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Abstract 46 

In the developing central nervous system, the midline barrier, which comprises guidance 47 

molecule-expressing midline glial somata and processes, plays a pivotal role in midline axon 48 

guidance. Accumulating evidence has revealed the molecular mechanisms by which the midline 49 

barrier ensures proper midline guidance for axons. In contrast, the mechanisms for establishing 50 

the midline barrier remain obscure. Here we report that RacGAP α-chimaerin (α-chimerin) is 51 

required for both axonal repulsion at and establishment of the midline barrier in the spinal cord. 52 

We generated cortex-specific and spinal cord-specific α-chimaerin gene (Chn1) knockout mice 53 

(Cx-Chn1KO and Sp-Chn1KO mice, respectively), and found that both showed aberrant 54 

corticospinal tract (CST) axon midline crossing in the spinal cord. Strikingly, Sp-Chn1KO mice 55 

had breaks (holes) in the ephrinB3(+) spinal midline barrier, and EphA4(+) CST axons 56 

aberrantly crossed the midline through these holes. During a normal embryonic development, 57 

EphA4(+) spinal cells are located in juxta-midline areas but excluded from the midline. In 58 

contrast, in Chn1KO embryos, several EphA4(+) cells were aberrantly relocated into the 59 

midline, and the midline barrier was broken around these cells. Similarly, the spinal cord 60 

midline of Epha4KO mice was invaded by juxta-midline EphA4 cells (i.e., Epha4 61 

promoter-active cells) during the embryonic stage and holes were formed in the midline barrier. 62 
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Juxta-midline EphA4 cells in the spinal cord expressed α-chimaerin. We propose that spinal 63 

α-chimaerin aids in establishing an intact spinal midline barrier by mediating juxta-midline 64 

EphA4(+) cell repulsion, thus preventing these cells from breaking into the ephrinB3(+) midline 65 

barrier. 66 

 67 

Significance Statement 68 

The midline barrier plays a critical role in midline axon guidance, which is fundamental to the 69 

formation of neural circuits that are responsible for proper left-right coordination of our body. 70 

Studies have revealed some of the mechanisms underlying how the midline barrier navigates 71 

axons. In contrast, the establishment of the midline barrier during embryonic development 72 

remains unclear. In this study, we determined that α-chimaerin is required for the formation of 73 

an intact midline barrier. Spinal cord-specific α-chimaerin knockout mice had spinal midline 74 

barriers with numerous breaks (holes), through which corticospinal axons aberrantly crossed the 75 

midline. We propose that α-chimaerin protects the midline barrier by mediating cell repulsive 76 

signaling in juxta-midline cells, which prevents these cells from invading the midline. 77 

  78 
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Introduction 79 

Proper left-right coordination of bilateria relies on precise wiring of their neural circuits at the 80 

midline. In vertebrates, midline glia arrange their cell bodies and processes in a sheet to form 81 

the midline barrier (MB), which separates commissural and non-commissural axons (Snow et 82 

al., 1990; McDermott et al., 2005; Marichal et al., 2012; Sakai and Kaprielian, 2012). During 83 

development, contralaterally projecting axons enter the midline by recognizing attractive cues 84 

secreted by midline glia, and subsequently depart from the midline to the opposite side by 85 

recognizing repulsive cues from midline glia (Chedotal, 2011). For example, commissural axons 86 

originating from the dorsal spinal cord in mice navigate toward the ventral midline by attractive 87 

cues (e.g., netrin-1 and Sonic Hedgehog) secreted by ventral midline glia (floor plate cells) 88 

(Serafini et al., 1996; Charron et al., 2003; Chedotal, 2011). Subsequently, these axons are 89 

driven out of the midline to the contralateral side by repulsive cues (such as Slit) expressed by 90 

midline glia (Long et al., 2004; Pignata et al., 2016). In contrast, axons that should not cross the 91 

midline are prevented from entering the midline by expressing receptors for repulsive cues 92 

presented on midline glial somata and processes. For example, in the optic chiasm of the mouse, 93 

midline glia express ephrinB2 to repel axons of ipsilaterally projecting retinal ganglion cells 94 
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that express EphB1 (Erskine and Herrera, 2014). In the spinal cord of the mouse, midline glia 95 

express ephrinB3 to repel corticospinal tract (CST) axons that express EphA4 (Coonan et al., 96 

2001; Kullander et al., 2001b; Kullander et al., 2001a; Yokoyama et al., 2001). As described 97 

above, research has furthered our understanding of the molecular mechanisms by which the MB 98 

sorts axons for proper midline guidance. In contrast, how the MB itself is established during 99 

development remains unclear. 100 

Rac-specific GTPase-activating protein (RacGAP) α-chimaerin is a negative 101 

regulator of Rac, which controls actin cytoskeleton dynamics (Kozma et al., 1996). Both 102 

spontaneous and targeted mutations of the α-chimaerin gene (Chn1) in mice led to aberrant 103 

midline crossing of CST axons, abnormal spinal central pattern generators, and a rabbit-like 104 

hopping gait (Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007). These phenotypes 105 

of α-chimaerin-deficient mice are similar to those of EphA4-deficient (Dottori et al., 1998; 106 

Coonan et al., 2001; Kullander et al., 2001a; Kullander et al., 2003) and ephrinB3-deficient 107 

(Kullander et al., 2001b; Yokoyama et al., 2001; Kullander et al., 2003) mice. In fact, 108 

α-chimaerin is a key mediator of ephrinB3–EphA4 forward signaling. α-Chimaerin interacts 109 

with EphA4 in vivo and in vitro, and it inactivates Rac activity in response to ephrinB3–EphA4 110 



Katori et al. 

8 
 

forward signaling in vitro (Iwasato et al., 2007; Wegmeyer et al., 2007). Inactivation or 111 

suppression of α-chimaerin in cultured neurons inhibits ephrinB3-induced growth cone collapse 112 

(Iwasato et al., 2007; Wegmeyer et al., 2007). 113 

 In the present study, first we analyzed cortex-specific Chn1 knockout (Cx-Chn1KO) 114 

mice and determined that cortical α-chimaerin is essential for proper CST axon midline 115 

guidance. These data confirmed the important role of axonal α-chimaerin in EphA4-dependent 116 

axonal repulsion at the ephrinB3(+) MB. Next, we generated spinal cord-specific Chn1KO 117 

(Sp-Chn1KO) mice. Here we showed that spinal α-chimaerin plays a critical role for MB 118 

establishment. We found that numerous breaks were present in the spinal MB in Sp-Chn1KO 119 

mice, and CST axons aberrantly crossed the midline through these breaks. During the 120 

embryonic development of normal mice, spinal EphA4(+) cells located in the midline vicinity 121 

expressed α-chimaerin. In Chn1KO mice, these cells accumulated in the midline, and breaks in 122 

the MB (MB holes) emerged around these cells. Our results indicate that spinal α-chimaerin is 123 

essential for establishing an intact spinal MB, and excluding juxta-midline EphA4(+) cells from 124 

the midline may be the key step for establishing an intact MB. Here we shed light on the 125 
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mechanism of MB formation during development, which includes a critical role of ephrinB3–126 

EphA4–α-chimaerin signaling in cell repulsion.  127 



Katori et al. 

10 
 

Materials and Methods 128 

Animals 129 

Chn1 mutant mice that possess Chn1−(Iwasato et al., 2007), Chn1flox, Chn1∆α1, or Chn1floxα2 130 

alleles (Iwata et al., 2014), Emx1-Cre KI-∆Neo mice (Iwasato et al., 2000; Iwasato et al., 2008), 131 

and Rosa26-NLS-lacZ (RNZ) reporter mice (Kobayashi et al., 2013) were previously generated 132 

in our groups. Hoxb8-Cre transgenic mice (Witschi et al., 2010) and EphA4-LacZ gene trap 133 

mice (Leighton et al., 2001) were kindly gifted.  134 

For analyses of Figures 1, 3, and 4, Emx1+/Cre;Chn1flox/− (Cx-Chn1KO) and 135 

Chn1flox/−(control) mice were used. For analyses of Figures 1, 2, and 3, Hoxb8-Cre;Chn1flox/− 136 

(Sp-Chn1KO) and Hoxb8-Cre;Chn1flox/+ (control) mice were used. For analyses of Figure 3, 137 

Hoxb8-Cre;Chn1floxα2/− (Sp-α2ChnKO) and Chn1∆α1/∆α1 (α1ChnKO) mice were used. 138 

Sp-Chn1KO and their control mice contain RNZ reporter, which were used for confirmation of 139 

spinal cord-specific Cre-mediated recombination. For analyses of Figure 4, 140 

Hoxb8-Cre;Chn1flox/– (Sp-Chn1KO) mice were used. For analyses of Figures 1, 3, and 6, 141 

Chn1−/− (Chn1KO) and Chn1+/− (control) mice were used. For analyses of Figures 8, 9, and 10, 142 

Epha4LacZ/LacZ (Epha4KO) and Epha4+/LacZ (control) mice were used. For analyses of Figures 5, 143 
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7, and 9, Chn1−/−;Epha4+/LacZ (Chn1KO) and Chn1+/−;Epha4+/LacZ (control) mice were used.  144 

All of the experimental procedures were based on the Guide for the Care and Use of 145 

Laboratory Animals of the Science Council of Japan, and approved by the Animal Experiment 146 

Committee of National Institute of Genetics.  147 

 148 

Analysis of CST axons labeled by an anterograde tracer 149 

The mice were anesthetized by 1.9% isoflurane (DS Pharma Animal Health) at 260 ml/min flow 150 

rate (Univentor 410 Anesthesia Unit adapted for airpump, Univentor) in adulthood. The heads 151 

were fixed with a stereotaxic instrument (Narishige), the head skins were incised and skulls 152 

were unilaterally removed partially. Biotinylated dextran amine (BDA, 15%, invitrogen) in 0.01 153 

M phosphate buffer (PB) pH 7.4 was unilaterally injected to the motor and somatosensory 154 

cortices (0.2 μl/site into 6–8 injection sites) that innervate cervical cord (Kamiyama et al., 2015). 155 

Then, the skull-removed cortex was covered with petrolatum, and the skin was sutured with silk 156 

thread. After 2–3 weeks, the mice were sacrificed with isoflurane, and transcardially perfused 157 

with saline and 4% paraformaldehyde (PFA, Nacalai) in 0.1 M PB. The spinal cord was taken 158 

out from the spinal column and post-fixed in 4% PFA/0.1 M PB for 6–8h, and subsequently 159 
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immersed in 30% sucrose/0.1 M PB for more than 2 days. From the cervical segments, 60 160 

μm-thick coronal sections were prepared with a freezing microtome (Yamato Kohki).  161 

