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Abstract

In the spinal cord, motor axons project out the neural tube at specific exit points, then bundle 

together to project toward target muscles. The molecular signals that guide motor axons to and out 

of their exit points remain undefined. Since motor axons and their exit points are located near the 

floor plate, guidance signals produced by the floor plate and adjacent ventral tissues could 

influence motor axons as they project toward and out of exit points.

The secreted Slit proteins are major floor plate repellents, and motor neurons express two Slit 

receptors, Robo1 and Robo2. Using mutant mouse embryos at early stages of motor axon exit, we 

found that motor exit points shifted ventrally in Robo1/2 or Slit1/2 double mutants. Along with the 

ventral shift, mutant axons had abnormal trajectories both within the neural tube toward the exit 

point, and after exit into the periphery. In contrast, the absence of the major ventral attractant, 

Netrin-1, or its receptor, DCC caused motor exit points to shift dorsally. Netrin-1 attraction on 

spinal motor axons was demonstrated by in vitro explant assays, showing that Netrin-1 increased 

outgrowth and attracted cultured spinal motor axons.

The opposing effects of Slit/Robo and Netrin-1/DCC signals were tested genetically by combining 

Netrin-1 and Robo1/2 mutations. The location of exit points in the combined mutants was 

significantly recovered to their normal position compared to Netrin-1 or Robo1/2 mutants. 

Together, these results suggest that the proper position of motor exit points is determined by a 

“push-pull” mechanism, pulled ventrally by Netrin-1/DCC attraction and pushed dorsally by Slit/

Robo repulsion.
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Introduction

In the spinal cord, motor axons project out the neural tube at specific exit points, then bundle 

together to navigate through the periphery to form the motor nerves. A few reports showed 

that vertebrate transcription factors are required for guiding ventral motor neuron (vMN) and 

dorsal motor neuron (dMN) axons to their exit points. For instance, Lhx3/Lhx4 are required 

for directing vMN axons to their exit point (Sharma et al., 1998) and Phox2b is necessary 

for dMN axons to exit the spinal cord (Hirsch et al., 2007). In addition, genetic inactivation 

of Cxcl12 (SDF-1)-Cxcr4 signaling leads to atypical vMN axon growth to dorsal exit points, 

suggesting that Cxcl12-Cxcr4 signals direct vMN axons to normal exit points (Lieberam et 

al., 2005). However, it remains unknown which extrinsic guidance cues set the precise 

position of motor axon exit in the neural tube.

Spinal motor neurons differentiate from progenitor cells located in the ventricular zone of 

the ventral spinal cord, then settle near the floor plate. The neurons then very quickly project 

axons to a narrow area on the pial surface, penetrating the basement membrane to exit, while 

bundling together to form their peripheral motor nerve. The precise location of motor exit 

points in each spinal cord segment is critical for forming cohesive motor nerves, but the 

mechanisms that define motor exit points remain poorly understood. Motor neurons and 

their initial axon projections are exposed to several guidance cues. The floor plate and 

nearby tissues produce several types of guidance cues with well-known roles in guiding 

developing axons (Colamarino and Tessier-Lavigne, 1995b; Stein and Tessier-Lavigne, 

2001). Commissural and longitudinal axons navigate through the neural tube responding to 

these secreted signals (Farmer et al., 2008; Kim et al., 2014; Serafini et al., 1996; Shoja-

Taheri et al., 2015; Ypsilanti et al., 2010). The secreted Slit proteins are major repellents 

produced by the ventral midline and are expressed along the anteroposterior axis (Brose et 

al., 1999; Rothberg et al., 1990), and the Slit receptors Robo1 and Robo2 are expressed by 

motor neurons (Brose et al., 1999; Hammond et al., 2005; Kim et al., 2015; Lee et al., 2015). 

The major ventral attractant, Netrin-1, and its receptor DCC, guide axons and several types 

of neuron migration (Culotti and Merz, 1998; Kawasaki et al., 2006; Serafini et al., 1996; 

Yee et al., 1999). While Netrin-1 was thought to be derived primarily from the floor plate, 

and secreted to form a long range ventral-high gradient, recent studies provided evidence 

that the ventricular zone of spinal cord progenitor cells presents the crucial Netrin-1 cues to 

promote ventral growth of commissural axons toward the floor plate (Dominici et al., 2017; 

Varadarajan et al., 2017).

Several lines of evidence suggest that motor axons are guided by cues within the ventral 

spinal cord (Bai et al., 2011; Cowan et al., 2000; Hammond et al., 2005; Varela-Echavarría 

et al., 1997). Indeed, in vitro experiments showed that cultured spinal motor axons can 

respond to Slit signals (Bai et al., 2011). Interestingly, however, they reported that explanted 

spinal cord motor axons were unresponsive to Netrin-1 because of an activity of the 

Presenilin (PS1) secretase complex that cleaves DCC receptors (Bai et al., 2011). A recent 

report showed that Nkx2.9 controls spinal accessory motor axon projections to their lateral 

exit from the spinal cord by regulating Slit/Robo2 signaling (Bravo-Ambrosio et al., 2012). 

Together, these findings imply that guidance cues within the ventral spinal cord have the 

potential to set the precise position of motor exit points.
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We have therefore investigated whether Slit and Netrin-1 signals are involved in guiding 

ventral motor exits in the spinal cord, by analyzing mouse embryos with mutations in these 

cues or their receptors, and assaying direct in vitro effects on cultured spinal motor axons. 

Our results suggest that the proper position of motor axon exits is determined by a balance 

between a ventral pull by Netrin-1/DCC attraction and a dorsal push by Slit/Robo repulsion.

Materials and Methods

Mouse embryos

Mouse experiments were carried out in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals, by protocols approved by the University 

of Nevada, Reno Institutional Animal Care and Use Committee. Embryonic day 9.5 (E9.5), 

9.75 (E9.75), 10 (E10), 10.5 (E10.5), and 12.5 (E12.5) embryos were obtained via uterine 

dissection. Wildtype CD-1 mice (6–8 weeks old) were purchased from Charles River 

Laboratories (Wilmington, MA USA). The Robo (Grieshammer et al., 2004; Long et al., 

2004; López-Bendito et al., 2007), Slit (Plump et al., 2002), Netrin-1 (Serafini et al., 1996), 

and DCC (Fazeli et al., 1997) mutant strains were gifts of Marc Tessier-Lavigne, Genentech, 

and Frederic Charron, ICMR, Montreal CA. Robo and Slit PCR genotyping were performed 

as previously described (Grieshammer et al., 2004; Long et al., 2004; López-Bendito et al., 

2007; Plump et al., 2002). Netrin-1 and DCC genotyping were performed as previously 

described (Fazeli et al., 1997; Serafini et al., 1996). The Islet-1MN-GFP-F strain was a gift of 

Samuel Pfaff (Lewcock et al., 2007), Salk Institute, and was crossed into CD1, Robo1/2 and 

Netrin-1 mutant backgrounds.

Genotyping for Netrin/Robo combination mutants

To produce triple knockout embryos, we obtained Netrin-1;Robo1;Robo2 triple 

heterozygous mice. An interesting challenge was to genotype combined mutants, because in 

contrast to the PCR genotyping with the Robo alleles, the Netrin-1 mutant allele is a LacZ/

βgal gene trap which has not been precisely mapped (Serafini et al., 1996). In addition, the 

Robo1 mutant allele has the same LacZ/βgal cassette insert as Netrin-1 (Long et al., 2004; 

Serafini et al., 1996), so that PCR genotyping was not able to distinguish the Netrin-1 

mutant allele in combined mutant embryos. We used X-gal labeling for genotyping Netrin-1 

(Charron et al., 2003). Though the Robo1 and 2 mutant alleles both also include LacZ/βgal 

inserts, we found that only the Netrin-1 lacZ allele produced X-gal labeling in the floor plate 

and was thus sufficient for Netrin-1 genotyping of combined mutants. Netrin-1−/− embryos 

were confirmed by reduction or loss of commissural axons in spinal cord sections using βIII-

tubulin labeling. We also performed β-galactosidase and Netrin-1 immunostaining on spinal 

cord sections to verify their genotypes (Table 1).

