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Abstract

The developing spinal cord builds a boundary between the CNS and the periphery, in the form of a 

basement membrane. The spinal cord basement membrane is a barrier that retains CNS neuron cell 

bodies, while being selectively permeable to specific axon types. Spinal motor neuron cell bodies 

are located in the ventral neural tube next to the floor plate and project their axons out through the 

basement membrane to peripheral targets. However, little is known about how spinal motor neuron 

cell bodies are retained inside the ventral neural tube, while their axons can exit. In previous work, 

we found that disruption of Slit/Robo signals caused motor neuron emigration outside the spinal 

cord. In the current study, we investigate how Slit/Robo signals are necessary to keep spinal motor 

neurons within the neural tube. Our findings show that when Slit/Robo signals were removed from 

motor neurons, they migrated outside the spinal cord. Furthermore, this emigration was associated 

with abnormal basement membrane protein expression in the ventral spinal cord. Using Robo2 and 

Slit2 conditional mutants, we found that motor neuron-derived Slit/Robo signals were required to 

set up a normal basement membrane in the spinal cord. Together, our results suggest that motor 

neurons produce Slit signals that are required for the basement membrane assembly to retain 

motor neuron cell bodies within the spinal cord.
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Introduction

During embryonic development, spinal motor neurons are clustered in nuclei in the ventral 

spinal cord, where they are segregated into distinct motor pools (Price et al., 2002). These 

motor neuron cell bodies project their axons out through the basement membrane boundary 

to innervate their peripheral targets. Many lines of evidence suggest that correct neuronal 
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migration is required for proper settlement of cell bodies along the spinal cord to form their 

functional circuits (Feldner et al., 2005; Lee and Song, 2013). However, little is known about 

the molecular mechanisms that retain motor neuron cell bodies inside the ventral spinal 

cord, yet selectively allows axons to project through the basement membrane toward their 

peripheral targets.

The laminin-containing basement membrane plays a role not just as a barrier but also as a 

substrate for neuronal migration. Indeed, facial branchial motor (FBM) neurons emigrate out 

through holes in the basement membrane of zebrafish laminin mutants (Grant and Moens, 

2010), showing that defects in the basement membrane lead to ventral mis-migration. In 

addition, mouse mutations for tissue-specific deletion of integrin-linked kinase or focal 

adhesion kinase disrupt cell basement membrane interactions or basement membrane 

integrity and thus these mutations cause abnormal neuronal migration (Beggs et al., 2003; 

Niewmierzycka et al., 2005). Together, these studies suggest that the basement membrane 

integrity is one of the key determinants for restricting neurons from ectopic migration.

Dystroglycan (DG) is one class of major basement membrane proteins (Bello et al., 2015). 

Dystroglycans are transmembrane glycoproteins, which form links between the extracellular 

matrix and the cytoskeleton. Glycosylated DG is necessary for ligand binding including 

laminin and dystrophin. Extracellular matrices directly bind to the extracellular protein, α-

DG (Bello et al., 2015). This interaction results in the binding of the intracellular domain of 

β-DG to cytoskeleton networks or signaling components. β-DG directly binds to dystrophin 

(Bello et al., 2015), which is absent in Duchenne muscular dystrophy. DG is also required 

for precise axon guidance cue distribution and function in the nervous system (Lindenmaier 

et al., 2019; Wright et al., 2012). Indeed, mutation of DG showed abnormal formation of the 

descending hindbrain axonal tracts and defasciculation of the spinal cord dorsal funiculus 

(Wright et al., 2012). Furthermore, post-crossing trajectories of commissural axons were 

disrupted in DG mutants, similar to errors previously shown in Slit or Robo mutants. 

Interestingly, glycosylated DG was necessary for Slit-mediated axon guidance by regulating 

Slit distribution in the floor plate and the basement membrane (Wright et al., 2012). 

Together, these studies imply that DG is essential for correct axon guidance in the nervous 

system.

Several lines of evidence showed that a unique subset of neural crest cells, boundary cap 

(BC) cells, also control motor neuron migration. These cells migrate to the ventral motor 

exit points and dorsal sensory entry points and act as a barrier to motor neuron cell bodies 

while selectively letting their axons pass through the pial surface to the periphery. The 

ablation of BC cells leads to emigrant motor neurons outside the neural tube at the ventral 

exit points, suggesting these neural crest cells are necessary for keeping motor neurons 

inside the neural tube. Repulsive Semaphorin signals from BC cells prevent motor neuron 

cell bodies to translocate into the peripheral nervous system (PNS) (Bron et al., 2007; Mauti 

et al., 2007). Other signals produced by BC cells include a new Netrin family member, 

Netrin5, and Netrin5/DCC signals also prevent motor neuron migration out of the neural 

tube (Garrett et al., 2016). We previously showed that the major floor plate repellent signal, 

Slit2, which is also expressed in motor neurons, was downregulated in motor neurons in Islet 

mutants, and that Slit2 mutations cause mis-position of motor neurons in the spinal cord 
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(Lee et al., 2015). In addition, when Slit/Robo signals were absent, motor neurons migrated 

out throughout the basement membrane in various levels of the spinal cord. Interestingly, in 

Robo1/2 double mutants, motor neurons migrated out the spinal cord at embryonic day 9.75 

(E9.75) when the BC cells have not yet appeared at the ventral exit points, implying that BC 

cell-independent signals, including Slit/Robo signals, are required for retaining motor 

neurons inside the neural tube (Lee et al., 2015).

In the current study, we have therefore investigated how Slit/Robo signals are involved in 

preventing emigrant motor neurons in the spinal cord, by using a variety of mouse genetic 

tools. Our results suggest that when Slit/Robo signals were absent, especially when the 

signals were removed from motor neurons, that motor neuron cell bodies migrated out of the 

spinal cord. Moreover, this ectopic migration was associated with disruption of basement 

membrane and abnormal neuroepithelial organization. Together, this project reveals novel 

mechanistic insights of Slit/Robo signals to regulate the basement membrane integrity which 

is essential for restricting emigration of spinal motor neurons.

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), 

10.5 (E10.5), and 12.5 (E12.5) embryos were obtained via uterine dissection of timed 

pregnancies, with E0.5 specified as the morning when a vaginal plug was observed. 

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), and Slit (Plump et al., 2002) mutant strains were gifts of Marc Tessier-

Lavigne, Genentech and Stanford. 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). 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 mutant backgrounds. The 

Islet-Cre strain was a gift of Thomas Gould, University of Nevada, Reno. Slit2flox (Rama et 

al., 2015) and Robo1;2flox (Lu et al., 2007) mice were a gift of Le Ma, Thomas Jefferson 

University and Alain Chedotal, INSERM.

