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Plexin B3 guides axons to cross the midline in vivo
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During the development of neural circuits, axons are guided by a variety of molecular cues to navigate through the brain and establish precise connections with correct partners at the right time and place. Many axon guidance cues have been identified and they play pleiotropic roles in not only axon guidance but also axon fasciculation, axon pruning, and synaptogenesis as well as cell migration, angiogenesis, and bone formation. In search of receptors for Sema3E in axon guidance, we unexpectedly found that Plexin B3 is highly expressed in retinal ganglion cells of zebrafish embryos when retinal axons are crossing the midline to form the chiasm. Plexin B3 has been characterized to be related to neurodevelopmental disorders. However, the investigation of its pathological mechanisms is hampered by the lack of appropriate animal model. We provide evidence that Plexin B3 is critical for axon guidance in vivo. Plexin B3 might function as a receptor for Sema3E while Neuropilin1 could be a co-receptor. The intracellular domain of Plexin B3 is required for Semaphorin signaling transduction. Our data suggest that zebrafish could be an ideal animal model for investigating the role and mechanisms of Sema3E and Plexin B3 in vivo.
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Introduction

One of the intriguing questions about the establishment of neural circuits during development is how the axons navigate along appropriate path and find their correct targets. The axons are directed through the brain by a variety of classical guidance cues, including Ephrins, Netrins, Slits, and Semaphorins, and many other non-canonical guidance cues (Dickson, 2002). Semaphorins are a large family of secreted and membrane bound proteins, featured by the presence of a family signature “sema” domain (Raper, 2000). Based on sequence similarities and structural features, Semaphorins are categorized into eight classes. Classes 3 to 7 are mainly found in vertebrates. The class 3 semaphorins (Sema3s), including Sema3A through Sema3G, are secreted proteins, distinct from other Semaphorins that are either transmembranous or membrane-anchored (Raper, 2000). Semaphorins function as either attractive or repulsive cues for migrating cells and growing neurites during neural circuit establishment, depending on the components of the receptor complexes and cellular contexts. Semaphorins are versatile and participate in many biological and pathological processes, such as neural circuit assembly, angiogenesis, cell migration, bone formation, immune response, cancer, and other diseases (Roth et al., 2009; Kang and Kumanogoh, 2013; Rehman and Tamagnone, 2013; Jongbloets and Pasterkamp, 2014; Koropouli and Kolodkin, 2014).

The principal receptors for semaphorins are Plexins, which are grouped into four classes (Plexin A–D). Nine Plexins have been identified in vertebrates, Plexin A1–A4, B1–B3, C1, and D1. Plexins are single-pass transmembrane proteins with an extracellular region interacting with Semaphorins and co-receptors. The intracellular part of Plexins usually contain a GTPase activating protein (GAP) domain and a RhoGTPase binding domain (RBD) that can interact directly with small GTPases (Hota and Buck, 2012; Pascoe et al., 2015). Different Plexin subfamilies can associate and activate or inactivate certain GTPase regulatory proteins (Hota and Buck, 2012). The B family Plexins are unique among Plexins since they possess a C-terminal PDZ-binding motif that can bind directly with leukemia associated RhoGEF (LARG) and PDZ-RhoGEF (Hota and Buck, 2012; Pascoe et al., 2015). Plexin Bs are mainly known for their roles in angiogenesis, heart development, immunity and cancers (Perala et al., 2012), while they are relatively less studied in neural development in vivo. It has been shown that Plexin B1 is involved in growth cone collapse in vitro (Negishi et al., 2005). Plexin B3 can strongly and B2 can moderately promote neurite outgrowth of primary murine cerebellar neurons (Hartwig et al., 2005). The gene encoding Plexin B3 protein, PLXNB3, is associated with verbal performance and white matter development in human brain (Rujescu et al., 2007). Recently, PLXNB3 mutations were identified in congenital heart disease associated with neurodevelopmental disabilities (Feng et al., 2022), further suggesting that Plexin B3 be important for early neurodevelopment. However, both the morphology and function of the central nervous system seems to be normal in Plexin B3 knockout mice (Worzfeld et al., 2009). Whereas in vitro experiments indicate that Plexin B3 functions as a receptor for Sema5A (Artigiani et al., 2004), no similar retinal developmental defects is observed in Plexin B3 mutant mice as that seen in Sema5A mutants (Matsuoka et al., 2011). The lack of neural defects following Plexin B3 mutation in mice suggests alternative models are needed to investigate the role of Plexin B3 in neurodevelopment.

Membranous Semaphorins can bind and signal directly through Plexins, whereas most secreted class 3 Semaphorins require co-receptors such as Neuropilins for signal transduction across plasma membrane (Sharma et al., 2012). Sema3E is an exception among class 3 Semaphorins since it can bind to Plexin D1 directly and Neuropilin is not required for the signaling in certain contexts (Gu et al., 2005; Oh and Gu, 2013). Intriguingly, in some axon navigation, Neuropilin1 exerts a “gating” function in switching the Sema3E-Plexin D1 signaling from repulsion to attraction (Chauvet et al., 2007). The attractant response signaling induced by Sema3E is further shown to be transduced through VEGFR2 (vascular endothelial growth factor receptor type 2) while Plexin D1 functions as a ligand-binding partner together with Neuropilin1 (Bellon et al., 2010). These studies reveal that Sema3E is unique among Sema3s.

We have previously demonstrated that Sema3E is critical for retinal axon guidance at the chiasm in zebrafish (Dell et al., 2013). As aforementioned, the well-established receptor for Sema3E is Plexin D1 (Sharma et al., 2012; Oh and Gu, 2013). However, we detected neither obvious expression of Plexin D1 in retina ganglion cells nor retinal axon guidance defects in Plexin D1 mutants (Dell et al., 2013). Sema3E seems to co-operate with Neuropilin1 in retinal axon guidance (Dell et al., 2013). It is well recognized that the intracellular domain of Neuropilin is too short to transduce signaling. We reasoned that there could be a receptor for Sema3E signaling transduction in retinal axon guidance. In the present study, we started to search for the potential Sema3E receptors. Unexpectedly, we found that Plexin B3 is expressed in retinal ganglion cells and it participates in retinal axon guidance in vivo. We also provided evidence suggesting that Plexin B3 together with Neuropilin could function as receptors for Sema3E. Zebrafish could serve as a model organism for investigating the role and mechanism of Plexin B3 and Sema3E in vivo.