As combined Netrin-1 and Robo mutations caused a lethal genetic interaction, we obtained 

only one Netrin-1/Robo1/2 triple homozygous mutant embryos even though they are 

predicted at 1/16 ratios, which we previously reported (Kim et al., 2014). The triple mutant 

had the Netrin-1− and β-galactosidase+ floor plate (Fig. 9A′, B′). Also, commissural axons 

were almost gone in the spinal cord (Fig. 9C′). These phenotypes were not observed in 
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Netrin-1+/−;Robo1−/−;2−/− embryos, which had Netrin-1+ floor plate and normal pre-

crossing commissural axons (Fig. 9A, C).

Immunohistochemistry

For cryostat section immunolabeling, embryos were embedded in 15% sucrose/7.5% gelatin 

solutions, frozen, and then sectioned at 16 μm for E9.5 through E10.5 spinal cords (40 μm 

for E12.5) using a cryostat (Leica). To melt gelatin off of tissue sections, slides were placed 

in warm (37–45°C) 0.1 M phosphate buffer for a couple of minutes. Sections were washed 

for 30 min to an hour in PBS containing 1% normal goat serum and 0.1% Triton X-100 

(PBST). Primary antibodies [rabbit anti-βIII-tubulin (Covance, 1:1000), rabbit anti-β-

galactosidase (Cappel, 1:1000), rabbit anti-GFP (Invitrogen, 1:500), rabbit anti-Robo1 and 

Robo2 (kind gift of Elke Stein, Yale, 1:10,000), mouse anti-Islet-1 (DSHB, 1:100), goat anti-

DCC (Santa Cruz, 1:250), rabbit anti-Netrin (gift from Tim Kennedy, Montreal, 1:500 

(Kennedy et al., 2006))] were applied in PBST, and then slides incubated in a humidified 

chamber for 4 hours to overnight. After washing several hours in PBST, secondary 

antibodies (Jackson Immuno Laboratories) were applied for 2 hours, followed by several 

washes.

In situ hybridization

In situ hybridization was carried out using standard procedures (Mastick et al., 1997). 

Probes for Slit1 and Slit2 were provided by Marc Tessier-Lavigne (Rockefeller University, 

New York, NY).

Explant assay

Isl1-GFP+ spinal nuclei of E11 Islet-1MN-GFP-F at the brachial level of the spinal cord were 

dissected to exclude the floor plate under a fluorescence dissecting microscope (Leica M165 

FC). Culture conditions for explants were as described previously (Charron et al., 2003). To 

assay axon outgrowth, explants were cultured with or without Netrin-1 (200 ng/ml) for 48 

hours. To assay directional effects, localized Netrin-1 sources were provided as described in 

our previous paper (Kim et al., 2014). Explants are co-cultured with aggregates of COS-7 

cells transfected with no plasmid (mock) or Netrin-1 expression plasmid (gift of Marc 

Tessier-Lavigne, Rockefeller) for 48 hours.

The length of axons and number of axons were measured using the ImageJ plugin Neuron J 

as described in our previous paper (Kim et al., 2014). For the directional analysis, quadrants 

were marked on images using Adobe Illustrator (San Jose, CA), then imported and 

quantitated in Image J (NIH, Bethesda, MD).

Quantification of motor exit point defects

The position of motor exit points was measured at the brachial level of the spinal cord to 

consistently compare an equivalent level of the spinal cord. The measurements were made 

on βIII-tubulin labeled sections. TIFF images were imported into Image J to measure the 

position of motor axon exits. The circumferential distance from the ventral midline to the 

most ventral bundle at exit points was quantified and averaged (dmv). Also, the 

circumferential distance from the ventral midline to the average position of all of the exiting 
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motor axon bundles was quantified and averaged (dma). Three spinal cord sections from each 

embryo were used for the measurement. To normalize for embryo size, the distance was 

divided by the embryo height (dh, distance between the dorsal–ventral midlines). The 

average normalized distance (dnv = dmv/dh or dna= dma/dh) for each embryo was then used to 

perform statistical analysis. We carried out a power analysis (PS version 3.1.2, 2014) using 

α = 0.05 and a power value of 0.8 for the t-statistics and revealed that minimum number of 

sample size of 4 can be reached to measure the statistically significant difference.

To examine the distribution of internal motor axon trajectories, each angle of Isl1-GFP+ 

individual axon was measured at the brachial level of the spinal cord of E10 Robo1+/+;

2+/+::Islet-1MN-GFP-F, Robo1−/−;2−/−::Islet-1MN-GFP-F, Netrin-1+/+::Islet-1MN-GFP-F, and 

Netrin-1−/−::Islet-1MN-GFP-F. The measurements were presented in Rose histograms using 

Matlab Version 8.5.0.197613 (R2015a). Angles of each projection were clustered in 10° 

bins. The length of each segment represented the percentage of total angles per bin.

To determine fasciculation of exit points in the spinal cord, the thickness of exit points was 

measured at the location where motor axons exit the spinal cord using E10 and E12.5 

Robo1+/+;2+/+::Islet-1MN-GFP-F, Robo1−/−;2−/−::Islet-1MN-GFP-F, Netrin-1+/+::Islet-1MN-
GFP-F, and Netrin-1−/−::Islet-1MN-GFP-F.

All image analysis was conducted by an observer blind to the genotype. Data are expressed 

as means + S.E.M, and differences tested for significance using student t-tests to analyze two 

groups. Data sets were tested for significance using ANOVA with Tukey’s post hoc tests to 

analyze multiple groups. Data are considered significantly different from the control values 

were when P < 0.05.

Results

Robo1 and Robo2 are expressed by spinal motor neurons

Since the secreted Slit proteins are major repellents produced by the floor plate, and the 

Robo1 and Robo2 receptors mediate Slit repulsion in the spinal cord (Stein and Tessier-

Lavigne, 2001), we first wanted to verify if Robo receptors are expressed by spinal motor 

neurons during the earliest stages of motor axon outgrowth and establishment of the motor 

exit points. As the Robo1 mutant allele has a β-geo insertion and Robo2 has a LacZ-tau 

insertion (Long et al., 2004), we labeled with β-galactosidase antibody and Islet-1 on 

Robo1+/− and Robo2+/− spinal cord sections at the brachial region (n=4 embryos for each 

genotype). Both Robo1+/− and Robo2+/− spinal motor neuron cell bodies and their axons 

were β-galactosidase+, suggesting that Robo1 and Robo2 are expressed by Islet-1+ spinal 

motor neuron cell bodies and axons (Fig 1A–F), consistent with the mRNA patterns reported 

previously (Brose et al., 1999). To show the specificity of the β-galactosidase antibody 

labeling, we also labeled with Islet-1 antibody on wild-type spinal cord sections. There was 

no β-galactosidase expression on Islet-1+ spinal motor neurons and axons of wild-type 

embryos (Suppl. Fig. 1).

In addition, as we reported in a previous study (Lee et al., 2015), immunostaining on spinal 

cord sections (Fig 1G, H) and dissociated spinal motor neurons (Fig 1I, J) with anti-Robo1 
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and anti-Robo2 antibodies showed that both Robo1 and Robo2 receptors were localized on 

the cell membrane of motor neuron cell bodies and axons. We observed the same Robo1 and 

Robo2 expression pattern in all spinal cord regions including cervical, brachial, thoracic, and 

lumbar levels (data not shown). We verified that Robo1 and Robo2 were not expressed by 

Islet1+ spinal motor neurons of Robo1/2 double mutant embryos (Suppl. Fig. 2). We also 

confirmed that Islet-1+ spinal motor neurons were located just outside the Slit1-expressing 

floor plate (Fig 1K–M). On the other hand, Slit2 was expressed by spinal motor nuclei and 

the medial floor plate (Fig 1N).

Together, the expression pattern of Robo1 and Robo2 receptors on spinal motor neurons 

implies that these cells are potentially responsive to repulsive Slit signals.