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 E12.5 spinal cords 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), goat anti-Robo2 (R & D, 1:200), 

mouse anti-Islet-1 (DSHB, 1:100), mouse anti-Nestin (DSHB, 1:100), mouse anti-α-

Dystroglycan (DSHB, 1:100), mouse anti-β-Dystroglycan (DSHB, 1:100), rabbit anti-

Krox20 (Covance, 1:500), rabbit anti-HB9 (Abcam, 1:200)] were applied in PBST, and then 
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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

Slit2 deletion in motor neurons was validated by in situ hybridization with a Slit2 exon 8 - 

specific riboprobe. In situ hybridization was carried out using standard procedures (Mastick 

et al., 1997). The probe for Slit2 exon 8 was provided by Alain Chedotal (Rama et al., 

2015), Sorbonne University, Paris, France.

Quantification of ectopic motor neuron defects

The number of ectopic motor neurons 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 and Islet-1 labeled sections.

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

measured at the location where motor axons exit at the brachial level of the E10.5 spinal 

cords. The measurements were made on βIII-tubulin labeled sections. TIFF images were 

imported into Image J to measure the width of motor axon exits.

The intensity of α and β-DG expression in the spinal cord was measured both in the ventral 

spinal cord and the dorsal spinal cord. The ventral part was determined from the ventral 

midline to the dorsal border of the motor nucleus, and the dorsal part was defined from the 

motor nucleus up to the roof plate. The measurements were made on α and β-DG labeled 

sections. TIFF images were imported into Image J and freehand lines were applied along the 

basement membrane to measure the intensity.

To measure the arrangement of neuroepithelial/radial glial processes in the ventral motor 

column, the distance and angle between Nestin+ fibers were measured. TIFF images of 

Nestin-labeled sections at E10.5 were imported and the distance and angle were measured 

using Image J. The measurements for each angle were presented in Rose histograms using 

Matlab Version 8.5.0.197613 (R2015a). Angles of each Nestin+ fibers were clustered in 10° 

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

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

Motor neurons migrate outside the spinal cord when Slit/Robo signals are missing

Spinal motor neurons cluster in clearly defined motor columns within the ventral neural 

tube, then project axons to innervate their peripheral targets. The main goal of our study was 

to examine how Slit/Robo signals keep motor neuron cell bodies within the neural tube.
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Robo1 and Robo2 were expressed by spinal motor neurons and Slit2 were also expressed by 

the floor plate and spinal motor neurons (Brose et al., 1999; Kim et al., 2017b; Lee et al., 

2015). These expression patterns of Slits and Robos suggest that motor neurons have Robo 

receptors to respond to Slits, which in turn could be derived from motor neurons themselves, 

or from the floor plate. In our previous study, we reported that significant numbers of spinal 

motor neurons were migrated out of the neural tube in Robo1/2 and Slit1/2/3 mutants at the 

brachial and lumbar levels. However, no significant number of ectopic motor neurons were 

observed at the thoracic level, suggesting that Slit/Robo signaling is region-specific (Lee et 

al., 2015). Therefore, we only focused on the brachial level of the spinal cords throughout 

the current study.

To observe how motor neurons are retained inside the neural tube more directly, we used the 

motor neuron-specific transgenic reporter Isl1MN-GFP (Lewcock et al., 2007) in a Robo1/2 

mutant background. In wild type embryos, on E9.5, at the earliest stage of motor axons 

exiting the spinal cord, the Isl1-GFP+ marker clearly showed that motor neuron cell bodies 

were located inside the ventral spinal cord (Fig.1A). Also, no Isl1-GFP+ motor neuron cell 

bodies or axonal processes were found in the floor plate of wild type embryos (Fig. 1A). 

However, in Robo1−/−;2−/− embryos, the Isl1-GFP+ marker clearly showed that motor 

neuron cell bodies and their axonal processes were in the floor plate of the spinal cord. Also, 

we found that GFP+ motor neuron cell bodies emigrated out of the neural tube (Fig. 1B). At 

E10.5, in wild type embryos, Isl1-GFP+ motor neurons were retained within the spinal cord 

(Fig. 1C). In Robo1−/−;2−/− embryos,GFP+ motor neurons were found outside the spinal 

cord (Fig. 1D). Similarly, βIII-tubulin and Islet1 labeling on E10.5 spinal cord sections 

clearly showed that in wild type embryos, Islet1+ motor neurons were positioned the ventral 

spinal cord next to the floor plate and these cells were located inside the neural tube (Fig. 

1E, G, and I). In contrast, we found that motor neurons streamed out of the spinal cords of 

E10.5 Robo1−/−;2−/− (Fig. 1F, H, and I). Interestingly, we found that more than 93% βIII-

tubulin+ cells located outside the spinal cords of Robo1/2 double mutants were Islet-1+ 

(n=7), implying that Islet-1+ motor neurons were the vast majority of the emigrating cells, 

and so motor neurons were specifically sensitive to loss of Robo. We also labeled with 

another motor neuron marker, HB9, on the spinal cord sections, which confirmed that HB9+ 

motor neurons were migrated out the neural tube (Suppl. Fig.1). The number of ectopic 

motor neurons were significantly increased in Robo1−/−;2−/− compared to wild type or 

Robo1+/−;2+/− spinal cords, showing that Robo function is critical to prevent emigrant motor 

neurons (Fig. 1K). Also, the thickness at motor exit showed that Robo1−/−;2−/− had 

expanded exit points compared to wild-type or R1+/−;2+/− spinal cords (Fig. 1J), indicating 

that the motor axons exited not just in a normal narrow area but over a broader area. Also, 

we found that Islet-1+ emigrant cells were no longer visible by E12.5 (data not shown), 

implying that the ectopic motor neurons might die, turn off the Islet1 marker, or migrate out 

to different tissues at this later stage. These findings suggest that Robo receptors are required 

to retain motor neurons at an early embryonic stage. To examine the possible involvement of 

boundary cap (BC) cells in keeping motor neurons within the neural tube, we used Krox20 

antibody, a BC cell marker, on spinal cord sections of E10.5 and E11 wild-type or Robo1−/−;
2−/− (Supp. Fig. 2). Unexpectedly, Krox20+ BC cells were not present at motor exit points at 

E10.5 (Supp. Fig. 2A-D). At E11, both wild-type and Robo1−/−;2−/− had Krox20+ BC cell 
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clusters at motor exit points (Supp. Fig.2E-H), suggesting that Slit/Robo signals act 

independently of BC cells for retaining motor neurons inside the spinal cord.

