGFP or pCX:RFP, respectively, using the NEBuilder HiFi DNA 
Assembly Cloning Kit (New England Biolabs, E5520S) following the 
manufacturer’s instructions. The pfoxp2.a:Gal4FF plasmid was ob-
tained from Nikolau and Meyer (2015) (9). The pUAS:synRFP-e2a-
GFPcaax plasmid was obtained from (67).

Microinjections
Fertilized eggs were collected in egg medium and aligned into pre-
pared 2% agarose (LifeTechnologies, catalog no. 16500500) injection 
molds (agarose diluted in water) (Adaptive Science Tools, catalog no. 
TU-1). To inject, a pressure injector [PicoPump with pressure (WPI, 
catalog no. PV820), Manual Micromanipulator (WPI, catalog no. 
M3301R), and Injection Assembly parts kit (WPI, catalog no. MMP-
KIT) with borosilicate glass capillaries (WPI catalog no. GBF100-
50-10)] was used. The capillaries were previously filled with the 
following injection solutions and injected through the chorion into 
the cytoplasm of the single cell. The 10UAS:lynRFP and UAS:lynGFP 
plasmid was injected at 10 ng/μl with or without 20 ng/μl of tol2 
mRNA, either for broad or sparse cellular labeling. The isl2b:GFP 
plasmid was injected at 25 ng/μl with tol2 mRNA (20 ng/μl). The 
foxp2:gal4FF plasmid was injected at 15 ng/μl with tol2 mRNA 
(10 ng/μl).

Whole-mount NBT/BCIP single in situ hybridizations
Total zebrafish cDNA ranging from stages 48 to 72 hours postfertil-
ization (hpf) was amplified for probe synthesis. In vitro transcription 
of digoxigenin/fluorescent-labeled probes was carried out using an 
RNA Labeling Kit (DIG RNA Labeling Mix, catalog no. 11277073910; 
Fluorescein RNA Labeling Mix, catalog no. 11685619910, Roche) fol-
lowing the manufacturer’s protocols. Zebrafish whole-mount in situ 
hybridizations were conducted as previously outlined. Subsequently, 
stained embryos were captured using a stereomicroscope (Leica, cata-
log no. MZ10F). Image processing and analysis were conducted using 
ImageJ software, with uniform adjustments made for color balance, 
brightness, and contrast.

Vibratome sections
Whole-mount embryos were washed a few times in 1× phosphate-
buffered saline (PBS)/0.1% Tween 20 (PBS-Tw) solution after whole-
mount nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate 
(NBT/BCIP) in situ hybridization (Roche, catalog no. 11681451001). 
The samples were embedded in gelatin (Sigma-Aldrich, catalog no. 
G1890)/albumin (Sigma-Aldrich, catalog no. A4503) with 4% of 
glutaraldehyde (Sigma-Aldrich, catalog no. 340855) and sectioned 
(20 mm) on a vibrating blade microtome (Leica, catalog no. VT1000 S). 
Sections were mounted in Fluoromount Aqueous Mounting Medi-
um (Sigma-Aldrich, catalog no. F4680).

TUNEL assay
To detect apoptosis on whole-mount zebrafish larvae at 4, 5, and 7 dpf, 
the TUNEL assay was used, using the Apoptag Peroxidase In Situ 
Apoptosis Detection Kit (Millipore, catalog no. S7100). Larvae at 4, 5, 
and 7 dpf were fixed in 4% paraformaldehyde (PFA; Electron Micros-
copy Sciences, catalog no. EM-15710) diluted in PBS (Euromedex 
catalog no. EU1-9400-100) with 0.1% Tween 20 (Sigma-Aldrich, 
catalog no. 0777) for 2 hours at room temperature (RT) and then 
dehydrated and stored in methanol (MeOH; Thermo Fisher Scien-
tific, catalog no. 15623710) at −20°C. Dehydrated larvae fixed at the 
proper developmental stages were rehydrated at RT using successive 