Motor exit points shift ventrally in Robo or Slit mutants

Since both Robo1 and Robo2 were expressed by spinal motor neuron cell bodies and their 

axons, we tested whether Robos were involved in regulating the position of motor exit point 

using Robo1/2 double mutant embryos. As motor axons exit from the spinal cord and project 

toward their targets at an early embryonic stage, E10.5 embryos were collected and 

analyzed. The brachial level of the spinal cord was used to compare a consistent level of the 

spinal cord. In wild type embryos, exit points were quite narrow, with very low variations in 

position, suggesting that precise mechanisms set the position of exit points. βIII-tubulin 

labeling on spinal cord sections showed that motor exit points shifted ventrally in Robo1−/−;
2−/−, closer to the floor plate (Fig 2B). The distance from the ventral midline to the most 

ventral exit point was significantly decreased in Robo1−/−;2−/− compared to littermate 

controls (Fig 2F, dnv, Robo1+/−;2+/− = 0.355 + 0.007, n=8 embryos, vs Robo1−/−;2−/−= 0.26 

+ 0.011, n=10 embryos, P < 0.001). There was no significant difference between Robo1+/−;
2+/− and Robo1+/+;2+/+ (0.36 + 0.008, n=8 embryos), suggesting that one copy of each 

Robo1 and Robo2 are sufficient to guide motor axons to their normal exit position. In 

addition, the distance from the midline to the average position of all of the exiting motor 

axon bundles was also significantly decreased in Robo1−/−;2−/− compared to littermate 

controls (Fig 2G, dna, Robo1+/−;2+/− = 0.385 + 0.007, n=8 embryos, vs Robo1−/−;2−/−= 

0.317 + 0.006, n=10 embryos, P < 0.001).

We also tested whether Slit mutant embryos have the same ventral deviation. We found that 

exit points shifted ventrally when Slit1 and Slit2 are missing (Fig 2D). The distance from the 

ventral midline to the most ventral exit point was significantly decreased in Slit1−/−;2−/− 

compared to littermate controls (Fig 2F, dnv, Slit1−/−;2+/− = 0.373 + 0.007, n=6 embryos, vs 

Slit1−/−;2−/−= 0.299 + 0.006, n=10 embryos, P < 0.01). There was no significant difference 

between Slit1−/−;2+/− and Slit1−/−;2+/+ (0.366 + 0.006, n=6 embryos) and the distance was 

not different from wild-type embryos (Fig 2F). Also, the average distance from the midline 

to the average position of all of the exiting motor axon bundles was significantly decreased 

in Slit1−/−;2−/− compared to littermate controls (Fig 2G, dna, Slit1−/−;2+/− = 0.393 + 0.007, 

n=6 embryos, vs Slit1−/−;2−/−= 0.349 + 0.006, n=10 embryos, P < 0.01). Interestingly, the 

distance from the midline to the most ventral exit was significantly decreased in Slit1+/+;2−/− 

compared to littermate controls (dnv, Slit1+/+;2+/− = 0.365 + 0.008, n=8 embryos, vs Slit1+/+;
2−/− = 0.31 + 0.007, n=8 embryos, P < 0.01). Together, these results suggest that one copy of 
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Slit2 is sufficient to guide motor axons to exit at a proper position and Slit1 is not necessary 

for regulating motor exit points. We also normalized by the width of spinal cord by using 

both dorsal horn (narrow width) and ventral horn (wide width) and carefully compared to the 

distances normalized by the spinal cord height. This alternative normalization procedure 

resulted in the same statistical significance, in that the levels of decrement (ventral-shift) in 

Slit1−/−;2−/− or Robo1−/−;2−/− were not significantly different when we normalized by the 

width of spinal cord (data not shown).

The βIII-tubulin labeling clearly showed shifts in spinal motor exit points in Robo1/2 double 

mutants. However, to observe the trajectories of motor axons toward their exit points more 

specifically, we used the motor neuron-specific transgenic reporter Isl1MN-GFP (Lewcock et 

al., 2007) in a Robo1/2 mutant background. In Robo1/2 mutants at the earliest stage of 

exiting, E9.5 in the spinal cord, the Isl1-GFP+ marker clearly showed that motor neurons 

projected axons that shifted ventrally and exited over a wider area (Fig. 3B). Using Image J, 

we measured angles of axon bundles projecting within E10 spinal cords. In wild type 

embryos, the internal axon projection angles were nearly horizontal, and had low variability 

compared to the mean angle (Fig. 3C, G, and I, n=8 embryos, −17.52 + 2.7°). In mutant 

embryos, however, the angles were diagonal and more widely varying from the mean angle 

(Fig. 3D, H, and I, n=8 embryos, −49.55 + 6.1°), suggesting that axon projections were 

misguided in the absence of Robo receptors. In addition, we measured the thickness of exit 

points, from the most ventral to the most dorsal exiting bundles. In Robo1/2 double mutants, 

the thickness was significantly increased compared to wild type embryos (Fig. 3C, D, and J, 

n=8 embryos for each genotype, Robo1+/+;2+/+ = 38.82 + 1.14 μm, vs Robo1−/−;2−/−= 76.79 

+ 3.58 μm, P < 0.001), showing defasciculated motor projections at exit points in the 

absence of Robo receptors.

To examine the consequences of abnormal motor exit point and misguided motor axons, we 

collected Isl1-GFP+ spinal cords at E12.5 when motor axons projected to the 

dermomyotome (DM) and ventrally to the body wall. First, we examined the expression 

patterns of Slits in the spinal cord at E12.5. Both in situ and GFP reporter gene labeling 

clearly showed expression in the floor plate and motor neurons themselves, but in 

comparison, that there is little to no expression of Slits outside the spinal cord at this stage 

(Suppl. Fig. 3). In wild-type, tightly bundled Isl1-GFP+ motor axons projected to the DM 

and body wall (Fig. 4A, D). In Robo1/2 double mutants, few motor axons grew toward the 

DM. This stalling phenotype was observed all of the Robo1/2 double mutants at E12.5 (Fig. 

4B, E, n=6 of 6 embryos). In addition, we observed enhanced defasciculation within the 

choice point, leading to an extensive ventral ramus in the mutants (Fig. 4B). Thickness at 

exit points was significantly increased in mutants compared to their littermate controls (Fig. 

4F, Robo1+/+;2+/+ = 42.09 + 2.23, vs Robo1−/−;2−/− = 72.13 + 5.34, P < 0.001). In addition, 

thickness at choice points was significantly increased in mutants (Fig. 4G, Robo1+/+;2+/+ = 

42.09 + 2.23, vs Robo1−/−;2−/− = 72.13 + 5.34, P < 0.001). Interestingly, a subset of 

misguided motor axons entered the DRG, while rarely others exited inappropriately close 

the floor plate (Fig. 4B, C).
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Together, these findings show that repulsive Slit/Robo signals are required to guide ventral 

motor axons to their precise exit points, and keep motor axons in their proper trajectories in 

the spinal cord.

Motor exit points shift dorsally in Netrin-1 or DCC mutants

The ventral shifting of motor exit points in the absence of repulsive Slit/Robo signals 

suggests that the ventral tissue in the spinal cord has an attractive effect on the position of 

exit points. Since Netrin-1 is one of major attractive guidance cues produced both by the 

floor plate (Kennedy et al., 2006; Serafini et al., 1996) and by neural progenitors that 

constitute the ventral and lateral tissues in the neural tube (Dominici et al., 2017; 

Varadarajan et al., 2017), we tested if attractive Netrin-1/DCC signals are involved in 

guiding motor exit points to their proper position.

Since DCC is a receptor that mediates attractive Netrin-1 signals (Keino-Masu et al., 1996), 

we first determined whether DCC was expressed by spinal motor neurons using 

immunostaining with Islet-1 and DCC antibodies. DCC receptor was present on both 

Islet-1+ spinal motor neuron cell bodies and axons (Fig 5A), suggesting that exit points 

could be guided by Netrin-1.

To test whether attractive Netrin-1/DCC signals are involved in defining the position of 

motor exit points, we analyzed Netrin-1 and DCC mutant embryos. When Netrin-1 or DCC 

was missing, exit points shifted dorsally compared to their littermate controls (Fig. 5C, E). 