To investigate which Robo receptors are necessary for this positioning mechanism, we used 

the single mutants, Robo1−/− or Robo2−/−. In Robo1−/−, βIIItubulin and Islet1 labeling on 

E10.5 spinal cord sections clearly showed that the number of ectopic motor neurons was not 

significantly different from Robo1+/− embryos (Fig. 2A-D). However, in Robo2−/−, the 

number of ectopic motor neurons was significantly increased compared to Robo2+/− 

embryos (Fig. 2E-H), suggesting that Robo2 is important for retaining motor neurons inside 

the spinal cord. In contrast, the thickness at the exit points were increased in Robo1+/− 

compared to Robo2+/− (Fig. 2R), showing that Robo1 is more important for forming 

fasciculated exit points in the spinal cord.

We also tested whether Slit mutant embryos have the same phenotypes observed in Robo 

mutant embryos. We found that spinal motor neurons streamed out the neural tube when 

both Slit1 and Slit2 were missing (Fig. 2M, N). Also, in Slit1/2 double mutants, the 

thickness of the exit points was significantly increased compared to Slit1−/−;2+/+ (Fig. 2T). 

To test which Slit is important for keeping motor neurons inside the spinal cord, Slit single 

mutants, Slit1−/− or Slit2−/−, were used. In Slit1−/−;2+/+ mutants, no ectopic motor neurons 

were found outside of the spinal cord (Fig. 2I, J and U). In contrast, emigrant spinal motor 

neurons were found in Slit2−/− embryos (Fig. 3L, M and V), suggesting that Slit2 is critical 

for retaining motor neurons inside the neural tube. Interestingly, extended exit points were 

also observed when a single wildtype Slit2 allele was present in Slit1−/−;2+/− (Fig. 2K, L). 

However, we still found one or two emigrant motor neurons in the Slit1−/−;2+/− mutants even 

though one copy of Slit2 prevented the significant number of motor neurons streaming out 

the neural tube observed in Slit1/2 double mutants. Overall, our main finding is that Slit2 is 

required for keeping motor neurons within the spinal cord.

Motor neuron-specific Robo2 or Slit2 knockout mutants lead to emigrant motor neurons in 
the spinal cord

The emigrant phenotype might be due to indirect effects of global knockout of Robo 

receptors. A stringent genetic test for Robo-dependent function of motor neurons in 

positioning mechanism would be to use motor neuron-specific knockouts. To determine the 

cell autonomy of Slit reception in these cells, the Isl1-cre line was used to delete Robo 

signaling in motor neurons in Robo1−/−; Robo2 flox/− embryos. Robo1−/−; Robo2 flox/− was 

crossed to Robol+/−; Robo2+/−; Tg Isl1-Cre, to produce Robo2ΔMN embryos. Robo2 

antibody labeling was used to confirm Robo2 loss in motor neurons (Supplementary Fig. 3). 

The Robo2ΔMN spinal cords have substantial motor neuron emigration, in which the number 

of ectopic motor neurons was not significantly different from Robo1/2 global knockout 

embryos (Fig. 3E, F, I and T). In contrast, no emigrant motor neurons were found in the 

Robo1−/−;2+/− spinal cords (Fig. 3A, B, G, and T). Moreover, the Robo2ΔMN spinal cords 

had defasciculated exit points which were not observed in the Robo1−/−;2+/− spinal cords 

(Fig. 3E, S). These results suggest that motor neurons are the essential site for Robo function 

to keep motor neurons inside the spinal cord.
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Since Slit2 is expressed by motor neurons, we did a direct genetic test by motor neuron-

specific knockout of Slit2. The Isl1-cre line was used to delete Slit2 in Slit2 flox/− embryos. 

Slit2 flox/− was crossed to Slit2 +/−; Tg Isl1-Cre to get the desired Slit2ΔMN embryos. These 

embryos were confirmed by Slit2 in situ hybridization to have a motor neuron-specific 

reduction of Slit2 exon8 transcripts, while retaining wild type levels of Slit2 transcripts in 

the floor plate, although the Slit2− allele does produce a low level of exon 8-containing 

transcripts (Supplementary Fig. 4). The Slit2ΔMN spinal cords had motor neuron emigration, 

in which the number of ectopic motor neurons was not significantly different from Slit2 

global knockout embryos (Fig. 3N, O, R and V). This implies that motor neurons are the 

critical site for Slit/Robo signaling and Slit2 produced by motor neurons is important for 

preventing motor neuron emigration. In contrast, the number of emigrant motor neurons was 

significantly less in the Slit2+/− spinal cords (Fig. 3J, K, P, and V). However, we found wider 

exit points in the Slit2+/− spinal cords as well as the Slit2ΔMN spinal cords (Fig. 3U), 

showing that Slit2 is important for regulating fasciculated exits in the spinal cord.

Together, these data show that cell autonomous signaling by Slit/Robo in spinal motor 

neurons play a significant role in keeping motor neurons inside the spinal cord.

Dystroglycan expression is discontinuous and ruptured in Robo or Slit mutants

Because motor neurons are able to emigrate through the basement membrane in Slit and 

Robo mutants, we examined the basement membrane integrity in the spinal cord. We first 

examined patterns of Dystroglycan (DG), the major basement membrane proteins expressed 

in the spinal cord.

Firstly, the intensity of α-DG expression was measured after immunostaining on spinal cord 

sections. In Robo1/2 double knockout spinal cords, we found that the basement membrane 

was discontinuous, specifically in the ventral spinal cord (Fig. 4B, E). Strikingly, gaps in the 

basement membrane were associated with the ventral sites where motor neurons ectopically 

emigrate, suggesting that emigrating motor neurons were associated with degraded basement 

membrane. Similarly, β-DG expression was also significantly decreased in the knockout 

spinal cords (Fig. 4N). Importantly, both α and β-DG expression remained intact in the 

dorsal part of the knockout spinal cord (Fig. 4M, N), consistent with the ventral Slit2 signals 

derived from motor neurons. Also, in Slit2−/− spinal cords, both α and β-DG antibody 

labeling were decreased compared to Slit2+/− (Fig. 4H, K). However, the antibody labeling 

was not changed in the dorsal part of the Slit2−/− spinal cord (Fig. 4O, P). This implicates 

that Slit proteins produced by ventral tissues are important for regulating DG protein levels 

in the spinal cord.

To further localize the site of Robo and Slit function in maintaining intact ventral basement 

membranes, we examined basement membrane integrity in Robo2 and Slit2 motor neuron 

specific knockouts, both of which cause motor neuron emigration. We first examined the DG 

antibody labeling patterns in Robo2ΔMN spinal cord. In the mutant, both α and β-DG 

expression were significantly decreased compared to Robo1−/−;2+/− (Fig. 4C, F, M, and N). 