Results


Plexin B3 is expressed in retinal ganglion cell layer when retinal axons are crossing the midline

We have previously found that Sema3E and Neuropilin1a are critical in guiding retinal axons to cross the chiasm in zebrafish (Dell et al., 2013). However, the intracellular domain of Neuropilin is relatively short (about 20 amino acid residues) and it usually functions as a co-receptor by binding Semaphorin ligands in a receptor complex. So, there should be a receptor functioning together with Neuropilin to transduce the Sema3E signal across the cell membrane. The reported mammalian Sema3E receptors in axon guidance include Plexin D1 and VEGFR2 (Bellon et al., 2010; Oh and Gu, 2013). We performed in situ hybridization using RNA probes against Plexin D1 and VEGF receptor (VEGFR1, VEGFR2/flk1, VEGFR2/KDRb, and VEGFR3). Neither Plexin D1 nor VEGF receptors seemed to be expressed in neural retina while the VEGF receptors were detected specifically in vessels (Supplementary Figures 1, 2). Moreover, no retinal axon growth defect was detected in Plexin D1 mutants (Supplementary Figure 1; Dell et al., 2013). These results suggested that neither Plexin D1 nor VEGFRs seem to be appropriate candidate receptor for Sema3E. In order to further identify the potential receptor components for Sema3E, we performed in situ hybridization with other Plexins (Plexin A1–A4 and B1–B3) (Supplementary Figure 3). Plexin A3 seemed to be expressed at low levels in retinal ganglion cell layers. However, no misprojection of retinal axons was found in Plexin A3 mutants (Dell et al., 2013). Intriguingly, Plexin B3 was found to be highly expressed in retinal ganglion cell (RGC) layer in embryos at 34 h post-fertilization (hpf) (Figures 1A, B). At this embryonic stage, a few newly differentiated retinal ganglion cells are revealed by the transgenic green fluorescent protein (GFP) reporter (Tg[isl2b:GFP]) (Pittman et al., 2008; Poulain et al., 2010) and the pioneer retinal axons are crossing the midline. At 36 hpf, more retinal ganglion cells are labeled by transgenic reporter and many retinal axons cross the midline and form the chiasm. Plexin B3 was mainly expressed in retinal ganglion cell layer at 36 hpf (Figures 1C, D), which was also demonstrated by single plane images (Figures 1E, F). Intriguingly, the spatiotemporal expression pattern of Plexin B3 resembled that of Neuropilin1 (Liu et al., 2004; Dell et al., 2013). Furthermore, Sema3E and Sema3D are expressed in the chiasm at the same time course (Dell et al., 2013). These results indicated that Plexin B3 might be a good candidate for Sema3E receptor component in retinal axon guidance.
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FIGURE 1
Plexin B3 is expressed in retinal ganglion cells when retinal axons are crossing the midline. In situ hybridization was performed on Tg[Isl2b:GFP] transgenic embryos at 34–36 hpf (hour post fertilization), in which the reporter protein GFP is expressed specifically in retinal ganglion cells and can also label retinal axons. (A) Fluorescent in situ hybridization using complementary RNA probe reveals that Plexin B3 is strongly expressed in retina at 34 hpf. (B) Tg[Isl2b:GFP] transgenic labeling demonstrates that Plexin B3 is strongly expressed in retinal ganglion cell layer (square brackets) when pioneer retinal axons are starting to cross the midline and form the chiasm. (C,D) Plexin B3 is expressed in retinal axon ganglion cell layer at 36 hpf when many retinal axons cross the midline. (E,F) A zoomed in and single plane of confocal image demonstrates that Plexin B3 is expressed in retinal ganglion cell layer. All images are ventral view, rostral to the top. Scale bar, 100 μm.




Plexin B3 is required for retinal axons to cross the midline at the chiasm

In order to investigate the role of Plexin B3 in retinal axon guidance, we performed knock down experiments with morpholino antisense oligos. Plexin B3 is highly conserved between zebrafish and mammals. Like human Plexin B3, the zebrafish ortholog also contains an extracellular Sema domain, an intracellular RAS-GAP domain and a PDZ-binding motif (NCBI’s conserved domain database) (Marchler-Bauer et al., 2015). We designed an antisense oligonucleotide morpholino (MO) targeting the fourth exon of zebrafish Plexin B3 (MOE4) according to the latest release of zebrafish genome (Ensembl, ENSDART00000026965.11, GRCz11 release 108). The MO was injected into 1–2 cell stage embryos. Sequencing of the cDNA PCR products revealed that the splicing of the fourth exon was interfered (data not shown). The fourth intron was retained in the mature mRNA and premature stop codons were introduced in the reading frame. The deduced protein should be truncated and retain only part of the Sema domain, missing the rest of the protein and lose the function of transducing signals across the plasma membrane.

In wild-type zebrafish larvae, almost all of the retinal axons cross the midline and project to the contralateral tectum at 4 days post fertilization (dpf) (Figure 2A). However, in Plexin B3 MOE4-treated larvae (morphants), some of the retinal axons failed to cross the midline and projected incorrectly into the ipsilateral tectum (Figure 2B). Although these retinal axons mis-projected into the wrong side of the brain, they still followed the “correct” pathway to join the axons from the other eye (Figure 2B). The ipsilateral misprojections of retinal axons were found in about 26% (36 out of 140) of the examined eyes. We noticed that the ipsilateral misprojections usually occurred in only one eye of an embryo and rarely in two eyes simultaneously, which was also found in our previous studies (Xu et al., 2010; Dell et al., 2013). We have no explanation for this yet. We can only speculate that the antisense morpholino might not be evenly distributed in the embryo. The eye with relatively higher dose of the morpholino will misproject axons, while the eye with lower dose project axons normally. The uneven distribution of morpholino in the embryos might only partially contribute to the asymmetric misprojections since even in the mutants of axon guidance cue receptors, such as robo2 or rb1 mutants, the retinal axons from the two eyes are asymmetrically mis-guided (Fricke et al., 2001; Gyda et al., 2012). These results indicated that Plexin B3 was required for retinal axons to correctly navigate through the chiasm and cross the midline.


[image: image]

FIGURE 2
Knocking down Plexin B3 induces retinal axons to misproject into the ipsilateral tectum. (A) In control MO treated embryos, all retinal axons cross the midline and project to the contralateral tectum. (B) In some of the MOE4 treated embryos (36 out of 140 eyes), retinal axons fail to cross the midline at the chiasm and misproject to the ipsilateral tectum (arrow). Images are dorsal view, rostral to the top. Scale bar, 100 μm.