and decreasing dilutions of MeOH in 1X phosphate-buffered saline 
with Tween 20 (1X PBST). The samples were then washed in PBST. 
To allow the permeabilization of the samples and the penetration of 
the probe, the larvae were digested at RT with Proteinase K (10 μg/ml; 
Sigma-Aldrich, catalog no. 03115852001) diluted in PBST for 45 or 
60 min, according to their developmental stage. Proteinase K diges-
tion was stopped by incubating the samples in 4% PFA (in PBST) for 
20 min or more at RT. Several washes were carried out using PBST 
before incubating the larvae in 100% ethanol (VWR, catalog no. 
84857-360)/100% acetic acid (VWR, catalog no. 20104.298), mixed 
2:1, at −20°C for 15 min. Several washes were then performed in 
PBST at RT. The larvae were then equilibrated in the Equilibration 
Buffer provided by the kit at RT for 15 min. The samples were then 
transferred to terminal transferase enzyme solution mixed with the 
Reaction Buffer 1:2 (both in the Apoptag kit) and 3% Triton X-100 
(Euromedex, catalog no. 2000-C)/PBS for 1 hour on ice and then for 
1 hour at 37°C. Stop Solution (1%; from the kit) was used to stop 
the transferase reaction for 5  min at RT and then for 45  min at 
37°C. Several washes were then carried out in PBST. The larvae were 
then incubated for at least 1 hour in 10% Blocking Solution (Roche, 
catalog no. 11096176001) to saturate the nonspecific binding sites 
before adding antibodies anti–DIG-Fab fragments conjugated to al-
kaline phosphatase (Roche, catalog no. 11093274910) diluted 1:5000 
in 2× Blocking Solution. The samples were incubated in this solution 
overnight at 4°C. A series of PBST washes were performed the next 
day before incubating the samples in the Staining Buffer [5 M NaCl, 
1 M MgCl2, 1 M tris-HCl (pH 9.5), 100% Tween 20, H2O] twice for 
10 min at RT. The color reaction was then carried out by incubating 
the larvae with NBT/BCIP (Roche, catalog no. 11681451001) diluted 
1:500 in the Staining Buffer in total darkness for as long as necessary. 
To stop the reaction, the larvae were washed several times with PBST 
and then fixed overnight at 4°C in 4% PFA in PBST. The samples were 
then analyzed on ZEISS SteREO Discovery.V20 microscope after 
an overnight incubation at 4°C in 87% glycerol (VWR, catalog no. 
24388.295) diluted in water.

Cryo-sectioning
Zebrafish larvae at of 3 or 5 dpf were fixed in 4% paraformaldehyde in 
1× PBS (pH 7.4) for 2 hours at RT and, thereafter, cryo-protected over-
night in a 30% sucrose (VWR, catalog no. 27480.294)/0.02% sodium 
azide (Sigma-Aldrich, catalog no. S2002)/PBS solution. Embryos were 
transferred to plastic molds and embedded in O.C.T. Compound 
(Euromedex, catalog no. 62550-12) after removal of the sucrose. 
Blocks were then frozen at −80°C on dry ice. The 14-μm sections were 
mounted on Superfrost Plus slides (Thermo Fisher Scientific, catalog 
no. 10149870).

Immunohistochemistry
For anti-GFP immunohistochemistry, no antigen retrieval was per-
formed, and 1:500 dilution of chicken primary anti-GFP antibody 
(GeneTex, catalog no. GTX13970, RRID:AB_371416) and Alexa 
Fluor 488 secondary antibody goat anti-chicken immunoglobulin G 
(1:1000, LifeTechnologies, catalog no. A-11041, RRID:AB_2534098) 
were used. Immunohistochemistry experiments were performed as 
follows: Cryo-sections were washed three times in 1 × 3 PBS/0.1% 
Tween 20 (PBS-Tw) solution. Consecutively, slides were incubated 
1 hour at RT in 10% blocking solution (Roche) followed by overnight 
incubation at 4°C in 1% blocking solution (10% blocking solution 
in 1× PBS-Tw) in which primary antibodies were diluted. Sections 
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were then washed five times using 1 × 3 PBS-Tw solution and incu-
bated at RT for 1 to 2 hours in 1% blocking solution in which pri-
mary antibodies were diluted. Slides were then washed several times 
in 1× PBS-Tw solution, counterstained with DAPI (LifeTechnolo-
gies, catalog no. D3571), and diluted in 1× PBS-Tw solution for 
10 min. The DAPI solution was then washed out several times in 1× 
PBS-Tw solution. Slides were then mounted using an 80% glycerol 
solution before imaging.