Then, we investigated Slit2ΔMN embryos. Similarly, in the mutant spinal cord, DG 

expression in the ventral basement membrane was discontinuous. Also, both α and β-DG 

expression were significantly decreased, similar to Slit2−/− spinal cords (Fig. 4I, L, O, and 
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P). However, density of the dorsal part of the basement membrane was not significantly 

changed in either conditional knockout spinal cords, consistent with the ventral loss of Slit2 

(Fig. 4M, N, O, and P). These results suggest that DG levels and basement membrane 

integrity depend on Robo2 and Slit2 function in motor neurons, rather than on other ventral 

tissues such as the floor plate.

Neuroepithelial endfeet organization is disrupted in Robo or Slit mutant spinal cords

Dystroglyan proteins are important for the organization of the neuroepithelial fibers which 

extend endfeet radially out to form the pial surface of the neural tube, in that disruption of 

dystroglycan levels or assembly can disrupt organization of radial fibers and endfeet 

(Schroder et al., 2007). Therefore, we examined the neuroepithelial radial processes and 

endfeet using Nestin antibody labeling on spinal cord sections of Robo1−/−;2−/− or motor 

neuron-specific Robo2 knockout embryos. In wildtype spinal cord, Nestin antibody labeling 

showed a radial organization of aligned fibers reaching out to the pial surface of the spinal 

cord. The fibers were relatively evenly spaced and had consistent angles (Fig 5A, A’ and H). 

When Robo1 and 2 were missing, radial processes were sparse, disorganized, and directed at 

a wider range of angles (Fig. 5C, C’ and H). In addition, fewer fibers reached to the pial 

surface. In the motor neuron-specific Robo2 knockout spinal cord, the distance between the 

processes was less variable than observed in the global knockout spinal cord (Fig. 5D, H). 

However, the processes in the mutant had high variance angles in the motor column (Fig. 

5D, D’). Similar defects were seen in Slit2−/− and Slit2ΔMN mutant spinal cords (Fig. 5F, F’, 

G, G’, and I). Overall, these results add to the observations that motor neuron emigration is 

associated with abnormal basement membrane formation and organization of radial 

neuroepithelial fibers and endfeet.

Discussion

The basement membrane boundary between the CNS and PNS is critical for proper spinal 

cord development and function, as exemplified by the proper positioning of spinal motor 

neuron cell bodies for their functional input and output. However, little is known about how 

motor neurons keep their organized pattern inside the ventral spinal cord. In the current 

study, we investigate the molecular basis of how spinal motor neurons are retained within 

the neural tube by using of mouse genetic tools.

Our main finding is that Slit/Robo signals are necessary to keep spinal motor neurons inside 

the neural tube by regulating the basement membrane integrity. The genetic approaches with 

different combinations of mutants suggest that motor neurons are the essential site for Slit/

Robo signaling to set up and maintain a normal basement membrane in the spinal cord.

Importantly, motor neuron-specific Robo or Slit knockout results demonstrate the potential 

cell-autonomous requirement for Slit/Robo signaling in keeping motor neuron within the 

neural tube. However, it is important to note that while motor neurons are the vital site for 

Slit/Robo signaling in retaining motor neurons, the Slit2 signal may act on other nearby cell 

types, such as neuroepithelial cells, to carry out this function. Interestingly, the floor plate 

function was not sufficient to retain motor neurons in the spinal cord. Contrast to the 

previous reports showing a Slit2 ventral repulsive role in controlling the position of the 
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motor neurons within the neural tube, prevention of attraction into the floor plate (Kim et al., 

2017a; Kim et al., 2015), and in setting the position of the motor exit point (Kim et al., 

2017b), emigration does not neatly fit into a push-pull balance between midline attraction 

and repulsion. The results instead point to a local role in controlling the ability of motor 

neurons to either stay in their normal place in the nucleus, or emigrate out. A local role of 

Slit/Robo signaling is strongly implicated by the potential cell autonomous functions shown 

by the motor neuron specific knockouts. In addition, our findings suggest that motor neurons 

have a strong migratory ability, and apparently can follow their axons out into the periphery, 

if Slit/Robo signals are disrupted.

Basement membrane integrity is essential for proper neuronal migration.

Basement membrane integrity is one of the key determinants for proper neuronal migration. 

Dystroglycan (DG) is the major basement membrane protein, and this protein is important 

for connection between the extracellular matrix and the cytoskeleton (Bello et al., 2015). In 

addition, DG is important for regulating neuronal migration and organizing guidance cues in 

their precise location (Lindenmaier et al., 2019; Wright et al., 2012). One of our key findings 

is that when Slit/Robo signals are absent, motor neurons migrate out of the spinal cord, and 

that this abnormal emigration is associated with disruptions in DG expression in the ventral 

neural tube. Interestingly, both α and β-DG expression remained intact in the dorsal part of 

the knockout spinal cord (Fig. 4). This implicates that Slit proteins produced in ventral 

tissues are important for regulating DG expression in the spinal cord. The results from the 

motor neuron-specific Robo2 and Slit2 knockout spinal cords support this finding that motor 

neurons located at the ventral part of the spinal cord are one of the key sites that Slit/Robo 

signals act to set up a normal basement membrane. It is possible that Slit2 protein produced 

by ventral tissues, including locally by the motor neurons themselves, accumulates in the 

basement membrane through interaction with DG (Wright et al., 2012). This potential 

accumulation of Slit2 at the basement membrane may function in a repulsive manner to 

prevent motor neuron emigration. Thus, motor neuron-derived Slit2 could make an 

additional barrier to repel motor neurons near the exit points. On the other hand, emigrant 

motor neurons could play an active degrading role: They are released to migrate in Robo and 

Slit mutants, and then the migrating motor neurons may be able to degrade the basement 

membrane and escape (Santiago-Medina et al., 2015). It is important to note our limitation 

in determining Slit2 protein localization in the spinal cord. Thus, even though motor neuron 

specific Slit2 knockout had emigrant motor neurons, we could not exclude the possible 

involvement of other Slit2 sources.

Wider motor axon exits through the basement membrane could lead to ectopic motor 

neurons as they penetrate through the ventral part of the basement membrane. The 

extracellular proteinases, such as matrix metalloproteinases (MMPs), expressed by motor 

axons have been implicated to play a role in axon pathfinding by degrading the extracellular 

matrix (McFarlane, 2003; Yong et al., 2001). Thus, a wider front of motor axons penetrating 

the basement membrane could provide a route for ectopic migration, possibly by degrading 

broad regions of the basement membrane. However, even though Robo1+/− and Robo1−/− 

had wider exits, the number of ectopic motor neurons was significantly reduced compared to 

Robo2−/−, in which the width of exit points was similar to Robo1+/− or Robo1−/−. This 
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finding suggests that defasciculated wider motor axon exits are not sufficient to cause motor 

neuron emigration in the spinal cord, and simply the width of the exit point did not closely 

predict the severity of motor neuron emigration.