Plexin B3 synergizes with Sema3E and Neuropilin1a in retinal axon guidance

The ipsilateral retinal axon guidance errors caused by knocking down Plexin B3 resemble those induced by Sema3E or Neuropilin1a deficiency (Dell et al., 2013), suggesting that Plexin B3 might serve as a receptor for Sema3E in axon guidance. In order to test whether Plexin B3 interacts with Sema3E genetically in vivo, we co-injected half doses of morpholinos against both of the genes. The half dose of either Plexin B3 or Sema3E individually induced relatively low percentage of ipsilateral misprojections (less than 5%, Figure 3). However, treating the embryos by combining the half doses of Plexin B3 and Sema3E MO resulted in dramatic increase of ipsilateral misprojections (up to more than 30%), much more than the sum of that caused by the two individual half doses (Figure 3). These results revealed that Plexin B3 and Sema3E function in concert in retinal axon guidance, suggesting that Plexin B3 might serve as a receptor for Sema3E. Similarly, Plexin B3 also synergized with Neuropilin1a (Nrp1a) in guiding retinal axons to cross the midline (Figure 3), suggesting that Nrp1a might function as a co-receptor for Sema3E.
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FIGURE 3
Plexin B3 synergizes genetically with Neuropilin1 and Sema3E in retinal axon guidance. Half doses of Plexin B3, Nrp1a or Sema3E MO results in low proportion of ipsilateral misprojections of retinal axons. Combining half doses of Plexin B3 MO with Nrp1a or Sema3E MO causes dramatic increase of ipsilateral misprojections, which is much more than the simple sum up of the individual half doses of MOs. The combo results strongly indicate that Plexin B3 genetically interact with Nrp1a and Sema3E and might function as receptor-ligand in axon guidance in vivo. Stars above the columns indicate that the proportion of eyes with ipsilateral misprojections induced by the combination of half doses is significantly higher than would be expected by assuming that the effects of half doses add together independently. ***p < 0.001, Fisher’s exact test.




The cytoplasmic domain of Plexin B3 is required for retinal axon guidance

It is found in mice that the signal of Sema3E is transduced through Plexin D1 or VEGFR2 in neural development (Chauvet et al., 2007; Bellon et al., 2010). However, neither Plexin D1 nor VEGFRs are detected in RGCs of zebrafish embryos, excluding the possibility that they function as Sema3E receptors. Plexin B3 is expressed in RGCs and involved in retinal axon guidance in concert with Sema3E and Nrp1. Considering that the intracellular domain of Nrp1 is too short to transduce signaling, we reason that Plexin B3 might transduce the Sema3E signaling across plasma membrane. In order to test the idea, we designed a second morpholino targeting the exon-intron junction of the 21st exon of Plexin B3, which is immediately downstream of the predicted transmembrane domain of Plexin B3 (Figure 4A). PCR and sequencing results revealed that Plexin B3-MOE21 treatment interfered the correct splicing of pre-mRNA and part of the intron was retained in the mis-spliced mRNA (data not shown). The mis-spliced mRNA is predicted to introduce premature stop codons and produce a truncated protein retaining the extracellular and transmembrane helix of Plexin B3 while missing most of the intracellular domains, which are required for signal transduction. The truncated Plexin B3 caused by MOE21 is predicted to be retained in the cell membrane since the deduced sequence of the presumed transmembrane helix is highly conserved between zebrafish and higher vertebrates. Knocking down Plexin B3 with the MOE21 induced ipsilateral misprojections of retinal axons, similar to those caused by MOE4 knockdown (Figure 4B). However, the proportion of ipsilateral misprojection caused by MOE21 (18 out of 125 eyes, ∼14.4%) was lower than that caused by MOE4 (Figure 2, 36 out of 140 eyes, ∼25.7%), although the proportion was still much higher than control MO (rarely seen ipsilateral misprojection). The lower efficiency of MOE21 could be interpreted that the intracellular domain of Plexin B3 might not be so important for signaling transduction. It could also be interpreted as the variable efficiency between morpholinos targeting different parts of the same gene, a similar phenomenon found in our previous studies (Xu et al., 2010; Dell et al., 2013). Overall, the above results suggest that the intracellular domain of Plexin B3 could be important for Sema3E signaling transduction in axon guidance. The treatment with Plexin B3 MOE4 and MOE21 phenocopied each other also suggested the specific effects of the morpholinos targeting Plexin B3. These results confirmed that Plexin B3 is necessary for retinal axon guidance across the midline and its intracellular domain is required for Semaphorin signal transduction in vivo.
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FIGURE 4
The intracellular domain of Plexin B3 is required for signaling transduction in retinal axon guidance. (A) Two morpholinos were designed to interfere with the splicing of exon 4 (E4) and exon 21 (E21) of Plexin B3 pre-mRNA. Sequencing the mis-spliced mRNA revealed that MOE4 results in a truncated protein remaining only part of extracellular part and MOE21 results in a truncated protein missing the majority of intracellular domains. (B) Plexin B3 MOE21 treatment causing misprojection of retinal axons into the ipsilateral tectum (arrow), similar as the effect of MOE4. The image is dorsal view, rostral to the top. Scale bar, 100 μm.




Plexin B3 can bind to Sema3E in vitro

The above results have demonstrated that Plexin B3 could interact with Sema3E and Nrp1a genetically in vivo. However, evidence is still required to show the direct signaling from Sema3E to Plexin B3. In order to address the direct interaction between the two molecules, we performed in vitro binding assays according to (He et al., 2019). Sema3E could bind to the cells expressing Nrp1a but not those transfected with empty vector, which is consistent with that found by He et al. (2019; Figures 5A, B). Either Sema3E or Sema3D bound to the cells expressing Plexin B3 (Figures 5C, D), suggesting that Sema3E could bind to Plexin B3 directly. We further demonstrated that Sema3E or Sema3D could bind to the cells co-transfected with Plexin B3 and Nrp1a (Figures 5E, F), suggesting that they might also bind to the Plexin B3 and Nrp1a receptor complex. The biochemical binding of Sema3E to Plexin B3 in vitro is consistent with the genetic interaction between the ligand and receptor signaling in vivo, suggesting that Plexin B3 might function as the receptor to mediate the signal transduction of Sema3E in axon guidance.
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FIGURE 5
Sema3E binds to Plexin B3 in vitro. The binding assay was performed using type 3 Semaphorins tagged with alkaline phosphatase (AP-Sema3) according to He et al. (2019). (A) Supernatant containing AP-tagged Sema3E was applied to HEK293 cells transfected with pAG3 empty vector. No obvious binding of Sema3E to the cells was detected. (B) AP-tagged Sema3E binds to cells expressing Nrp1a. (C,D) Sema3E or Sema3D binds to Plexin B3. (E,F) Sema3E or Sema3D binds to the cells co-transfected with Plexin B3 and Nrp1a.