Multiplex HCR in situ hybridization
All HCR probes and buffers (version 3) were purchased from Mo-
lecular Instruments. Larvae (48 to 72 hpf) underwent fixation in 4% 
paraformaldehyde in PBS (pH 7.4) for 2 hours at RT, followed by 
multiple rinses with PBS to halt the fixation process. Subsequently, 
larvae were subjected to dehydration through a series of MeOH 
washes and then stored at −20°C. The HCR procedure was carried 
out according to the manufacturer’s instructions. HCR fluorescent 
samples were then imaged using a 40× inverted immersion objec-
tive [numerical aperture (NA), 1], with Z-volumes captured at a 
resolution of 1.5 μm, using an Olympus FV3000 confocal micro-
scope. Image processing and analysis were conducted using ImageJ 
and Cellpose software. The first was used to extract maximum pro-
jections of two to four stacks while the latter to segment DAPI signal 
to retrieve nuclei’s outline membrane borders. These membrane out-
lines were used to better identify cells coexpressing RNAs of interest.

HCR puncta were extracted using ImageJ particle analysis plugin, 
excluding particles smaller than 0.02 pixel2 to remove background 
noise, and assigned to DAPI-labeled nuclei or ptf1a-expressing cells 
using custom MATLAB scripts. Membrane borders were first extract-
ed using Cellpose, and punctae were considered colocalizing if they 
fell within the membrane borders. Coexpression categories were cal-
culated for each cell. Analyses were performed across multiple inde-
pendent experiments.

Transplantation
Mutant and WT chimeric embryos were obtained by blastomere 
transplantations at the 1000-cell stage as previously described (68). 
Donor RGCs were derived from Tg(lrrn2−/−;lrrn3a−/−;gfi1ab:gal4) 
mutant or Tg(lrrn2+| + −;lrrn3+/+;gfi1ab:gal4) WT embryos, previous-
ly injected at one-cell stage with UAS;lyntagRFP and transferred into 
either Tg(isl2b:GFP) or Tg(lrrn2−/−;lrrn3a−/−;gfi1ab:gal4;isl2b:GFP) 
acceptor embryos of the same stage.

Aggregation assay
The aggregation assay was performed as described (69). To evaluate 
homophilic interaction, HEK293 cells (RRID:CVCL_0045) were in-
dependently transfected with pCX:eGFP, pCX:mRFP, pCX:lrrn2-
eGFP, and pCX:lrrn3a-mRFP. Images of three random areas per well 
were acquired for each sample and averaged to yield one value, using 
a Leica DM6000 Epifluorescent Microscope with a 10× objective. The 
aggregation assay was performed in nine independent experiments.

At the start of the assay (time point 0), cells were resuspended 
into single-cell suspensions. A portion of transfected cells was trans-
ferred to six-well plates and used as controls, while the remaining 
cells were subjected to aggregation. Small spontaneous aggregates 
may form immediately after resuspension due to the nature of the 
used cell type as reported in (69).

Fluorescent signals from single cells or aggregates were detected 
and counted semiautomatically using a custom-made MATLAB 

code. This code detected and highlighted structures on the basis of a 
pixel intensity threshold. The detected structures were circled with 
colors that varied on the basis of the radius of each structure. Vari-
ous images were also manually evaluated to validate the code. Im-
ages of the three random areas per well were averaged together. The 
aggregation index was calculated as the number of particles detected 
in the aggregated wells divided by the number of particles in the 
control wells at time point 0, which is normalized to 1.

To evaluate heterophilic interaction, cells were independently 
transfected with pCX:eGFP, pCX:mRFP, pCX:lrrn2-eGFP, and pCX: 
lrrn3a-mRFP. Before starting the aggregation protocol, pCX:eGFP-
transfected cells were mixed with pCX:mRFP cells, and pCX:lrrn2- 
eGFP–transfected cells were mixed with pCX:lrrn3a-mRFP cells and 
imaged as controls. Image acquisition was performed as before, and 
homophilic interaction was tested as well. To evaluate possible inter-
action between Lrrn2 and Lrrn3a, we manually counted the aggre-
gates expressing both red and green fluorophores and normalized the 
total number of coexpressing aggregates after aggregation to the num-
ber of coexpressing aggregates before aggregation at time point 0.

mRNA extraction and cDNA preparation and qRT-PCR
Total mRNA extraction was conducted from dissected heads of 
2- and 3-dpf zebrafish larvae using TRIzol reagent (LifeTechnolo-
gies, catalog no. 15596018) and TURBO DNA-free reagents (Ambion, 
AM1907). The mRNA was derived from a mix of the heads of 50 larvae 
of the same genotype. The concentration of mRNA was determined 
using the NanoDrop 2000 (Thermo Fisher Scientific). For reverse 
transcription, 1 μg of mRNA was retro-transcribed using random 
primers, and the SuperScript III First-Strand Synthesis system 
(LifeTechnologies, catalog no. 18080051). SYBR Green PCR Master 
Mix (Ambion, catalog no. 4368702) was used for qRT-PCR on 
QuantStudio 6 PCR System instrument (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. Ef1a and rpl13a were 
used as reference genes, as previously documented. All assays were 
conducted in technical triplicates and replicated in four indepen-
dent biological experiments. Data are means ± SD, and 50 heads per 
condition were used.