Whether the decreased deposition of dystroglycan precedes or follows the motor neuron 

migration was not resolved. Unfortunately, both β-DG and α-DG were not observable by the 

basement membrane at E9.5 spinal cords when motor neurons start emigrating out (data not 

shown). Because of the limitations of our assay and possible DG expression below the level 

of detection, it is difficult to resolve if the abnormal expression of DG proteins is a cause or 

a consequence of the emigrant motor neurons or axon defasciculation.

Slit/Robo signals organize normal radial structure of the neuroepithelial cells.

The neuroepithelial cells are presumably the main producers of the basement membrane as 

these cells have long radial glia-like extensions out to the pial surface, and their endfeet 

directly form the pial surface of the spinal cord. Since DG expression of the basement 

membrane is reduced in Slit or Robo mutants, this implies that Slit/Robo signaling must be 

required to stimulate the production of sufficient basement membrane components such as 

DG, or to maintain these basement membrane assemblies. Our results also implicate Slit/

Robo signaling in organizing and aligning the neuroepithelial end feet; this Slit/Robo 

signaling is a quite unexpected function that may reveal a novel role in guiding these cellular 

projections.

DG plays a role in regulating neuroepithelial cell morphology by anchoring their endfeet to 

the basal lamina (Schroder et al., 2007). In the study, they reported that knockdown of DG 

and overexpression of a dominant-negative DG in neuroepithelial cells of chick retina lead to 

abnormal radial morphology of the cells (Schroder et al., 2007). Consistent with their 

findings, we observed that the loss of DG expression in the ventral spinal cord was 

associated with abnormal neuroepithelial cell morphology in global and motor neuron-

specific Slit or Robo mutants. However, it remains unresolved whether Slit/Robo signals 

directly act on these neuroepithelial cells and affect their functions, or whether Slit/Robo 

signals somehow act on basement membrane assembly and then lead to an indirect effect on 

neuroepithelial fibers.

Other possible mechanisms: Slit/Robo signals in maintaining the position of motor 
neurons within the neural tube.

Semaphorin signals are also a critical factor in limiting motor cell body migration as 

Sema6A is expressed by boundary cap (BC) cell clusters located at motor exits. BC cells 

serve as a boundary between central and peripheral nervous system and Sema6A signals 

repel motor cell bodies that express Nrp2 or Plexins (Bron et al., 2007; Mauti et al., 2007). 

Knockdown or genetic deletion of Nrp2, Sema6A and PlexinA induced motor neuron 

emigration in a BC-cell dependent manner. Our recent study showed that Nrp1 and Slit2 was 

downregulated in motor neurons in Islet mutants and knockdown of both Npr1 and Slit2 

caused ectopic motor neurons (Lee et al., 2015). However, little is known about how Sema 

and Slit signals may cooperate in maintaining the position of spinal motor neurons.
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The potential interaction between Slit and Sema signaling in regulating neuronal migration 

and axon guidance has been reported. Indeed, in vivo and in vitro studies showed that Robo1 

interacted with Nrp1 to modulate Semaphorin signaling and regulated the migration of 

interneurons (Andrews et al., 2006). In addition, PlexinA1 bound the C-terminal Slit 

fragment and transduced a SlitC signal during commissural axon guidance in the spinal cord 

(Delloye-Bourgeois et al., 2015). Therefore, testing the functions of Sema/Nrp signals in 

spinal motor neurons is an exciting path to gain insights into how Slit and Sema signals 

interact. Further research will be needed to define genetic interaction between Slit2 and 

Nrp1 by generating combined mutants and using in vitro assays.

Another possibility is that Slit/Robo repulsion could regulate cell adhesion during motor 

neuron positioning. Cadherins, calcium-dependent adhesion receptors, play an essential role 

in cell movement. Indeed, in vivo and in vitro study showed that N-cadherin deficient cells 

did not lead to cell adhesion and migration (Shih and Yamada, 2012). For example, Slit1/

Robo2 signals regulate ganglion assembly through N-cadherin signals in the placodal cells 

(Shiau and Bronner-Fraser, 2009). A recent study showed that Slit2/Robo1 signals promoted 

the adhesion of tongue carcinoma cells by downregulating the expression of E-cadherin 

(Zhao et al., 2016). These findings suggest that Slit/Robo signals could regulate spinal motor 

neuron adhesion within their motor column possibly through affecting cadherin signals. 

Beside this possibility, Slit/Robo signals might regulate cell-cell interactions within the 

motor column through autocrine/paracrine Slit2 signaling, similar to the mechanism found 

in motor axon-axon interactions (Jaworski and Tessier-Lavigne, 2012).

Overall, our findings show that the loss of Slit/Robo signals from motor neurons leads to 

ectopic motor neuron migration, and that this emigration is associated with strong 

disruptions of the basement membrane in the ventral spinal cord. Furthermore, our genetic 

approaches imply that motor neurons within the ventral spinal cord are the vital site for Slit/

Robo signaling in establishing the normal basement membrane.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The Robo and Slit mutant founder mice were gifts of Marc Tessier-Lavigne (Stanford; Genentech). The Islet-1MN-
GFP-F mice were gifts of Samuel Pfaff (Salk Institute). The Islet-Cre strain was a gift of Thomas Gould (University 
of Nevada, Reno). Slit2flox and Robo1;2flox mice were a gift of Le Ma (Thomas Jefferson University). The probe 
for Slit2 exon 8 was a gift of Alain Chedotal (Sorbonne University, Paris, France). Several people in the Mastick lab 
provided help and discussions on this project, including Claudia Garcia-Pena, G. Eric Robinson and Sterling Louw. 
This project was supported by NIH RO1 EY025205 to GSM. Use of tissue culture and imaging core facilities was 
supported by P20 RR-016464, P20 GM103440, P20 GM103554, and P20 GM103650.