Discussion

In the present study, we demonstrate that Plexin B3 might function as a receptor for axon guidance cue Sema3E in zebrafish. Several lines of evidence support the idea. Firstly, Plexin B3 and its potential ligand and receptor components are spatiotemporally expressed in zebrafish visual system. Among Plexins and VEGF receptors, Plexin B3 is strongly and specifically expressed in retinal ganglion cells when retinal axons are exiting the eyes and crossing the midline (Figure 1 and Supplementary Figures 2, 3). Meanwhile, Sema3E is expressed at the chiasm along the pathways through which the retinal axons navigate (Dell et al., 2013). Furthermore, the potential co-receptor for class three Semaphorins, Nrp1a (He et al., 2019) is also expressed in retinal ganglion cells, similar to Plexin B3 (Liu et al., 2004; Dell et al., 2013). Secondly, no retinal axon projection defects were found in the mutants of Plexin D1 (Supplementary Figure 1), which is a receptor for Sema3E in mice, or that of Plexin A3 (Dell et al., 2013), which seemed to be expressed in retina (Supplementary Figure 3). Thirdly, Plexin B3 deficiency results in ipsilateral misprojections of retinal axons (Figure 2), phenocopying the axon guidance errors caused by impairing Sema3E or Nrp1a (Dell et al., 2013). Fourthly, Plexin B3 genetically interacts with Sema3E and Neuropilin in retinal axon guidance (Figure 3). Fifthly, it has been reported Sema3E could bind directly to Nrp1a in vitro (He et al., 2019). We demonstrated here that Sema3E could bind to Plexin B3 as well as the co-transfected receptors Plexin B3 and Nrp1a, suggesting signaling transduction from Sema3E through Plexin B3 (Figure 5). Finally, the intracellular domain of Plexin B3 is required for signal transduction in retinal axon to cross the midline (Figure 4). All the above data are consistent with the idea that Plexin B3 functions as a receptor for Sema3E in zebrafish axon guidance.

Our finding that Sema3E signaling through Plexin B3 but not Plexin D1 in retinal axon guidance in zebrafish seems to be different from the reported Sema3E/PlexinD1 signaling in axon guidance in mice. Similarly, it has been demonstrated that Sema3E genetically interacts with Plexin B2 instead of Plexin D1 in zebrafish angiogenesis and the Sema3E/Plexin B2 signaling antagonizes Plexin D1 in endothelial cells (Lamont et al., 2009). The different receptors employed by Sema3E in axon guidance and angiogenesis could be attributed to the difference between their expression, function or species.

The ipsilateral projections of retinal axons found in binocular animals are caused by repulsive molecules expressed at the chiasm, such as Ephrin B2 (Nakagawa et al., 2000). However, the contralateral routing of axons has long been presumed to be a default program since the axons grow straight forward. Several molecules can promote the growth of retinal axons, such as CD44, L1, SSEA-1, and particularly two secreted proteins Vax1 and Sfrp1/2 (Secreted Frizzled-Related Proteins) expressed in chiasm cells (Prieur and Rebsam, 2017). However, these molecules seem to promote retinal axon growth but not guidance decisions. Recent evidence has demonstrated that midline crossing of retinal axons is an active process instead of a passive one (Prieur and Rebsam, 2017). The retinal axons need to overcome the inhibitory environment of the chiasm to cross the midline. Only a few signaling pathways have been found to promote retinal axons to cross the midline, including VEGF/Nrp1 (Erskine et al., 2011; Tillo et al., 2015) and Sema6D/Nr-CAM/PlexinA1 (Kuwajima et al., 2012) in mice. However, the disruption of these signaling pathways only causes a small portion of the retinal axons to misproject ipsilaterally, indicating that other redundant signals exist to promote and ensure midline crossing. It has been found that Sema3Fa and Sema3Gb are expressed dorsal to the optic chiasm (Callander et al., 2007) while Sema3H is expressed in the region of the optic nerve head in zebrafish (Stevens and Halloran, 2005). Functional studies are required in the future to address whether these guidance cues are involved in midline crossing at the chiasm. The Sema3E/Nrp1/Plexin B3 signaling in zebrafish found in this study seems to be permissive or attractant for retinal axons to cross the midline. It is not known yet whether the signaling pathway exists or functions to promote chiasm formation in higher vertebrates. It has been revealed that the cells expressing class 3 Semaphorins, including Sema3E, are located far from the chiasm in mice (Erskine et al., 2011; Kuwajima et al., 2012). It has been found that the VEGF signaling but not Sema3 signaling through Nrp1 is essential for retinal axons to cross the midline (Erskine et al., 2011). However, no evidence directly excludes Sema3E from participating in retinal axon development yet. Sema3E has been found to be expressed in a subpopulation of mouse retinal ganglion cells (Fukushima et al., 2011; Kim et al., 2011). Moreover, Sema3E can collapse the growth cones of chick and rat retinal axons in vitro (Steinbach et al., 2002; Steffensky et al., 2006; Sharma et al., 2014). Further studies are definitely required to examine whether Sema3E is involved in retinal axon guidance in higher vertebrates and to identify its potential receptors.

The reports on the roles of Plexin B3 in neural development are still controversial. It is demonstrated that Plexin B3 is expressed selectively in white matter and oligodendrocytes (Worzfeld et al., 2004). However, the morphology of the central nervous system and behavior of the Plexin B3 mutant mice are indistinguishable from the wild type controls (Worzfeld et al., 2009). It is speculated that the normal phenotype of the Plexin B3 mutant mice could be due to redundant Semaphorin/Plexin signaling pathways functioning in the nervous system. It has been demonstrated that Plexin B3 is expressed not only in glia (Worzfeld et al., 2004) but also in neurons (Cheng et al., 2001; Hartwig et al., 2005). Plexin B3 is found to promote axon growth in vitro, probably through homophilic interaction (Hartwig et al., 2005). Our current findings suggest that Plexin B3 functions as a receptor for Sema3E, although the possibility of homophilic Plexin B3 interaction can’t be excluded. The only reported ligand for Plexin B3 so far is Sema5A (Artigiani et al., 2004), however, it still remains to be examined whether the Plexin B3-Sema5A signaling functions in neural development. Previous evidence demonstrates that Sema5A might function as a ligand for Plexin A3 in zebrafish axon guidance (Hilario et al., 2009). Further study is required to clarify whether Sema5A is expressed in zebrafish visual system and whether it serves as a ligand for Plexin B3 in axon guidance. It has been found that human Plexin B3 mutations are associated with white matter volume and cognitive performance (Rujescu et al., 2007). It would be interesting to investigate whether the pairing of Plexin B3 with Sema3E or other potential ligands in axon development is conserved between lower vertebrates and humans.