This result was consistent with our previous findings in which spinal motor neuron cell 

bodies of Netrin-1 or DCC mutant shifted dorsally (Kim et al., 2015). The distance from the 

midline to the most ventral exit point was significantly increased in Netrin-1−/− (Fig 5G, dnv, 

Netrin-1−/− = 0.425 + 0.007, n=10 embryos, vs Netrin-1+/−= 0.352 + 0.009, n=8 embryos, P 

< 0.001) and DCC−/− (dnv, DCC−/− = 0.422 + 0.008, n=8 embryos, vs DCC+/− = 0.355 

+ 0.01, n=8 embryos, P < 0.01). In addition, there were no significant differences between 

Netrin-1+/− and Netrin-1+/+ or DCC+/− and DCC+/+ (Fig 5G), suggesting that one copy of 

Netrin-1 or DCC is sufficient to guide motor axons to their normal exit position. Also, the 

distance from the midline to the average position of all of the exiting motor axon bundles 

was significantly increased in Netrin-1−/− (Fig 5H, dna, Netrin-1−/− = 0.474 + 0.009, n=10 

embryos, vs Netrin-1+/−= 0.39 + 0.01, n=8 embryos, P < 0.001) and DCC−/− (dna, DCC−/− = 
0.461 + 0.008, n=8 embryos, vs DCC+/− = 0.399 + 0.011, n=8 embryos, P < 0.01). The 

alternative normalization using the width of spinal cord resulted in the same statistical 

significance, in that the levels of increment (dorsal-shift) in Netrin-1−/− or DCC−/− were 

not significantly different when we normalized by the spinal cord height (data not shown).

To observe the initial trajectories of motor axons as they project within the spinal cord 

toward their exit points, we also used the Isl1MN-GFP in a Netrin-1 mutant background. In 

Netrin-1 mutants, the Isl1-GFP+ marker clearly showed that motor neurons projected axons 

dorsally with dispersed exit points at the earliest stage of exiting, E9.75 in the spinal cord 

(Fig. 6, n=6 embryos). We used E9.75 as the earliest stage for Netrin-1 embryos, since 

commissural axons were not forming at E9.5 and thus genotyping for Netrin-1 mutants was 

not accurate at this stage. We also measured angles of axon bundles projecting within the 

E10 spinal cords using Image J. In wild type embryos, the angles of internal axon projection 
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were nearly horizontal with negative angles (Fig. 6C, G, and I, n=6 embryos, −14.73 + 3.5°). 

In Netrin-1 mutant embryos, however, the axons had more positive angles (Fig. 6D, H, and I, 

n=6 embryos, 10.07 + 3.65°), showing dorsal shifting inside the spinal cord in the absence of 

Netrin-1. In addition, we measured the thickness of exit points at the location where motor 

axons exit the spinal cord. In Netrin-1 mutants, the thickness was significantly increased 

compared to wild type embryos (Fig. 6C, D, and J, n=6 embryos for each genotype, 

Netrin-1+/+= 39.86 + 1.3 μm, vs Netrin-1−/−= 64.12 + 4.74 μm, P < 0.001), showing 

defasciculated motor projections at exit points in the absence of Netrin-1.

To test the consequence of abnormal motor exit point and defasciculated motor axons, we 

collected Isl1-GFP+ spinal cords at E12.5. β-galactosidase reporter gene labeling showed 

that, relative to the strong Netrin1 expression in the floor plate, there was no major Netrin-1 

expression in the periphery that are comparable to the floor plate levels at this stage (Suppl. 

Fig. 3). In wild-type, tightly bundled Isl1-GFP+ motor axons projected to the DM and body 

wall (Fig. 7A, B, C). Instead, defasciculated motor axons at exit points were observed in 

E12.5 Netrin-1 mutants. (Fig, 7D, E). Indeed, the thickness at exit points was significantly 

increased in the mutants compared to their littermate controls (Fig. 7G, Netrin-1+/+= 41.73 

+ 0.68, vs Netrin-1−/−= 67.51 + 7.41, P < 0.05). Also, we observed enhanced defasciculation 

within the choice point, leading to extensive ventral ramus in the mutants (Fig. 7F). The 

thickness at choice points was significantly increased in mutants (Fig. 7H, Netrin-1+/+= 

53.21 + 5.36, vs Netrin-1−/−= 80.45 + 7.9, P < 0.05). Interestingly, motor axons projected 

toward the DM in all of Netrin-1 mutants (n=6 out of 6 embryos) and thus no stalling 

phenotype was observed in the mutants at E12.5.

The dorsal shift in Netrin-1 or DCC mutants suggests that spinal motor axons are attracted 

by Netrin-1. To test for direct effects of Netrin-1, we used explant culture assays for spinal 

motor axons (Fig. 8). For outgrowth assays, E11 Isl1-GFP+ spinal motor nuclei were 

dissected to exclude the floor plate and cultured for 48 hours with or without Netrin-1 (200 

ng/ml) (n=4 different day trials, n=12 explants for each treatment). In the absence of 

Netrin-1 protein, we determined the average axon length (226.8 + 23.2) and axon numbers 

(40 + 4.2) from the explants. In the presence of Netrin-1 protein, both axon length and 

numbers were significantly increased (321.2 + 21.2 and 60.8 + 7.9, respectively). To test 

directional effects of Netrin-1 on spinal motor axons, explants were co-cultured for 48 hours 

with COS-7 cells transfected with no plasmid (mock) or Netrin-1 expression plasmid (n=5 

different day trials, n=15 explants for each treatment). We observed that more axon 

outgrowth occurred toward the Netrin-1-expressing COS cell aggregates compared to mock 

conditions, which had no directional influence (Fig. 8F, G). Thus, our explant assays suggest 

that Netrin-1 has a positive and direct effect on outgrowth and direction of motor axon 

projections.

Together, these in vivo and in vitro findings suggest that attractive Netrin-1/DCC signals are 

required for setting the position of motor exit points, and are necessary to guide normal 

motor axon trajectories out of the spinal cord.
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Motor exit points are positioned by a balance of Slit/Robo repulsive and Netrin-1/DCC 
attractive signals

The shifts in opposite directions imply that Netrin-1 and Slit signals are opposing in a 

balance between attraction and repulsion. On one hand, reduced ventral attraction in 

Netrin-1 or DCC mutants may cause a dorsal shift because the continuing Slit/Robo 

repulsion away from the floor plate. On the other hand, reduced floor plate repulsion in Slit 

or Robo mutants may cause a ventral shift because of the continuing Netrin-1/DCC 

attraction. In a previous study, we showed that longitudinal pioneer axons navigated through 

the neural tube using a balance of Netrin-1 attraction and Slit repulsion (Kim et al., 2014). 

To test whether a similar balance was used to determine the position of motor exits, we used 

combined mutations. A genetic prediction is that the removal of Netrin-1 signal in Robo1/2 

mutants will suppress the Robo mutant ventral shifting phenotype. As shown in Figure 9, we 

generated combined mutants of Netrin-1 with Robo1 and 2. These triple mutants are feasible 

because the Robo1 and Robo2 genes are tightly linked and so behave as one locus. 

Therefore, Netrin-1+/−;Robo1+/−;Robo2+/− mice would behave genetically as a double 

heterozygous. Every embryo which lacked Netrin-1 antibody labeling, including Netrin-1/

Robo1/2 combined mutants, also showed a severe reduction in the number of spinal cord 

commissural axons that reach the midline. Therefore, our results show that the effects of 

Netrin-1 and Robo1 and 2 mutations can be assayed independently, and that Robo mutations 

are unlikely to suppress (or enhance) the severity of the Netrin-1 commissural axon 

phenotype.

Combining Netrin-1 and Robo mutations caused a lethal genetic interaction, as few mutant 

embryos were obtained (even at this early E10.5 stage). Contrary to the predicted 1/16 ratio 

of triple mutants, we obtained one Netrin-1/Robo1/2 triple mutant out of 99 embryos from 

11 litters, as we previously reported (Kim et al., 2014). Interestingly, the triple mutant had 

exit points located at an intermediate position (Fig 10E, G, dnv= 0.27, dna=0.373), with the 

position similar to controls, including their littermates that were wildtype (Fig, 10G, dnv= 

0.356 + 0.013, dna=0.393 + 0.013, n=6 embryos) or triple heterozygotes (Fig. 10B, G, dnv= 

0.359 + 0.013, dna= 0.388 + 0.014, n=6 embryos). However, we still observed the dorsal 

shift of spinal motor neuron cell bodies in the triple mutant. Indeed, the distance from the 

midline to the lower edge of the motor column and the circumferential distance between the 

ventral midline and the lower edge of the motor column were increased in the mutant 

compared to its littermate control (122% and 19.5%, respectively). The levels of increment 

were similar to the Netrin-1 mutant which we reported in the previous study (Kim et al., 

2015). We also noted that the exit points of the triple mutant were wider than in wild type, 

with defasciculation (Fig. 10E).

