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Abstract 33 

Neuronal remodeling after brain injury is essential for functional recovery. After 34 

unilateral cortical lesion, axons from the intact cortex ectopically project to the 35 

denervated midbrain, but the molecular mechanisms remain largely unknown. To 36 

address this issue, we examined gene expression profiles in denervated and intact mouse 37 

midbrains after hemispherectomy at early developmental stages using mice of either 38 

sex, when ectopic contralateral projection occurs robustly. The analysis showed that 39 

various axon growth-related genes were upregulated in the denervated midbrain, and 40 

most of these genes are reportedly expressed by glial cells. To identify the underlying 41 

molecules, the receptors for candidate upregulated molecules were knocked out in layer 42 

5 projection neurons in the intact cortex, using the CRISPR/Cas9-mediated method, and 43 

axonal projection from the knocked-out cortical neurons was examined after 44 

hemispherectomy. We found that the ectopic projection was significantly reduced when 45 

integrin subunit beta 3 or neurotrophic receptor tyrosine kinase 2 (also known as TrkB) 46 

was knocked out. Overall, the present study suggests that denervated midbrain-derived 47 

glial factors contribute to lesion-induced remodeling of the cortico-mesencephalic 48 

projection via these receptors. 49 
 50 

  51 
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Significance Statement 52 

After brain injury, compensatory neural circuits are established that contribute to 53 

functional recovery. However, little is known about the intrinsic mechanism which 54 

underlies the injury-induced remodeling. We found that after unilateral cortical ablation 55 

expression of axon-growth promoting factors is elevated in the denervated midbrain and 56 

is involved in the formation of ectopic axonal projection from the intact cortex. 57 

Evidence further demonstrated that these factors are expressed by astrocytes and 58 

microglia, which are activated in the denervated midbrain. Thus, our present study 59 

provides a new insight into the mechanism of lesion-induced axonal remodeling and 60 

further therapeutic strategies after brain injury. 61 
 62 

  63 
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Introduction 64 

Neural circuits are reorganized after brain injury. One mechanism for the 65 

reorganization is compensation by new axonal growth into the denervated brain region 66 

from external sources.  It is well known that compensatory axonal projections are 67 

formed after cortical lesion. Fundamentally, layer 5 neurons in the motor cortical area 68 

project ipsilaterally to the brain stem and contralaterally to the spinal cord. However, 69 

after a unilateral cortical lesion, descending axons from the intact cortex sprout and 70 

project contralaterally to the midbrain and hindbrain, and ipsilaterally to the spinal cord 71 

(Tsukahara, 1981a; Takahashi et al., 2009; Benowitz and Carmichael, 2010). Lesion-72 

induced contralateral projection to midbrain nuclei such as the red nucleus is 73 

particularly well characterized (Tsukahara, 1981b; Nah and Leong, 1976; Lee et al., 74 

2004; Omoto et al., 2010). Functional compensation can also be achieved in the adult 75 

brain by this new projection but is insufficient for complete functional recovery. 76 

Therefore, enhancing the formation of axonal sprouting is one of the main strategies to 77 

overcome incomplete recovery after CNS injury. 78 

Molecular manipulations have been proposed to facilitate the ectopic 79 

contralateral projection, by various methods such as nullifying the myelin-associated 80 

axon growth inhibitor NogoA or Nogo Receptor (Lee et al., 2004; Cafferty and 81 

Strittmatter, 2006; Sato et al., 2011), degrading CSPG (Starkey et al., 2012), or 82 

overexpressing growth-promoting transcription factors such as Stat3 (Lang et al., 2013) 83 

or Klf7 (Blackmore et al., 2012). On the other hand, the formation of compensatory 84 

circuits has been shown to be robust at infant developmental stages (Tsukahara et al., 85 

1983; Kosar et al., 1985; Murakami and Higashi, 1988; Kuang and Kalil, 1990; Omoto 86 
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et al., 2010, 2011). Therefore, activation of intrinsic mechanisms may promote the 87 

growth of ectopic projections and functional recovery. So far, trophic factors and axon 88 

growth regulatory components have been shown to contribute to compensatory 89 

connections in the spinal cord (Ueno et al., 2012; Fink et al., 2017). However, the 90 

molecular mechanisms are not fully understood. Moreover, the intrinsic mechanisms 91 

underlying formation of lesion-induced cortico-mesencephalic projections are 92 

completely unknown. 93 

In the present study, we addressed this issue by hypothesizing that some 94 

attractive or promoting factors governing the formation of the lesion-induced ectopic 95 

contralateral projection are released from the denervated region. First, we investigated 96 

the time-course of the ectopic cortico-mesencephalic projections following 97 

hemispherectomy (the removal of one hemisphere) of juvenile mice. Next, lesion-98 

induced gene expression in the midbrain was analyzed using RNA-seq. Finally, we 99 

attempted to identify the molecules that underlie the ectopic contralateral projection by 100 

means of specific gene knock-out using CRISPR/Cas9 and in vivo gene transfer 101 

methods. 102 

 103 

 104 

Materials and methods 105 

Animals 106 

ICR mice (Japan SLC) of either sex were used in this study. All experiments 107 

were conducted under the guidelines for laboratory animals of the Graduate School of 108 