For analysis of the BDA-labeled CST axons in cervical segment 5 (C5) of 162 

Cx-Chn1KO (n = 7), Chn1KO (n = 4) and their control (Chn1flox/−, n = 6) mice, the axons were 163 

colored with VECTASTAIN Elite ABC Kit (Vector) and DAB Substrate Kit (Vector), traced 164 

with camera lucida (Leica) mounted on an upright microscope (DMR, Leica), and re-traced and 165 

measured with NeuronJ (Meijering et al., 2004), a plugin for ImageJ software (National 166 

Institutes of Health). In another set of BDA-labeled CST axons in C5 of Cx-Chn1KO mice (n = 167 

3), Chn1KO mice (n = 5) and their controls (Chn1+/−, n = 5), spinal sections were incubated in 168 

Streptavidin, Alexa Fluor 488 conjugate (1:400, Life Technologies) for 2h (Omoto et al., 2011). 169 

Z-stack images of the Alexa Fluor 488-colored CST axons were taken with a confocal 170 

microscope (SP5, Leica), and traced with Simple Neurite Tracer (Longair et al., 2011), a plugin 171 

for ImageJ. For detection of the BDA-labeled CST axons in C8 of Sp-Chn1KO (n = 7), 172 

Chn1KO (n = 6) and their control (n = 8: 5 Hoxb8-Cre;Chn1flox/+ and 3 Chn1+/−) mice, all of the 173 

spinal sections were incubated in Streptavidin, Alexa Fluor 488 conjugate, and axons were 174 

traced with Simple Neurite Tracer as mentioned above. 175 
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For the quantification of CST axons that crossed the spinal midline in Figure 1, the 176 

areas of midline and adjacent contralateral and ipsilateral dorsal gray matter (DGM) were 177 

delimited using a previously reported method (Iwasato et al., 2007). Briefly, the height of each 178 

area was defined as the distance from the ventral tip of the dorsal funiculus (DF) to the center of 179 

the central canal (CC), and the width was defined as the lateral extent of the CC ependymal cell 180 

layer. The ipsilateral side was the BDA-injected side, and the contralateral side was the 181 

uninjected side. The ratio of axonal length in the ipsilateral area to that in the contralateral area 182 

was calculated in each section.  183 

 184 

Morphological analysis of DGM midline length 185 

In adulthood, Sp-Chn1KO mice and their controls were transcardially perfused with saline and 186 

4% PFA/0.1 M PB, and the spinal columns were taken out. Then the dorsal parts of spinal 187 

columns were removed, and the dorsal surfaces of the spinal cords were exposed and immersed 188 

in 4% PFA/0.1 M PB for 6–8h, and in 30% sucrose/0.1 M PB for more than 2 days. Finally, the 189 

spinal cords were taken out from the spinal columns. Coronal sections (100 μm-thick) of the C6 190 

were mounted on FRONTIER-coated glass slides (FRC-01, Matsunami). The sections were 191 
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applied with phosphate buffered saline (PBS) pH 7.4 and covered with cover glasses 192 

(Matsunami). The images were obtained with cooled CCD camera (VB-7010, Keyence) 193 

mounted on the upright microscope (DMR, Leica). Midline lengths of the DGM and DF, which 194 

were defined as distances between the center of CC and the ventral tip of the DF and that 195 

between the DF ventral tip and the dorsal surface of the spinal cord, respectively, were 196 

measured. The midline length ratio of DGM and DGM+DF was calculated in each section. 197 

 198 

Antibodies 199 

Rabbit anti-ephrinB3 (1:100 or 1,000, Life tech), mouse anti-nestin (1:100, Santa Cruz), rat 200 

anti-CD31/PECAM1 (1:500, Novus Biologicals), mouse anti-β-galactosidase (β-gal, 1:100, 201 

Promega), anti-NeuN (1:1,000, Millipore), and rabbit anti-α2-chimaerin [1:10,000, α2-1 fraction 202 

5, (Iwata et al., 2015)] antibodies were used as primary antibodies. Alexa Fluor 568 (or 647) 203 

goat anti-rabbit IgG (H+L) (1:1,000, invitrogen), Alexa Fluor 488 (or 568) goat anti-mouse IgG 204 

(H+L) (1:1,000, invitrogen), and Alexa Fluor 488 goat anti-rat IgG (H+L) (1:1,000, invitrogen) 205 

antibodies were used as secondary antibodies. 206 

 207 
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Immunohistochemistry and histological analyses 208 

Embryonic [embryonic day (E)14.5, E15.5, and E17.5] and neonatal [postnatal day 0 (P0) and 209 

P5] mice were transcardially perfused with saline. Then the dorsal part of the spinal column was 210 

removed, and the dorsal surface of the spinal cord was exposed and immersed in 4% PFA/0.1 M 211 

PB for 6–8h, and in 30% sucrose/0.1 M PB for more than 2 days. Finally, the spinal cord was 212 

taken out from the spinal column. For analyses of coronal sections, 100 μm-thick sections were 213 

made with the freezing microtome from the spinal cord that was frozen in 30% sucrose/0.1 M 214 

PB with solid carbon dioxide/ ethanol. For analyses of spinal midsagittal sections, spinal cord 215 

that was placed in Cryomolds (Sakura Finetek) filled with OCT compound (Sakura Finetek) 216 

was frozen with solid carbon dioxide/isopentane and 100 μm-thick sections were made with a 217 

cryostat (CM3050 S, Leica). 218 

For immunohistological analyses in Figures 2–5, 7, 8, and 10, the spinal sections 219 

(100 μm-thick) were reacted with primary antibodies in PBS containing 0.25% TritonX-100 and 220 

1.5% goat serum at 4ºC for more than one day, and reacted with secondary antibodies in PBS 221 

containing 0.25% tritonX-100, 1.5% goat serum, and 1 μg/ml of 4',6-diamidino-2-phenylindole 222 

(DAPI) at 4ºC for more than one day. For α2-chimaerin and β-gal double staining in Figure 9, 223 
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the spinal sections (100 μm-thick) were pre-treated with 3% H2O2/ PBS for 20 min, 0.1 mg/ml 224 

of pepsin in 0.2 N HCl, 0.1 M PB for 15 min, and PBS containing 0.1% TritonX-100 and 10% 225 

goat serum for 1h. Then these sections were incubated in rabbit anti-α2-chimaerin and mouse 226 

anti-β-gal antibodies at 4ºC for more than two days, and incubated in biotinylated anti-rabbit 227 

IgG antibody (1:200, VECTASTAIN Elite ABC Kit, VECTOR), Alexa Fluor 568 goat 228 

anti-mouse IgG antibody (1:1,000), and 1 μg/ml DAPI for more than two days. The biotin was 229 

detected by VECTASTAIN® Elite® ABC kit and TSA Plus Fluorescein System (PerkinElmer). 230 

 LacZ staining for Figure 1C was performed with in X-gal solution (5 mM K3FeCN6, 231 

5 mM K4FeCN6, 2 mM MgCl2, 1 mg/ml X-gal in 0.1M PB) at 37°C. 232 

 233 

Analyses of MB holes 234 

Each single-plane coronal image in Figures 2, 4, 5, 7, and 8, was obtained using a confocal 235 

microscope. For each “z-projection” midsagittal image in Figure 3, serial single-plane images 236 

were obtained from a midsagittal section using the “z-compensation” function of the confocal 237 

microscope. In each single-plane image, the MB area was identified using ephrinB3 signal and 238 

cropped using ImageJ. Cropped images were subjected to z-projection (ImageJ). For each 239 
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pseudo-midsagittal image in Figures 3, 4, 5, 7, and 8, serial single-plane coronal images were 240 

obtained from a coronal section using the z-compensation function of the confocal microscope. 241 

The z-stack image was then virtually sliced along the midsagittal plane using the Reslice 242 

function of ImageJ. Resliced images were subjected to z-projection (ImageJ). The resulting 243 

pseudo-midsagittal images (Figures 4, 7, and 8) were used to measure the area of the MB and 244 

MB holes. For the quantification of MB hole size, ephrinB3 signals in z-projection midsagittal 245 

images of P0 Sp-Chn1KO mice (Figure 3) were used. The longitudinal length of an MB hole 246 

was defined as the length of the longitudinal axis, which is the line between the dorsal and 247 

ventral tips of the MB hole. The transverse length was defined as the maximum length of the 248 

axis orthogonal to the longitudinal axis. 249 

 250 

Analyses of β-gal(+) cell position 251 

For analyses of β-gal(+) cell position in EphA4-LacZ mice in Figures 7, 8, and 10, spinal 252 

coronal sections (100 μm-thick) were stained with anti-β-gal and anti-ephrinB3 antibodies and 253 

DAPI. The confocal images (0.49 μm-interval z-positions) were obtained. The cells, in which 254 

β-gal immuno-signals surrounding nuclei were detected in serial z-positions, were defined as 255 
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β-gal(+) cells. To determine whether each β-gal(+) cell is located in the MB or in MB holes, we 256 

analyzed both coronal and dorsoventral (D–V) images. Number of β-gal(+) cells in the MB and 257 

that in the MB holes were counted. For quantification of number of β-gal(+); NeuN(+) cell in 258 

Figure 6, spinal coronal sections (100 μm-thick) were stained with anti-β-gal and anti-ephrinB3 259 

antibodies and DAPI. 260 

 261 

DNA constructs 262 

For preparation of template DNA for in situ hybridization probes, Epha4 or Efnb3 genes were 263 

amplified by PCR with cDNA synthesized from a P2 mouse brain. Primer pairs were designed 264 

using the open database of Allen Brain Atlas (for Epha4: 265 

5′-GGTATAAGGACAACTTCACGGC-3′, 5′-CTTCTGTGGTATAAACCGAGCC-3′; for 266 

Efnb3: 5′-GTTAGGTTTTGCGGGGCT-3′, 5′-TTCCTAGCTCCCCAGGCT-3′). The amplicons 267 

inserted into pGEM®-T Easy Vector (Promega) were confirmed by sequencing with ABI 268 

PRISMR 3130xl, and pGEM-Epha4 (pK258) and pGEM-Efnb3 (pK100) vectors were obtained.  269 

Farnesylation signal-tagged proteins are trafficked to membranes of all neurites 270 

(Badaloni et al., 2007; Cai et al., 2013). Fanesylation signal-tagged tdTomato (tdT) expression 271 
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vector, pCX-tdTomato-farnesylation signal (pCX-tdTf) (pK261), was generated as follows: First, 272 

the SalI site was removed from the pCX-EGFP (Kato et al., 1999) by SalI digestion and filling 273 

and pCX-EGFP∆SalI (pK259) was obtained. Second, Egfp was removed from pK259 by EcoRI 274 

digestion and the farnesylation signal-fused EGFP coding sequence was inserted in turn by 275 