Since reduction in Netrin-1 attraction would be predicted to reduce the ventral-ward 

attraction elicited by homozygous Robo1/2 mutations, we examined Robo1/2 double mutant 

embryos with reduced Netrin-1 dose, i.e. Netrin-1+/−;Robo1−/−;2−/− embryos, which we 

were able to obtain in sufficient numbers. Interestingly, the location of exit points in 

Netrin-1+/−; Robo1−/−;2−/− embryos (Fig. 10D, G dnv=0.33 + 0.015, dna=0.369 + 0.018, 

n=10 embryos) was significantly recovered compared to Netrin-1+/+;Robo1−/−;2−/− embryos 

(Fig. 10A, G, dnv= 0.24 + 0.015, dna= 0.321 + 0.016, n=6 embryos, P <0.001). The exit 
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points were located close to the normal position, suggesting that a reduction in Netrin-1 

attraction largely compensated for the complete loss of Slit repulsion in Robo1/2 double 

mutants. These results are consistent with a mechanism in which the exit points are 

positioned by a balance of Slit/Robo repulsive and Netrin-1/DCC attractive signals (Fig. 

10F, G).

As an alternative strategy to bypass the lethal genetic interaction of Netrin-1/Robo1/2, we 

also investigated Netrin-1 and single Robo combination mutants; Netrin-1−/−;Robo1−/− or 

Netrin-1−/−;Robo2−/−. While resulting in less lethality, these single combination mutants 

also provided a test of the individual roles of Robo1 and Robo2 in guiding motor exit in the 

spinal cord. Interestingly, both Netrin-1+/+;Robo1−/− (Fig. 11A, F, dnv= 0.372 + 0.011, dna= 

0.383 + 0.014, n=6 embryos) and Netrin-1+/+; Robo2−/− (Fig. 11C, F, dnv= 0.352 + 0.007, 

dna= 0.409 + 0.009, n=6 embryos) mutants had a normal exit position rather than having a 

ventral shift as we observed in Netrin-1+/+;Robo1−/−;2−/− (Fig. 10A). Motor exit points of 

both Netrin-1−/−;Robo1−/− (Fig. 11B, F, dnv= 0.424 + 0.009, dna= 0.491 + 0.012, n=8 

embryos) and Netrin-1−/−;Robo2−/− (Fig. 11D, F, dnv= 0.431 + 0.017, dna= 0.49 + 0.011, 

n=6 embryos) shifted dorsally, similar to their littermate Netrin-1−/−;Robo1+/+ and 

Netrin-1−/−;Robo2+/+ single mutants, respectively (Fig. 11F). These results are consistent 

with redundant genetic functions of Robo1 and Robo2, as only Robo1/2 double mutants 

show the ventral shift.

Discussion

In forming the motor axon pathway from the motor nuclei in the ventral spinal cord to their 

peripheral targets, the key first step for motor axons is to extend to the boundary of the 

nervous system, and to exit to the periphery. However, the molecular signals that guide 

motor axons to and out of their proper exit points remain largely undefined. In the current 

study, we undertook both in vivo and in vitro assays to investigate how spinal motor axons 

navigated toward and out of ventral exit points, with a focus on the guidance functions of the 

classical guidance cues, the Slits and Netrin-1.

As summarized in Fig. 12, our main findings are that motor axons are guided to their proper 

exit points in the spinal cord along trajectories determined by a balance of Slit/Robo 

repulsion and Netrin-1/DCC attraction, and then exit near this balance point.

Slit repellent signals guide initial motor axon trajectories and influence exit points

The floor plate is a major source of secreted and local signals for growing axons 

(Colamarino and Tessier-Lavigne, 1995b). Several lines of evidence have pointed to the Slits 

as important floor plate-derived signals involved in guiding motor axons. Indeed, in vitro co-

culture explant assays with Slit-secreting cells showed that dorsally-projecting cranial 

(BM/VM) axons were inhibited and repelled by Slit1 and Slit2 (Hammond et al., 2005). 

Furthermore, in vivo studies using Slit or Robo single mutants and ectopic expression of 

Slit1 showed motor axon pathfinding errors in the hindbrain (Hammond et al., 2005). Recent 

mouse studies clearly showed that spinal motor axons projected into the floor plate in 

Robo1/2 double mutants (Bai et al., 2011; Kim et al., 2015). Together, these in vivo and in 
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vitro evidence strongly imply that motor axons are capable of responding to Slit/Robo 

signals.

Using mouse embryos with mutations in specific guidance cues, in the current study we have 

investigated whether Slit/Robo signals are involved in guiding the position of ventral motor 

exits in the spinal cord. In the absence of Robo1 and Robo2 receptors, Islet-1MN-GFP spinal 

cords clearly showed that internal trajectories of motor axons shifted ventrally. Also, motor 

axons were defasciculated and some motor axons were misguided, suggesting that Slit/Robo 

signals are also essential for spinal motor axon fasciculation. Axon fasciculation is a 

mechanism facilitates growing axons to reach their targets. Slit2 is required for motor axon 

fasciculation during diaphragm muscle innervation, possibly by Robo signaling promoting 

axon-axon adhesion (Jaworski and Tessier-Lavigne, 2012). Together, these findings suggest 

that Slit/Robo signals could regulate spinal motor axon fasciculation. However, the 

mechanism of how Slit/Robo signals promote fasciculation remains to be elucidated.

In addition, we found ventral shifting only in Robo1/2 double mutants but not in single 

Robo1 or Robo2 mutants. This finding suggests that either Robo1 or Robo2 receptors are 

sufficient to keep the proper motor exit position in the spinal cord. Indeed, our β-gal and 

Robo antibody labels support their overlapping function as both receptors are present on 

motor neuron cell bodies and axons. Interestingly, the ventral shifting phenotype in Slit1/2 

double mutant spinal cords was less severe than Robo1/2 double mutants (Fig. 2F, G). This 

finding suggests that another Robo ligand, potentially Slit3, may also contribute to set the 

proper motor exit point in the spinal cord.

While it is commonly stated that the Slits are produced by the floor plate, there is lower but 

potentially significant levels of Slits expressed by neuroepithelial cells lateral to the floor 

plate, and Slit2 and Slit3 by the motor neurons themselves. The ventral shifts of motor exit 

points that are demonstrated in Slit and Robo mutants suggest the Slit/Robo effect is 

predominantly a repulsive influence that steers the motor axons more dorsally. The 

consistent shifts in these mutants, cannot be straightforwardly interpreted as floor plate 

repulsion, because of the broader patterns of potential Slit sources. Which Slit source or 

combination of sources is crucial for motor exit point positioning will require more 

sophisticated genetic loss of function approaches in future experiments, such as cell-type 

specific knockouts.

Netrin-1 attraction also guides motor axon trajectories and the position of motor exit 
points

The role of Netrin-1 in guiding motor axons has remained unclear, because of diverse roles 

of Netrin-1 in different subtypes of motor axons. Indeed, Netrin-1 repelled cultured trochlear 

motor axons (Colamarino and Tessier-Lavigne, 1995a; Varela-Echavarría et al., 1997). 

However, other studies concluded that cultured spinal motor axons from rat and mouse 

embryos did not respond to Netrin-1, suggesting that Netrin-1 signals are silenced in spinal 

motor axons (Bai et al., 2011; Varela-Echavarría et al., 1997). Together, these in vitro studies 

suggest that the role of Netrin-1 in guiding motor axons are varied in different subtypes of 

motor neurons, perhaps depending upon which Netrin receptors are expressed.
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In the present study, we observed a clear in vivo requirement for Netrin-1 in spinal motor 

axons, in which motor exit points shifted dorsally in Netrin-1 or DCC mutants, suggesting a 

ventral-ward attractive role of Netrin-1/DCC signals in spinal motor axons. The dorsal 

shifting of motor exit points between Netrin-1 and DCC mutants was similar, suggesting that 

Netrin-1-induced attraction is mediated mainly by the DCC receptor.