Frontier Biosciences, Osaka University. The protocol was approved by the School’s 109 
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Animal Care and Use Committee. 110 

 111 

Hemispherectomy 112 

At postnatal day 6 (P6), mice were anesthetized with isoflurane (Wako). After 113 

cutting the skin, a small window (about 2 mm x 2 mm) was made using micro-scissors 114 

on the right side of the skull. In most cases, the right hemisphere was completely 115 

removed using an aspirator. After the ablation, the pups recovered on a heating pad and 116 

were then returned to their mother. For sham operation, only the skin was cut. In all 117 

figures, the left side was set to the denervated side. 118 

 119 

Anterograde axonal labeling using 1,1 -dioctadecyl-3,3,3 ,3 -120 

tetramethylindocarbocyanine perchlorate (DiI) 121 

Mice were sacrificed two, four or seven days after hemispherectomy, and whole 122 

brains were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 123 

7.4). Total of ten DiI crystals (Invitrogen) were implanted into the frontal and parietal 124 

cortical areas of hemispherectomized and control brains. After incubation for 4 to 5 125 

weeks in 4% PFA at 37 C, 200-μm thickness coronal sections were cut by a vibratome 126 

(DTK-1000; Dosaka). The sections were mounted in phosphate-buffered saline (PBS) 127 

under coverslips for microscopic observation (see below). 128 

 129 

Axon labeling by in utero electroporation  130 

In utero electroporation was performed on E12.5 mouse embryos, according to 131 

previous studies (Fukuchi-Shimogori and Grove, 2001; Saito and Nakatsuji, 2001; 132 
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Tabata and Nakajima, 2001). In brief, a pregnant mouse was anesthetized with 133 

isoflurane (Wako) using inhalation anesthesia equipment (KN-1071-1; Natsume). 134 

Approximately 1 μl of plasmid solution was injected into the lateral ventricle of the left 135 

hemisphere using a glass capillary and an injector (IM-30; Narishige). Cortical axons 136 

were labeled with pCAGGS-EGFP (0.5 μg/μl) (Hatanaka and Murakami, 2002), and 137 

electrical pulses (37 V with five 50-ms pulses at intervals of 950 ms) were then applied 138 

with tweezer electrodes (LF650P1; BEX) connected to an electroporator (CUY21; 139 

BEX).  140 

Hemispherectomy was performed at P6 in these electroporated mice. After 141 

surgery, they were deeply anesthetized and perfused with PBS followed by 4% PFA in 142 

0.1 M PB. To visualize axons, the brains were post-fixed with the same fixative 143 

overnight, and 200-μm thickness coronal sections were cut by a vibratome (DTK-1000; 144 

Dosaka). The sections were permeabilized with 1% Triton X-100 for 1 h at room 145 

temperature (RT), and blocked with blocking solution (5% normal goat or donkey 146 

serum, 0.3% Triton X-100 in PBS) for 1 h at RT. They were incubated with rat 147 

monoclonal anti-GFP (1:2000, GF090R; Nacalai Tesque) in the blocking solution at 4 C 148 

overnight. After extensive washes, the sections were incubated with appropriate 149 

secondary antibodies at 4 C overnight. After washing, the slices were mounted in 150 

medium containing 2.3% DABCO, 1 μg/ml DAPI and 50% glycerol for microscopic 151 

observation. 152 

 153 

Sparse labeling of axons and tissue clearing 154 

To label axons sparsely, the Supernova system was used (Mizuno et al, 2014; 155 
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Luo et al, 2016). Supernova vectors pTRE-Flpe-WPRE (pK036) and pCAG-FRT-stop-156 

FRT-tRFP-ires-tTA-WPRE (pK037) were kindly gifted from Dr. T. Iwasato, National 157 

Institute of Genetics, Japan. These vectors were co-transfected with pCAGGS-EGFP by 158 

in utero electroporation as described above. After surgery (see above), mice were 159 

perfused with PBS and 4% PFA in 0.1 M PB. The brain was post-fixed overnight, and 1-160 

mm coronal sections of the midbrain were cut by a vibratome (DTK-1000; Dosaka). 161 

