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GnRH-1 Neural Migration From the Nose to the Brain Is Independent From Slit2, Robo3 and NELL2 Signaling
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Gonadotropin releasing hormone-1 (GnRH-1) neurons play a pivotal role in controlling pubertal onset and fertility once they reach their hypothalamic location. During embryonic development, GnRH-1 neurons migrate from the nasal area to the hypothalamus where they modulate gonadotropin release from the pituitary gland. Defective migration of the GnRH-1 neurons to the brain, lack of GnRH-1 secretion or signaling cause hypogonadotropic hypogonadism (HH), a pathology characterized by delayed or absence of puberty. Binding of the guidance cue Slit2 to the receptor roundabout 3 (Robo3) has been proposed to modulate GnRH-1 cell motility and basal forebrain (bFB) access during migration. However, evidence suggests that Neural EGFL Like 2 (NELL2), not Slit2, binds to Robo3. To resolve this discrepancy, we analyzed GnRH-1 neuronal migration in NELL2, Robo3, and Slit2 knock-out mouse lines. Our data do not confirm a negative effect for monogenic Robo3 and Slit2 mutations on GnRH-1 neuronal migration from the nasal area to the brain. Moreover, we found no changes in GnRH-1 neuronal migration in the brain after NELL2 loss-of-function. However, we found that Slit2 loss-of-function alters the patterning of GnRH-1 cells in the brain, suggesting that Slit2 loss-of-function affects GnRH-1 cell positioning in the brain in a Robo3 independent fashion. Our results challenge previous theories on GnRH-1 neuronal migration mechanisms and provide a new impetus to identify and understand the complex genetic mechanisms causing disorders like Kallmann syndrome (KS) and HH.
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INTRODUCTION

Precise control of neural migration and circuit formation is essential to coordinate animal behavior and neuroendocrine functions. In mammals, pubertal onset and fertility requires correct development of gonadotropin releasing hormone-1 neurons (GnRH-1ns). During early embryonic development, these neurons migrate from the nasal area to the brain (Schwanzel-Fukuda and Pfaff, 1989). Once GnRH-1ns reach the hypothalamus, they secrete GnRH-1 peptide to control the release of follicle-stimulating hormone and luteinizing hormone from the pituitary gland (Forni and Wray, 2015). Lack of GnRH-1 secretion or signaling causes hypogonadotropic hypogonadism (HH), a pathology characterized by delayed or absent pubertal onset and sterility. Kallmann syndrome (KS; Dodé and Hardelin, 2009) is a form of HH associated with defective olfactory development resulting in anosmia (partial or total inability to smell).

The genesis of GnRH-1ns in the olfactory pit, and their migration from nose to hypothalamus are complex developmental processes that involve paracrine signals (Hardelin and Dodé, 2008; Trarbach et al., 2010; Forni et al., 2013; Zhang et al., 2015), migratory signals, axonal guidance cues (Toba et al., 2008; Cariboni et al., 2011, 2015; Messina et al., 2011; Casoni et al., 2012), as well as the interaction between cells types of different embryonic origins (Barraud et al., 2013; Forni et al., 2013; Pingault et al., 2013). Though large genetic screenings have led to the identification of a number of genes associated with KS and HH (Boehm et al., 2015; for an updated catalog visit http://OMIM.org), many still remain unknown. Moreover, a growing number of reports refute the long-existing view that KS and HH are monogenic diseases, proposing, instead, a more complex oligogenic nature for these genetic pathologies (Sykiotis et al., 2010; Balasubramanian et al., 2014; Stamou and Georgopoulos, 2018).

Diffusible and/or juxtacrine cues interact with receptors expressed on neuronal growth cones, define axonal trajectories, regulate neuronal migration, and produce accurate circuit formation. Two receptors, roundabout (Robo)1 and Robo2, cause axonal repulsion in response to Slit proteins, whereas a different Robo protein, Robo3, can silence Robo1 and 2-mediated Slit repulsion (Marillat et al., 2004; Sabatier et al., 2004; Chen et al., 2008; Jaworski et al., 2015) without binding to Slits (Zelina et al., 2014; Jaworski et al., 2015). Robo3 also increases deleted in colorectal cancer (DCC) mediated sensitivity to Netrin attraction and mediates axonal repulsion to its recently discovered ligand Neural EGFL Like 2 (NELL2; Zelina et al., 2014; Jaworski et al., 2015). The developing forebrain of mice is a source of Slit proteins (Nguyen-Ba-Charvet et al., 2002, 2004, 2008) which are expressed in non-overlapping fashion (Andrews et al., 2007). Slit1 and Slit2 released from the forebrain act as repellants preventing olfactory and vomeronasal neurons, which express Robo1 and/or Robo2, from invading the forebrain (Taroc et al., 2017). However, the terminal nerve (TN), upon which GnRH-1ns migrate to the brain, invades the brain and crosses key areas of Slit production (Schwanzel-Fukuda and Pfaff, 1989; Taroc et al., 2017).