The ventral ward effect of Netrin-1 could be from Netrin-1 locally deposited from either 

local columns of neuroepithelial cells or from transiting commissural axons, or from 

relatively short range diffusion of Netrin-1 signal from the floor plate. (Dominici et al., 

2017; Hand and Kolodkin, 2017; Varadarajan et al., 2017). However, distinguishing the 

crucial source of Netrin-1 cue was not possible with the global Netrin-1 mutant that we used 

in the current study. Thus, the source of Netrin-1 vital for motor exit point positioning needs 

to be distinguished using more sophisticated genetic loss of function approaches in future 

experiments, such as cell-type specific knockouts.

To test for direct effects of Netrin-1, we used an explant culture assay for spinal motor 

axons, and found that Netrin-1 had a positive effect on outgrowth and direction of motor 

axon growth (Fig. 8). These in vitro assays strongly supported the in vivo results observed in 

Netrin-1 mutants, and these results together are consistent with ventrally-directed attraction. 

The inconsistency between our in vitro assay and the previous reports in which cultured 

spinal cord motor axons showed no responses to Netrin-1 (Bai et al., 2011; Varela-

Echavarría et al., 1997) could be explained by specific experimental details. While there are 

numerous potential experimental issues that could lead to the previous negative results, in 

our case, positive results were obtained using spinal cords at E11 brachial level tissue, and 

incubation periods of 48 hours. In addition, our cultured tissue included only spinal motor 

nuclei, which excluded potentially confounding influences from any additional signals 

produced by the floor plate. These variances could lead to the discrepancy, however, both in 
vivo and in vitro results from the current study evidently showed attractive effects of 

Netrin-1 on spinal motor axons.

Motor exit points are determined by a balance of opposing Slit and Netrin-1 signals

The opposing shifts between Slit/Robo and Netrin-1 mutants suggest that motor axons 

navigate using a balance point between these repulsive and attractive signals. Additional 

evidence for an in vivo balancing mechanism comes from Netrin-1/Robo1/2 combined 

mutants, as their motor exit points are nearly restored to their normal position. This evidence 

for a relatively simple interaction by summing the effects of opposing repellent and 

attractive signals is inconsistent with the hierarchical model of Slit/Robo silencing of Netrin 

attraction first proposed for commissural axons (Stein and Tessier-Lavigne, 2001), and later 

for spinal motor axons (Bai et al., 2011). Consistent with a midline switch in axon 

responsiveness to midline cues, post-crossing commissural axons do gain responses to a 

midline-derived repulsive activity (Zou et al., 2000). However, evidence for Netrin silencing 

came mainly from in vitro experiments on individual cultured axons (Stein and Tessier-

Lavigne, 2001). Another set of evidence inconsistent with silencing has come from a study 

of hindbrain commissural axons, which were shown to continue to use Netrin-1 attraction 

even after crossing the floor plate (Shoja-Taheri et al., 2015).
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Several lines of evidence have shown that Netrin and Slit signals can interact in diverse ways 

in the different nervous systems, including Slits acting through a co-receptor complex to 

switch on Netrin attraction for thalamocortical axons, and the opposite effect of Netrin 

attenuation of Slit repulsion (Bielle et al., 2011; Fothergill et al., 2014; Leyva-Díaz et al., 

2014; Morales and Kania, 2016). In addition, the parallel independent Netrin and Slit 

guidance of fly commissural axons has been reported (Garbe and Bashaw, 2007). Using in 
vivo and in vitro experiments on pioneer longitudinal axons in the mouse hindbrain, we 

similarly showed simultaneous Netrin-1/DCC and Slit/Robo guidance, providing another 

case of neurons responding to a balance between Netrin-1 attraction and Slit repulsion (Kim 

et al., 2014). These different consequences of Slits and Netrin-1 signals in the various 

experimental systems might be due to different concentrations of guidance cues, different 

combinations of receptors, or diverse signaling cascades in different types of axons.

It is also interesting to note that the Netrin-1/Robo1/2 triple mutant had a clear dorsal shift 

of spinal motor neuron cell bodies as we observed in Netrin-1 mutants (Kim et al., 2015). 

However, its motor exit points were not shifted dorsally, as we detected in Netrin-1 mutants, 

but instead they were located at a normal position. These findings suggest potentially 

separate mechanisms in positioning cell bodies vs. exit points. Different responses of motor 

neuron cell bodies and axons might be due to subcellular compartmentalization of responses 

to these or other cues.

Importantly, motor exit points were properly positioned in the absence of both Netrin-1 and 

Slit signals (Fig. 10E), implicating that another mechanism can act as a backup system if 

both Slit and Netrin cues are missing. In fact, spinal motor axon navigation is also dependent 

on other floor plate-derived signals, such as Sema3A and Ephrins (Bai et al., 2011; Poliak et 

al., 2015), suggesting that the precise motor exit points could be determined by multiple 

guidance signals. Furthermore, we observed that spinal motor axons still exited out the 

spinal cord in our Slit/Robo or Netrin-1/DCC mutants. This finding implies the possibility 

that other cues that specifically promote or are required for CNS exit, such as 

SDF-1(Lieberam et al., 2005), retain their function even in the absence of Slits and Netrins. 

Thus, further studies will be needed to clarify the mechanisms of how motor axons integrate 

multiple signals to find their proper exit points in the spinal cord.

Abnormal exits could lead to peripheral errors: continued guidance by Slit and Netrin-1

In the current study, we report on early embryonic stages when motor neurons start sending 

axons out into the periphery. Exiting at abnormal positions could put the axons into 

abnormal peripheral trajectories, or it could be that motor axons recover their proper 

pathways. Indeed, we tested at E12.5 when motor axons projected to the dermomyotome 

(DM) and ventrally to the body wall. Specifically, in Robo1/2 double mutants, we observed 

atypical projections to the DRG and stalling phenotypes (Fig. 4). In addition, both Robo1/2 

double mutants and Netrin-1 mutants showed that motor axons had defasciculated 

trajectories at exit points, which was followed later by defasciculation and guidance errors at 

major peripheral choice points (Fig. 4, 7). The errors could be due to reduced axon-axon 

fasciculation, altered fasciculation that leads to errors in pathway choices, or altered 

responses to extrinsic cues in the peripheral environment. The mutant lines we used in the 
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current study are global mutations, and so disrupt guidance signals throughout the peripheral 

pathways. Therefore, it remains unresolved whether the peripheral errors were caused by the 

mis-positioning of the exit points, or more directly in subsequent guidance choices by 

peripheral sources of Slit and Netrin guidance cues. According to our observation of 

expression patterns of Slits and Netrin-1 at this specific stage, it is difficult to see how there 

is much Slit and Netrin-1 outside to influence the initial exit point or initial stages of 

navigation. However, because of the limitations in our assays for Slit and Netrin-1 

expression in the periphery, it is not possible to rule out the potential influences of low level 

sources that could be important for guidance. Indeed, a previous study showed that Slit2 and 

Robos were present in peripheral motor axons and this could lead to fasciculation in an 

autocrine/juxtaparacrine manner (Jaworski and Tessier-Lavigne, 2012). Cell type-specific 

removal of these peripheral sources would help to resolve these points. Additionally, more 

localized removal might be a useful tool to overcome the perinatal lethality of these mutants 

and allow tests of whether motor function is disrupted by abnormal exit points or peripheral 

guidance errors.

Overall, in the present study we reported an important role of ventral signals in the spinal 

cord in guiding the proper position of motor axon exits. Our findings suggest that the ability 

of motor axons exit out at specific positions of the spinal cord is due to a balance between 

Slit/Robo repulsion and Netrin-1/DCC attraction. This positioning mechanism may act as an 

important developmental fine-tuning, a possible backup positioning system to add another 

layer of protection from errors in motor axon pathfinding in the neural tube.
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Abbreviations

DCC Deleted in Colorectal Cancer

vMN ventral motor neuron

dMN dorsal motor neuron

PS1 Presenilin1

DM dermomyotome

DRG dorsal root ganglion
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BM branchial motor

VM visceral motor
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Highlights

• Motor exit points shift ventrally in Slit and Robo mutants.

• Motor exit points shift dorsally in Netrin-1 and DCC mutants.