Gibson Assembly (NEB) and pCX-EGFPf (pK260) was generated. Finally, the Egfp in pK260 276 

was replaced with tdTomato by using SalI/SphI sites and Gibson Assembly, and pK261 was 277 

obtained. The farnesylation signal-fused EGFP coding sequence was amplified by two times 278 

PCR (1st, 5′-CGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACC-3′, 279 

5′-GCCGGGGCCACTCTCATCAGGAGGGTTCAGCTTGCATGCCTTGTACAGCTCGTCC280 

ATGCC-3′; 2nd, 5′-TCTCATCATTTTGGCAAAGtcgaCGCCACCATGGTGAGCAAG-3, 281 

5′-GCCTGCACCTGAGGAGTGATATCTCAGGAGAGCACACAGCAGCTCATGCAGCCGG282 

GGCCACTCTCATC-3′). The tdTomato was amplified from ptdTomato-N1 vector (Clontech) 283 

by PCR (5′-TCTCATCATTTTGGCAAAGTCGACCATGGTGAGCAAGGG-3′, 284 

5′-AGGGTTCAGCTTGCATGCCTTGTACAGCTCGTCCATGCCG-3′). 285 

 286 

In situ hybridization 287 
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In situ hybridization in Figure 6 was performed as described previously with some 288 

modifications (Schaeren-Wiemers and Gerfin-Moser, 1993; Katori et al., 2009). After restriction 289 

enzyme digestion of pK258 and pK100, RNA probes were synthesized with DIG RNA Labeling 290 

Kit (SP6/T7) (Roche). The cervical spinal cords of Chn1−/− and Chn1+/− mice (E13.5, E14.5, 291 

and E15.5) placed in Cryomolds filled with OCT compound were frozen with solid carbon 292 

dioxide/ isopentane. Coronal sections (10 μm in thickness) prepared by the cryostat were 293 

thaw-mounted on MAS-coated glass slides (S9442, Matsunami). After hybridization of the 294 

RNA probes to the sections for more than 12h, the DIG was detected by anti-Digoxigenin-AP, 295 

Fab fragments (Roche), and colored by BCIP-NBT Solution Kit (Nacalai). Nissl staining was 296 

used as counter-stain for adjacent sections. The images were obtained by the cooled CCD 297 

camera mounted on the upright microscope. Epha4(+) cells in the dorsal midline (width: 15 μm) 298 

were counted in each section.  299 

 300 

Analysis of CST axons labeled by in utero electroporation 301 

For analyses of CST axons in Sp-Chn1KO and Cx-Chn1KO embryos in Figure 4, timed mating 302 

of Chn1flox/+ female mice with HoxB8-Cre;Chn1+/− male mice and that of Chn1flox/+ female mice 303 
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with Emx1+/Cre; Chn1+/− male mice, respectively, was performed. The Chn1flox/+ female mice 304 

were anesthetized by Pentobarbital (Somnopentyl, Kyoritsu Seiyaku) at pregnant day 13.5. The 305 

uteri were taken out with laparotomy, and pK261 (1.0 μg/ml) in 0.9% NaCl solution including 306 

10% Trypan Blue Stain (Gibco) was injected unilaterally into the lateral ventricle of the 307 

embryos with glass needles. Voltage (40 V, 50 msec per 1sec, 5 times; Nepagene) was applied to 308 

the cerebra by tweezer-type disk electrodes (BEX). The pups at P5 were perfused by saline, and 309 

fixed by 4% PFA/0.1 M PB. Coronal sections (100 μm in thickness) of the lower cervical cord 310 

were made, and stained by anti-nestin antibody (or anti-ephrinB3 antibody) and DAPI by the 311 

above-mentioned method. Serial z-stack images (interval, 0.49 μm; thickness, 34.3 μm) of the 312 

sections were taken with the confocal microscope. From the serial images three-dimensional 313 

images were constructed with 3D viewer, a plugin for ImageJ. In each section, all of tdT(+) 314 

midline-crossing axons in Sp-Chn1KO mice were traced with Simple Neurite Tracer. Then it 315 

was determined whether individual tdT(+) axons crossed the midline through nestin(+) MB or 316 

through nestin( ) MB holes. The ratio of MB hole-crossing axons to total midline-crossing 317 

axons was calculated in each section.  318 

 319 
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Analysis of unilaterally labeled spinal cord by in utero electroporation 320 

For analyses of Epha4LacZ/LacZ embryos in Fig. 10, timed mating of Epha4+/LacZ male mice with 321 

Epha4+/LacZ female mice was performed. The Epha4+/LacZ female mice were anesthetized at 322 

pregnant day 11.5 by pentobarbital. The uteri were taken out with laparotomy, and pCX-EGFP 323 

(1.0 μg/ml) in 0.9% NaCl solution containing 10% Trypan Blue Stain was injected into the 4th 324 

ventricle of the embryos at E15.5 with glass needles until the dye was spread into the primitive 325 

lumen of the cervical cord. Voltage (30 V, 50 msec per 1sec, 5 times) was applied unilaterally to 326 

the spinal cords with tweezer-type U-shape platinum electrodes (BEX). The embryos at E17.5 327 

were perfused and fixed with 4% PFA/0.1 M PB. From the lower cervical cord, 100 μm-thick 328 

coronal sections were made with the freezing microtome. The sections were stained with 329 

anti-ephrinB3 and anti-β-gal antibodies and DAPI. From the sections, serial z-stack images 330 

were obtained with the confocal microscope. For the quantification of GFP(+) cells, a rectangle 331 

with 160 μm width centered on the midline and with height defined from the ventral tip of the 332 

DF to the dorsal edge of the CC was delineated as the region of interest (ROI) in each section. 333 

In the ROI, the ephrinB3(+) MB area was defined as the midline area. An area adjacent to the 334 

ROI on the electroporated side was defined as the ipsilateral area, and the other side was defined 335 
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as the contralateral area. In each area, the number of GFP(+) cells was counted. GFP(+) cells 336 

were examined for β-gal expression. The midline area had three types of cells: (1) 337 

GFP(+);β-gal(−) cells that extended their processes along the D–V axis, which were defined as 338 

midline radial glia, (2) GFP(+);β-gal(−) cells that extended their processes orthogonally to the 339 

D–V axis, and (3) GFP(+);β-gal(+) cells that extended their processes orthogonally to the D–V 340 

axis. The GFP(+);β-gal(+) cells were counted in Epha4KO (Epha4LacZ/LacZ) and control 341 

(Epha4+/LacZ) mice. The ratio of the number of GFP(+);β-gal(+) cells in the midline (or 342 

contralateral) area to the total number of GFP(+);β-gal(+) cells [GFP(+);β-gal(+) cells in the 343 

midline, contralateral, and ipsilateral areas] was calculated for each section.  344 

 345 

Experimental design and statistical analyses 346 

In analyses of postnatal mice, both male and female mice were used. In analyses of embryos, 347 

their sexes were not determined. For statistical analyses, Prism5 (GraphPad Software. Inc.) and 348 

ystat2002 (Igaku Tosho Shuppan) were used. For all experiments, significance was set at p < 349 

0.05. 350 

In analysis of midline-crossing CST axons labeled by an anterograde tracer (Figure 351 



Katori et al. 

24 
 

1B), Cx-Chn1KO mice [n = 10 mice (10 females)], Chn1KO mice [n = 9 mice (4 males and 5 352 

females)], and control mice [n = 11 mice (3 males and 8 females)] were used. In analysis of 353 

midline-crossing CST axons (Figure 1E), Sp-Chn1 KO [n = 7 mice (5 males and 2 females)], 354 

Chn1 KO [n = 6 mice (1 male and 5 females)], and control mice [n = 8 mice (4 males and 4 355 

females)] were used. For each animal, values of two–three sections were averaged. Statistical 356 

analyses of 3 groups were done with Kruskal-Wallis test, and followed by Dunn’s multiple 357 

comparison test.  358 

In morphological analysis of DGM midline length (Figure 2B), Sp-Chn1KO mice [n 359 

= 5 mice (1 male and 4 females)] and control mice [n = 4 (1 male and 3 females)] were used. 360 

For each animal, values of two sections were averaged. Statistical analysis was performed with 361 

Welch’s t-test. 362 

In analysis of CST axons labeled by in utero electroporation (Figure 4D), Seven 363 

sections from two female Sp-Chn1KO mice were used. Statistical analysis between the number 364 

ratio of MB hole-crossing axons to total midline-crossing axons and the area ratio of MB hole to 365 

DGM midline was performed with paired t-test.  366 

In analysis of Epha4(+) cells in the midline (Figure 6F), Chn1KO mice (n = 12 367 
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sections from 2 mice) at E14.5 and their control mice (n = 12 sections from 2 mice), and 368 

Chn1KO mice at E15.5 (n = 12 sections from 2 mice) and their control mice (n = 12 sections 369 

from 2 mice) were used. Statistical analyses between two groups were performed with Welch’s 370 

t-test.  371 

In analyses of β-gal(+) cell position (Figure 7H), 5 sections from 3 Chn1KO mice 372 

were used. In analyses of β-gal(+) cell position (Figure 8H), 5 sections from 5 Epha4KO mice 373 

(3 males and 2 females) were used. Statistical analyses between number ratio of β-gal(+) cells in 374 

the MB holes and those in the DGM MB and area ratio of MB hole and MB DGM were 375 

performed with paired t-test. 376 

In analysis of unilaterally labeled spinal cord by in utero electroporation (Figure 10R 377 

and 10S), EphA4KO mice (n = 8 sections from 4 mice) and their control mice (n = 5 sections 378 

from 3 mice) were used. Statistical analyses were performed with Mann-Whitney U test. 379 

 380 

 381 

  382 
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Results 383 

Corticospinal axons show aberrant midline crossing in the dorsal spinal cord in 384 

both cortex-specific and spinal cord-specific Chn1KO mice 385 

We have previously reported that spontaneous (Miffy) and targeted α-chimaerin mutant mice, in 386 

which Chn1 is disrupted in all cells of the body, exhibit aberrant midline crossing of CST axons 387 

in the dorsal spinal cord (Iwasato et al., 2007). α-chimaerin is expressed in both cortical neurons 388 

and spinal cells (Hall et al., 2001; Wegmeyer et al., 2007). To dissociate the cortical and spinal 389 

roles of α-chimaerin in CST axon guidance, we generated Cx-Chn1KO (Emx1+/Cre;Chn1flox/−) 390 

mice using Emx1-Cre mice, which show Cre-mediated recombination in all cortical excitatory 391 

neurons (Iwasato et al., 2000; Iwata et al., 2014; Iwata et al., 2015). We injected an anterograde 392 

tracer into the motor cortex of Cx-Chn1KO, Chn1KO, and control mice, and analyzed CST 393 

projections in the spinal cord. CST axons aberrantly crossed the dorsal spinal midline in both 394 

Cx-Chn1KO and Chn1KO mice (Figure 1A). The extent of aberrant midline crossing in 395 