Mice lacking the Slit receptors Robo1 and Robo2 can have severe defects in the development of the olfactory system (Nguyen-Ba-Charvet et al., 2008), but show no defects in GnRH-1ns migration or patterning (Cariboni et al., 2012), which suggests a lack of central control for the two main receptors for Slits in guiding GnRH-1 cells. However, Robo3null and Slit2null animals have been reported to have severe GnRH-1 neuronal migratory defects with approximately a 50% reduction in GnRH-1ns accessing the brain as they accumulate in the nasal area (Cariboni et al., 2012). Based on these data, a Robo3-Slit2 ligand-receptor axis has been proposed to guide the GnRH-1ns (Cariboni et al., 2012). Conversely, it is known that direct Slit2-Robo3 binding does not occur (Camurri et al., 2005; Zelina et al., 2014; Jaworski et al., 2015), which leaves the mechanism responsible for GnRH-1 neuronal migration in Robo3null and Slit2null mutants unresolved and controversial (Cariboni et al., 2012).

GnRH-1ns migrate from the nasal area to the brain along the projections of the TN (Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989a,b). The migration of GnRH-1ns in Arx-1 null mutants, a mouse line with severe defects in olfactory bulb (OB) development, indicated GnRH-1ns can successfully migrate to the forebrain even without a proper olfactory connection to the brain (Taroc et al., 2017). Compared to TN and GnRH-1ns, these results also suggested that olfactory and vomeronasal neurons may express different Robo receptors and show different sensitivity to guidance cues in the Slit family (Taroc et al., 2017). TN and GnRH-1ns can migrate across sources of Slit proteins and express Robo3 (Cariboni et al., 2012; Taroc et al., 2017), which could make these neurons insensitive to Slit mediated repulsion by silencing Robo1 and Robo2 (Sabatier et al., 2004; Camurri et al., 2005; Chen et al., 2008; Zelina et al., 2014; Friocourt and Chédotal, 2017). We hypothesized that GnRH-1ns migratory defects previously reported for Robo3 and Slit2 mutants (Cariboni et al., 2012) could arise either from aberrant TN and GnRH-1ns responses to NELL2 mediated repulsion (Jaworski et al., 2015) or a loss in competency to switch off Slit mediated repulsion in a Robo3 dependent fashion (Sabatier et al., 2004).

MATERIALS AND METHODS

Animals

All mice used in this study are on a CD-1 background of either sex. Generation and validation of Robo3, NELL2 and Slit2 null mutants were previously described (Plump et al., 2002; Sabatier et al., 2004; Jaworski et al., 2015). All animal procedures were approved by University at Albany Animal Care and Use Committee (IACUC).

Tissue Preparation

Embryos were collected from time-mated females, where the observation of the copulation plug was taken as E0.5. Collected embryos were immersion-fixed in 4% paraformaldehyde/PBS at 4°C for 3 h. All samples were then cryoprotected in 30% sucrose overnight or until they sank, then frozen in O.C.T (Tissue-TeK) using dry ice, and kept at −80°C. Samples were serially cryosectioned using CM3050S Leica cryostat and collected on Superfrost plus slides (VWR) at 14 μm for immunostainings and 18 μm for in situ Hybridizations (ISH). All slides were stored at −80°C until ready for staining.

Immunohistochemistry

Primary antibodies and dilutions used in this study were: chicken-α-peripherin (1:1,500, Abcam, Cambridge, MA, USA), rabbit-α-peripherin (1:2,000, Millipore, Darmstadt, Germany), SW rabbit-α-GnRH-1 (1:6,000, Susan Wray, NIH), rabbit α-LHRH (1:4,000, Immunostar, Hudson, WI, USA); chicken-α-GFP (1:1,000, Abcam). Antigen retrieval was performed in a citric acid solution prior to incubation with chicken-α-peripherin, rabbit-α-GnRH-1. For immunoperoxidase staining, slides with collected sections were first rehydrated in PBS for 5 mins then put into a 0.3% H2O2 solution (methanol/PBS) to block endogenous peroxidases for 30 mins, the sections were further blocked and permeabilized in a prepared solution (10% horse serum, 1% bovine serum albumin, 0.1% sodium azide, 0.5% Triton in PBS) for ~1 h. Sections were then incubated in primary antibody diluted in dilution buffer (0.5% BSA, 0.1% sodium azide in PBS) overnight at 4°C. After incubating in primary antibody, sections were incubated in a biotin conjugated secondary antibody (Vector) diluted in PBS and 0.5% triton (all secondary antibodies were diluted 1:1,000) for 1–3 h, sections were further incubated in a horse-radish peroxidase (HRP) labeled avidin-biotin complex (Vectastain ABC Kit, Vector) that was prepared in PBS. Detection of the horse-radish peroxidase (HRP) was done using diaminobenzidine (DAB), in a glucose solution with the enzyme glucose oxidase, sections were then counterstained with methyl green. For immunofluorescence, sections were processed as described above with the exclusion of peroxidase inhibition. Species-appropriate secondary antibodies were conjugated with Alexa-488, Alexa-594, or Alexa-568 (Molecular Probes and Jackson Laboratories, Inc., Westgrove PA, USA) as specified in the legends. Sections were counterstained with 4′,6′-diamidino-2-phenylindole (1:3,000; Sigma-Aldrich) and coverslips were mounted with Fluoro Gel (Electron Microscopy Services). Sections were washed in 1× PBS before citrate buffer antigen retrieval, and before incubation in any different solutions. Confocal microscopy pictures were taken on a Zeiss LSM 710 microscope. Epifluorescence pictures were taken on a Leica DM4000 B LED fluorescence microscope equipped with a Leica DFC310 FX camera. Images were further analyzed using FIJI/ImageJ software.