The signaling of class 3 semaphorins is usually transduced through Plexin A or Plexin D1 receptors with Neuropilin functioning as a co-receptor. Sema3E is an exception among Sema3s since it has been shown to bind Plexin D1 directly in the absence of Neuropilin. The participation of Neuropilin in Plexin B signaling has not been reported before. Our results suggest that Nrp1 might function as a co-receptor facilitating the binding of Sema3E to Plexin B3 and modulating the signaling transduction through Plexin B3. There are several lines of evidence to support the speculation. Firstly, the intracellular domain of Neuropilin rarely transduces signaling. Secondly, the intracellular domain of Plexin B3 is required for signaling transduction (Figure 4). Thirdly, Sema3E has been demonstrated to bind Nrp1 in vitro (Figure 5B). Fourthly, Nrp1 can modulate the sensitivity of retinal axons to Sema3s at the midline and consequently facilitate axon crossing in the chiasm (Dell et al., 2013). Finally, the expression level of Nrp1 is regulated by cAMP (Dell et al., 2013), which is a second messenger downstream of G-protein coupled receptors that can modulate the sensitivity of retinal axons to midline guidance cues (Xu et al., 2010). Further studies are required to examine the role of Nrp1 in facilitating the signaling transduction of Sema3E-Plexin B3 in axon guidance.

Our results reveal that the cytoplasmic part of Plexin B3 is required for signal transduction in axon guidance. Upon binding of Semaphorins to Plexins, the cytoplasmic parts of Plexins dimerize and lead to activation of downstream signaling cascades. The intracellular domains of Plexin B3 are highly conserved between zebrafish and higher vertebrates. The intracellular region of B type Plexins is composed of a juxtamembrane segment, a RBD and a GAP) domain, which are shared by other Plexins. Besides these common domains, B Plexins also contain a unique C-terminal PDZ-binding motif “VTDL,” which binds to guanine nucleotide exchange factors (GEFs), PDZ–RhoGEF, and LARG (Pascoe et al., 2015). These small GTPases and GEFs are critical mediators for Plexins in axon growth and guidance through regulating cytoskeleton, cell adhesion and endocytosis. Besides these small molecules, Plexins can also interact with other molecules such as collapsin-response mediator proteins (CRMPs). CRMP4 has been found to interact with Sema3E tripartite receptor complex and its cytoskeleton-binding domain is required for Sema3E’s axon growth-promoting activity (Boulan et al., 2021). We have demonstrated that CRMP4 is critical for zebrafish retinal axon growth and guidance (Liu et al., 2018). It is tempting to speculate that CRMP4 could be involved in the Sema3E-Plexin B3 signaling in zebrafish retinal axon guidance. The involvement of CRMP4 and Plexin B3 mutations in neuropsychiatric disorders (Rujescu et al., 2007; Tsutiya et al., 2017) could make zebrafish a valuable model organism to further investigate their roles and the underlying mechanisms in neurodevelopment and neuropsychiatric disorders.



Materials and methods


Zebrafish husbandry

Wild-type AB strain zebrafish were raised and maintained at 28.5°C on a 14/10 h light/dark cycle. Heterozygous transgenic Isl2b:GFP fish (Pittman et al., 2008) were kindly provided by the Chi-Bin Chien Lab, University of Utah. Adult fish under 12 months of age were mated to produce embryos. Embryonic and larval fish were raised in E3 embryo medium by adding 0.006% phenylthiourea at 22–24 hpf to prevent pigmentation. All zebrafish study was performed following the protocols approved by the Nanchang University Animal Care and Use Committee.



In situ hybridization

Fluorescent in situ hybridization was performed as described previously (Xu et al., 2010) with minor modifications. Briefly, antisense complementary RNA probes were digoxigenin-labeled and incubated with embryos to detect the expression pattern of various transcripts. The horse-radish peroxidase (POD)-conjugated Anti-DIG antibody (Roche; catalog #11 207 733 910) was applied to detect the DIG-labeled cRNA probes and the signal was amplified with a cyanine 3-coupled tyramide system (PerkinElmer; NEL 744). Immunostaining was performed simultaneously where needed to detect the co-localization of GFP-labeled retinal neurons and axons.



Retinal axon labeling

Zebrafish larvae were collected at 4 or 5 dpf and fixed in 4% paraformaldehyde. Lipophilic dyes, DiD, and DiI (D7757 and D282 from Thermo Fisher), were separately micro-injected into the retinal ganglion cell layer of the two eyes. The dyes were allowed to diffuse along retinal axons overnight at 4°C or 1–2 h at 37°C. The fluorescently labeled retinal projections were acquired on a confocal laser scanning microscope (Olympus FV1000). The images were presented as maximum projection of z-stacks.



Morpholino design and microinjection

Morpholino (MO) antisense oligonucleic acids were ordered from Gene-Tools, LLC (Philomath, OR, USA). Two MO oligos were designed to block the splicing of Plexin B3 (Transcript ID ENSDART00000026965.11, GRCz11, Ensembl release 108) at the exon-intron junctions of exon 4–intron 4 (Plexin B3 MOE4) and exon 21–intron 21 (Plexin B3 MOE21). The sequence of the two MOs are: Plexin B3 MOE4, 5′-AGA CAG GTG AGC TCC AGT ACC TGC C-3′; Plexin B3 MOE21, 5′-AAC AAA GGC ACT GAA CTG ACC CGT A-3′. Other MOs used in this study were ordered according to published sequences: Nrp1a, 5′-GAA TCC TGG AGT TCG GAG TGC GGA A-3′ (Lee et al., 2002; Dell et al., 2013); Sema3E, 5′-TTG TAG AGA TGA ACA CTT ACG GTA G-3′ (Dell et al., 2013). Usually 1–2 nl of the MOs at desired concentrations were microinjected into the yolk of 1–2 cell stage zygotes.