Cx-Chn1KO and Chn1KO mice was significantly higher than that in control mice, and no 396 

significant difference was detected between Cx-Chn1KO and Chn1KO mice [Kruskal-Wallis 397 

test: p < 0.0001, Kruskal-Wallis statistic = 19.01; Dunn’s multiple comparison test: p < 0.01 398 
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(control vs. Cx-Chn1KO), p < 0.001 (control vs. Chn1KO), no significance (ns) (Cx-Chn1KO 399 

vs. Chn1KO)] (Figure 1B). These results indicate that cortical neuron-derived α-chimaerin is 400 

required to prevent aberrant midline crossing of CST axons. 401 

To examine the role of spinal α-chimaerin, we generated Sp-Chn1KO 402 

(Hoxb8-Cre;Chn1flox/−) mice using a Hoxb8-Cre line (Witschi et al., 2010). In this line of Cre 403 

mice, Cre-mediated recombination occurred in cervical segment 5 (C5) and in caudal segments 404 

of the spinal cord, but not in the cortex (Figure 1C) as previously described (Witschi et al., 405 

2010). To investigate CST axon projection in Sp-Chn1KO mice, we injected an anterograde 406 

tracer into the motor cortices of Sp-Chn1KO, Chn1KO, and control mice. Both Sp-Chn1KO and 407 

Chn1KO mice displayed aberrant midline crossing of CST axons in the dorsal midline of the 408 

caudal segments of the cervical spinal cord such as C8 (Figure 1D). The extent of aberrant 409 

midline crossing in Sp-Chn1KO and Chn1KO mice was significantly higher than that in control 410 

mice, and no significant difference was observed between Sp-Chn1KO and Chn1KO mice 411 

[Kruskal-Wallis test: p = 0.0002, Kruskal-Wallis statistic = 17.42; Dunn’s multiple comparison 412 

test: p < 0.01 (control vs. Sp-Chn1KO), p < 0.001 (control vs. Chn1KO), ns ( Sp-Chn1KO vs. 413 

Chn1KO)] (Figure 1E). These results demonstrate that spinal cell-derived α-chimaerin is also 414 



Katori et al. 

28 
 

required to prevent aberrant midline crossing of CST axons. 415 

 416 

Spinal cord-specific Chn1 knockout mice have breaks in the spinal MB (MB 417 

holes) 418 

Aberrant midline crossing of CST axons in the dorsal spinal cord of Sp-Chn1KO mice raised 419 

the possibility that the spinal MB in these mice may be dysfunctional. To test this possibility, we 420 

analyzed the midline morphology and found that the DF was smaller and the DGM was larger 421 

in the Sp-Chn1KO mouse spinal cord midline (Welch’s t test: p = 0.0056, t6 = 4.216, R2 = 0.75) 422 

(Figure 2A and B). The white matter DF contains sensory ascending and corticospinal 423 

descending axons, and is located in the dorsomedial part of the spinal cord. The DGM is the 424 

area between the DF and CC. Similar morphological phenotypes have been reported in Chn1KO 425 

mouse midline (Iwasato et al., 2007). 426 

Next, we examined ephrinB3 expression in the dorsal spinal midline in Sp-Chn1KO 427 

mice. The spinal MB uses ephrinB3 as a repulsive cue for the midline guidance of CST axons 428 

that express EphA4 (Coonan et al., 2001; Kullander et al., 2001a; Yokoyama et al., 2001). In P0 429 

control mice, ephrinB3 was ubiquitously distributed throughout the dorsal midline in both the 430 



Katori et al. 

29 
 

DF and DGM (Figure 2C, left). In Sp-Chn1KO mice at the same age, ephrinB3 distribution 431 

patterns in the DF and ventral DGM (Figure 2C, middle and right) were similar to those in 432 

control mice. However, in the dorsal DGM of Sp-Chn1KO mice, we found gaps in ephrinB3 433 

distribution (arrow in Figure 2C right), which were never observed in control mice. 434 

To systematically analyze the ephrinB3(+) MB in the dorsal spinal cord, we prepared 435 

midsagittal sections at P0 (Figure 3A) and stained them using an antibody for ephrinB3 (Figure 436 

3B). In control mice, ephrinB3 was uniformly distributed throughout the midline of the DF and 437 

DGM (Figure 3B, top). EphrinB3(−) areas were observed only in the DF of control mice; 438 

however, these areas were occupied by blood vessels (Figure 3B, top). Thus, the ephrinB3(+) 439 

MB was intact in the spinal cord of control mice. In the DF, the expression pattern of ephrinB3 440 

in Sp-Chn1KO mice was similar to that in control mice. In contrast, we found spindle-shaped 441 

ephrinB3(−) spaces (i.e., MB holes) that were not occupied by blood vessels in the dorsal part 442 

of the DGM midline of Sp-Chn1KO mice (Figure 3B, bottom and 3B′). The MB hole size was 443 

31.9 ± 19.6 μm [mean ± standard deviation (SD); Max: 88.9 μm, Min: 6.0 μm] in the 444 

longitudinal axis and 9.4 ± 5.9 μm (mean ± SD; Max: 28.9 μm, Min: 2.6 μm) in the transverse 445 

axis in P0 Sp-Chn1KO mice (n = 42 MB holes, two midsagittal sections, two mice: See 446 
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Materials and Methods for details). 447 

We also stained spinal midsagittal sections of Sp-Chn1KO mice using an antibody 448 

for nestin, an intermediate filament and MB marker (Hamilton et al., 2009; Sevc et al., 2009). In 449 

control mice, nestin(+) radial processes of midline glia were arranged in parallel, and the nestin 450 

signal overlapped with the ephrinB3 signal (Figure 3C). In Sp-Chn1KO mice, nestin signals 451 

were well merged with ephrinB3(+) areas, but they were not detected in MB holes. Importantly, 452 

the longitudinal axes of MB holes paralleled nestin(+) radial processes of midline glia, and 453 

nestin(+) processes adjacent to MB holes were continuous and not truncated (Figure 3C). These 454 

results suggest that the MB hole was a space in which processes (and soma) of midline glia 455 

were absent rather than a space in which midline glia processes lost ephrinB3 expression. 456 

We found MB holes in the dorsal DGM of the spinal cord of global Chn1KO mice 457 

(Figure 3D) but not in Cx-Chn1KO mice (Figure 3E) at P0. α-chimaerin has two isoforms (α1- 458 

and α2-chimaerin) (Dong et al., 1995). To examine the specific roles of each α-chimaerin 459 

isoform in the MB phenotype, we prepared and examined α1-chimaerin knockout (α1ChnKO) 460 

mice and spinal cord-specific α2-chimaerin knockout (Sp-α2ChnKO) mice. We observed that 461 

Sp-α2ChnKO mice had MB holes, but α1ChnKO mice did not (Figure 3F and G), which was 462 
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consistent with the fact that α2-isoform is predominant in the embryonic spinal cord (Hall et al., 463 

2001). These results clearly demonstrate that α-chimaerin (α2-chimaerin) is required in spinal 464 

cells to establish an intact DGM MB. 465 

 466 

Corticospinal axons cross the spinal midline through MB holes in spinal 467 

cord-specific Chn1KO mice  468 

We examined the involvement of MB holes in aberrant midline crossing of CST axons in the 469 

spinal cord. We labeled unilateral CST axons with tdTomato (tdT) using in utero electroporation, 470 

and visualized the MB using immunohistochemistry for nestin (Figure 4A–C). We used P5 mice 471 

instead of P0 mice for these experiments because CST axons reach the spinal cord postnatally 472 

(Canty and Murphy, 2008). We obtained cervical coronal sections from Sp-Chn1KO mice and 473 

analyzed all of the tdT-labeled CST axons that crossed the DGM midline. In this analysis, we 474 

quantified 109 midline crossing axons. In almost all cases [approximately 95% (104 of 109 475 

axons)], aberrant midline crossing occurred through MB holes (Figure 4A–C). Only four 476 

(approximately 5%) axons crossed the intact MB (data not shown). These results are 477 

conspicuous because MB holes occupied only a small portion of the DGM midline area. The 478 



Katori et al. 

32 
 

ratio of MB hole-crossing axons was significantly higher than the ratio of the MB hole area to 479 

DGM midline area [ratio of MB hole-crossing axons: 93.7% ± 10.3% (mean ± SD), ratio of MB 480 

hole areas: 17.0% ± 7.7%; n = 7 sections from two mice; paired t-test: p < 0.0001, t6 = 20.26, R2 481 

= 0.986] (Figure 4D). These results indicate that CST axons predominantly crossed the spinal 482 

midline through MB holes in Sp-Chn1KO mice. 483 

We next assessed how CST axons cross the spinal midline in Cx-Chn1KO mice. 484 

Even though these mice showed aberrant midline crossing of CST axons in the spinal cord 485 

(Figure 1A), they had a normal length DGM midline, as reported previously reported (Borgius 486 

et al., 2014), and had no MB holes in the spinal cord midline (Figure 3E). Notably, CST axons 487 

labeled using in utero electroporation crossed the midline through the intact DGM MB (Figure 488 

4E and F). These results indicate that the mechanisms allowing aberrant midline crossing of 489 

CST axons are distinct between Cx-Chn1KO and Sp-Chn1KO mice. In other words, cortical 490 

and spinal α-chimaerin have distinct roles in blocking aberrant midline crossing. Cortical 491 

neuron-derived α-chimaerin is important for the repulsion of CST axons from the spinal MB, 492 

whereas spinal cell-derived α-chimaerin establishes an intact spinal MB, which then inhibits 493 

aberrant midline crossing of CST axons. 494 
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Importantly, our light microscopy results suggest that aberrant midline crossing 495 

axons do not break the MB because we did not observe any MB holes around the midline 496 

crossing axons in Cx-Chn1KO mice (n = 12 axons, Figure 4E and F). Thus, the presence of MB 497 

holes in Sp-Chn1KO mice is not a consequence of aberrant midline crossing of CST axons but 498 

rather a cause. 499 

 500 

MB holes emerge during embryonic development in Chn1KO mice 501 

Next, we investigated when and how MB holes emerged during the development of Chn1KO 502 

mice. We labeled the spinal cord MB of Chn1KO and control embryos using an anti-ephrinnB3 503 

antibody, analyzed the MB in the coronal plane using confocal microscopy, and constructed a 504 

pseudo-midsagittal section using serial optical sections (0.5 μm z-spacing) (Figure 5). Similar to 505 

observations at P0, the MB of Chn1KO mice at E15.5 exhibited numerous MB holes (Figure 5). 506 

Notably, the MB was intact in Chn1KO mice at E14.5 (Figure 5). At both ages, control mice had 507 

an intact MB. These results indicate that the formation of the MB in Chn1KO mice appears 508 

normal, but begins to break between E14.5 and E15.5. Thus, α-chimaerin is required for the 509 

maintenance of the spinal MB but not for its formation. 510 
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 511 