Tissue clearing of these thick sections was performed using the SeeDB2 method as 162 

previously described (Ke et al., 2016). Briefly, sections were serially incubated in 163 

solutions with increasing concentrations of Omnipaque 350 (Daiichi-Sankyo), which 164 

contains 2% Saponin (Nacalai Tesque). Sections were imaged by confocal microscopy 165 

(TCS-SP5; Leica), and tiled images of the entire sections were acquired with a 10  166 

objective lens in 10-μm steps. Approximately 100 images along z-axis were obtained, 167 

and individually labeled axons were traced and reconstructed using Simple Neurite 168 

Tracer, a plug-in for ImageJ. 169 

 170 

Anterograde and retrograde labeling in organotypic cortical slice cultures 171 

Organotypic cortical slice cultures were prepared as described previously 172 

(Yamamoto et al., 1989; Yamamoto et al., 1992). In brief, about 300-μm-thick coronal 173 

slices were dissected from P1 mouse cortex. A block of the midbrain (approximately 1 174 

mm  1 mm x 0.3 mm) was dissected near the midline and ventral to the cerebral 175 

aqueduct from P8 brain with and without hemispherectomy. A cortical slice and the 176 

midbrain block were placed on collagen gel with DMEM/F-12 (Invitrogen) 177 

supplemented with 10% fetal bovine serum (Hyclone). To make collagen gel, rat tail 178 
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collagen was mixed with 10  DMEM/F-12 (Gibco) at a ratio of 9:1 with one volume of 179 

0.25% sodium bicarbonate. The mixed solution was put on a cell culture insert 180 

(Millicell-CM, PICMORG50; Millipore) and allowed to harden. The cultures were 181 

maintained for 24–48 h at 37°C in an environment of 5% CO2 and humidified 95% air. 182 

DiI crystals were implanted into the cortical slice for anterograde labeling or into 183 

the midbrain explant for retrograde labeling. DiI-labeled axons were imaged by 184 

confocal microscopy (ECLIPSE FN with EZ-C1; Nikon), and stack images were 185 

acquired with a 10  objective lens in 5-μm steps. Using ImageJ software, the number of 186 

axons crossing a line set to either 300 or 400 μm from the ventricle edge was counted. 187 

 188 

RNA-seq analysis 189 

Midbrain tissue was collected from hemispherectomized and sham-operated 190 

mice at P8 and P10. Total RNA was extracted from the tissue using an RNeasy Plus 191 

Mini Kit (QIAGEN), and sequencing was performed on an Illumina HiSeq 2500 (BGI 192 

Japan). Sequenced reads were mapped to the mouse reference using Bowtie2 193 

(Langmead et al., 2012), and gene expression level was calculated with RSEM software 194 

(Li et al., 2011). Differentially regulated genes were defined by false discovery rate 195 

(FDR) < 0.05 (n = 2). To explore cell type-specific expression profiles of upregulated 196 

genes, a public database (www.brainrnaseq.org; Zhang et al., 2014) was used, and genes 197 

with fragments per kilobase of transcript per million mapped reads (FPKM) > 10 were 198 

defined as being expressed by that cell type. 199 

 200 

 201 
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In situ hybridization  202 

In situ hybridization was performed as previously described (Liang et al., 2000; 203 

Zhong et al., 2004). To prepare RNA probes, cDNA was synthesized from P8 mouse 204 

total RNA, and the DNA fragments of genes of interest were amplified by PCR with a 205 

pair of primers. The primer pairs were mostly designed based on the Allen Mouse Brain 206 

Atlas (Lein et al., 2007). Each cDNA fragment was then cloned into the pGEM-T 207 

vector. To produce linearized templates, the inserts were PCR-amplified with primers 208 

containing T7 and SP6 promoter sequences (TTGTAAAACGACGGCCAGTG and 209 

TGACCATGATTACGCCAAGC). DIG-labeled RNA probes were then synthesized 210 

(DIG RNA Labeling Mix, Roche) following the manufacturer’s instructions. 211 

Mouse brains were fixed with 4% PFA in 0.1 M PB at 4 C and cryopreserved 212 

with 30% sucrose in PBS. The brains were sectioned into 20-μm-thick coronal sections 213 

using a cryostat. The sections were subjected to re-fixation and acetylation. After pre-214 

hybridization, they were hybridized with the DIG-labeled probe (4 μg/ml) at 60 C. After 215 

washing, the sections were incubated with alkaline phosphatase (AP)-conjugated anti-216 

DIG antibody (1:1000, 11093274910; Roche) at 4 C for two days. Finally, the 217 

hybridized probes were visualized with AP substrate (BM Purple, Roche) at RT. 218 