In situ Hybridization

Digoxigenin-labeled cRNA probes were prepared by in vitro transcription (DIG RNA labeling kit; Roche Diagnostics, Basel, Switzerland) from the following templates: NELL2 (kindly donated by Dr. Tessier-Lavigne’s group; 7). In situ hybridization was performed on 18 μm cryosections that were rehydrated in 1× PBS for 5 min, then fixed in 4% PFA in phosphate buffered saline (PBS) for 20 min at 4°C, treated with 10 μg/mL proteinase K (Roche) in 0.1 M phosphate buffer in for 12 min at 37°C, then re-fixed in 4% PFA at 4°C for 20 min. To inactivate the internal alkaline phosphatase, the tissue was treated with 0.2 M HCl for 30 min at 37°C. Nonspecific binding of the probe to slides was reduced by incubating slides in 0.1 M triethanolamine (pH 8.0)/0.25% acetic anhydride solution for 10 min, then washing with 2× Saline-Sodium Citrate (SSC) buffer before incubating in hybridization solution for 2 h at room temperature. Slides were then hybridized with 200 μl of probe (1:100) in hybridization solution at 65°C overnight in a moisture chamber. After hybridization, the slides were washed in 2× SSC, briefly, then in 1× SSC/50% formamide for 40 min at 65°C. RNase A treatment (10 μg/mL) was carried out at 37°C for 30 min. The slides were then washed with 2× SSC then 0.2 × SSC for 15 min each at 65°C. Hybridization was visualized by immunostaining with an alkaline phosphatase conjugated anti-DIG (1:1,000), and NBT/BCIP developer solution (Roche Diagnostics). After color reaction, the slides were put into 10 mM Tris-HCl pH 8.0/1 mM EDTA. Hybridization was visualized by immunostaining with an alkaline phosphatase conjugated anti-DIG (1:1,000), and NBT/BCIP developer solution (Roche Diagnostics). After color reaction, the slides were put into 10 mM Tris-HCl pH 8.0/1 mM EDTA.

Mapping the Distribution of GnRH-1 Neurons

Whole heads were cryosectioned at 14 μm thickness. Two non-serial series of each animal were then immunostained against GnRH-1 (SW) in diaminobenzidine (DAB) and counterstained with methyl green. All sections were imaged at 10x in brightfield. Sections were aligned in PhotoShop CS6 using the forebrain junction (FBJ), cortex, and cribiform plate as landmarks. Cell bodies were marked and overlaid, representing a cross section of their migratory path. The coordinates of each cell body was plotted in reference to the origin (x = 0; y = 0), which was set at the GnRH-1ns entry point, using FIJI. The number of GnRH-1ns distributed along the rostro-caudal and dorso-ventral axes were quantified in 400 μm intervals grid for each animal. Differences at each interval between genotypes was assessed by unpaired t-Test.

Statistical Analyses

All statistical analyses were carried out using GraphPad Prism7 Software. Cell counts were done on serial sections immunostained for GnRH-1 and visualized under bright field (immunoperoxidase) or epi-fluorescence illumination (20× ; Leica DM4000 B LED), according to their anatomical location [i.e., (1) nasal region (VNO, axonal tracks surrounding the olfactory pits); (2) FBJ; and (3) brain (all the cells that accessed the OB and were distributed within the forebrain)]. For each animal, counts were performed on two non-serial series. The average number of cells from these two series was then multiplied by the total number of series/animal to compute a value for each animal, four series at E14.5, five series at E15.5-E17.5. These were then averaged ± standard error (SE) among animals of the same age and genotype. Means ± SEs were calculated on at least three animals per genotype. Cell counts based on distance were performed on 5× images of the same sections in FIJI. The brain was divided into 200 μm sections where the originating distance is the point of entry for the GnRH-1ns (ventral to the OBs) into the forebrain and the farthest distance being the median eminence located in the most ventral portion of the brain. The statistical difference between genotypes and groups were determined using t-test, p values were corrected using the Holm Šídák method. All data are represented as the mean ± SEM from n ≥ 3 mice per genotype/age for each experiment. Values of p < 0.05 were considered statistically significant.