EphA4(+) cells ectopically accumulate in spinal MB holes in Chn1KO mice 512 

We have previously reported that α-chimaerin binds to EphA4 and mediates ephrinB3–EphA4 513 

repulsive signaling during motor circuit formation (Iwasato et al., 2007). It is likely that the 514 

ephrinB3–EphA4–α-chimaerin signaling is also involved in the ephrinB3(+) MB phenotype of 515 

Chn1KO mice. 516 

To explore this possibility, we analyzed Efnb3 (ephrinB3 gene) and Epha4 (EphA4 517 

gene) expression patterns in the developing spinal cord using in situ hybridization (Figure 6A–518 

F). In both genotypes, Efnb3-expressing cells were located in the dorsal and ventral midline, 519 

and majority of the dorsal group was translocated toward the ventral side following the 520 

shrinkage of primitive lumen during E13.5–E15.5 (Figure 6A). At E14.5 or earlier, Epha4(+) 521 

cells were densely distributed in the vicinity of the midline (juxta-midline areas) of the dorsal 522 

spinal cord, but they were rarely detected within the midline in Chn1KO and control mice 523 

(Figure 6A–C and F). At E14.5, there was no significant difference in numbers of midline 524 

located Epha4(+) cells between Chn1KO and control mice (Welch’s t-test: p = 0.15, t13 = 1.52, 525 

R2 = 0.15) (Figure 6F). In control mice aged E15.5 or later, Epha4(+) cells were densely 526 
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distributed in the juxta-midline areas, but they were excluded from the midline itself (Figure 6A, 527 

D, F, and data not shown), as previously reported (Escalante et al., 2013; Paixao et al., 2013). In 528 

contrast, in Chn1KO mice at the same age, Epha4(+) cells were distributed in both the 529 

juxta-midline areas and within the midline (Figure 6A, E, and F). At E15.5, midline Epha4(+) 530 

cells in Chn1KO mice were significantly more than those in control mice (Welch’s t-test: p = 531 

0.014, t17 = 2.75, R2 = 0.31) (Figure 6F). Thus, in the absence of α-chimaerin, Epha4(+) cells 532 

aberrantly accumulate in the midline between E14.5 and E15.5. 533 

To examine the cell type in juxta-midline and mislocated midline EphA4(+) cells, we 534 

performed immuno-staining for NeuN, a neuronal marker (Figure 6G–M). To label EphA4(+) 535 

cells, we used Epha4-LacZ (Epha4+/LacZ) mice (Leighton et al., 2001). In these mice, the β-gal 536 

gene is expressed under the control of the endogenous Epha4 promoter. Therefore, EphA4(+) 537 

cells can be identified using the β-gal signal localized in perinuclear regions. In control mice 538 

(Figure 6G, left), we found both neurons [NeuN(+), Figure 6H] and non-neuronal cells 539 

[NeuN(−), Figure 6I] among juxta-midline EphA4(+) [β-gal(+)] cells, the majority of which 540 

were neurons [71% (130 of 183 cells)]. In Chn1KO mice (Figure 6G, right), we found both 541 

neurons and non-neuronal cells among juxta-midline and mislocalized midline EphA4(+) cells 542 
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(Figure 6J–M). Again the majority of juxta-midline and midline EphA4(+) cells [82% (287 of 543 

48 cells) and 66% (38 of 58 cells), respectively] were neurons. 544 

 To analyze the relationship between the ectopic midline distribution of EphA4(+) 545 

cells and position of MB holes in the Chn1KO mouse spinal cord, we simultaneously labeled 546 

EphA4(+) cells and the MB using immunohistochemistry (Figure 7). To label EphA4(+) cells, 547 

we used Epha4+/LacZ mice. We analyzed mice at E15.5, when MB holes emerge in mutants. 548 

Several EphA4(+) cells were located in MB holes in Chn1KO (Epha4+/LacZ;Chn1−/−) mice 549 

(Figure 7A–G). The ratio of EphA4(+) cells in MB holes to the total EphA4(+) cells in the 550 

DGM midline (MB + MB hole) was significantly higher than the expected ratio based on the 551 

calculated ratio of MB hole area to the total DGM midline area (paired t-test: p = 0.0002, t4 = 552 

12.83, R2 = 0.976) (Figure 7H). Thus, aberrant midline EphA4(+) cells preferentially 553 

accumulated in MB holes in Chn1KO mice. 554 

 555 

EphA4-repulsive signaling prevents EphA4 cells from invading the spinal MB  556 

The aberrant midline accumulation of EphA4(+) cells in Chn1KO mice raised the possibility 557 

that the ephrinB3-expressing MB prevents the invasion of juxta-midline EphA4(+) cells using 558 
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an ephrinB3–EphA4 repulsive signal, and that α-chimaerin mediates this repulsive cell signal as 559 

a key downstream effector of EphA4. If this is the case, Epha4 mutant mice may show MB 560 

phenotypes similar to those of Chn1 mutant mice. Indeed, Epha4 mutant mice share many 561 

phenotypes with Chn1 mutant mice. Both global and spinal cord-specific Epha4KO mice 562 

(Epha4KO and Sp-Epha4KO mice, respectively) show shrinkage of the DF and aberrant 563 

midline crossing of CST axons (Kullander et al., 2001a; Paixao et al., 2013). Furthermore, 564 

EphA4 promoter-active (EphA4) cells aberrantly accumulate in the spinal cord midline of 565 

Epha4KO and Sp-Epha4KO mice (Restrepo et al., 2011; Paixao et al., 2013). Here we 566 

examined whether Epha4KO mice have MB holes in the spinal MB, and if so, whether ectopic 567 

midline EphA4 cells are located within MB holes. For this purpose, we used homozygous 568 

Epha4-LacZ (Epha4LacZ/LacZ) mice (Leighton et al., 2001). The spinal midline of Epha4KO mice 569 

had MB holes similar to those of Chn1KO mice (Figure 8A–G). We found many mislocalized 570 

EphA4 [β-gal(+)] cells in these MB holes (Figure 8A–G). The ratio of the number of EphA4 571 

cells in MB holes to the total number of EphA4 cells in the DGM midline area was significantly 572 

higher than the expected ratio based on the calculated ratio of MB hole area to the total DGM 573 

midline area (paired t-test: p = 0.0001, t4 = 14.65, , R2 = 0.982) (Figure 8H). 574 
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 If α-chimaerin functions as a key downstream effector of EphA4 cell repulsion, then 575 

this protein should be expressed in repulsed EphA4 cells. To test this hypothesis, we analyzed 576 

E15.5 Epha4+/LacZ mice using double immunohistochemistry for β-gal and α2-chimaerin (Figure 577 

9A–G). As expected, α2-chimaerin was expressed in the majority of juxta-midline EphA4 cells 578 

(Figure 9A and D). We also examined α2-chimaerin expression in Epha4LacZ/LacZ mice. EphA4 579 

cells located in the juxta-midline areas and those located in the midline expressed α2-chimaerin 580 

(Figure 9B and F). 581 

 To directly test the possibility that EphA4 cells translocate to the midline in the 582 

absence of EphA4 function, we unilaterally labeled the spinal cells of Epha4+/LacZ and 583 

Epha4LacZ/LacZ mice. We introduced a GFP expression vector unilaterally into the spinal cord at 584 

E11.5 using in utero electroporation and analyzed the tissue at E17.5 (Figure 10). EphA4 cells 585 

were identified by the presence of a β-gal signal. We found that a few GFP-labeled non-EphA4 586 

[β-gal(−)] cells were distributed in the ipsilateral spinal cord, midline area, and contralateral 587 

side in both genotypes (Figure 10A–D). Some of these cells appeared to be midline radial glia 588 

(Figure 10F and K) because they were located in the midline and extended their processes along 589 

the D–V axis (arrows in Figure 10F′ and K′). Other cells (Figure 10G, H, L, and M), which 590 
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extended their processes orthogonally to the D–V axis (arrows in Figure 10G′, H′, L′, and M′), 591 

were likely dorsal commissural neurons (Orlino et al., 2000; Comer et al., 2015).  592 

 Importantly, GFP-labeled EphA4 [β-gal(+)] cells were not found in the midline and 593 

on the contralateral side of the spinal cord in control mice (Figure 10A, B, R, and S). In contrast, 594 

GFP-labeled EphA4 cells were often distributed in the midline and on the contralateral side of 595 

the spinal cord in Epha4KO mice (Figure 10C, D, and O–S). The ratio of midline GFP-labeled 596 

EphA4 cells to total GFP-labeled EphA4 cells in Epha4KO mice was significantly higher than 597 

that in control mice (Mann-Whitney U-test: p = 0.0078, U = 17.5) (Figure 10R) and the ratio of 598 

contralateral GFP-labeled EphA4 cells to total GFP-labeled EphA4 cells in Epha4KO mice was 599 

also significantly higher than that in control mice (Mann-Whitney U-test: p = 0.0078, U = 17.5) 600 

(Figure 10S). In addition, GFP-labeled EphA4 cells projecting axon-like thin processes to the 601 

ipsilateral side were frequently found on the contralateral side (arrows in Figure 10P′ and Q′). 602 

These results strongly support our hypothesis that the ephrinB3-expressing MB prevents the 603 

invasion of juxta-midline EphA4 cells that express α2-chimaerin via an ephrinB3–EphA4–604 

α2-chimaerin cell repulsive signaling pathway. 605 

  606 
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Discussion 607 

We have shown that in Sp-Chn1KO (and Sp-α2ChnKO and Chn1KO) mice, the dorsal spinal 608 

MB has breaks (MB holes), and CST axons aberrantly cross the midline through MB holes. In 609 

the absence of α-chimaerin, juxta-midline EphA4 cells aberrantly translocate to the midline 610 

between E14.5 and E15.5, while the MB simultaneously forms MB holes around these cells. In 611 

Epha4KO mice, the spinal midline also has MB holes in which EphA4 cells are located. We 612 

propose that spinal α-chimaerin (α2-chimaerin) plays a critical role in the establishment of an 613 

intact MB by repelling juxta-midline EphA4 cells from the ephrinB3-expressing MB as a key 614 

downstream effector of ephrinB3–EphA4 signaling. 615 

 616 

α-chimaerin is critical for the maintenance of an intact MB 617 

In the developing vertebrate central nervous system, the MB, which comprises somata and 618 

processes of midline glia, plays a critical role in preventing aberrant midline crossing of axons. 619 

CST axons that originate from the motor cortex enter the contralateral side of the spinal cord 620 