AP-tagged protein binding assay

The ligand-receptor binding assay was performed with alkaline phosphatase (AP)-tagged protein as described (Kobayashi et al., 1997; He et al., 2019). Briefly, HEK293 cells were inoculated in the DMEM with high glucose (Gibco, NY, USA) and incubated at 37°C with the supplement of 5% CO2. After the cells grew to almost 80% confluence, 1 μg of plasmid encoding AP-Sema3 was added and transfected using Lipofectamine 3000 transfection kit (Thermo Fisher Scientific, MA, USA) for 4–6 h. The cells were changed into fresh medium and let recovery overnight. The temperature was lowered to about 30°C and the supernatants of AP-Sema3 transfected HEK293 cells were harvested 24–48 h later and stored at −80°C.

The Plexin B3 or Nrp1a transfected HEK293 cells were used for Sema3 binding assay. The supernatant of pAG-Plexin B3 and/or pAG-Nrp1a transfected HEK293 cells was removed and the cells were washed with PBS for three times. Then, the transfected cells were incubated with the above collected supernatants for 1 h at room temperature. Then, the supernatants were removed and the cells were fixed with Acetone/Formaldehyde fixative (60% acetone, 3% formaldehyde, 20 mM HEPES, pH 7.0) for 10 min. After washing with PBS three times, the cells were heated at 65°C for 90 min. The cells were then incubated with BCIP/NBT substrate (Sangon, Shanghai, China) in Alkaline Phosphatase buffer [100 mM Tris–HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl2] at 37°C in the dark. The stained cells were visualized under a Nikon AZ100 microscope. Images were captured using a Nikon DIGITAL SIGHT DS-Fil1 digital camera and processed with NIS-Elements F 3.0 (Nikon).
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SUPPLEMENTARY FIGURE 1
Plexin D1 is dispensable for retinal axon guidance at the chiasm. Whole mount fluorescent in situ hybridization was performed with cRNA probe against Plexin D1 on Tg[Isl2b:GFP] transgenic embryos in which GFP reporter protein is specifically expressed in retinal ganglion cells and retinal axons. (A,B) Plexin D1 seems to be only weakly, if there is any, expressed in retinal ganglion cells at 36 hpf when retinal axons are crossing the chiasm. (C,D) The homozygous mutation of Plexin D1 does not affect the midline crossing of retinal axons at the chiasm.

SUPPLEMENTARY FIGURE 2
Vascular endothelial growth factor (VEGF) receptors are expressed restrictedly in the vessels of the eyes. Whole mount fluorescent in situ hybridization was performed with cRNA probes against VEGF receptors (VEGFR1, VEGFR2a/Flk1, VEGFR2b/Kdr, and VEGFR3) on Tg[Isl2b:GFP] transgenic embryos. The VEGF receptors are expressed in the vessels of the eyes and the chiasm.

SUPPLEMENTARY FIGURE 3
The expression of Plexin As, Plexin B1, and Plexin B2 are rarely detected in retinal ganglion cells. Whole mount fluorescent in situ hybridization was performed with complementary RNA probes against Plexin As (Plexin A1a, Plexin A1b, Plexin A2, Plexin A3, and Plexin A4), Plexin B1 and Plexin B2 on Tg[Isl2b:GFP] transgenic embryos. The expression of these Plexins can be detected in the eyes but are rarely detected in RGC layers except Plexin A3.



References

Artigiani, S., Conrotto, P., Fazzari, P., Gilestro, G., Barberis, D., Giordano, S., et al. (2004). Plexin-B3 is a functional receptor for semaphorin 5A. EMBO Rep. 5, 710–714.

Bellon, A., Luchino, J., Haigh, K., Rougon, G., Haigh, J., Chauvet, S., et al. (2010). VEGFR2 (KDR/Flk1) signaling mediates axon growth in response to semaphorin 3E in the developing brain. Neuron 66, 205–219. doi: 10.1016/j.neuron.2010.04.006

Boulan, B., Ravanello, C., Peyrel, A., Bosc, C., Delphin, C., Appaix, F., et al. (2021). CRMP4-mediated fornix development involves semaphorin-3E signaling pathway. Elife 10:e70361. doi: 10.7554/eLife.70361

Callander, D. C., Lamont, R., Childs, S., and McFarlane, S. (2007). Expression of multiple class three semaphorins in the retina and along the path of zebrafish retinal axons. Dev. Dyn. 236, 2918–2924. doi: 10.1002/dvdy.21315

Chauvet, S., Cohen, S., Yoshida, Y., Fekrane, L., Livet, J., Gayet, O., et al. (2007). Gating of Sema3E/PlexinD1 signaling by neuropilin-1 switches axonal repulsion to attraction during brain development. Neuron 56, 807–822. doi: 10.1016/j.neuron.2007.10.019

Cheng, H. J., Bagri, A., Yaron, A., Stein, E., Pleasure, S., and Tessier-Lavigne, M. (2001). Plexin-A3 mediates semaphorin signaling and regulates the development of hippocampal axonal projections. Neuron 32, 249–263. doi: 10.1016/s0896-6273(01)00478-0

Dell, A. L., Fried-Cassorla, E., Xu, H., and Raper, J. (2013). cAMP-induced expression of neuropilin1 promotes retinal axon crossing in the zebrafish optic chiasm. J. Neurosci. 33, 11076–11088. doi: 10.1523/JNEUROSCI.0197-13.2013

Dickson, B. J. (2002). Molecular mechanisms of axon guidance. Science 298, 1959–1964.

Erskine, L., Reijntjes, S., Pratt, T., Denti, L., Schwarz, Q., Vieira, J., et al. (2011). VEGF signaling through neuropilin 1 guides commissural axon crossing at the optic chiasm. Neuron 70, 951–965. doi: 10.1016/j.neuron.2011.02.052

Feng, Z., Chen, X., Li, T., Gao, H., Chen, W., Gao, Y., et al. (2022). An X-linked PLXNB3 mutation identified in patients with congenital heart disease with neurodevelopmental disabilities. Transl. Pediatr. 11, 1852–1863. doi: 10.21037/tp-22-556

Fricke, C., Lee, J., Geiger-Rudolph, S., Bonhoeffer, F., and Chien, C. (2001). astray, a zebrafish homolog required for retinal axon guidance. Science 292, 507–510. doi: 10.1126/science.1059496

Fukushima, Y., Okada, M., Kataoka, H., Hirashima, M., Yoshida, Y., Mann, F., et al. (2011). Sema3E-PlexinD1 signaling selectively suppresses disoriented angiogenesis in ischemic retinopathy in mice. J. Clin. Invest. 121, 1974–1985. doi: 10.1172/JCI44900