RESULTS

NELL2 Is Expressed in the Developing Brain While Robo3 Is Expressed by GnRH-1 and TN Fibers

NELL2 is a diffusible ligand that binds and repels Robo3 expressing neurons (Jaworski et al., 2015). When GnRH-1ns migrate from the nasal area to the hypothalamus at E14.5, we found NELL2 expression in the cortex and along the GnRH-1ns migratory track, in the olfactory ensheathing cells (OECs), OBs, ventral anterior olfactory nucleus (vAON), the FBJ, where the GnRH-1 neurons invade the brain, and in the preoptic area (POA; Figures 1A,B). Robo3 is a multifunctional molecule that integrates attractive and repulsive signals of Netrin, Slits, and NELL2 (Marillat et al., 2004; Sabatier et al., 2004; Camurri et al., 2005; Chen et al., 2008; Zelina et al., 2014; Jaworski et al., 2015; Friocourt and Chédotal, 2017), and has been previously reported in migratory neurons proximal to the vomeronasal organ (putative TN cells) and in some migratory GnRH-1ns (Cariboni et al., 2012). Taken together, we hypothesized that NELL2 may contribute to the overall migration of GnRH-1ns toward the basal forebrain (bFB). By using Robo3GFP knock-in mice we confirmed detectable Robo3 expression in some of the GnRH-1 immunoreactive cells emerging from the vomeronasal organ, and by other GnRH-1 negative cells of the migratory mass (Figures 1D1–3). Moreover, we were able to visualize GnRH-1 neurons invading the brain along Robo3 expressing fibers of the putative TN (Taroc et al., 2017; Figures 1E1–3).
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FIGURE 1. Neural EGFL Like 2 (NELL2) is expressed along the gonadotropin releasing hormone-1 (GnRH-1) migratory path, while roundabout 3 (Robo3) is expressed by the terminal nerve (TN) and some GnRH-1 neurons. (A) Schematic representing the head of a E15 mouse embryo. The olfactory epithelium (OE) and vomeronasal organ (VNO) are represented in blue in the nasal area. The GnRH-1 neurons (yellow dots) originating from the VNO are shown on their migratory route, indicated by purple dotted lines and arrows. The GnRH-1ns enter the brain (gray) at the level of the forebrain junction (FBJ) where a small number of cells migrate around the olfactory bulb (OB) while the majority of cells migrate to the pre-optic area of the hypothalamus (POA; B). In situ hybridization against NELL2 on E14.5 shows NELL2 expression in the cortex (Ctx), OBs, ventral anterior olfactory nucleus (vAON), olfactory ensheathing cells (OECs) and the POA. (C) Magnification of boxed area in (A).(D) E14.5 immunostaining against GnRH-1 and GFP on Robo3EGFP+/− knock in mouse embryo. GnRH-1 neurons (magenta) and Robo3EGFP+ positive cells (putative TN cells) migrate out of the VNO. Nuclei are stained in blue. (E1–3) GnRH-1 neurons access the brain from the FBJ along Robo3EGFP positive fibers of the putative TN (arrowheads). Robo3EGFP expression in some GnRH-1 cells (arrows), see single channels in (D2,3). Scale bars are 500 μm in (B), 250 μm in (C), and 200 μm in (D1–E3).



GnRH-1 Neuronal Migration Is Not Affected by NELL2 Loss-of-Function

Based on the expression of Robo3 and NELL2 along the GnRH-1ns migratory route, the reported phenotype of Robo3null mutants (Cariboni et al., 2012) and the ligand-receptor relationship of NELL2 and Robo3 (Jaworski et al., 2015), we analyzed GnRH-1 neuronal migration in NELL2−/− animals. In NELL2 mutants, GnRH-1ns successfully invaded the brain ventral to the OBs and migrated towards the bFB. Analysis at E14.5 revealed a small increase in the number of GnRH-1 immunoreactive cells in the nasal area of NELL2−/− mutants. However, we found no significant differences in the number of cells in the brain between controls and NELL2 mutants (Figure 2C). This analysis suggests lack of a central role for NELL2 in controlling GnRH-1ns ability to access to the bFB.
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FIGURE 2. Lack of functional NELL2 does not compromise GnRH-1 neuronal migration to the preoptic area (POA). E14.5, GnRH-1 immunostaining, representative images of GnRH-1 neurons migrating in (A,A1) controls and (B,B1) NELL2−/− animals. (A1,B1) In both control and mutant animals, GnRH-1 neurons, as indicated by the red arrows, make a sharp turn towards the basal forebrain (bFB). (C) Quantification of GnRH-1 neurons distribution in nasal area, FBJ, brain, and whole head. Significantly higher number of GnRH-1 immunoreactive cells was found in the nasal area of NELL2 mutants (*p = 0.04), there is also a non-significant higher number of GnRH-1 positive cells in the FBJ but no differences were found in the brain. Means ± SEM, each dot represents one animal. Scale bars are 500 μm in (A,B), and 250 μm in (A1,B1).