(Miller, 1987), where they do not cross the midline again. The spinal MB expresses ephrinB3 to 621 

repel EphA4(+) CST axons and prevent midline crossing (Coonan et al., 2001; Kullander et al., 622 
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2001b; Kullander et al., 2001a; Yokoyama et al., 2001). In the dorsal DGM midline of 623 

Sp-Chn1KO mouse spinal cord, we observed numerous MB holes (Figure 3), through which 624 

CST axons aberrantly crossed the midline (Figures 1D, 1E, and 4A–D). It appears that the 625 

presence of MB holes is the cause of aberrant midline crossing of CST axons in these mice 626 

rather than a consequence, because CST axons reach the spinal cord postnatally (Canty and 627 

Murphy, 2008), while MB holes were evident by E15.5 in Chn1KO mice (Figure 5). 628 

Furthermore, although CST axons passed through the midline in Cx-Chn1KO mice (Figure 1A 629 

and B), they did not form MB holes (Figure 4E and F). 630 

Previous studies on midline axon guidance have mostly focused on the molecular 631 

mechanisms of axonal repulsion (and attraction) induced by the MB. In contrast, in the present 632 

study, we identified an important role of α-chimaerin in establishing the MB. Specifically, we 633 

showed that although α-chimaerin is not required for the initial formation of the spinal MB, it is 634 

required for its maintenance because the barrier was broken at E15.5 but was intact at E14.5 in 635 

Chn1KO mice (Figure 5). Our results shed light on the importance of barrier maintenance for 636 

proper midline axon guidance. 637 

 638 
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Maintenance of the MB by α-chimaerin 639 

During the development of the spinal cord, the primitive lumen formed in the center of the 640 

neural tube by neurulation eventually transforms into the CC by gradually shrinking in size 641 

(Bohme, 1988; Sevc et al., 2009). EphrinB3(+) midline glia were located at the dorsal end of the 642 

spinal midline at E13.5, and began to migrate ventrally following the shrinkage of the primitive 643 

lumen by E14.5 (Figure 6A). At E14.5, ephrinB3 on these midline glia already formed the MB 644 

in both control and Chn1KO mice (Figure 5). At E15.5, the morphology of the lumen and the 645 

location of ephrinB3(+) glia somata were similar in control and Chn1KO mice. However, in 646 

Chn1KO mice, the DF failed to invaginate and thus the DGM expanded (Figure 6A). In the 647 

dorsal DGM midline of Chn1KO mice, we observed numerous MB holes at E15.5 or later 648 

(Figures 3 and 5). 649 

 Intriguingly, many EphA4 [β-gal(+)] cells were located within MB holes in Chn1KO 650 

mice at E15.5 (Figure 7). In the normal developing spinal cord, EphA4 cells were expressed in 651 

the juxta-midline area but not within the midline (Figure 6), as reported previously (Escalante et 652 

al., 2013; Paixao et al., 2013). In the absence of α-chimaerin, EphA4 cells were located in the 653 

juxta-midline at E14.5, but several cells were mislocated in the midline at E15.5 (Figure 6). In 654 
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addition, MB holes simultaneously emerged around these EphA4 cells (Figures 5 and 7). These 655 

results suggest that α-chimaerin prevents juxta-midline EphA4 cells from invading the MB 656 

during embryonic stages. This may occur by cell repulsion via the ephrinB3–EphA4–657 

α-chimaerin signaling pathway. We and others have previously reported that α-chimaerin 658 

interacts with EphA4 in vivo and in vitro and mediates ephrinB3–EphA4 forward signaling 659 

during motor circuit formation (Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007). 660 

Here, we showed that juxta-midline EphA4 cells express α2-chimaerin (Figure 9A and D). 661 

Previous studies have reported that EphA4 cells aberrantly accumulated in the spinal midline in 662 

Epha4KO and Sp-Epha4KO mice (Restrepo et al., 2011; Paixao et al., 2013). Here we showed 663 

that juxta-midline EphA4 cells in Epha4KO mice invade the midline during embryonic stages 664 

(Figure 10), and MB holes are present around these ectopic midline-EphA4 cells at later stages 665 

such as P0 (Figure 8). These results further support our hypothesis that impaired EphA4–666 

α-chimaerin signaling in the juxta-midline EphA4 cells allows these cells to break into the 667 

midline in Chn1KO and Epha4KO mice, resulting in MB hole formation. Alternatively, MB 668 

holes may be formed by an impaired EphA4–α-chimaerin signaling in ephrinB3(+) midline 669 

radial glia. However, we think that this scenario is unlikely because in normal mice, midline 670 
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radial glia have little EphA4 expression (Figures 6, 9, and 10). Thus, we propose that spinal 671 

α-chimaerin maintains the intact MB by mediating ephrinB3–EphA4 cell repulsive signaling in 672 

juxta-midline EphA4 cells. 673 

 674 

Dual roles of α-chimaerin for corticospinal axon midline guidance 675 

We have previously reported that cultured cortical neurons devoid of α-chimaerin suppressed 676 

ephrinB3-induced growth cone collapse (Iwasato et al., 2007). Here we showed that 677 

Cx-Chn1KO mice exhibit aberrant midline crossing of CST axons in the spinal cord (Figure 1A 678 

and B), with an intact ephrinB3(+) MB (Figs. 3E, 4E, and 4F). Thus, α-chimaerin in cortical 679 

neurons is a key mediator of ephrinB3–EphA4 signaling for axonal repulsion. Without this 680 

α-chimaerin function, EphA4-expressing CST axons cannot be repulsed by the ephrinB3(+) MB 681 

in the spinal cord and aberrantly cross the midline (Figure 11). 682 

 In the present study, we showed that α-chimaerin also has another function in CST 683 

axon midline guidance. α-chimaerin in spinal neurons acts as a key mediator of ephrinB3–684 

EphA4 signaling for cell repulsion. Without this α-chimaerin function, EphA4-expressing 685 

juxta-midline cells (mostly neurons) cannot be repulsed by the ephrinB3(+) MB in the spinal 686 
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cord and break into the midline to form MB holes. Later in postnatal development, 687 

EphA4-expressing CST axons aberrantly cross the midline through these MB holes (Figure 11). 688 

Thus, α-chimaerin in the embryonic spinal cord indirectly regulates postnatal CST axon midline 689 

guidance. CST axons may actively cross the spinal midline through MB holes using EphA4(+) 690 

cells located in MB holes as guide post cells (Chao et al., 2009). However, we think it is more 691 

likely that CST axons passively cross the midline through ephrinB3(−) spaces (i.e., MB holes), 692 

because many CST axons crossed the midline in Sp-Chn1KO mice at positions where there 693 

were no cells (Figure 4C).  694 

Thus, two spatially (cortical cell axon vs spinal cord cell), temporally (postnatal vs 695 

embryonic), and physiologically (axonal repulsion vs cell repulsion) distinct functions of 696 

α-chimaerin are essential for proper CST axon midline guidance in the spinal cord. 697 

  698 

Roles of α-chimaerin in central nervous system development and function 699 

α-Chimaerin is a RacGAP that regulates actin dynamics. The discovery and analyses of 700 

spontaneous null mutant mice of Chn1 identified an in vivo function of α-chimaerin (Iwasato et 701 

al., 2007). α-Chimaerin regulates the midline guidance of CST axons and local spinal circuits, 702 
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and a loss-of-function of α-chimaerin results in a hopping gait (Iwasato et al., 2007). Similar 703 

results were obtained in Chn1KO mice generated independently by 3 groups, including ours 704 

(Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007), and in an in vitro model (Shi et 705 

al., 2007). α-Chimaerin regulates axonal pathfinding of both spinal lateral motor column 706 

neurons innervating ventral limb muscle as a downstream molecule of EphA signaling (Kao et 707 

al., 2015) and oculomotor neurons innervating extraocular muscles as a downstream molecule 708 

of Semaphorin signaling (Ferrario et al., 2012; Clark et al., 2013). We also reported that 709 

α2-chimaerin is important for the regulation of locomotor activity (Iwata et al., 2014), the 710 

ability of contextual learning (Iwata et al., 2014), and the spine morphogenesis of hippocampal 711 

neurons (Iwata et al., 2015) in mice. In humans, gain-of-function mutations in CHN1 cause 712 

Duane’s retraction syndrome (Miyake et al., 2008), and a single nucleotide polymorphism in the 713 

CHN1 locus is associated with autistic traits and the arithmetic ability of healthy humans (Iwata 714 

et al., 2014). A recent study using a knockdown approach suggests that α-chimaerin plays a role 715 

in the multipolar-bipolar transition of cortical neurons in a RacGAP-independent manner (Ip et 716 

al., 2012). In the current study, we provide evidence for a novel role of α-chimaerin in neural 717 

circuit formation. Spinal α-chimaerin is critical for the prevention of the MB invasion of spinal 718 
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cells, which is essential for the maintenance of an intact MB and proper midline guidance of 719 

CST axons. Thus, α-chimaerin plays important roles in a various aspects of neural circuit 720 

development and function. 721 

 722 

  723 
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Figure legends 724 

Figure 1. Corticospinal tract (CST) axons aberrantly cross the spinal midline in 725 

both cortex-specific and spinal cord-specific α-chimaerin-deficient mice. 726 

A) Biotinylated dextran amine (BDA), an anterograde tracer, was unilaterally injected into the 727 

motor cortex (ipsilateral side) in adulthood, and coronal sections taken at the cervical segment 5 728 

(C5) were analyzed. Aberrant recrossing of BDA-labeled CST axons at the DGM midline (thick 729 

dashed line) was frequently observed in cortex-specific Chn1 knockout (Cx-Chn1KO: 730 

Emx1+/Cre;Chn1flox/−) and Chn1KO (Chn1−/−) mice, but not in control (Chn1+/− or Chn1flox/−) 731 

mice. The inner and outer thin dotted circles indicate the outline of the CC and ependymal cell 732 

layer surrounding the CC, respectively. 733 

B) Quantitative analysis of CST axon spinal midline crossing. The ratio of BDA-labeled CST 734 

axon length on the ipsilateral (ipsi) side to that on the contralateral (contra) side was 735 

significantly larger in Cx-Chn1KO mice (n = 10) and Chn1KO mice (n = 9) than those in 736 

control mice (n = 11) at C5. There was no significant difference between Cx-Chn1KO and 737 

Chn1KO mice. Data are presented as scatter plot and median; Kruskal-Wallis test; **p < 0.01; 738 

***p < 0.001; ns, no significance. 739 



Katori et al. 