• The precise position of motor exit points is set by a balance between Slit/

Robo repulsion and Netrin-1/DCC attraction.
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Figure 1. Robos are expressed by spinal motor neurons
(A–F) Islet-1 and β-galactosidase antibody labeling on Robo1lacZ/+ and Robo2lacZ/+ E10.5 

spinal cord sections (n=4 embryos for each genotype) showing Robos are expressed by 

spinal motor neurons. (G, H) Robo1 and Robo2 antibody labeling on wild-type E10.5 spinal 

cord sections. (I, J) Robo1 and Robo2 antibody labeling with Islet-1 on dissociated spinal 

motor neurons from the wild-type E10.5 spinal cords. (K–M) Islet-1 labeling combined with 

in situ for Slit1 mRNA in E10 spinal cord sections. Islet-1+ motor neurons settle just outside 

the Slit1-expressing floor plate. (N) In situ for Slit2 mRNA in E10 spinal cord sections 

showing Slit2 is expressed in the medial floor plate and spinal motor neurons. Scale bars: A–

H, 50 μm; I, J, 20 μm; K–N, 20 μm. MN, motor neuron; FP, floor plate.
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Figure 2. Motor exit points shift ventrally in Robo or Slit mutants
(A–D) βIII-tubulin labeling on spinal cord sections showing motor exit points shift closer to 

the floor plate in Robo1−/−;2−/− or Slit1−/−;2−/− mutants. Robo1+/−;2+/− (n=8 embryos), 
Robo1−/−;2−/− (n=10 embryos), Slit1−/−;2+/− (n=6 embryos) and Slit1−/−;2−/− (n=10 

embryos). (E) Schematics showing how the measurements are examined in control and 

Robo1−/−;2−/−. The distance from the midline to the most ventral exit point (dmv, solid and 

dotted blue lines) is normalized by the height (dh)of each embryo (dnv = dmv/dh). (F, G) 

Summary graphs show the distance from the midline to the most ventral exit point (F), and 

the distance from the midline to the average position of all of the exiting motor axon bundles 

(G) in Robo1−/−;2−/− or Slit1−/−;2−/− mutants compared to their littermate controls. Both 

distances are significantly decreased in Robo or Slit mutants compared to their littermate 

controls. Yellow arrow heads in A–D show the closest and farthest exit points from the 

ventral midline. Dotted yellow lines in A–D show the floor plate. Scale bars: A–D, 50 μm. 

*= P < 0.01, ** = P < 0.001.
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Figure 3. Internal projections of spinal motor axons are abnormal in Robo1/2 double mutants
(A–D) Spinal cord sections of Robo1+/+;2+/+::Islet-1MN-GFP-F and Robo1−/−;

2−/−::Islet-1MN-GFP-F embryos (n=8 embryos for each genotype of E9.5 and E10) show that 

motor axons exit ventrally with wide exit points in Robo1−/−;2−/−::Islet-1MN-GFP-F 
embryos. Yellow arrows in C and D show individual motor axon trajectories inside the 

spinal cord. Red dotted lines in C and D show the thickness of exit points (distance between 

the most ventral and dorsal motor axon bundles). White arrows in B and D show that a 

subset of motor axons project into the floor plate of Robo1−/−;2−/−::Islet-1MN-GFP-F 
embryos. (E, F) Schematics of spinal motor axon trajectories (green) of E10 Robo1+/+;

2+/+::Islet-1MN-GFP-F and Robo1−/−;2−/−::Islet-1MN-GFP-F embryos. Mean angles of axon 

projections and thickness of exit points are indicated with blue and red, respectively. (G, H) 

Rose histograms showing the distributions of angles inside the spinal cord of E10 Robo1+/+;

2+/+::Islet-1MN-GFP-F (G, n=6 embryos) and Robo1−/−;2−/−::Islet-1MN-GFP-F (H, n=6 

embryos). Angles of each projection are clustered in 10° bins. The length of the radius of 

each segment represents the percentage of total axons included each bin. Note that the radial 

lengths are shown on a shorter scale in the mutant graph because the angles were more 

variable, and therefore had lower percentages per bin. (I) Summary graphs show that mean 

angles of axon projections shifted ventrally significantly in mutant embryos. (J) 

Quantification of the thickness of exit points shows that Robo mutants have defasciculated 

exit points compared to their controls. Scale bars: A, B, 50 μm; C, D: 50 μm. ** = P < 0.001.
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Figure 4. Spinal motor nerve projections are abnormal in Robo1/2 double mutants
(A–C) Spinal cord sections of Robo1+/+;2+/+::Islet-1MN-GFP-F and Robo1−/−;

2−/−::Islet-1MN-GFP-F embryos (n=8 E12.5 embryos for each genotype) show that motor 

trajectories are widely dispersed at the exit points and at the choice points in Robo1−/−;

2−/−::Islet-1MN-GFP-F embryos. The white arrow in B shows abnormal projections into the 

dorsal root ganglion (DRG). The asterisk in B shows that fewer axons grow into the 

dermomyotome (DM). The yellow arrow in B shows enhanced defasciculation within the 

choice point, leading to extensive ventral ramus. The white arrow in C shows an example of 

a motor axon that exits much closer to the FP in Robo1−/−;2−/−::Islet-1MN-GFP-F embryos. 

(D, E) Schematics of spinal motor axon trajectories (green) in E12.5 Robo1+/+;

2+/+::Islet-1MN-GFP-F and Robo1−/−;2−/−::Islet-1MN-GFP-F embryos. The thickness of exit 

points and choice points are indicated with blue and red, respectively. (F) Quantification of 

the thickness at exit points (dotted blue lines in A and B) shows that Robo mutants have 

defasciculated exit points compared to their controls. (L) Quantification of the thickness at 

choice points (dotted red lines in A and B) shows that defasciculated motor axons project to 

the body wall in Robo mutants.

Scale bars: A–C, 50 μm. SC, spinal cord; DRG, dorsal root ganglion; DM, dermomyotome; 

FP, floor plate. ** = P < 0.001.
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Figure 5. Motor exit points shift dorsally in Netrin-1 or DCC mutants
(A) DCC and Islet-1 labeling of DCC+/− E10.5 spinal cord sections showing that DCC is 

expressed on Islet-1+ spinal motor neurons. (B and C) βIII-tubulin and Islet-1 labeling of 

DCC+/− (n=8 embryos) and DCC−/− (n=8 embryos) spinal cord sections showing that motor 

exit points shift dorsally in DCC−/−. (D and E) βIII-tubulin labeling on Netrin-1+/− (n=8 

embryos) and Netrin-1−/− (n=10 embryos) spinal cord sections showing that motor exit 

points move away from the floor plate in Netrin-1−/− mutants. (F) Schematics showing how 

the measurements are determined in control and Netrin-1−/−. The distance from the midline 

to the most ventral exit point (dmv, solid and dotted blue lines) is normalized by the height 

(dh) of each embryo (dnv = dmv/dh). (G, H) Summary graphs show the distance from the 

midline to the most ventral exit point (G), and the distance from the midline to the average 

position of all of the exiting motor axon bundles (H) in Netrin-1−/− or DCC−/− mutants 

compared to their littermate controls. Both distances are significantly increased in 

Netrin-1−/− or DCC−/− mutants compared to their littermate controls. Yellow arrow heads in 

B–E show the closest and farthest exit points from the ventral midline. Scale bars: A–C, 50 

μm; D, E, 50 μm. *= P < 0.01, ** = P < 0.001.
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Figure 6. Internal projections of spinal motor axons are abnormal in Netrin-1 mutants
A–D) Spinal cord sections of Netrin-1+/+::Islet-1MN-GFP-F and Netrin-1−/−;2−/−::Islet-1MN-
GFP-F embryos (n=6 embryos for each genotype of E9.75 and E10; note that these 

examples appear slightly more advanced than in Fig. 3) show that motor axons exit dorsally 

with wide exit points in Netrin-1−/−::Islet-1MN-GFP-F embryos. Yellow arrows in C and D 

show individual motor axon trajectories inside the spinal cord. Red dotted lines in C and D 

show the thickness of exit points. In Netrin-1 mutants, motor axons become disoriented after 

exit the spinal cord, leading to strong GFP labeling (white arrows in B and D). (E, F) 