Mean values from triplicate experiments were determined using 
the delta cycle threshold (CT) quantification method, with P values 
calculated using a Mann-Whitney nonparametric test. The primers 
used for qRT-PCRs are in table S3.

Comparison between Tg(gfi1ab) and Tg(isl2b) lines
Fluorescence intensity was quantified using ImageJ [National Insti-
tutes of Health (NIH)] to compare visualization of the SAC/SPV layer 
in Tg(gfi1ab) and Tg(isl2b) transgenic fish lines. For each image, ob-
tained through confocal microscopy, pixel intensity was measured in 
both the SFGS and SAC/SPV layers. To normalize fluorescence across 
images and reduce image-to-image errors, a fluorescence index was 
calculated by dividing the mean intensity of SAC/SPV by the mean 
intensity of SFGS within each image. This analysis was performed in 
both transgenic lines to assess differences in imaging quality.

Confocal imaging
Mutant and WT control RGC axons, as well as PVNs, were acquired 
from 3- and 5-dpf live larvae, using a 40× Wplan Apochromat objec-
tive [numerical aperture (NA), 1; working distance (WD), 2.5 mm], 
with Z-volumes captured at a step size of 1.5 μm, using an Olympus 
FV3000 laser scanning confocal microscope. Image acquisition was 
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conducted at a resolution of 1024 × 1024 pixels, with a scan rate of 
4 μs/pixel. The same imaging approach was used for the transplanta-
tion experiments. HCR imaging was conducted on 3-dpf fixed larvae, 
using the same parameters and settings, except for the scan rate at 
8 μs/pixel.

Single-RGC analysis
To analyze signal from the Tg(gfi1ab:gal4) transgenic line, the three-
dimensional (3D) reconstructions of the Z-volumes of RGCs axons 
were obtained using the Oxford Imaris Suite software 10.0. 3D im-
ages were rotated to visualize the synaptic laminae. Skin autofluo-
rescence and the signal from the retina were removed manually. To 
isolate single-RGC axons, we used the surface tool with semiauto-
matic selection and then applied the surface to mask the RGC when 
its projections were clearly distinguishable from other axons. We 
then used the filament tracing tool to properly trace the RGC and 
calculate its absolute distance from a reference point positioned 
manually. Such reference point was consistently positioned on the 
skin and 3D oriented using the signal from the Tg(isl2b:GFP) back-
ground. When traced RGCs presented several arborizations, we cal-
culated independently the absolute distance from the tip of each 
arborization to the reference point, which were then averaged to ob-
tain a unique value for each RGC. Depending on the distance from 
the skin, each RGC was identified as SO, SFGS, or deep-projecting 
RGC. Statistical analysis was conducted separately for RGCs project-
ing to different layers. A similar analysis was performed to quantify 
the distance from the reference point to the entry point of the OT. 
The percentage of correct and mistargeted deep-projecting RGCs 
was also assessed phenotypically and compared between mutants 
and WT controls.

To analyze the projections of RGCs labeled by the Tg(isl2b:GFP) 
plasmid, we used syGlass, a virtual reality software, in combination 
with an Oculus Quest (Meta) headset. This approach was essential, 
as conventional methods using Imaris alone were insufficient for the 
detailed tracking of individual axon projections. In syGlass, we used 
the region of interest (ROI) tool to manually track and segment the 
axons in 3D and generate masks. The final segmented images were 
saved as TIFF files, which were compatible with Imaris 10.0, allow-
ing us to visualize and manipulate multiple channels/masks. The 
datasets were organized to maintain the same dimensionality as the 
original data, enabling precise visualization of the axon projections 
with distinct pseudocolor assignments.

Single-PVN analysis
The 3D reconstructions of the Z-volumes of PVNs were obtained 
using the Oxford Imaris Suite software. 3D images were rotated to 
visualize the neuron’s morphology. Skin autofluorescence and the 
signal from the retina were removed manually. The quantification of 
stratified vs nonstratified neurons was performed as in (46).