GnRH-1 Neuronal Migration Remains Unperturbed in Robo3−/− Mutants

As we observed no major abnormalities for the GnRH-1ns in NELL2 mutants, we decided to compare GnRH-1 neuronal migration of NELL2−/− with Robo3−/− mutants (Jaworski et al., 2015). Robo3−/− mutants and wild type (WT) controls were analyzed at E14.5, the same stage previously used for NELL2−/− mutants. Surprisingly, and in contrast to previously reported findings (Cariboni et al., 2012), our quantifications indicated no defective GnRH-1 neuronal migration in Robo3−/− mutants, as no differences were found in total cell number nor in cell distribution between the nasal area and brain (Figure 3).
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FIGURE 3. Lack of functional Robo3 does not compromise GnRH-1 neuronal migration. E14.5, Anti GnRH-1 immunostaining, GnRH-1 neurons migrating in controls (A,A1) and Robo3 KO (B,B1). (A1,B1) In both control and mutant animals, GnRH-1 neurons turn towards the bFB. (C) Quantification of GnRH-1 neurons distribution in nasal area, FBJ, brain and whole head. Mean ± SEM, each dot represents one animal. Scale bars are 500 μm in (A,B), and 250 μm in (A1,B1).



GnRH-1 Neuronal Migration Is Not Affected in NELL2−/−/Robo3+/− Double Mutants

To understand how NELL2 and Robo3 contribute to controlling GnRH-1 neuronal migration, we generated and analyzed NELL2−/−/Robo3+/− double mutants against NELL2−/− single mutants and WT controls at E15.5 (Jaworski et al., 2015). As in E14.5 mutants, the E15.5 NELL2−/− single mutants, contrary to what is suggested by the literature (Ha et al., 2008; Zhou and Li, 2014), had a small but significant increase in the number of GnRH-1 immunoreactive cells in the nasal region when compared with WT controls. However, the NELL2−/−/Robo3+/− double mutants did not show any significant differences in cell distribution between the nasal area and brain compared to controls, as GnRH-1ns could migrate towards the hypothalamic area in a comparable fashion as controls (Figures 4A–C,E). These data suggest NELL2-Robo3 ligand-receptor axis does not control GnRH-1ns motility and migration to the bFB.
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FIGURE 4. Comparable GnRH-1 neuronal migration between controls and NELL2−/−, NELL2−/−/Robo3+/−, and Slit2−/− mutants. E15.5, Anti GnRH-1 immunostaining, GnRH-1 neurons migrating in E15.5 wild type (WT) controls (A), NELL2−/− (B), NELL2−/−/Robo3+/− (C) and Slit2−/− mutants (D). In control and all the mutant animals, GnRH-1 (Red notched arrows) neurons migrated to the bFB towards the POA (red arrow). In Slit2 null mutants, more GnRH-1 cells migrated dorsally (yellow arrows). (E) Quantification of GnRH-1 neurons distribution in nasal area, FBJ, brain and total number of GnRH-1 immunoreactive cells in the whole head. (F) Cartoon representing GnRH-1 cell distribution in a WT brain in different dorso-ventral and rostro-caudal intervals, 200 μm interval grid. (G) Distribution of the GnRH-1 neurons in the brain in the indicated genotypes. Each bar indicates the average of total number of cells within 200 μm interval along the X-axis use boxed area in (F) as a reference. Means ± SEM (*p ≤ 0.05). Distance was measured setting the entry point of the GnRH-1 neurons in the brain. Scale bars are 500 μm in all images.



Some GnRH-1 Neurons Show Aberrant Routing in Slit2−/− Mutants

Since we did not observe significant defects in GnRH-1ns migration to the brain in Robo3−/−, NELL2−/−, or NELL2−/−/Robo3+/− mutants, we analyzed Slit2−/− mutants to test if the reported GnRH-1ns migratory defects in Slit2 null mice result from an alternative mechanism from the proposed Slit2-Robo3 interaction (Cariboni et al., 2012). Counting the GnRH-1ns distributed between the nasal area and the brain at E15.5 did not show a significant difference in the number of GnRH-1ns in the brain of Slit2 null mutants compared to WT controls, nor an accumulation of GnRH-1ns in the nasal area (Figure 4E). We then analyzed the distribution of GnRH-1ns in the brain from the entry point ventral to the OBs to the POA. This analysis revealed comparable GnRH-1 cell migration in E15.5 WT, Robo3−/−, NELL2−/−, NELL2−/−/Robo3+/−, and Slit2−/− animals (Figure 4G).