49 
 

C) Whole-mount lacZ staining of Hoxb8-Cre;RNZ mice at postnatal day 0 (P0) showed 740 

Cre-mediated recombination in the spinal segments caudal to C5, but not in the cortex (n = 3). 741 

D) BDA was unilaterally injected into the motor cortex in adulthood, and coronal sections at C8, 742 

a caudal cervical segment, were analyzed. Aberrant re-crossing of BDA-labeled CST axons at 743 

the DGM midline (thick dashed line) was frequently observed in spinal cord-specific Chn1 744 

knockout (Sp-Chn1KO: HoxB8-Cre;Chn1flox/−) mice and Chn1KO mice, but not in control 745 

(Chn1+/− or Hoxb8-Cre;Chn1flox/+) mice.  746 

E) Quantitative analysis of CST axon spinal midline crossing (See Methods for the detail). The 747 

ratio of BDA-labeled axon length in the ipsilateral side to that in the contralateral side was 748 

significantly larger in Sp-Chn1 KO (n = 7) and Chn1 KO (n = 6) mice than in control mice (n = 749 

8). Between Sp-Chn1KO and Chn1KO mice, significant difference was not detected. Data are 750 

represented as scatter plot and median; Kruskal-Wallis test; *p < 0.05; ***p < 0.001; ns, no 751 

significance.  752 

DF: Dorsal funiculus. Scale bars: 50 μm (A, D), 2 mm (C). 753 

 754 

Figure 2. The spinal midline barrier (MB) is discontinuous in the absence of spinal 755 
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α-chimaerin 756 

A) In the midline, the DF was smaller and the DGM was larger in Sp-Chn1KO 757 

(Hoxb8-Cre;Chn1flox/−) mice, compared with those in control (Chn1+/+) mice. Coronal sections 758 

at cervical segment 6 (C6) in adulthood were shown.  759 

B) Midline length of the DF and DGM (white and red lines, respectively, in panel A) was 760 

quantified. The ratio of DGM to DF+DGM was significantly larger in Sp-Chn1KO mice (n = 5), 761 

compared with control mice (n = 4). Mean ± standard deviation (SD); Welch’s t-test, **p < 0.01. 762 

C) Coronal sections of the cervical cord in control (Hoxb8-Cre;Chn1flox/+) and Sp-Chn1KO 763 

(Hoxb8-Cre;Chn1flox/−) mice at P0 were stained with an anti-ephrinB3 antibody. In all control 764 

mouse sections analyzed (n = 6 sections from 3 mice), ephrinB3 was continuously distributed in 765 

the spinal midline in the DGM (Fig. 2C left). In contrast, all Sp-Chn1KO mice had section(s) 766 

that showed abnormal discontinuous ephrinB3 distribution (arrow, Fig. 2C right), although 767 

some sections showed normal continuous distribution (Fig. 2C middle) (n = 6 sections from 3 768 

mice).  769 

Scale bars: 500 μm (A), 50 μm (C). 770 

 771 
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Figure 3. The spinal MB exhibits breaks (MB holes) in the absence of spinal 772 

α-chimaerin 773 

A) Schematic diagram of midsagittal section of the spinal cord (Red area).  774 

B) Midsagittal sections of the cervical cord in control (Hoxb8-Cre;Chn1flox/+, n = 2 mice) and 775 

Sp-Chn1KO (Hoxb8-Cre;Chn1flox/−, n = 3 mice) mice at P0 were stained with antibodies for 776 

ephrinB3 and platelet endothelial cell adhesion molecule (PECAM1: a blood vessel marker). 777 

Both genotypes showed ephrinB3(−) areas that are filled with blood vessels (arrows) in the DF 778 

midline. In contrast, only Sp-Chn1KO mice exhibited spindle-shaped ephrinB3(−) areas (MB 779 

holes; arrowheads) in the dorsal part of the DGM MB. B′) High magnification of box in panel 780 

B. 781 

C) Midsagittal sections of the cervical cord in control (Chn1flox/−, n = 2 mice) and Sp-Chn1KO 782 

(Hoxb8-Cre;Chn1flox/−, n = 3 mice) mice at P0 were stained with antibodies for ephrinB3 and 783 

nestin (a midline glia marker), and 4',6-diamidino-2-phenylindole (DAPI: a nuclear marker). 784 

Control mice showed uniform distribution of ephrinB3 in the DGM midline. In contrast, 785 

Sp-Chn1KO mice exhibited MB holes (arrowheads) in the dorsal part of the DGM, and in the 786 

ephrinB3( ) areas, nestin signal was also missing. Boundary between the DF and DGM was 787 
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identified by density difference of DAPI(+) nuclei.  788 

D) The Chn1KO mouse ephrinB3(+) MB had holes (arrowheads). Midsagittal sections of the 789 

cervical cord in control (Chn1+/−, n = 3 mice) and Chn1KO (Chn1−/−, n = 7 mice) mice at P0 790 

were stained with an anti-ephrinB3 antibody.  791 

E) Cx-Chn1KO mice showed normal DGM MB. Midsagittal sections of the cervical cord in 792 

control (Chn1flox/−, n = 2 mice) and Cx-Chn1 KO (Emx1+/Cre;Chn1flox/−, n = 2 mice) mice at P0 793 

were stained with an anti-ephrinB3 antibody.  794 

F, G) MB holes were found in the spinal cord midline of Sp-α2ChnKO mice (arrowhead in F) 795 

but not in that of α1ChnKO mice (G). Coronal sections of the cervical cord in Sp-α2ChnKO 796 

(Hoxb8-Cre;Chn1floxα2/−, n = 12 sections from 3 mice) and α1ChnKO mice (Chn1∆α1/∆α1, n = 12 797 

sections from 3 mice) at P1 were stained with an anti-ephrinB3 antibody. Pseudo-midsagittal 798 

sections were constructed from coronal z-stack images. 799 

Scale bar: 100 μm (B–E); 25 μm (B′); 20 μm (F, G). 800 

 801 

Figure 4. In Sp-Chn1KO mice, CST axons cross the spinal midline predominantly 802 

through MB holes. 803 
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A–C) In the Sp-Chn1KO (Hoxb8-Cre;Chn1flox/−) mouse spinal cord, CST axons (arrowheads) 804 

crossed the midline through MB holes [nestin(−) space]. Z-projection images of coronal 805 

sections (A) and contralateral (B) and ipsilateral (C) views in three-dimensional construction 806 

are shown. In these images, an ephrinB3(−) cell (asterisk) and a blood vessel (BV) were 807 

observed in an MB hole, but several CST axons go through the space that is not filled with these 808 

cells. A tdT expression vector was introduced into the cortex of Sp-Chn1KO mice by in utero 809 

electroporation at embryonic day (E)13.5. Coronal sections of the lower cervical cord were 810 

made at P5, and stained with DAPI and an anti-nestin antibody. As previously reported (Mokry 811 

et al., 2008; Hamilton et al., 2009; Sevc et al., 2009), nestin staining detected not only midline 812 

glia but also blood vessels. 813 

D) The actual value for the predominance of MB holes for aberrant CST axon midline crossing 814 

was calculated as the ratio of the number of MB hole-crossing tdT(+) axons to the number of 815 

total tdT(+) midline crossing axons. If CST axons randomly cross the DGM midline in an MB 816 

hole independent manner, the ratio should be mostly equal to the value calculated as the ratio of 817 

the area of MB holes to the area of the DGM midline (MB area + MB hole area) (D). The actual 818 

value was significantly higher than the expected value. Seven sections from two Sp-Chn1KO 819 
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mice were used. Paired t-test, ***p < 0.001. 820 

E, F) The midline crossing CST axons (arrows) passed through an intact MB [ephrinB3(+) 821 

areas] in Cx-Chn1KO (Emx1+/Cre;Chn1flox/−) mice. The CST axons were labeled by introduction 822 

of tdT (magenta) by in utero electroporation in the cortex at E11.5, and cervical sections were 823 

made at P5 and were stained with an anti-ephrinB3 antibody. A single image of the coronal 824 

section (E). Ipsilateral view in three-dimensional construction (F). 825 

Scale bars: 10 μm (A–C), 20 μm (E, F). 826 

 827 

Figure 5. MB holes begin to emerge between E14.5 and E15.5 in Chn1KO mice. 828 

The ephrinB3(+) MB was intact in both control (Chn1+/−;Epha4+/LacZ) and Chn1KO 829 

(Chn1−/−;Epha4+/LacZ) mice at E14.5. At E15.5 and P0, the MB was intact in control mice; while 830 

in Chn1KO mice, holes (arrows) were found in the dorsal part of the DGM MB. Cervical 831 

coronal sections of control (Chn1+/−;Epha4+/LacZ) and Chn1KO (Chn1−/−;Epha4+/LacZ) mice at 832 

E14.5 (n = 16 sections from 3 control mice; n = 10 sections from 2 Chn1KO mice), E15.5 (n = 3 833 

sections from 3 control mice; n = 3 sections from 3 Chn1KO mice), and P0 (n = 5 sections from 834 

2 control mice; n = 3 sections from 3 Chn1KO mice) were stained with an anti-ephrinB3 835 
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antibody. Coronal sections and pseudo-midsagittal sections that were constructed from z-stack 836 

images (Mid) were shown. Red dashed lines in pseudo-midsagittal images indicate the z 837 

position of the corresponding coronal images. Scale bar: 20 μm. 838 

 839 

Figure 6. Distribution of EphA4(+) cells in developing Chn1 KO mice. 840 

A–E) In the cervical cord of control (Chn1+/−) and Chn1KO (Chn1−/−) mice at E13.5, E14.5, 841 

and E15.5, serial coronal sections were stained by cresyl violet (Nissl), and in situ hybridization 842 

probes for ephrinB3 and EphA4 genes (Efnb3 and Epha4, respectively). (A). In control mice at 843 

E14.5 and E15.5, Epha4(+) cells were located in midline-adjacent areas and excluded from the 844 

midline area (B and D). In Chn1KO mice, Epha4(+) cells were normally excluded from the 845 

midline area at E14.5 (C), but at E15.5 some Epha4(+) cells were ectopically located in the 846 

midline area (E). Brackets (width, 15 μm) in panels B–E indicate the midline area. In both 847 

genotypes, Efnb3 was expressed in the dorsal and ventral midline during E13.5–E15.5, and the 848 

Efnb3(+) dorsal midline cells migrated ventrally following the gradual shrinkage of the 849 

primitive lumen (pL) (A). At E15.5, the gap [Efnb3(+) cell low-density area (arrowheads in A)] 850 

located between the DF and the Efnb3(+) cell high-density area was larger in Chn1KO mice 851 
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than that in control mice. Panels B–E indicate high magnification of boxes in panel A.  852 

F) Number of Epha4(+) cells in the dorsal midline area (width: 15 μm) in sections (10 853 

μm-thick) stained with in situ hybridization was counted. At E14.5, there was no significant 854 

difference in the number between control (n = 12 sections from 2 mice) and Chn1KO mice (n = 855 

12 sections from 2 mice). At E15.5, number of Epha4(+) cells was significantly larger in 856 