Synapse quantification in SAC/SPV-projecting RGCs
To quantify output synapses of deep-projecting RGCs in the SAC/
SPV layer, we used a UAS:synRFP-E2A-GFP-CAAX plasmid, which 
labels presynaptic puncta (Synaptophysin-RFP) and the full axonal 
arbor (GFP-CAAX). The construct was injected at the one-cell stage 
into WT and DM embryos, and individual RGCs were imaged at 
5 dpf. To confirm that the detected puncta represented stable syn-
apses, axons were imaged twice, separated by 3 hours, following the 
approach of Meyer et  al. (38). Presynaptic puncta were manually 

counted, axonal length was measured using ImageJ, and 3D visual-
ization and validation of puncta distribution were performed with 
Oxford Imaris Suite. Synapse density was calculated as the number 
of RFP-labeled puncta per axon length.

Behavioral tests
Free swimming
Free swimming behavioral acquisitions, fish tracking, tail segmenta-
tion, and analysis were performed as previously described (70, 71). 
In total, 12 larvae were tested for each genotype with the acquisition 
lasting for 20 to 30 min.
Optomotor response
To assess the OMR in our fish, we used the Stytra software platform 
(72). The fish were tracked using Stytra, which provided precise 
tracking data, and the videos were recorded at 100 Hz. The same 
camera and illumination setup as in the free-swimming experiment 
was used. Visual stimuli were projected below the 60-mm petri dish 
via a cold mirror. The visual stimuli consisted of sinusoidal gratings 
of 4- and 10-mm spatial frequency and a speed of 10 mm/s. Con-
trast levels were varied to probe sensitivity, using high-contrast grat-
ings (100% contrast) and progressively lower contrasts of 50, 35, 20, 
and 10%. These contrast changes jointly modulate the brightness of 
the applied stimulus. The stimulus consisted of six repetitions of 20 s 
of either left-ward or right-ward movements, alternating after 20-s 
pauses. The larvae were left to adapt to a light illuminated back-
ground before stimulus presentation for over 15 min. Subsequently, 
we used a custom-made Python code to extract detailed parameters 
from the tracking data, including trajectories, speed, tail beat fre-
quencies, distances, and latency. To minimize the effect of direction-
al bias, we averaged the total distances moved during leftward and 
rightward bar presentations.
Prey capture assay
Prey consumption assays were conducted at 6 dpf and performed as 
previously described (41).
Prey capture sequence
To assess the outcomes of individual hunting sequences, 12-min vid-
eos capturing hunting larvae were recorded at a rate of 100 Hz. Dark-
field illumination was achieved by using a custom-made LED-ring 
(wavelength, 850 nm) positioned around the dish, facilitating the de-
tection of rotifers. Hunting sequences were identified on the basis of 
observable eye vergences and categorized according to their outcomes. 
The spectra of the different light sources used in the behavioral assays 
are shown in fig. S10 (400 to 750 nm, in 1-nm increments).

Zebrafish larva used for two-photon imaging and the EM 
connectomic atlas
The triple transgenic Tg(elavl3:H2B-GCaMP7f+/+;gad1b:dsRed+/−;kdrl: 
mCherryCAAX+/−) larva used in this study was obtained by cross-
ing adult transgenic Tg(elavl3:H2B-GCaMP7f; gad1b:DsRed) and 
Tg(elavl3:H2B-GCaMP7f; flk1:mCherryCAAX) lines in nacre back-
ground, mitfa−/− (73), yielding high GCaMP7 fluorescence. All 
experiments were approved by the Harvard University standing 
committee on the use of animals in research and training. At 7 dpf, 
the larva was embedded in a drop of agarose (UltraPure Low Melt-
ing Point Agarose; Invitrogen, catalog no. 16520050), at ~35°C at 
the center of a petri dish (9 cm in diameter; Dutscher, catalog no. 
633180). After the agarose was solidified, the dish was filled with fish 
facility water and transferred into the measurement chamber of a 
custom-built two-photon microscope, operated by custom-written 

bib-kops-pc
Notiz
None festgelegt von bib-kops-pc

bib-kops-pc
Notiz
MigrationNone festgelegt von bib-kops-pc

bib-kops-pc
Notiz
Unmarked festgelegt von bib-kops-pc



Putti et al., Sci. Adv. 12, eadz4585 (2026)     23 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

16 of 19

Python 3.7–based software (PyZebra2P). We used a femtosecond-
pulsed laser (MaiTai Ti:Sapphire, Spectra Physics) equipped with a 
set of x/y-galvanometers (Cambridge Technology), a 20× infrared-
optimized objective (XLUMPLFLN, Olympus) to scan over the brain 
and two photomultipliers (green and red) amplified by two current 
preamplifiers (SR570, Stanford) to collect fluorophores emissions.