 219 

CRISPR/Cas9–mediated gene knockout (KO) in cortical neurons 220 

To knock out specific genes, a plasmid containing humanized Cas9 and dual 221 

single-guide RNAs was made as previously described (px333; Maddalo et al., 2014), 222 

based on pX330-U6-Chimeric_BB-CBh-hSpCas9 (Cong et al., 2013). pX330-U6-223 

Chimeric_BB-CBh-hSpCas9 was a gift from Feng Zhang (Addgene plasmid # 42230; 224 
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http://n2t.net/addgene:42230; RRID: Addgene_42230). The sequence of single-guide 225 

RNAs (sgRNAs) for each gene was chosen from the Brie sgRNA library (Itgb3: 226 

GCAGGTGGAGGATTACCCCG, AATATGGGTCTTGGCATCCG; Ntrk2: 227 

ATGACGTTGAAGCTTACGTG, AACCTGCAGATACCCAATTG) (Doench et al., 228 

2016). For genes that were not included in the database, sgRNAs were designed using 229 

CHOPCHOP (http://chopchop.cbu.uib.no/; Labun et al., 2019). The px333 plasmid 230 

designed to target a specific gene (3.5 μg/μl) was electroporated together with 231 

pCAGGS-EGFP (0.5 μg/μl) into the E12.5 mouse brain by in utero electroporation (see 232 

above). Transfection of with either the empty px333 vector or with pCAGGS-EGFP 233 

alone was performed as a control. After electroporation, hemispherectomy and 234 

visualization of cortico-mesencephalic axons were performed as described above. 235 

 236 

Validation of KO efficiency 237 

To validate KO efficiency, a primary cortical neuron culture was prepared as 238 

described previously (Kitagawa et al. 2017). After in utero electroporation at E12.5 (see 239 

above), pregnant mice were anesthetized again at E15 with pentobarbital (50 mg/kg, 240 

i.p.), and the GFP-positive area of the cerebral cortex was dissected from embryos in 241 

ice-cold Hanks’ balanced salt solution. The tissue was then minced with fine scissors 242 

and incubated with 0.125% Trypsin-EDTA (Gibco) for 5 min and dissociated 243 

thoroughly by pipetting. After a brief centrifugation, the cells were resuspended in 244 

DMEM/F12 medium (Life Technologies) supplemented with 10% fetal bovine serum 245 

and plated in 4-well culture dishes (Thermo Scientific) coated with 0.1 mg/ml poly-L-246 

ornithine (Sigma-Aldrich). The cultures were maintained at 37°C in an environment of 247 
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5% CO2 and humidified 95% air, and were fixed after 2 days in 4% PFA in PBS at RT 248 

for 10 min. The cells were immunostained with rat anti-GFP (1:2000, GF090R; Nacalai 249 

Tesque) and goat anti-TrkB (1:250, AF1494; R&D Systems). Cells were extensively 250 

washed and incubated with appropriate secondary antibodies at 4 C overnight. Images 251 

were captured with a fluorescence microscope (IX71 with 10× or 20  objective lens; 252 

Olympus), and analyzed with ImageJ to measure fluorescence intensity. 253 

Alternatively, Neuro2a cells were used for the validation. The cells were 254 

cultured in high glucose DMEM (Thermo Fisher Scientific) with 10% FBS, and 255 

transfected with plasmids (pCAGGS-EGFP and the px333 plasmids) using 256 

Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s 257 

instructions. The culture was maintained until DIV 7, and the cell lysates were subjected 258 

to western blot analysis (see below) to evaluate the expression level of the target gene. 259 

To estimate KO efficiency, the transfection efficiency (the ratio of the number of EGFP-260 

positive cells to the total number of cells) was taken into account. 261 

 262 

Immunohistochemistry and Nissl staining 263 

For immunostaining of various molecules, the brains were perfused in 4% PFA 264 

in 0.1 M PB and post-fixed with the same fixative for 4 h or overnight. They were then 265 

equilibrated with 30% sucrose in PBS, frozen in OCT compound (Sakura Finetech), and 266 

sectioned at 20 or 50 μm using a cryostat (CM1850; Leica Microsystems). The sections 267 

were permeabilized with 0.1% Triton X-100 for 1 h at RT and blocked for 1 h at RT in 268 

blocking solution. They were incubated with the following primary antibodies in 269 

blocking solution at 4 C overnight: mouse monoclonal anti-GFAP (1:1000, G3893; 270 



 

13 
 

Sigma-Aldrich), rabbit polyclonal anti-GFAP (1:100, G9269; Sigma-Aldrich), rabbit 271 

polyclonal anti-Iba1 (1:500, 019-19741; Wako), goat polyclonal anti-Spp1 (1:50, 272 