Schematics of spinal motor axon trajectories (green) of E10 Netrin-1+/+::Islet-1MN-GFP-F 
and Netrin-1−/−::Islet-1MN-GFP-F embryos. Mean angles of axon projections and thickness 

of exit points are indicated with blue and red, respectively. (G, H) Rose histograms showing 

the distributions of angles inside the spinal cord of E10 Netrin-1+/+::Islet-1MN-GFP-F (G, 

n=6 embryos) and Netrin-1−/−::Islet-1MN-GFP-F (H, n=6 embryos). Angles of each 

projection are clustered in 10° bins. The length of the radius of each segment represents the 

percentage of total axons in each 10° bin. (I) Summary graphs show that mean angles of 

axon projections significantly increase in mutant embryos. (J) Quantification of the 

thickness of exit points shows that Netrin-1 mutants have defasciculated exit points 

compared to their controls. Scale bars: A, B, 50 μm; C, D: 50 μm. ** = P < 0.001.
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Figure 7. Spinal motor nerve projections are abnormal in Netrin-1 mutants
(A–F) Spinal cord sections of Netrin-1+/+::Islet-1MN-GFP-F and Netrin-1−/−::Islet-1MN-
GFP-F embryos (n=6 embryos for each genotype of E12.5; note that these examples appear 

slightly less advanced than in Fig 4) show that motor trajectories are widely dispersed at the 

exit points and at the choice points in Netrin-1−/−::Islet-1MN-GFP-F embryos. Dotted white 

lines in A, B, D, and E show the spinal cord. Yellow arrows in B and E show motor axon 

trajectories at exit points. (G) Quantification of the thickness at exit points (dotted blue lines 

in B and E) shows that Netrin-1 mutants have defasciculated exit points compared to their 

controls. (H) Quantification of the thickness at choice points (dotted red lines in C and F) 

shows enhanced defasciculation within the choice point, leading to extensive ventral ramus 

in Netrin-1 mutants. Scale bars: A, D, 100 μm; B, C, E, F, 50 μm. SC, spinal cord; DM, 

dermomyotome. *=P < 0.05.
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Figure 8. Netrin-1 increases outgrowth of and attracts cultured spinal motor axons
(A, B) Explants of Isl1-GFP+ spinal motor nuclei were dissected to exclude the floor plate at 

E11. Explants were cultured for 48 hrs with or without Netrin-1 (200 ng/ml) (n=4 different 

day trials, n=12 explants for each treatment). (C) Graph of average axon length of each 

explant, showing that axons grow about 30% longer in the presence of Netrin-1 protein. (D) 

Graph of average number of axons in the explant, showing about 30% enhancement of axon 

numbers when Netrin-1 protein is added in the media. (E, F) Spinal motor nuclei explants 

were co-cultured with aggregates of COS-7 cells transfected with no plasmid (mock) or 

Netrin-1 expression plasmid (n=5 different day trials, n=15 explants for each treatment). (G) 

Quantification of directional axon growth into quadrants toward and away from the COS 

cells. The outgrowth ratio was calculated by the average axon length in the quadrant toward 

the COS cells (proximal) divided by the average axon length in the quadrants away from the 

cue source (distal). In the presence of Netrin-1, the ratio significantly increased, about 2-

fold, showing that more axon outgrowth occurred toward the Netrin-1 source. Scale bars: A, 

B, 50 μm; C, D,50 μm. *=P < 0.05; **=P < 0.001.
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Figure 9. Genotyping of Netrin-1 mutant allele from Netrin-1/Robo combined mutants
(A and A′) Netrin-1 labeling on Netrin-1/Robo1/2 combined mutant spinal cords. In 

Netrin-1+/+ or Netrin-1+/− spinal cord, the floor plate is Netrin-1 positive (closed arrowhead 

in A). In Netrin-1−/−, the floor plate is Netrin-1 negative (open arrowhead in A′). (B and B′) 
β-gal labeling on Netrin-1/Robo1/2 combine mutant spinal cords. In Netrin-1−/− or Netrin+/− 

spinal cord, the floor plate is β-gal positive. However, the intensity of labeling on 

Netrin-1−/− (open arrowhead in B′) is higher than Netrin-1+/− (closed arrowhead in B). (C 

and C′) βIII-tubulin labeling on Netrin-1/Robo1/2 combined mutant spinal cords showing 

Netrin-1−/− spinal cords have none or reduced numbers of commissural axons (arrow in C′) 
compared to Netrin-1+/+ or Netrin-1+/− (arrow in C). Scale bars: A–C, A′–C′, 50 μm.
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Figure 10. Motor exit points are positioned by a balance of Slit/Robo repulsion and 
Netrin-1/DCC attraction
(A–E) βIII-tubulin labeling on Netrin-1/Robo1/2 combined mutant spinal cord sections of 

Netrin-1+/+;Robo1−/−;2−/− (Robo1/2 double mutant), Netrin-1−/−; Robo1+/+;2+/+ (Netrin-1 

mutant), Netrin-1+/−;Robo1−/−;2−/− (Netrin-1 het; Robo1/2 double mutant) and 

Netrin-1−/−;Robo1−/−;2−/− (triple mutant) and their littermate controls, 

Netrin-1+/−;Robo1+/−;2+/− showing Netrin-1/Robo1/2 triple mutant has exit points at 

intermediate positions, similar to its littermate controls. (F) Schematic of locations of motor 

exit point in control and Netrin-1/Robo1/2 combined mutants. (G) Summary graphs show 

the distance from the midline to the most ventral exit point, and the distance from the 

midline to the average position of all of the exiting motor axon bundles in Netrin-1/Robo1/2 

combined mutants, Netrin-1+/+;Robo1−/−;2−/− (n=6 embryos), Netrin-1−/−; Robo1+/+;2+/+ 

(n=6 embryos), Netrin-1−/−;Robo1−/−;2−/− (n=1 embryo) and Netrin-1+/−;Robo1−/−;2−/− 

(n=10 embryos) compared to their littermate controls, Netrin-1+/−;Robo1+/−;2+/− and 

wildtypes (n=6 embryos, respectively). The distances in Netrin-1−/−;Robo1−/−;2−/− and 

Netrin-1+/−;Robo1−/−;2−/− are not significantly different from their littermate controls. 

Yellow arrow heads show the closest and farthest exit points from the ventral midline. Scale 

bars: A–E, 50 μm. *= P<0.01, ** = P < 0.001.
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Figure 11. Robo1 and Robo2 receptors have redundant functions to oppose Netrin-1 attraction
(A–D) βIII-tubulin labeling on Netrin-1/Robo1 and Netrin-1/Robo2 combined mutant spinal 

cord sections shows that motor exit points shift dorsally in Netrin-1−/−;Robo1−/− and 

Netrin-1−/−;Robo2−/− mutants. (E) Schematic of locations of motor exit point in control and 

Netrin-1/Robo1 and Netrin-1/Robo2 combined mutants. (G) Summary graphs show the 

distance from the midline to the most ventral exit point, and the distance from the midline to 

the average position of all of the exiting motor axon bundles in Netrin-1/Robo1 and 

Netrin-1/Robo2 combined mutants compared to their littermate controls and Robo1 and 

Robo2 single mutants, respectively. The distances in Netrin-1−/−;Robo1−/− (n=8 embryos) 

and Netrin-1−/−;Robo2−/− (n=6 embryos) are significantly increased compared to 

Netrin-1+/+;Robo1−/− (n=6 embryos) and Netrin-1+/+;Robo2−/− (n=6 embryos), respectively. 

Yellow arrow heads show the closest and farthest exit points from the ventral midline. Scale 

bars: A–D, 50 μm. ** = P < 0.001.
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Figure 12. Summary: Opposing Slit/Robo and Netrin-1/DCC guidance signals are required to set 
the position of motor axon exits in the spinal cord
The position of exit points is determined by a balance of Slit/Robo repulsion (red) and 

Netrin-1/DCC attraction (green).
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Table 1

Genotyping of Netrin-1 mutant allele from Netrin-1/Robo1/2 combined mutants

Genotype Netrin-1 labeling β-gal labeling Commissural axons in the spinal cord

Netrin-1+/+ Yes No Yes

Netrin-1+/− Yes Yes Yes

Netrin-1−/− No Yes almost gone
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