References

Andrews W, Liapi A, Plachez C, Camurri L, Zhang J, Mori S, Murakami F, Parnavelas JG, Sundaresan 
V, Richards LJ, 2006 Robo1 regulates the development of major axon tracts and interneuron 
migration in the forebrain. Development 133, 2243–2252. [PubMed: 16690755] 

Beggs HE, Schahin-Reed D, Zang KL, Goebbels S, Nave KA, Gorski J, Jones KR, Sretavan D, 
Reichardt LF, 2003 FAK deficiency in cells contributing to the basal lamina results in cortical 

Kim et al. Page 11

Dev Biol. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



abnormalities resembling congenital muscular dystrophies. Neuron 40, 501–514. [PubMed: 
14642275] 

Bello V, Moreau N, Sirour C, Hidalgo M, Buisson N, Darribère T, 2015 The dystroglycan: Nestled in 
an adhesome during embryonic development. Dev Biol 401, 132–142. [PubMed: 25050932] 

Bron R, Vermeren M, Kokot N, Andrews W, Little G, Mitchell K, Cohen J, 2007 Boundary cap cells 
constrain spinal motor neuron somal migration at motor exit points by a semaphorin-plexin 
mechanism. Neural Development 2, 21. [PubMed: 17971221] 

Brose K, Bland K, Wang K, Arnott D, Henzel W, Goodman C, Tessier-Lavigne M, Kidd T, 1999 Slit 
proteins bind robo receptors and have an evolutionarily conserved role in repulsive axon guidance. 
Cell 96, 795–806. [PubMed: 10102268] 

Delloye-Bourgeois C, Jacquier A, Charoy C, Reynaud F, Nawabi H, Thoinet K, Kindbeiter K, Yoshida 
Y, Zagar Y, Kong Y, Jones YE, Falk J, Chédotal A, Castellani V, 2015 PlexinA1 is a new Slit 
receptor and mediates axon guidance function of Slit C-terminal fragments. Nat Neurosci 18, 36–
45. [PubMed: 25485759] 

Feldner J, Becker T, Goishi K, Schweitzer J, Lee P, Schachner M, Klagsbrun M, Becker CG, 2005 
Neuropilin-1la is involved in trunk motor axon outgrowth in embryonic zebrafish. Developmental 
Dynamics 234, 535–549. [PubMed: 16110501] 

Garrett AM, Jucius TJ, Sigaud LP, Tang FL, Xiong WC, Ackerman SL, Burgess RW, 2016 Analysis of 
Expression Pattern and Genetic Deletion of Netrin5 in the Developing Mouse. Front Mol Neurosci 
9, 3. [PubMed: 26858598] 

Grant PK, Moens CB, 2010 The neuroepithelial basement membrane serves as a boundary and a 
substrate for neuron migration in the zebrafish hindbrain. Neural Development 5.

Grieshammer U, Ma L, Plump A, Wang F, Tessier-Lavigne M, Martin G, 2004 SLIT2-mediated 
ROBO2 signaling restricts kidney induction to a single site. Developmental Cell 6, 709–717. 
[PubMed: 15130495] 

Jaworski A, Tessier-Lavigne M, 2012 Autocrine/juxtaparacrine regulation of axon fasciculation by 
Slit-Robo signaling. Nature Neuroscience 15, 367–369. [PubMed: 22306607] 

Kim M, Bjorke B, Mastick GS, 2017a Motor neuron migration and positioning mechanisms: New 
roles for guidance cues. Semin Cell Dev Biol.

Kim M, Fontelonga T, Roesener AP, Lee H, Gurung S, Mendonca PR, Mastick GS, 2015 Motor 
neuron cell bodies are actively positioned by Slit/Robo repulsion and Netrin/DCC attraction. Dev 
Biol 399, 68–79. [PubMed: 25530182] 

Kim M, Fontelonga TM, Lee CH, Barnum SJ, Mastick GS, 2017b Motor axons are guided to exit 
points in the spinal cord by Slit and Netrin signals. Dev Biol 432, 178–191. [PubMed: 28986144] 

Lee H, Kim M, Kim N, Macfarlan T, Pfaff SL, Mastick GS, Song MR, 2015 Slit and Semaphorin 
signaling governed by Islet transcription factors positions motor neuron somata within the neural 
tube. Exp Neurol 269, 17–27. [PubMed: 25843547] 

Lee H, Song MR, 2013 The structural role of radial glial endfeet in confining spinal motor neuron 
somata is controlled by the Reelin and Notch pathways. Experimental Neurology 249, 83–94. 
[PubMed: 23988635] 

Lewcock JW, Genoud N, Lettieri K, Pfaff SL, 2007 The ubiquitin ligase phr1 regulates axon outgrowth 
through modulation of microtubule dynamics. Neuron 56, 604–620. [PubMed: 18031680] 

Lindenmaier LB, Parmentier N, Guo C, Tissir F, Wright KM, 2019 Dystroglycan is a scaffold for 
extracellular axon guidance decisions. Elife 8.

Long H, Sabatier C, Ma L, Plump A, Yuan W, Ornitz D, Tamada A, Murakami F, Goodman C, Tessier-
Lavigne M, 2004 Conserved roles for slit and robo proteins in midline commissural axon 
guidance. Neuron 42, 213–223. [PubMed: 15091338] 

Lu W, van Eerde AM, Fan X, Quintero-Rivera F, Kulkarni S, Ferguson H, Kim HG, Fan Y, Xi Q, Li 
QG, Sanlaville D, Andrews W, Sundaresan V, Bi W, Yan J, Giltay JC, Wijmenga C, de Jong TP, 
Feather SA, Woolf AS, Rao Y, Lupski JR, Eccles MR, Quade BJ, Gusella JF, Morton CC, Maas 
RL, 2007 Disruption of ROBO2 is associated with urinary tract anomalies and confers risk of 
vesicoureteral reflux. Am J Hum Genet 80, 616–632. [PubMed: 17357069] 

Kim et al. Page 12

Dev Biol. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



López-Bendito G, Flames N, Ma L, Fouquet C, Di Meglio T, Chedotal A, Tessier-Lavigne M, Marín 
O, 2007 Robo1 and Robo2 cooperate to control the guidance of major axonal tracts in the 
mammalian forebrain. J Neurosci 27, 3395–3407. [PubMed: 17392456] 

Mastick GS, Davis NM, Andrew GL, Easter SS, 1997 Pax-6 functions in boundary formation and axon 
guidance in the embryonic mouse forebrain. Development 124, 1985–1997. [PubMed: 9169845] 

Mauti O, Domanitskaya E, Andermatt I, Sadhu R, Stoeckli ET, 2007 Semaphorin6A acts as a gate 
keeper between the central and the peripheral nervous system. Neural Dev 2, 28. [PubMed: 
18088409] 

McFarlane S, 2003 Metalloproteases: carving out a role in axon guidance. Neuron 37, 559–562. 
[PubMed: 12597854] 

Niewmierzycka A, Mills J, St-Arnaud R, Dedhar S, Reichardt LF, 2005 Integrin-linked kinase deletion 
from mouse cortex results in cortical lamination defects resembling cobblestone lissencephaly. 
Journal of Neuroscience 25, 7022–7031. [PubMed: 16049178] 

Plump A, Erskine L, Sabatier C, Brose K, Epstein C, Goodman C, Mason C, Tessier-Lavigne M, 2002 
Slit1 and Slit2 cooperate to prevent premature midline crossing of retinal axons in the mouse 
visual system. Neuron 33, 219–232. [PubMed: 11804570] 