AF808; R&D Systems), and rabbit anti-Plat (1:100, ASMTPA-GF-HT; Molecular 273 

Innovations). Sections were washed, incubated with appropriate secondary antibodies at 274 

4 C overnight, and mounted. These brain sections were occasionally subjected to Nissl 275 

staining with cresyl violet. 276 

 277 

Western blot analysis 278 

Midbrain tissues from the denervated and intact sides were rapidly collected 279 

from hemispherectomized mice at P10 (4 days after the operation). The dissected tissues 280 

were homogenized in RIPA buffer containing a protease inhibitor cocktail (P8340; 281 

Sigma-Aldrich), and the supernatants were collected after centrifugation at 16,000 × g 282 

for 30 m. The protein concentrations of the supernatants were determined using a BCA 283 

Protein Assay Kit (Thermo Fisher Scientific). The same amount of protein (25 μg) of 284 

each sample was applied to SDS-PAGE using 15% polyacrylamide gels in the presence 285 

of β-mercaptoethanol. After electrophoresis, proteins were transferred to PDVF 286 

membrane (Bio-Rad) using a Mini Trans-Blot Cell (Bio-Rad). The membrane was 287 

blocked with Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and 5% skim 288 

milk (Nacalai Tesque) for 1 h at RT, and then incubated with mouse anti-BDNF 289 

antibody (1:1000, 327-100; Icosagen) in 2% skim milk in TBS-T at 4 C overnight 290 

(Kojima et al., 2020a). Primary antibody was detected by incubating the membrane with 291 

peroxidase-conjugated anti-mouse IgG antibody (1:10000, 115-035-146; Jackson 292 

ImmunoResearch) in 2% skim milk in TBS-T for 2 h at RT. The signal was visualized 293 
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by chemiluminescence with Immobilon Forte Western HRP substrate (Millipore), and 294 

imaged with an LAS-3000UV Mini (Fujifilm). The chemiluminescence intensities of 295 

the bands were analyzed with ImageJ software. As a loading control, the membrane was 296 

stained with Ponceau S (Cell Signaling Technology). 297 

For western blot analysis using Neuro2a cells, cells were scraped off the culture 298 

dish mechanically and homogenized in RIPA buffer. The same procedure as above was 299 

followed, with rabbit anti-itgb3 antibody (1:500, 13166; Cell Signaling Technology) and 300 

peroxidase-conjugated anti-rabbit IgG (1:10000, 711-035-152; Jackson 301 

ImmunoResearch) as primary and secondary antibody, respectively.  302 

 303 

Image analysis and quantification of cortico-mesencephalic axons 304 

Images of labeled axons in the midbrain were obtained by confocal microscopy 305 

(ECLIPSE FN with EZ-C1; Nikon). For analysis, two consecutive 200-μm thickness 306 

coronal sections were used (See Fig. 1D). These sections are referred to as the anterior 307 

and posterior sections.  For DiI-labeled samples, a total of 20–24 optical sections were 308 

acquired with a 10  objective lens (1024 × 1024 pixels; 1273 μm  1273 μm) in 5-μm 309 

steps. For in utero-electroporated samples, 6–8 images were acquired using a 4  310 

objective lens with a 2  digital zoom (1024 × 1024 pixels; 1591 μm  1591 μm) in 20-311 

μm steps. The projection images were thresholded using ImageJ (triangle method). 312 

To evaluate the ectopic contralateral projection, the axon density index was 313 

defined by dividing the number of positive pixels on the contralateral (denervated) side 314 

by that of the ipsilateral (intact) side in each region of interest (ROI). For DiI-labeled 315 

samples, the size of the ROI was 400  1024 pixels (497 μm  1273 μm), and the ROI 316 
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was positioned at both sides adjacent to the midline. For EGFP-labeled samples, the size 317 

of the ROI on the ipsilateral side was 150  600 pixels (233 μm  932 μm), which 318 

includes the Edinger-Westphal nucleus (EW). The size of the ROI on the contralateral 319 

side was 600  700 pixels (932 μm  1088 μm), which contains a larger area of the 320 

denervated midbrain. A smaller ROI (450  450 pixels; 699 μm  699 μm) was used to 321 

calculate the axon density index of the ventrolateral part of the denervated midbrain. To 322 

produce a pseudo-color heat-map image, the ROI of the contralateral side was divided 323 

into a grid pattern (12  14 grids, 50  50 pixels for each grid), and the axon density 324 

index was calculated for each grid. Samples in which axonal projection was rarely 325 

observed in the ipsilateral midbrain were excluded from the analysis. 326 

 327 

Statistical analysis 328 

All statistical values are presented as the mean ± SEM. Statistical analyses were 329 

performed using the Mann–Whitney U test, the Student’s t-test, and one-way ANOVA 330 

with Tukey’s post hoc test. Differences between groups were considered to be 331 

significant at p < 0.05. 332 

 333 

 334 

Results 335 

Time course of ectopic contralateral cortico-mesencephalic projections after 336 

hemispherectomy 337 

First, we examined the time-course of ectopic contralateral cortico-338 

mesencephalic projections after hemispherectomy (Fig. 1A). The ablation was 339 
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performed at postnatal day 6 (P6), when ectopic projections are known to form robustly 340 