Sample preparation for EM imaging
The following protocol was specifically modified from (74) to en-
hance the extracellular space preservation, which improves synaps-
es detection and permits single-cell resolution imaging using x-ray 
tomography. Unless noted, all steps were performed at RT. Immedi-
ately after the two-photon stack acquisition, the larva still anesthe-
tized and embedded in agarose, we replaced the water by a dissection 
solution [64 mM NaCl, 2.9 mM KCl, 10 mM Hepes, 10 mM glucose, 
164 mM sucrose, 1.2 mM MgCl2, and 2.1 mM CaCl2 (pH 7.5)] sup-
plemented with 0.02% tricaine (Sigma-Aldrich, catalog no. E10521) 
(75). We then cut small slits in the agarose to expose the eyes and 
performed bilateral enucleations to enhance ultrastructural preser-
vation (extracellular space) and heavy metal staining. We used a 
custom-made hook that was carefully inserted behind the eyes to 
prevent brain damage. The larva was immediately transferred to a 
fixation solution at 4°C (2.5% glutaraldehyde and 0.1 M cacodylate 
buffer supplemented with 4.0% mannitol at pH 7.4). Cacodylate 
buffer: 0.3 M sodium cacodylate and 6 mM CaCl2 (pH 7.4). To im-
prove the fixation, the tissue was rapidly microwaved (catalog no. 
36700, Ted Pella, equipped with power controller, steady-temperature 
water recirculator and cold spot) in the fixative solution (this step 
lasted <5 min after initial transfer into fixative). The microwaving 
sequence was performed: at power level 1 (100 W) for 1 min ON, 
1 min OFF, and 1 min ON then to power level 3 (300 W) and fixed 
for 20 s ON, 20 s OFF, and 20 s ON, three times in a row. Fixation 
was then continued overnight at 4°C in the same solution. The fol-
lowing day, the sample was then washed again in 0.5× cacodylate 
buffer (three exchanges, 30 min each before osmication; 2% OsO4 in 
0.5× cacodylate buffer, 90 min). After a quick wash (<1 min) in 0.5× 
cacodylate buffer, the sample was reduced in 2.5% potassium ferro-
cyanide in 0.5× cacodylate buffer for 90 min, then washed with fil-
tered H2O (three exchanges, 30 min each), and then incubated with 
1% (w/v) thiocarbohydrazide (TCH) in filtered H2O (and filtered 
with a 0.22-μm syringe filter before use) for 45 min to enhance 
staining (76). Due to poor dissolution of TCH in water, the solution 
was heated at 60°C for ~90 min with occasional shaking before fil-
tering and then placed at RT for 5 min before the incubation step. 
The sample was then washed with filtered H2O (three exchanges, 
30 min each) before the second osmication (2% OsO4 in filtered 
H2O, 90 min) and then washed again (three exchanges, 30 min 
each). Then, en bloc staining was performed overnight using 1% 
uranyl acetate in filtered water at 4°C. The solution was sonicated for 
90 min and filtered with a 0.22-μm syringe filter before use. Steps 
involving uranyl acetate were performed in the dark. The following 
day, samples were then washed with filtered H2O (three exchanges, 
30 min each). Next, the samples were dehydrated in serial dilutions 
of ethanol (25, 50, 75, 90, 100, and 100% for 10 min each step) and 
then in propylene oxide (PO) (100 and 100%, 30 min each step). 
Infiltration was performed using LX112 epoxy resin with BDMA 
(21212, Ladd) in serial PO dilutions steps, each lasting 4 hours (25% 
resin/75% PO, 50% resin/50% PO, 75% resin/25% PO, 100% resin, 
and 100% resin). Samples were mounted in fresh resin in hollowed 

mouse cortex slabs, which provide a tissue consistency similar to that 
of the zebrafish brain. This approach, inspired by Hildebrand et al. 
(75), prevents the sample from sinking to the bottom of the resin 
mold and significantly improves sectioning reliability. Mouse tissue 
was fixed using standard procedures (77) and then cut into 2- to 
3-mm wide cubes that were pierced using a puncher (0.75 mm; 
57395, Electron Microscopy Sciences) to insert the larva. The cubes 
were stained along with fish samples using the protocol described 
above except that the uranyl acetate overnight step was performed at 
RT. The samples were then cured with support tissue during 3 days 
at 60°C. For all steps, a rotator was used. Aqueous solutions were 
prepared with water passed through a purification system (Arium 
611VF, Sartorius Stedim Biotech). The protocol lasted 5 consecutive 
days including surgery, fixation, staining, and resin embedding fol-
lowed by 3 days of resin curing.