Price S, Garcia N, Ranscht B, Jessell T, 2002 Regulation of motor neuron pool sorting by differential 
expression of type II cadherins. Cell 109, 205–216. [PubMed: 12007407] 

Rama N, Dubrac A, Mathivet T, Ní Chárthaigh RA, Genet G, Cristofaro B, Pibouin-Fragner L, Ma L, 
Eichmann A, Chédotal A, 2015 Slit2 signaling through Robo1 and Robo2 is required for retinal 
neovascularization. Nat Med 21, 483–491. [PubMed: 25894826] 

Santiago-Medina M, Gregus KA, Nichol RH, O'Toole SM, Gomez TM, 2015 Regulation of ECM 
degradation and axon guidance by growth cone invadosomes. Development 142, 486–496. 
[PubMed: 25564649] 

Schroder JE, Tegeler MR, Grosshans U, Porten E, Blank M, Lee J, Esapa C, Blake DJ, Kroger S, 2007 
Dystroglycan regulates structure, proliferation and differentiation of neuroepithelial cells in the 
developing vertebrate CNS. Developmental Biology 307, 62–78. [PubMed: 17512925] 

Shiau C, Bronner-Fraser M, 2009 N-cadherin acts in concert with Slit1-Robo2 signaling in regulating 
aggregation of placode-derived cranial sensory neurons. Development 136, 4155–4164. [PubMed: 
19934013] 

Shih W, Yamada S, 2012 N-cadherin-mediated cell-cell adhesion promotes cell migration in a three-
dimensional matrix. J Cell Sci 125, 3661–3670. [PubMed: 22467866] 

Wright KM, Lyon KA, Leung HW, Leahy DJ, Ma L, Ginty DD, 2012 Dystroglycan Organizes Axon 
Guidance Cue Localization and Axonal Pathfinding. Neuron 76, 931–944. [PubMed: 23217742] 

Yong VW, Power C, Forsyth P, Edwards DR, 2001 Metalloproteinases in biology and pathology of the 
nervous system. Nat Rev Neurosci 2, 502–511. [PubMed: 11433375] 

Zhao Y, Zhou FL, Li WP, Wang J, Wang LJ, 2016 Slit2-Robo1 signaling promotes the adhesion, 
invasion and migration of tongue carcinoma cells via upregulating matrix metalloproteinases 2 and 
9, and downregulating E-cadherin. Mol Med Rep 14, 1901–1906. [PubMed: 27431199] 

Kim et al. Page 13

Dev Biol. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Motor neurons migrate outside the spinal cord in Slit or Robo mutants.

• Motor neurons emigrate when Slit/Robo signals are removed from motor 

neurons.

• Motor neuron-derived Slit/Robo signals are required to set up a normal 

basement membrane in the spinal cord.
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Figure 1. Islet-1+ Motor neurons migrate outside the spinal cord in Robo1/2 mutants.
(A, B) Spinal cord sections of Robo1+/+;2+/+::Islet-1MN-GFP-F and Robo1−/−;
2−/−::Islet-1MN-GFP-F E9.5 embryos (n=4 embryos for each genotype) show that GFP+ 

motor neurons are positioned within their motor column in Robo1+/+;2+/+::Islet-1MN-GFP-F 
(A). Arrows in B show that GFP+ motor neurons migrate into the floor plate (FP) and 

emigrate out of the Robo1−/−;2−/−::Islet-1MN-GFP-F spinal cord. (C, D) Spinal cord sections 

of Robo1+/+;2+/+::Islet-1MN-GFP-F and Robo1−/−;2−/−::Islet-1MN-GFP-F E10.5 embryos 

(n=4 embryos for each genotype) show that GFP+ motor neurons are retained within their 

motor column in Robo1+/+;2+/+::Islet-1MN-GFP-F (C). Arrows in D show that GFP+ motor 

neurons emigrate out of the Robo1−/−;2−/−::Islet-1MN-GFP-F spinal cord. Note that DRG 

neurons (white dotted lines in C, D) are GFP-negative. (E-H) Islet-1 and βIII-tubulin 

labeling (E, F) or Islet-1 labeling (G, H) on E10.5 spinal cord sections of Robo1+/+;2+/+ and 

Robo1−/−;2−/− embryos showing that Islet-1+ motor neurons emigrate outside the Robo1−/−;
2−/− spinal cord. (I) Schematics showing how motor neurons positioned in the E10.5 

Robo1+/+;2+/+ and Robo1−/−;2−/− spinal cords. (J, K) Summary graphs show the thickness at 

motor exit points. The width of exit points was measured at the brachial level of the E10.5 

spinal cords (dotted yellow lines in C and D) (H) and number of emigrating motor neurons 

(I) in Robo1+/+;2+/+, Robo1+/−;2+/− or Robo1−/−;2−/− embryos (n=7 embryos for each 

genotype). Both thickness and ectopic motor neurons are significantly increased in Robo 
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mutants compared to their littermate controls. Scale bars: A, B, 50 μm; C, D, 50 μm; E-H, 50 

μm. FP, floor plate, MN, motor neuron, DRG, dorsal root ganglion. *: P <0.05, **: P <0.001.
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Figure 2. Motor neurons migrate outside the spinal cord in Robo2 mutants and Slit1/2 mutants.
(A-H) Islet-1 and βIII-tubulin labeling (A, C, E, G) or Islet-1 labeling (B, D, F, H) on E10.5 

spinal cord sections of Robo1+/−, Robo1−/−, and Robo2+/−, and Robo2−/− (n=7 embryos for 

each genotype) showing that significant numbers of Islet-1+ motor neurons emigrate outside 

the Robo2−/− spinal cord. (I-N) Islet-1 and βIII-tubulin labeling (I, K, M) or Islet-1 labeling 

(J, L, N) on E10.5 spinal cord sections of Slit1−/−;2+/+, Slit1−/−;2+/− or Slit1−/−;2−/− (n=8 

embryos for each genotype) showing that significant numbers of Islet-1+ motor neurons 

emigrate outside the Slitl−/−;2−/− spinal cord. (O-Q) Schematics showing how motor neurons 

positioned in the E10.5 Robo1+/−, Robo1−/−, Robo2+/−, Robo2−/− Slit1−/−;2+/+, Slit1−/−;2+/− 

or Slit1−/−;2−/− spinal cords. (R, S) Summary graphs show the thickness at motor exit points 