Gu, C., Yoshida, Y., Livet, J., Reimert, D., Mann, F., Merte, J., et al. (2005). Semaphorin 3E and plexin-D1 control vascular pattern independently of neuropilins. Science 307, 265–268. doi: 10.1126/science.1105416

Gyda, M., Wolman, M., Lorent, K., and Granato, M. (2012). The tumor suppressor gene retinoblastoma-1 is required for retinotectal development and visual function in zebrafish. PLoS Genet. 8:e1003106. doi: 10.1371/journal.pgen.1003106

Hartwig, C., Veske, A., Krejcova, S., Rosenberger, G., and Finckh, U. (2005). Plexin B3 promotes neurite outgrowth, interacts homophilically, and interacts with Rin. BMC Neurosci. 6:53. doi: 10.1186/1471-2202-6-53

He, Z., Crenshaw, E., and Raper, J. (2019). Semaphorin/neuropilin binding specificities are stable over 400 million years of evolution. Biochem. Biophys. Res. Commun. 517, 23–28. doi: 10.1016/j.bbrc.2019.06.133

Hilario, J. D., Rodino-Klapac, L., Wang, C., and Beattie, C. (2009). Semaphorin 5A is a bifunctional axon guidance cue for axial motoneurons in vivo. Dev. Biol. 326, 190–200. doi: 10.1016/j.ydbio.2008.11.007

Hota, P. K., and Buck, M. (2012). Plexin structures are coming: Opportunities for multilevel investigations of semaphorin guidance receptors, their cell signaling mechanisms, and functions. Cell. Mol. Life Sci. 69, 3765–3805. doi: 10.1007/s00018-012-1019-0

Jongbloets, B. C., and Pasterkamp, R. J. (2014). Semaphorin signalling during development. Development 141, 3292–3297.

Kang, S., and Kumanogoh, A. (2013). Semaphorins in bone development, homeostasis, and disease. Semin. Cell. Dev. Biol. 24, 163–171.

Kim, J., Oh, W., Gaiano, N., Yoshida, Y., and Gu, C. (2011). Semaphorin 3E-Plexin-D1 signaling regulates VEGF function in developmental angiogenesis via a feedback mechanism. Genes Dev. 25, 1399–1411. doi: 10.1101/gad.2042011

Kobayashi, H., Koppel, A., Luo, Y., and Raper, J. (1997). A role for collapsin-1 in olfactory and cranial sensory axon guidance. J. Neurosci. 17, 8339–8352. doi: 10.1523/JNEUROSCI.17-21-08339.1997

Koropouli, E., and Kolodkin, A. L. (2014). Semaphorins and the dynamic regulation of synapse assembly, refinement, and function. Curr. Opin. Neurobiol. 27, 1–7.

Kuwajima, T., Yoshida, Y., Takegahara, N., Petros, T., Kumanogoh, A., Jessell, T., et al. (2012). Optic chiasm presentation of semaphorin6d in the context of plexin-A1 and Nr-CAM promotes retinal axon midline crossing. Neuron 74, 676–690. doi: 10.1016/j.neuron.2012.03.025

Lamont, R. E., Lamont, E., and Childs, S. (2009). Antagonistic interactions among Plexins regulate the timing of intersegmental vessel formation. Dev. Biol. 331, 199–209. doi: 10.1016/j.ydbio.2009.04.037

Lee, P., Goishi, K., Davidson, A., Mannix, R., Zon, L., and Klagsbrun, M. (2002). Neuropilin-1 is required for vascular development and is a mediator of VEGF-dependent angiogenesis in zebrafish. Proc. Natl. Acad. Sci. U.S.A. 99, 10470–10475. doi: 10.1073/pnas.162366299

Liu, Y., Berndt, J., Su, F., Tawarayama, H., Shoji, W., Kuwada, J., et al. (2004). Semaphorin3D guides retinal axons along the dorsoventral axis of the tectum. J. Neurosci. 24, 310–318. doi: 10.1523/JNEUROSCI.4287-03.2004

Liu, Z. Z., Zhu, J., Wang, C., Wang, X., Han, Y., Liu, L., et al. (2018). CRMP2 and CRMP4 are differentially required for axon guidance and growth in zebrafish retinal neurons. Neural Plast. 2018:8791304. doi: 10.1155/2018/8791304

Marchler-Bauer, A., Derbyshire, M., Gonzales, N., Lu, S., Chitsaz, F., Geer, L., et al. (2015). CDD: NCBI’s conserved domain database. Nucleic Acids Res. 43, D222–D226.

Matsuoka, R. L., Chivatakarn, O., Badea, T., Samuels, I., Cahill, H., Katayama, K., et al. (2011). Class 5 transmembrane semaphorins control selective Mammalian retinal lamination and function. Neuron 71, 460–473. doi: 10.1016/j.neuron.2011.06.009

Nakagawa, S., Brennan, C., Johnson, K., Shewan, D., Harris, W., and Holt, C. (2000). Ephrin-B regulates the ipsilateral routing of retinal axons at the optic chiasm. Neuron 25, 599–610. doi: 10.1016/s0896-6273(00)81063-6

Negishi, M., Oinuma, I., and Katoh, H. (2005). Plexins: Axon guidance and signal transduction. Cell. Mol. Life Sci. 62, 1363–1371.

Oh, W. J., and Gu, C. (2013). The role and mechanism-of-action of Sema3E and plexin-D1 in vascular and neural development. Semin. Cell. Dev. Biol. 24, 156–162.

Pascoe, H. G., Wang, Y., and Zhang, X. (2015). Structural mechanisms of plexin signaling. Prog. Biophys. Mol. Biol. 118, 161–168.

Perala, N., Sariola, H., and Immonen, T. (2012). More than nervous: The emerging roles of plexins. Differentiation 83, 77–91.

Pittman, A. J., Law, M., and Chien, C. (2008). Pathfinding in a large vertebrate axon tract: Isotypic interactions guide retinotectal axons at multiple choice points. Development 135, 2865–2871. doi: 10.1242/dev.025049

Poulain, F. E., Gaynes, J., Stacher Hörndli, C., Law, M., and Chien, C. (2010). Analyzing retinal axon guidance in zebrafish. Methods Cell Biol. 100, 3–26.

Prieur, D. S., and Rebsam, A. (2017). Retinal axon guidance at the midline: Chiasmatic misrouting and consequences. Dev. Neurobiol. 77, 844–860. doi: 10.1002/dneu.22473

Raper, J. A. (2000). Semaphorins and their receptors in vertebrates and invertebrates. Curr. Opin. Neurobiol. 10, 88–94.