Upon visual inspection during quantification, we noticed that the GnRH-1ns in the Slit2−/− animals appeared to follow a different migratory pattern in the brain from controls (Figure 4D). We plotted the position of GnRH-1ns in WTs (n = 3) and Slit2 mutants (n = 4; Figure 5). At E15.5, we observed a significant increase in the number of GnRH-1ns migrating dorsally towards the cortical region of the brain (n = 4; p = 0.006; See boxed area in Figures 5A,B). Despite this apparent misrouting of a subset of GnRH-1ns into the cortical region, we observed non-significant decrease in the number of GnRH-1ns in the bFB (WT 737.5 ± 12.99; Slit2−/− 600.8 ± 57.01; p = 0.08). Using linear regression of the plots representing the position of GnRH-1ns in the brain, we identified comparable cell numbers along the migratory route, although GnRH-1ns in Slit2 mice followed a different trajectory from control animals (Figures 5A,B).
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FIGURE 5. Slit2 mutants display a different GnRH-1 cell patterning in the brain. (A,B) Plots representing the distribution of GnRH-1 neurons in the brain, at E15.5. Cell position was recorded for 355 ± 8 cells/animal of in three WT (A) and three Slit2 KO (B) animals. Use brain silhouette in light gray for spatial reference. Each square represents a 400 × 400 μm interval. The boxed area indicates the regions where significant difference was found between genotypes. Red dashed lines representing linear regressions of the scatterplots, equations on top right, indicate different cell in the brain patterning between genotypes. Different marker shapes indicate cells plotted from different animals. (C,D) E17.5 representative images showing larger number of GnRH-1 neurons (magenta arrows) distributed dorsally in Slit2 null mutants (D) compared to control (C,E,F). E17.5, plots representing the distribution of GnRH-1 neurons in the brain, cell position was recorded for 194 ± 10 cells/animal of three WT (E) and three Slit2 KO. Use brain silhouette in light gray for spatial reference; different markers indicate cells plotted from different animals. Boxed area indicates area where significant difference was found in GnRH-1 cell number between genotypes. Trend lines equations on top right, indicate different cellular patterning between genotypes as observed at E15.5, compare to (H,I). (G) Distribution of GnRH-1 neurons between nasal area and brain of controls and Slit2 mutants and at E17.5. (H,I) Representative images showing comparable immunoreactivity and number of GnRH-1 neurons in the medial POA (MPOA) of WT (H) and Slit2 KOs at E17.5 (I). Scale bars are 500 μm in all images.



As we observed differences in the GnRH-1ns routing in Slit2 null animals at E15.5, we sought to further analyze these animals at E17.5 (Figures 5C–I), the developmental stage at which GnRH-1 neuronal migration is virtually completed. We confirmed cell counts in GnRH-1ns in the brain were comparable between Slit2 mutants and controls (Figure 5G). However, a significant portion of the GnRH-1ns appeared ectopically positioned in the cortical area as seen at E15.5 (Figures 5C–F). Linear regression of the scatter plots at E15.5 and E17.5 suggest similar differences in patterning between controls and mutants at both analyzed stages. GnRH-1ns distribution in the bFB did not appear significantly altered in Slit2 mutants (WT: 589 ± 50.92; Slit2−/− 574 ± 127.4; p = 0.9). These data suggest that without Slit2, GnRH-1ns successfully migrate into the brain. However, once in the brain lack of Slit2 alters the migratory trajectory of the GnRH-1ns (Figure 5).

GnRH-1 Cell Distribution Remains Constant Using Antibodies Against the Mature Form of GnRH/LHRH

The previously published analyses of GnRH-1 neuronal motility in Robo3 and Slit2 null mutants (Cariboni et al., 2012) used an antibody against the mature, cleaved and amidated form of GnRH-1, also known as LHRH (luteinizing hormone-releasing hormone; Baba et al., 1971; Matsuo et al., 1971; Cariboni et al., 2005, 2012). We performed all the previously described experiments using the SW antibody that recognizes the immature, unprocessed form of GnRH-1, proGnRH-1 (Wray et al., 1989a). During embryonic development, the mature form of GnRH-1/LHRH may be differentially expressed within the GnRH-1 neuronal population (Livne et al., 1993). So, we repeated the experiments in the Slit2 mutant line using the anti-LHRH antibody to understand if the lack of Slit2 altered proGnRH-1 processing rather than GnRH-1 cell migration (Livne et al., 1993). We performed immunohistochemistry using anti-LHRH on serial sections from the same animals previously labeled with SW at E15.5 (Cariboni et al., 2012). We found that the anti-LHRH antibody labeled an almost identical number and distribution of GnRH-1ns in both Slit2 null and WT control mice (Figure 6). Interestingly, we observed a significantly increased number of cells immunoreactive for LHRH in the nasal area of Slit2 null animals when compared to the WT control stained with LHRH. However comparable numbers of GnRH-1+ and LHRH+ cells were found in all other regions (Figure 6). Based on this data, we conclude that the differences between our analysis and published work (Cariboni et al., 2012) may derive from other technical issues.
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FIGURE 6. Analysis of Slit2 mutants with two anti GnRH-1 antibody corroborates comparable number of GnRH-1 in the brain compared to controls. Quantification of GnRH-1 immunoreactive cells on serial sections of WT and Slit2−/− mutants at E17.5 in the nose, FBJ and brain. Two alternate serial sections of the same animals were stained with either anti proGnRH-1 (SW) or anti mature GnRH-1 (LHRH) antibodies. Each dot indicates independent animal, values ± SEM. No statistical differences in the number of neurons per area were found based on the antibody used, however, the anti-LHRH antibody yielded a significant increase of immunoreactive cells in the nasal region that was not observed in the anti-GnRH (*p ≤ 0.05).



DISCUSSION

HH and KS are developmental disorders that negatively impact sexual maturation and fertility. Though several single-gene mutations have been linked to HH and KS a growing number of evidence suggests a complex multigenic nature for these pathologies (Pitteloud et al., 2007, 2010).