(Takahashi et al., 2009; Omoto et al., 2010, 2011). As shown in Fig. 1B, the unilateral 341 

cortical hemisphere was removed entirely with intact brain stem, although the striatum 342 

was partially lesioned in many cases. Axonal projections from the intact cortex were 343 

studied 2 to 7 days after hemispherectomy by implanting DiI crystals into the motor and 344 

somatosensory cortical areas (Fig. 1C). Only two days after the hemispherectomy, many 345 

labeled axons were found on the opposite side of the midbrain, although a small number 346 

of cortical axons also crossed the midline even without ablation (Fig. 1D, E). Sequential 347 

sections (200-μm thickness) showed that midline crossing occurs at certain levels of the 348 

midbrain, where the EW and red nucleus (RN) exist (Fig. 1D). This aspect was 349 

quantified in two sequential sections along the anterior–posterior axis by calculating the 350 

axon density index (see Materials and methods), which is the ratio of the axon density 351 

in the contralateral side midbrain to that in the ipsilateral side. The axon density indices 352 

were roughly 2-fold greater in both sections 2 days (P8) after hemispherectomy than 353 

those in the control without ablation (anterior: 0.063 ± 0.010 for control, 0.15 ± 0.025 354 

for ablation, p < 0.05; posterior: 0.059 ± 0.009, 0.11 ± 0.013, p < 0.05, Mann–Whitney 355 

U test) (Fig. 1E, F). At later times, more labeled axons were found in the contralateral 356 

side. The axon density indices were approximately 4-fold (anterior: 0.054 ± 0.010, 0.23 357 

± 0.029, p < 0.05; posterior: 0.044 ± 0.009, 0.19 ± 0.030, p < 0.05, Mann–Whitney U 358 

test) and 5-fold (anterior: 0.050 ± 0.011, 0.25 ± 0.035, p < 0.05; posterior: 0.051 ± 359 

0.005, 0.24 ± 0.030, p < 0.05, Mann–Whitney U test) greater at 4 days (P10) and 7 days 360 

(P13) after hemispherectomy, respectively (Fig. 1E, F).  361 

Because it is difficult, in the DiI-labeled fixed brain, to observe axons clearly at 362 
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late developmental stages, perhaps due to diffusion of the dye in myelinated axons, the 363 

ectopic projections were further examined about one week after hemispherectomy by 364 

labeling cortical axons with a fluorescent protein. For this, cortical neurons in the motor 365 

or somatosensory area were transfected with an EGFP-expressing plasmid by in utero 366 

electroporation at E12.5, when layer 5 neurons are born (Fig. 2A). In the control 367 

without ablation, EGFP-labeled axons invaded the midbrain and projected into and 368 

around the ipsilateral RN and EW, with few midline crossing axons, in accordance with 369 

the result of DiI labeling (Fig. 2C, E). In contrast, a large number of labeled axons were 370 

found to project contralaterally after hemispherectomy. In the anterior midbrain, labeled 371 

axons accumulated in the vicinity of the EW on not only the ipsilateral but also the 372 

contralateral side (Fig. 2B, B’). Furthermore, midline-crossing axons were present in a 373 

more dorsal region near the superior colliculus (SC) (Fig. 2B’’). In the more posterior 374 

midbrain, labeled axons grew further into the ventrolateral part of the denervated 375 

midbrain (arrowheads in Fig. 2D), and were distributed in the vicinity of the 376 

contralateral RN (Fig. 2D). Importantly, after hemispherectomy, axonal accumulation in 377 

the contralateral midbrain was comparable to that on the ipsilateral side, and the 378 

contralateral projections were formed in a mirror image fashion of the ipsilateral 379 

projections.  380 

To further elucidate the morphology of the lesion-induced projection, we utilized 381 

a tissue clearing method and sparse labeling of the cortical neurons using the Supernova 382 

system (Mizuno et al., 2014; Luo et al., 2016) to trace individually distinguishable 383 

axons (Fig. 2F). After hemispherectomy, contralaterally projecting axons were found to 384 

form branches just before the midline (Fig. 2G). Quantitative analysis showed that axon 385 
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branching of contralaterally projecting axons occurred within 400 μm from the midline, 386 

whereas axons projecting only ipsilaterally did not form branching close to the midline 387 