Rehman, M., and Tamagnone, L. (2013). Semaphorins in cancer: Biological mechanisms and therapeutic approaches. Semin. Cell. Dev. Biol. 24, 179–189.

Roth, L., Koncina, E., Satkauskas, S., Crémel, G., Aunis, D., and Bagnard, D. (2009). The many faces of semaphorins: From development to pathology. Cell. Mol. Life Sci. 66, 649–666.

Rujescu, D., Meisenzahl, E., Krejcova, S., Giegling, I., Zetzsche, T., Reiser, M., et al. (2007). Plexin B3 is genetically associated with verbal performance and white matter volume in human brain. Mol. Psychiatry 12, 190–194. doi: 10.1038/sj.mp.4001903

Sharma, A., LeVaillant, C., Plant, G., and Harvey, A. (2014). Changes in expression of Class 3 Semaphorins and their receptors during development of the rat retina and superior colliculus. BMC Dev. Biol. 14:34. doi: 10.1186/s12861-014-0034-9

Sharma, A., Verhaagen, J., and Harvey, A. (2012). Receptor complexes for each of the class 3 semaphorins. Front. Cell. Neurosci. 6:28. doi: 10.3389/fncel.2012.00028

Steffensky, M., Steinbach, K., Schwarz, U., and Schlosshauer, B. (2006). Differential impact of semaphorin 3E and 3A on CNS axons. Int. J. Dev. Neurosci. 24, 65–72. doi: 10.1016/j.ijdevneu.2005.10.007

Steinbach, K., Volkmer, H., and Schlosshauer, B. (2002). Semaphorin 3E/collapsin-5 inhibits growing retinal axons. Exp. Cell Res. 279, 52–61. doi: 10.1006/excr.2002.5595

Stevens, C. B., and Halloran, M. C. (2005). Developmental expression of sema3G, a novel zebrafish semaphorin. Gene Expr. Patterns 5, 647–653. doi: 10.1016/j.modgep.2005.02.009

Tillo, M., Erskine, L., Cariboni, A., Fantin, A., Joyce, A., Denti, L., et al. (2015). VEGF189 binds NRP1 and is sufficient for VEGF/NRP1-dependent neuronal patterning in the developing brain. Development 142, 314–319. doi: 10.1242/dev.115998

Tsutiya, A., Nakano, Y., Hansen-Kiss, E., Kelly, B., Nishihara, M., Goshima, Y., et al. (2017). Human CRMP4 mutation and disrupted Crmp4 expression in mice are associated with ASD characteristics and sexual dimorphism. Sci. Rep. 7:16812. doi: 10.1038/s41598-017-16782-8

Worzfeld, T., Püschel, A., Offermanns, S., and Kuner, R. (2004). Plexin-B family members demonstrate non-redundant expression patterns in the developing mouse nervous system: An anatomical basis for morphogenetic effects of Sema4D during development. Eur. J. Neurosci. 19, 2622–2632. doi: 10.1111/j.0953-816X.2004.03401.x

Worzfeld, T., Rauch, P., Karram, K., Trotter, J., Kuner, R., and Offermanns, S. (2009). Mice lacking plexin-B3 display normal CNS morphology and behaviour. Mol. Cell. Neurosci. 42, 372–381. doi: 10.1016/j.mcn.2009.08.008

Xu, H., Leinwand, S., Dell, A., Fried-Cassorla, E., and Raper, J. (2010). The calmodulin-stimulated adenylate cyclase ADCY8 sets the sensitivity of zebrafish retinal axons to midline repellents and is required for normal midline crossing. J. Neurosci. 30, 7423–7433. doi: 10.1523/JNEUROSCI.0699-10.2010


Copyright
 © 2024 Liu, Liu, Zhu, Zhu, Luo, Wang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Plexin B3 guides axons to cross the midline in vivo



		Introduction



		Results



		Plexin B3 is expressed in retinal ganglion cell layer when retinal axons are crossing the midline



		Plexin B3 is required for retinal axons to cross the midline at the chiasm



		Plexin B3 synergizes with Sema3E and Neuropilin1a in retinal axon guidance



		The cytoplasmic domain of Plexin B3 is required for retinal axon guidance



		Plexin B3 can bind to Sema3E in vitro







		Discussion



		Materials and methods



		Zebrafish husbandry



		In situ hybridization



		Retinal axon labeling



		Morpholino design and microinjection



		AP-tagged protein binding assay







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Cellular Neuroscience












OPS/images/fncel-18-1292969-g005.jpg
A

Sema3E - Vector B Sema‘S_E_—>NJp1a ~ C Sema3E = PIxnB3
. &7

° ' # Mi:r' e ;‘

» . ~
s " , - z i ﬁ \ c%‘ - ‘J
: ‘ " S st f‘ & e esd :
, M e o ( 5 *‘ R ‘ :

: R . s 4 " o] ; 2 - &

N

D

‘Sema3D— PIxnB3 E Sema3E = PIxnB3+Nrp1a F Sema3D—PIxnB3+Nrp1a

e ok ’ e . o v
L G . Y X a, Ao
. ‘..‘ P : ’ - i ":. >
' c . . ¢ o . * :
T e o Py ; B 3
Q’ s * . - 2 & ;tL o)
5 L, foes N 8 ke ‘
. e v » ‘ e dR : £ : 4
- Y . % »
4 LYY L v gt & ’ ’ "
. & L8 Tie P »
an !' . . 4 B Y ¥ :
. @ * g pe VAL ‘¢ » :’1’






OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience







OPS/images/fncel-18-1292969-g001.jpg
Plexin B3

Plexin B3

Plexin B3

D : Plexin B3
e o IsI2b:GFP

36 hpf

i
”

B Plexin B3
| IsI2b:GFP

100 um

36 hpf






OPS/images/fncel-18-1292969-g002.jpg
CtiMO 10.8ng |B Plexin B3 MO*®* 10.8 ng

st UK

B i,'-’,«






OPS/images/fncel-18-1292969-g003.jpg
Ipsilateral misprojections (%)

AN
o

40 *%kk
30
20
(107)
10
Ko & £ o
g\e"“\ ™ o™ Q\G*N? ?\e"“ e“‘°





OPS/images/fncel-18-1292969-g004.jpg
A

Plexin B3 MO®'7.6ng

Plexin B3 pre-mRNA

MOEd MOEZI

— -
El EZ E3 B B e E19 E20 E21 E22...

I Plexin B3 protein I

Extracellular Intracellular
|

[ | |

wi T
|

+ MOE4 Transmembrane helix
w0 [

18/125