(R) and number of emigrating motor neurons (S) in single Robo mutants and their littermate 

controls. In Robo1+/− and Robo1−/− embryos, Islet-1+ motor neurons are within the spinal 

cord even though these embryos have wider motor exits. However, both thickness and 

ectopic motor neurons are significantly increased in Robo2−/− compared to their littermate 

controls. (T, U) Summary graphs show the thickness at motor exit points (T) and number of 

emigrating motor neurons (U) in Slit1/2 mutants and their littermate controls. Slit1−/−;2+/− 

or Slit1−/−;2−/− embryos have extended motor exits compared to Slit1−/−;2+/+ embryos. The 

number of ectopic motor neurons are significantly increased in Slit1−/−;2−/− than Slit1−/−;
2+/− or Slit1−/−;2+/+ embryos. Scale bars: A-H, 50 μm, I-N, 50 μm. *: P <0.05, **: P <0.001.
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Figure 3. Motor neuron-specific Robo2 or Slit2 knockout mutants lead to emigrant motor 
neurons in the spinal cord.
(A-F) Islet-1 and βIII-tubulin labeling (A, C, E) or Islet-1 labeling (B, D, F) on E10.5 spinal 

cord sections of Robo1−/−;2+/−, Robo1−/−;2−/− or Robo1−/−;2 ΔMN (n=8 embryos for each 

genotype) showing that significant numbers of Islet-1+ motor neurons emigrate outside the 

Robo1−/−;2−/− or Robo1−/−;2 ΔMN spinal cord. (G-I) Schematics showing how motor 

neurons positioned in the E10.5 Robo1−/−;2+/−, Robo1−/−;2−/− or Robo1−/−;2 ΔMN embryos. 

(J-O) Islet-1 and βIII-tubulin labeling (J, L, N) or Islet-1 labeling (K, M, O) on E10.5 spinal 

cord sections of Slit2+/−, Slit2−/− or Slit2 ΔMN (n=8 embryos for each genotype) showing 

that significant numbers of Islet-1+ motor neurons emigrate outside the Slit2−/− or Slit2 ΔMN 

spinal cord. (P-R) Schematics showing how motor neurons positioned in the E10.5 Slit2+/−, 

Slit2−/− or Slit2 ΔMN embryos. (S. T) Summary graphs show the thickness at motor exit 

points (S) and number of ectopic motor neurons (T) in Robo1−/−;2+/−, Robo1−/−;2−/− or 

Robo1−/−;2 ΔMN embryos. Both motor exit points and the number of ectopic motor neurons 

are significantly increased in Robo1−/−;2ΔMN embryos compared to Robo1−/−;2+/− embryos. 

(U, V) Summary graphs show the thickness at motor exit points (U) and number of ectopic 

motor neurons (V) in Slit2+/−, Slit2−/− or Slit2ΔMN embryos. The number of ectopic motor 

neurons is significantly increased in Slit2 ΔMN embryos compared to Slit2+/− embryos. Scale 

bars: A-F, 50 μm, J-O, 50 μm. *: P <0.05, **: P <0.001.

Kim et al. Page 18

Dev Biol. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Dystroglycan ventral expression is lower and ruptured in Robo or Slit knockout spinal 
cords.
(A-F) α-DG labeling on E10.5 spinal cord sections of Robo1+/+;2+/+, Robo1−/−;2−/− or 
Robo1−/−;2 ΔMN (n=5 embryos for each genotype). (D-F) Close-up images showing that α-

DG expression is discontinuous in the ventral spinal cord of Robo1−/−;2−/− or Robo1−/−;2 
ΔMN embryos (yellow arrows). (G-L) α-DG labeling on E10.5 spinal cord sections in Slit2 

embryos. (J-L) Close-up images showing that α-DG expression is discontinuous in the 

ventral spinal cord of Slit2−/− or Slit2 ΔMN embryos (n=6 embryos for each genotype, yellow 

arrows). (M, N) Summary graphs show intensity (pixel gray level) of α-DG expression (M) 

and β-DG expression (N) in the ventral and dorsal part of the spinal cord. Both α and β-DG 

expression is significantly decreased in the ventral part of the spinal cord of Robo1−/−;2−/− 

or Robo1−/−;2ΔMN embryos. However, α and β-DG expression is maintained in the dorsal 

part of the spinal cord of Robo1−/−;2−/− or Robo1−/− ;2ΔMN embryos. (O, P) Summary 

graphs show intensity (pixel gray level) of α-DG expression (O) and β-DG expression (P) in 

the ventral and dorsal part of the spinal cord. Both α and β-DG expression is significantly 

decreased in the ventral part of the spinal cord of Slit2−/− or Slit2ΔMN embryos. However, 
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both α and β-DG expression is not changed in the dorsal part of the spinal cord of Slit2−/− or 
Slit2 ΔMN embryos. Scale bars: A-C, 50 μm; D-F, 20 μm, G-I, 50 μm, J-L, 20 μm. *: P 
<0.05, **: P <0.001.
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Figure 5. Nestin-positive neuroepithelial cells are disorganized in Robo or Slit2 knockout spinal 
cords.
(A-G) Nestin labeling on E10.5 (n=6 embryos for each genotype) spinal cord sections in 

Robo (A-D) and Slit (E-G) embryos showing that Nestin+ neuroepithelial/radial glial 

processes were sparse, disorganized, and disrupted in the ventral spinal cord of Robol−/−;
2−/−, Robo1−/−;2ΔMN, Slit2−/− or Slit2ΔMN embryos. embryos. (A’-G’) Rose histograms 

showing the distributions of angles inside the spinal motor column. Angles of each 

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

the percentage of total fibers include each bin. Note that the radial lengths were shown on a 

shorter scale in the mutant graphs because the angles were more variable than wild-type 

embryos, and therefore had lower percentages per bin. (H, I) Nested box-and-whisker plots 

with aligned data points showed that distance between Nestin+ processes has a high variance 

in Robo1−/−;2−/− or Robo1−/−;2ΔMN, Slit2−/− or Slit2ΔMN embryos compared to wild-type or 

their littermate controls. Scale bars: A-F, 50 μm.*: P <0.05, **: P <0.001.

Kim et al. Page 21

Dev Biol. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mouse embryos
	Immunohistochemistry
	In situ hybridization
	Quantification of ectopic motor neuron defects

	Results
	Motor neurons migrate outside the spinal cord when Slit/Robo signals are missing
	Motor neuron-specific Robo2 or Slit2 knockout mutants lead to emigrant motor neurons in the spinal cord
	Dystroglycan expression is discontinuous and ruptured in Robo or Slit mutants
	Neuroepithelial endfeet organization is disrupted in Robo or Slit mutant spinal cords

	Discussion
	Basement membrane integrity is essential for proper neuronal migration.
	Slit/Robo signals organize normal radial structure of the neuroepithelial cells.
	Other possible mechanisms: Slit/Robo signals in maintaining the position of motor neurons within the neural tube.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