(Fig. 2H). These observations indicate that intact cortical axons form branches near the 388 

midline, project contralaterally at around 2 days after surgery, and continue to grow for 389 

several more days.  390 

 391 

Denervated midbrain promotes axon growth of deep layer cortical neurons 392 

Next, our hypothesis that the denervated midbrain contains axon growth-393 

promoting activity was tested in vitro by co-culturing a cortical slice (P1 motor cortex) 394 

with either denervated or normal midbrain tissue (Fig. 3A). After one day in culture, 395 

axon elongation was examined by implanting DiI crystals into the fixed cortical slice. 396 

As shown in Fig. 3B, axonal growth from the cortical explant was promoted when it 397 

was co-cultured with the denervated midbrain. The number of axons that grew to more 398 

than 300 or 400 μm from the ventricular edge was counted for quantification. The result 399 

revealed that the number was significantly larger when the explant was co-cultured with 400 

the denervated midbrain than with the normal midbrain (300 μm: 29.0 ± 7.5 for normal 401 

midbrain, 71.4 ± 10.6 for denervated midbrain, p = 0.0083; 400 μm: 14.6 ± 5.2, 47.9 ± 402 

10.3, p = 0.019, Student’s t-test) (Fig. 3C). Furthermore, retrograde labeling with DiI 403 

showed that projection neurons were mostly located in the area 400 μm to 600 μm from 404 

the pial surface, in which deep layer neurons are located (Fig. 3D). Taken together, these 405 

results indicate that the denervated midbrain contains axon growth-promoting factors 406 

for deep layer projection neurons. 407 

 408 
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RNA-seq analysis shows that glial cell-related genes are upregulated in the 409 

denervated midbrain 410 

To investigate which genes are upregulated in the denervated midbrain, and thus 411 

candidate growth-promoting factors, we performed transcriptome sequencing and gene 412 

expression profiling. For this analysis, mRNAs were extracted from denervated 413 

midbrain 2 days (P8) and 4 days (P10) after hemispherectomy, when the ectopic 414 

projections are in the process of forming. These gene expression profiles were then 415 

compared with those of control midbrain and intact-side midbrain, and genes that were 416 

specifically upregulated or downregulated in the denervated midbrain were selected 417 

(FDR < 0.05, n = 2) (Fig. 4A). 418 

We found that 949 and 1668 genes were differentially regulated at P8 and P10, 419 

respectively, among which 338 upregulated genes and 87 downregulated genes were 420 

common to both stages (Fig. 4B, C). We searched a public database of cell type-specific 421 

expression in mouse brain (https://www.brainrnaseq.org/; Zhang et al., 2014), and found 422 

that the majority of the upregulated genes were expressed by microglia and/or astrocytes 423 

(microglia: 250/338; astrocytes: 115/338). For example, complement protein genes 424 

(e.g., C1qa, C1qb) and phagocytosis-related genes (e.g., Fcgr3), which are known to be 425 

expressed by microglia, were upregulated, along with astrocyte-derived genes such as 426 

Vim and Serpina3n (Extended Data Fig. 4-1). In support of this view, 427 

immunohistochemistry demonstrated that GFAP-positive astrocytes were densely 428 

distributed in the denervated midbrain 4 to 7 days after the ablation and spread out 429 

medially (Fig. 5B, D). Furthermore, Iba1-positive microglia were accumulated with 430 

amoeboid shape in the vicinity of the cerebral peduncle (CP) of the denervated 431 
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midbrain, although the ramified type was found broadly in both sides of the midbrain 432 

(Fig. 5C, D). These results suggest that the upregulated genes are attributable to the glial 433 

cell response in the denervated midbrain. 434 

The spatial distribution of upregulated genes was further investigated by 435 

performing in situ hybridization. Most analyzed genes were highly expressed in the 436 

vicinity of CP of the denervated side, in which a large number of axons projecting to the 437 

midbrain and spinal cord degenerated after hemispherectomy (Fig. 6).  Some genes 438 

were rather restricted to the CP (e.g., Tyrobp, Spp1; Fig. 6A, B), whereas others were 439 

broadly distributed along the ventral side of the denervated midbrain spreading to the 440 

midline (e.g., Fcgr3, Abca1, Vim, Fn1, Plat; Fig. 6C–G). Thus, upregulated genes were 441 

confirmed to be expressed strongly on the denervated side.  442 

 443 

Formation of ectopic contralateral projections is altered after CRISPR/Cas9-444 

mediated KO of the receptors for the upregulated molecules 445 

From the list of upregulated genes, those related with axon growth were selected 446 

as candidate regulators of lesion-induced axonal remodeling (Table 1). To identify the 447 

underlying molecules, we knocked out receptors for the above candidate molecules in 448 

layer 5 projection neurons. Furthermore, the receptors (e.g., TrkB, Igf1r) whose 449 

signaling pathway is potentially affected by the upregulated genes were also examined 450 