Chn1KO mice (n = 12 sections from 2 mice), compared with those in control mice (n = 12 857 

sections from 2 mice). Welch’s t-test, *p < 0.05; ns, no significance. 858 

G–M) Majority of EphA4(+) cells in the spinal cord was neuronal. In control 859 

(Chn1+/−;Epha4+/LacZ) and Chn1KO (Chn1−/−;Epha4+/LacZ) mice at E15.5, coronal sections in the 860 

cervical cord were stained with DAPI and antibodies for β-galactosidase and NeuN. In control 861 

mice, 71% of EphA4(+) cells were NeuN-positive in the juxta-midline areas (100 μm width 862 

centered on the midline) [130 NeuN(+);β-gal(+) cells/183 β-gal(+) cells, n = 2 sections from 2 863 

mice] (G–I). In Chn1KO mice, 66% and 82% of EphA4(+) cells were NeuN-positive in the 864 

midline [38 NeuN(+);β-gal(+) cells/58 β-gal(+) cells, n = 4 sections from 2 mice] and 865 

juxta-midline areas [287 NeuN(+);β-gal(+) cells/348 β-gal(+) cells, n = 2 sections from 2 mice], 866 

respectively (G, J–M). 867 
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Scale bars: 500 μm (A), 100 μm (B–E), 40 μm (G), 10 μm (H–M). 868 

 869 

Figure 7. Midline EphA4(+) cells are clustered within MB holes in Chn1KO mice. 870 

A–D) In MB holes of Chn1KO (Chn1−/−;Epha4+/LacZ) mouse spinal cord (C, arrows), clusters of 871 

EphA4(+) cells were observed (C and D). In control (Chn1+/−;Epha4+/LacZ) mice (A), a few 872 

EphA4(+) cells were observed within the ephrinB3(+) MB (B, arrows), but these cells were not 873 

clustered and no holes were observed around these cells. Panels on the right in A and C are 874 

from the left panels in A and C, respectively, and indicate the location of β-gal(+) cells 875 

(magenta) and the MB (green). In this set of experiments, EphA4(+) cells (asterisks) were 876 

detected using the anti-β-gal antibody staining in the Epha4-LacZ mouse line. Cervical coronal 877 

sections (100 μm thick) at E15.5 were stained using anti-β-gal and anti-ephrinB3 antibodies and 878 

DAPI. The anti-β-gal antibody also detected blood vessels (arrowheads in B and D). Panels B 879 

and D indicate high magnification of the boxes in panels A and C, respectively. 880 

E–G) In Chn1−/−;Epha4+/LacZ mouse spinal cord, the majority of EphA4(+) [β-gal(+)] cells 881 

located in the midline (surrounded by white dashed line) were observed in MB holes (magenta 882 

arrows), although some were also observed within the MB (cyan arrows). Cervical coronal 883 
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sections (100 μm thick) at E15.5 were stained using anti-ephrinB3 and anti-β-gal antibodies and 884 

DAPI. We determined whether individual cells located in the midline were EphA4(+), and 885 

whether individual midline EphA4(+) cells are located in MB holes (magenta) or within the MB 886 

(cyan) by analyzing three-dimensional images. Panels E, F and G indicate coronal, dorsoventral 887 

(D–V) reslicing sections and midsagittal images, respectively. Horizontal yellow solid lines in 888 

panel E correspond to those in panels F and G. The position of panel E was indicated as a 889 

vertical yellow line in panel G. D: dorsal; V: ventral; R: rostral; C: caudal.  890 

H) Quantitative analysis indicated that actual value [ratio of number of EphA4(+) cells in MB 891 

holes to number of EphA4(+) cells in DGM midline area] was significantly higher than 892 

expected value that was calculated from ratio of MB hole area to DGM midline area (MB area + 893 

MB hole area). Five sections from 3 Chn1KO mice were analyzed. Paired t-test, ***p < 0.001. 894 

Scale bars: 40 μm (A, C), 10 μm (B, D), 20 μm (E–G). 895 

 896 

Figure 8. Ectopic midline-EphA4 cells are clustered within MB holes in Epha4KO 897 

mice. 898 

A–D) Epha4KO mice showed holes in the ephrinB3(+) MB (C, arrows). In the holes, ectopic 899 
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EphA4 cells [β-gal(+) cells; asterisks] were clustered (D). Right panels in A and C were 900 

depicted on the basis of the left panels in A and C, respectively, and indicate the location of 901 

β-gal(+) cells (magenta) and the MB (green). Cervical coronal sections (100 μm-thick) in 902 

control (Epha4+/LacZ) and Epha4KO (Epha4LacZ/LacZ) mice at P0 were stained with DAPI, and 903 

anti-ephrinB3 and anti-β-gal antibodies (A–D). Panels B and D indicate high magnification of a 904 

box in panels A and C, respectively. 905 

E–G) In the Epha4KO mouse spinal cord (E, F), majority of EphA4 cells located in the midline 906 

(surrounded by white dashed line) were found in MB holes (magenta arrows), although some 907 

were found within the MB (cyan arrows). In a midsagittal section (G), distribution of EphA4 908 

cells in MB holes (magenta) and that of EphA4 cells in MB (cyan) were plotted. Cervical 909 

coronal sections (100 μm-thick) at P0 Epha4KO mice were stained with anti-ephrinB3 and 910 

anti-β-gal antibodies, and DAPI. Yellow lines in the coronal section (E) correspond those in D–911 

V reslicing sections (F). Vertical and horizontal yellow solid lines in panel G indicate the 912 

position of cross sections in panel E and F, respectively. 913 

H) Quantitative analysis indicated that actual value [ratio of number of EphA4 cells in MB 914 

holes to number of EphA4 cells in DGM midline area] was significantly higher than expected 915 
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value that was calculated from ratio of DGM MB hole area to DGM midline area. Five sections 916 

from 5 Epha4KO mice were analyzed. Paired t-test, ***p < 0.001. 917 

 918 

Figure 9. EphA4 cells in the juxta-midline area express α2-chimaerin. 919 

In control (Epha4+/LacZ) mice (A), EphA4 [β-gal(+)] cells in juxta-midline areas expressed 920 

α2-chimaerin (D), but these cells were not found in the midline (E) (n = 4 sections from two 921 

mice). In EphA4KO (Epha4LacZ/LacZ) mice (B), ectopic mildine-EphA4 cells expressed 922 

α2-chimaerin (F) (n = 4 sections from two mice). In Chn1KO mice (C), there was no staining of 923 

α2-chimaerin, confirming the specificity of anti-α2-chimaerin antibody (G) (n = 3 sections from 924 

two mice). Arrows in panels E–G indicate the position of the midline. Coronal sections of 925 

cervical cords at E15.5 were stained with anti-α2-chimaerin and anti-β-gal antibodies, and 926 

DAPI.  927 

Scale bars: 40 μm (A–C), 10 μm (D–G). 928 

  929 

Figure 10. Midline invasion of EphA4 cells in Epha4KO mice.  930 

A–Q) (A) Gfp expression vector was unilaterally introduced into the spinal cord of control 931 
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(Epha4+/LacZ) and Epha4KO (Epha4LacZ/LacZ) embryos at E11.5 using in utero electroporation, 932 

and coronal sections of the cervical cord at E17.5 were stained using anti-β-gal and 933 

anti-ephrinB3 antibodies and DAPI. Panels B and D indicate single-plane images obtained with 934 

confocal microscopy, and panels A and C indicate z-projection (35 μm thick) images. Panels E–935 

Q indicate high magnification images of boxes in panels A–D. Panels F′–H′, K′–M′, and O′–936 

Q′, which are consistent with GFP(+) cells in panels F–H, K–M, and O–Q, respectively, 937 

indicate z-projection images of GFP signals. In the electroporated side (ipsi) of both genotypes, 938 

GFP(+);β-gal(−) (e.g., E and J) and GFP(+);β-gal(+) cells (e.g., I and N) were found. In the 939 

ephrinB3(+) MB of both genotypes, some GFP(+);β-gal(−) cells appeared as midline radial glia 940 

(RG) (yellow arrows in A and C; F and K), because they extend their processes along the D–V 941 

axis (arrows in F′ and K′), and other GFP(+);β-gal(−) cells (cyan arrows in A and C; G, L) 942 

were non-radial glial (non-RG) cells that extend their processes orthogonally to the D–V axis 943 

(arrows in G′ and L′). Conversely, in the midline (mid), GFP(+);β-gal(+) cells (magenta arrows 944 

in C; e.g., O) were found only in Epha4KO mice, and they extended their processes 945 

orthogonally to the D–V axis (arrows in O′). In the contralateral (contra) side, both genotypes 946 

had GFP(+);β-gal(−) cells extending their processes orthogonally to the D–V axis (cyan 947 
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arrowheads in A and C; e.g., H and M; arrows in H′ and M′), but only Epha4KO mice had 948 

GFP(+);β-gal(+) cells (magenta arrowheads in C; e.g., P), which projected axon-like processes 949 

to the ipsilateral side (arrows in P′ and Q′). Asterisks  950 

 951 

 952 

in panels F′–H′, K′–M′, and O′–Q′ indicate somata. The MB is outlined with green dotted lines 953 

in panels O′–Q′. Scale bars: 50 μm (A–D), 10 μm (E–Q, F′–H′, K′–M′, O′–Q′). 954 

R, S) Ratio of midline (Mid) GFP(+);β-gal(+) cells in total GFP(+);β-gal(+) cells in each 955 

section (R), and ratio of contralateral (Contra) GFP(+);β-gal(+) cells in total GFP(+);β-gal(+) 956 

cells in each section (S) were shown (control: n = 5 sections from 3 mice; EphA4KO: n = 8 957 

sections from 4 mice). Only in Epha4KO mice, some GFP(+);β-gal(+) cells were distributed in 958 

the midline and contralateral areas. Data are represented as scatter plot and mean. 959 

Mann-Whitney U test, **p < 0.01. 960 

 961 

Figure11. Schematic diagram of dual roles of α-chimaerin in spinal midline 962 

guidance of corticospinal axons. 963 
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During the embryonic development of wild-type mice, α-chimaerin in EphA4(+) cells plays an 964 

important role in establishing an intact MB by repelling EphA4(+) cells from the ephrinB3(+) 965 

midline. The resulting intact MB repels EphA4(+) CST axons during postnatal development. 966 

In Cx-Chn1KO mice, although the MB is intact, EphA4(+) CST axons aberrantly cross the 967 

midline because these axons cannot be repelled by ephrinB3 on the MB because of a lack of 968 

α-chimaerin in the axonal tips. 969 

During embryonic development in Sp-Chn1KO mice, EphA4(+) cells invade the midline 970 

because these cells cannot be repelled by the ephrinB3(+) midline due to lack of α-chimaerin. 971 

EphA4(+) cell invasion makes MB holes. Postnatally, EphA4(+) CST axons then aberrantly 972 

cross the midline through these MB holes. 973 

 974 

 975 

  976 
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