A previous study suggested that single mutations in Robo3 or Slit2 could severely impair GnRH-1 neuronal motility and migration to the brain (Cariboni et al., 2012). However, our analysis on multiple mouse models carrying NELL2, Robo3, NELL2/Robo3, and Slit2 loss-of-function did not reveal any significant defects of GnRH-1 neuronal motility/migration. Moreover, we did not identify a crucial role for NELL2 in controlling GnRH-1ns trajectory to the brain. Our results challenge proposals that monogenic mutations in Robo3 or Slit2 are sufficient to affect GnRH-1 cell motility.

During embryonic development, GnRH-1ns follow a long and well-defined route from the olfactory placode to the bFB. After being born in the nasal pit between E10.5 and E11.5, GnRH-1ns migrate along TN fibers across the nasal mesenchyme into the forebrain (Wray et al., 1989a,b; Forni et al., 2011; Forni and Wray, 2015). After crossing the cribriform plate, GnRH-1ns steer ventrally towards the hypothalamus while extending long processes toward the median eminence (Reed et al., 2002; Schwarting et al., 2004, 2006, 2007). In the last 20 years, several groups have focused on identifying cues responsible for GnRH-1 neuronal migration and routing (Wierman et al., 2011; Forni and Wray, 2015), as defects in GnRH-1ns migration can cause impaired fertility and pubertal onset.

The Slit proteins, Slit1 and 2, and their guidance receptors, Robo1 and Robo2, play a pivotal role in routing axons of commissural neurons in the spinal cord and controlling olfactory system development and axonal fasciculation (Nguyen Ba-Charvet et al., 1999, 2001, 2002; Marillat et al., 2002, 2004; Cloutier et al., 2004; Sabatier et al., 2004; Jaworski and Tessier-Lavigne, 2012). The receptor Robo3 plays a complex role in axonal guidance by silencing Robo1 and 2-mediated Slit repulsion, which increases DCC-mediated sensitivity to Netrin attraction and triggers axonal repulsion in response to its ligand NELL2 (Marillat et al., 2004; Chen et al., 2008; Zelina et al., 2014; Jaworski et al., 2015).

Dramatic migratory defects of GnRH-1ns have been described in Robo3 and Slit2 null mutant mice on C57 background suggesting that a Robo3-Slit2 guidance axis can control GnRH-1 cell motility (Cariboni et al., 2012). However, no further evidence supported a direct binding of Slit2 to Robo3 (Camurri et al., 2005; Zelina et al., 2014; Jaworski et al., 2015), while NELL2 has been identified as a direct ligand for Robo3 (Jaworski et al., 2015). Surprisingly, our results on mutant mouse lines did not confirm effects of monogenic deletions in Robo3 or Slit2 in controlling GnRH-1ns ability to migrate into the brain. In addition, with the exception of a small increase of GnRH-1 immunoreactivity in the nasal area (Figures 2, 4), we did not find significant defects after NELL2 loss-of-function. Notably, the small difference observed in the NELL2−/− mutants in the nasal area was not detected in the NELL2−/−/Robo3+/− double mutants, making us wonder if such difference may represent small developmental variances between littermates rather than genotypic differences.

Some GnRH-1ns and TN fibers express Robo3 (Figure 1). Sources of Slit proteins are believed to prevent olfactory fibers from invading the brain (Nguyen-Ba-Charvet et al., 2008; Taroc et al., 2017). However, our data suggest that Robo3 is not required to silence potential Slit protein repulsive signaling in GnRH-1ns or TN fibers. In addition, NELL2-Robo3 mediated axonal repulsion at the FBJ and proximal to the OBs (Figure 1) is not required to control GnRH-1ns migratory trajectory to the bFB (Figure 4). Since our analysis of Slit2 null mutants did not find migratory defects of GnRH-1ns to the brain (Figure 4), our results challenge a previously proposed role for Slit2 to control GnRH-1 cell motility, alone or through Robo3 (Cariboni et al., 2012). However, the GnRH-1ns migratory route appears to change in Slit2 null mutants despite no obvious migratory defects to reach the brain (Figure 5). Rather, we observed a different GnRH-1 neuronal patterning in the brain of Slit2 null mutants with increased GnRH-1ns migrating dorsally towards the cortex. This is an intriguing phenotype, since a previous study failed to detect Robo1 and Robo2 expression in the TN and GnRH-1ns (Taroc et al., 2017). Consistent with this, no GnRH-1 neuronal migratory or patterning defects were reported in Robo1/Robo2 double mutants (Cariboni et al., 2012).

Robo1 and Robo2 are the primary receptors mediating Slit activities. Surprisingly, Robo1/Robo2 double mutants have no GnRH-1 neuronal migratory defects (Cariboni et al., 2012) and we did not find phenotypical overlaps between Slit2 and Robo3 mutants. Based on these data, we are inclined to exclude a key role for Robo receptors in controlling GnRH-1ns migration. However, deficiencies in Robo1, Robo2, and all Slits (Slit1, Slit2 and Slit3) do not give completely overlapping phenotypes in spinal commissural axonal guidance (Jaworski et al., 2010; Delloye-Bourgeois et al., 2015). These results suggested that additional receptors, such as PlexinA1 (Delloye-Bourgeois et al., 2015), may contribute to Slit protein mediated guidance.