EM image alignment, stitching, rendering, and neuronal 
morphology proofreading
We trained convolutional neural networks to segment cells, detect 
synaptic clefts, compute their sizes, and assign presynaptic and post-
synaptic objects from the cell segmentation at each cleft (78). Cell seg-
mentation and synapse detection and assignment used the aligned 
image with locations in the “image mask” set to black. All synapses in 
this study were manually inspected. Last, cell segmentation was in-
gested into the ChunkedGraph proofreading system so that morpho-
logical errors could be manually corrected, and synapses were ingested 
into an annotation table for consistent analysis (79).

Cell-type determination, multimodal, and brain 
regions registrations
To determine whether neurons were inhibitory, we manually traced a 
mask surrounding the neurons’ nuclei in the green channel and com-
puted the average corresponding red fluorescence. Neurons with val-
ues superior to 10% of the maximum red signal (25 on an 8-bit scale) 
were considered inhibitory, while the others were considered excit-
atory. In the OT, nearly all neurons express either Gad1b or Vglut2a 
with minimal overlap (45, 80), supporting this distinction.

Matching of neuronal identities from the two-photon imaging to 
the EM volume was performed by manual registration using the Fiji 
plugin BigWarp (81). The two-photon image stack (z-steps of 2 μm, 
containing green and red fluorescence) signal-to-noise ratio was first 
enhanced using content-aware image restoration (82) and then regis-
tered to a downsampled EM stack (0.512 by 0.512 by 0.480 μm/pixel) 
using 771 landmarks. This EM stack was downloaded from Neuro-
glancer (https://github.com/google/neuroglancer) using CloudVolume 
(83). The quality of the mapping was exhaustively assessed visually, 
and fluorescently labeled blood vessels, which were not used as 
landmarks for the registration, allowed us to independently confirm 
the quality of the mapping. Figure S5A illustrates the registration 
quality in the OT. Deformed planes of green and red fluorescence 
(8-bit image stacks) were uploaded to Neuroglancer using Cloud-
Volume, enabling collaborative reconstruction and cell-type deter-
mination of the neurons of interest.

ITNs were identified by manually registering a Tg(HuC:H2B-
GCaMP6s; ITNGal4, UAS:RFP) whole-brain two-photon stack ac-
quired at 7 dpf to a downsampled EM stack (0.512 μm by 0.512 μm by 
0.480 μm/pixel) using 73 landmarks using BigWarp (81). The regis-
tered stack of green and red fluorescence was uploaded to Neuroglancer 
as described above. Proofreading of the ITNs axons confirmed that 

https://github.com/google/neuroglancer
bib-kops-pc
Notiz
None festgelegt von bib-kops-pc

bib-kops-pc
Notiz
MigrationNone festgelegt von bib-kops-pc

bib-kops-pc
Notiz
Unmarked festgelegt von bib-kops-pc



Putti et al., Sci. Adv. 12, eadz4585 (2026)     23 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

17 of 19

they crossed to the contralateral hemisphere, consistent with previous 
descriptions (41). As our two-photon imaging did not include this 
ventral region, we assumed, following the same study, that all ITNs 
are inhibitory.

To confirm that PVPNs project to the hindbrain, we registered the 
EM stack to the Z-Brain reference atlas (84), which includes anno-
tated brain regions. We manually selected 207 landmarks between the 
EM stack and the Tg(elavl3:H2B-RFP) confocal stack in the Z-Brain 
coordinate system to generate a bridge transform using BigWarp (81). 
Reticulospinal neurons were identified using Orger et al. (85).

Calcium imaging to characterize RGCs functional activity
To monitor calcium dynamics, we used a commercial 2P scan-
ning microscope (LAVision, Miltenyi Biotec) coupled with a tunable 
Ti:Sapphire femtosecond laser (Coherent Chameleon, wavelength 
range of 700 to 1100 nm). Calcium transients were acquired via bi-
directional galvo-galvo scanning at 920 nm, with a scanning rate of 
3 Hz and a field of view of 300 μm by 300 μm.

Visual stimulation for calcium imaging
Visual stimuli were delivered using a red-emitting projector (spec-
trum shown in fig. S10), projecting on a diffusive screen positioned 
at ~3 cm from the larva’s head and covering 120° horizontal visual 
field. The visual stimuli sequence consisted in: (i) bright flash: a sin-
gle 10-s bright flash stimulus; (ii) gratings: four gratings correspond-
ing to the cardinal directions (0°, 90°, 180°, and 270°) with 10°-wide 
dark stripes moving at 20°/s. Each grating was presented statically in 
the first set of stimuli and then in motion for 5 s in the second set of 
stimuli; (iii) bright ramp: a gradual increase in brightness over 5 s; 
(iv) looming stimuli: a steady looming, a dark circular dot whose 
dimension expands at a constant rate of 20°/s, followed by an expo-
nential looming, with lateral dimensions doubling every second; (v) 
dark ramp: a gradual decrease in brightness over 5 s. A second 
sequence consisted in: (i) prey-dot stimuli: a 5-μm dot moving hor-
izontally four times back and forth at a speed of 80°/s with the stim-
ulus repeated twice. (ii) Gratings: same as in the first sequence. 
Stimuli were programmed and synchronized with calcium imaging 
recordings, ensuring precise timing and reproducibility.

Analysis of visually induced calcium responses
Single-ROI traces were extracted using the Suite2p software, apply-
ing its functional detection module following motion correction. 
ROI detection was performed with a threshold scaling factor of 0.75 
and a maximum allowed ROI overlap of 1. Raw fluorescence traces 
(F) were extracted for each ROI, and neuropil correction was ap-
plied using the default coefficient (0.7 × Fneu). ROIs located within 
the same neuropil layer, manually identified on the basis of anatomy 
and their distance from the skin, were normalized to their respective 
baseline values (mode of the raw fluorescence trace) before averag-
ing across ROIs to yield a single calcium trace per layer, per fish. 
Calcium transients were defined as ΔF/F = [F(t) − F0]/F0, with F0 
being the mode of the trace. The resulting average calcium transients 
per layer were further normalized to their respective maximum val-
ues. Last, normalized traces from individual fish were averaged to 
obtain a single representative calcium transient for each layer. These 
normalized traces were subsequently analyzed using a customized 
approach based on the OASIS package implemented in a MATLAB 
environment (86). A first full trace deconvolution was performed 
based on a second-order autoregressive kernel, constructed as the 

difference between a rising and a decaying exponential. The result-
ing neuronal activity trace (a set of discrete peaks representing the 
individual events that generate the overall calcium transients) was 
then decomposed into multiple time windows, corresponding to the 
duration of the different visual stimuli presented to the larva. Subse-
quently, activity peaks corresponding to the stimuli of interest were 
reconvolved with the kernel function to evaluate the contribution of 
each stimulus to the global calcium responses and to separate it from 
interstimulus cross-talk, as well as from the effects of transitions be-
tween stimulation patterns and from spontaneous activity. The peak 
values of the calcium responses corresponding to each stimulus were 
then used to quantitatively compare the magnitude of the responses 
across layers and visual stimuli.

Quantification and statistical analyses
Custom codes used for image analyses and quantifications are avail-
able at https://github.com/del-bene-lab/lrrn_zebrafish/tree/main. 
All comparisons between WT controls and mutant larvae were car-
ried out on Prism 7 (GraphPad software). To assess statistical sig-
nificance the Mann-Whitney test by ranks was performed when the 
dataset did not follow a normal distribution or did not meet basic t test 
assumptions. When applicable, randomized analyses, blinding, and 
exclusion criteria based on independent technical issues were pro-
ceeded. Figures were prepared using Prism 7 (GraphPad software) 
and MATLAB R2023a, with data exported to Adobe 2024 Photo-
shop 25.5.1 and Illustrator 28.4.1 for final formatting.

Use of AI-assisted tools
ChatGPT (OpenAI, GPT-4) and Grammarly (Grammarly Inc., 2025 
version) were used exclusively for language editing, using the follow-
ing prompt: “Improve the language of the text.” No scientific content, 
data analysis, or interpretation was generated by these tools. All out-
puts were reviewed and verified by the authors, who take full respon-
sibility for the content.

Supplementary Materials
The PDF file includes:
Figs. S1 to S10
Legends for movies S1 and S2
Tables S1 to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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