The reasons for such dramatic discrepancies among our phenotypes and the previously published analyses of Robo3 and Slit2 mutants (Cariboni et al., 2012) remain unknown. Notably, a recent study also reported normal GnRH-1 neuronal migration in Reelin, Reeler mutant mice, (Dairaghi et al., 2018) contradicting the findings of dramatic migratory defects for GnRH-1ns in the same mouse line (Cariboni et al., 2005). Disagreements among studies can arise from technical issues like different sensitivities of antibodies. However, we analyzed GnRH-1 neuronal migration in Slit2 null mutants with two distinct antibodies: one that recognizes the unprocessed form of GnRH-1 (SW; Wray et al., 1989b) and another that binds to the mature form of GnRH-1 (LHRH; Cariboni et al., 2005). This approach yielded similar results, indicating comparable GnRH-1 neuron migratory rates from the nose to the brain between Slit2 KO and controls.

A variable that we cannot exclude is the genetic background of the analyzed animals. All the experiments here were conducted on mice on CD-1 background, which is an outbred strain, while the study by Cariboni et al. (2012) analyzed Robo3 and Slit2 mutants on C57BL/6 inbred mouse strain. There are multiple published examples of different phenotypic outcomes arising from the same genetic mutations using mice from different backgrounds (Dixon and Dixon, 2004; Errijgers et al., 2008; Sisay et al., 2013; Coley et al., 2016; Mahajan et al., 2016).

Analysis of the CD-1 mouse genome reported patterns of linkage disequilibrium and heterogeneity close to the one of mice caught in the wild (Aldinger et al., 2009; Zhang et al., 2012). However, our unpublished observations demonstrate that Robo3 and Slit2 mutants are perinatal lethal on CD-1 background as they are on C57B. Moreover, CD-1 mice are sensitive to Slit1/Slit2 and to NELL2−/−/Robo3+/− axonal misrouting, in the neural tube, as reported for other genetic backgrounds (Jaworski et al., 2015). The fact that in CD-1 mice some of the known abnormal phenotypes of Slit2 and Robo3 KO are found, but not GnRH-1 migratory defects, could suggest that the regulation of GnRH-1 migration and routing is more robust than that of other processes. If Robo3 and Slit2 loss-of-function cause migratory impairments for GnRH-1ns on a C57BL/6 background but not on CD-1, this would imply that the inbred C57B is a sensitized strain that must carry variants in other genes, involved in GnRH-1 neuronal migration. If phenotypes on C57BL/6 will be further confirmed this would make this specific mouse strain an interesting model to dissect the role of genetic variants and modifiers in the oligogenic nature of KS and HH (Montagutelli, 2000).

A small number of GnRH-1 cells, between 12 and 34%, are required to trigger puberty and for cyclical control in adult female mice (Herbison et al., 2008). Our data on CD-1 mice suggest that none of the analyzed mutations along the Robo1/2-Slit2 and Robo3-NELL2 guidance axis are sufficient, in an outbred mouse background, to cause GnRH-1 migratory deficiencies that would translate into HH.

Netrin can control GnRH-1ns routing ventrally to the median eminence (Schwarting et al., 2004). Robo3 can increase DCC-mediated sensitivity for Netrin attraction (Zelina et al., 2014). However, we did not observe similar phenotypes in our Robo3 KO to those described in the Netrin KO. This suggests that Robo3 contributions to Netrin signaling is dispensable for the development of the GnRH-1 neuronal system. Netrin may also induce GnRH-1 neurite outgrowth in the median eminence (Low et al., 2012). Further detailed analyses will establish if Robo3 contributes to the Netrin mediated axonal growth of GnRH-1ns. Since we found that migration of GnRH-1ns to the brain is not impaired in Robo3−/−, NELL2−/−, NELL2−/−/Robo3+/−, and Slit2−/− mutants, we conclude that the GnRH-1 cell motility or access to the brain does not depend on these genes. However, we did find that Slit2 loss-of-function altered normal GnRH-1 cell distribution in the brain. Future, studies will elucidate the molecular mechanisms underlying the trajectory defects and cell autonomy of patterning defects in Slit2 mutants. In conclusion, we analyzed the role of the NELL2-Robo3 signaling axis in controlling GnRH-1 neuronal migration from the nose to the hypothalamic area. Though Robo3 is expressed by some GnRH-1ns and cells of the putative TN (Figure 1; Taroc et al., 2017) and NELL2 was expressed along the GnRH-1ns migratory path, we found no significant effects after loss-of-function of these genes on GnRH-1 neuronal migration on CD-1 mice. What role the multifunctional receptor Robo3 plays in the GnRH-1 system, remains an important and unresolved question.
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