(see Table 1). For KO of these receptors, in utero electroporation-mediated transfection 451 

with vectors expressing Cas9 and sgRNAs was carried out together with the EGFP 452 

vector (Fig. 7A, B). Among examined, obvious reduction of the contralateral 453 

projections was found in KO of integrin subunit beta 3 (Itgb3) and neurotrophic 454 
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receptor tyrosine kinase 2 (Ntrk2, also known as TrkB) (Fig. 7C, Fig. 8), which are 455 

receptors for extracellular molecules such as Spp1 and Fn1 (Humphries et al., 2006) and 456 

Bdnf, respectively (Table 1). To quantify the reduction, axons projecting to the 457 

contralateral side for each group (Only ablation without KO, Itgb3 KO, TrkB KO, and 458 

No ablation) were depicted as the axon density index (the ratio of the axon density in 459 

the contralateral side midbrain to that in the ipsilateral side), for the two sequential 460 

anterior and posterior sections (Fig. 7D, see Materials and methods). Then the indices of 461 

Itgb3 KO and TrkB KO groups were normalized by the the index of only ablation group 462 

and defined as normalized axon density index. 463 

In Itgb3 KO samples, ectopic contralateral projections were reduced in the 464 

anterior section though not in the posterior section (Fig. 7C, D). Indeed, the axon 465 

density index in the anterior section was significantly lower in Itgb3 KO (normalized 466 

axon density index, 0.74 ± 0.043, p = 0.040, one-way ANOVA with Tukey’s post hoc 467 

test), but not in the posterior section (normalized axon density index, 0.98 ± 0.10, p = 468 

0.90, one-way ANOVA with Tukey’s post hoc test) (Fig. 7E). In particular, axons 469 

projecting further into the ventrolateral part of the denervated midbrain were greatly 470 

reduced in the anterior section (Fig. 7C, D). Quantitative analysis of the restricted area 471 

including the ventrolateral part showed a marked decrease in the axon density index 472 

(normalized axon density index, 0.49 ± 0.057, p = 0.0082, one-way ANOVA with 473 

Tukey’s post hoc test) (Fig. 7F). 474 

On the other hand, TrkB KO samples showed a substantial decrease in the axon 475 

density index after hemispherectomy in both anterior and posterior sections, with a 476 

more profound reduction in the posterior section (normalized axon density index, 0.63 ± 477 
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0.11 for anterior, p = 0.0072; 0.44 ± 0.070 for posterior, p = 0.0018, one-way ANOVA 478 

with Tukey’s post hoc test) (Fig. 7E, F). Importantly, these two receptors were 479 

expressed endogeneosuly in layer 5 neurons (Thompson et al., 2014; Itgb3: 480 

http://developingmouse.brain-map.org/gene/show/16189; Ntrk2: 481 

http://developingmouse.brainmap.org/gene/show/17979). Thus, Itgb3 and TrkB are 482 

involved in the formation of ectopic axonal projections in a distinct fashion after 483 

hemispherectomy. 484 

In our RNAseq result, expression of the presumed ligands for Itgb3, Spp1 and 485 

Fn1 were substantially elevated in the denervated midbrain after the hemispherectomy 486 

(Table 1). In situ hybridization showed that both genes were highly expressed in the 487 

ventrolateral part of the denervated midbrain (Fig. 6B, F), where the contralateral 488 

projections were markedly reduced in Itgb3 KO samples (Fig. 7C, D). In contrast, Bdnf 489 

mRNA expression was not upregulated in the denervated midbrain (Table 1). Instead, 490 

the plasminogen activators (Plat, Plau), which can promote extracellular cleavage of 491 

proBDNF into the mature type (Pang et al., 2004), were upregulated in the denervated 492 

midbrain (Table 1) (Fig. 6G). In accordance with the increased expression, western 493 

blotting analysis demonstrated that mature BDNF protein was significantly more 494 

abundant in the denervated than the intact midbrain (ratio, 1.47 ± 0.11, p = 0.017, 495 

Student’s t-test) (Fig. 9A), suggesting that proteolytic cleavage into mature BDNF is 496 

promoted in the denervated midbrain and contributes to the contralateral projection.  497 

As the majoriry of upregulated genes in the denerveted midbrain were glial-498 

related genes in our analysis (see above), we further investigated whether the receptor 499 

intereacting molecus are derived from glial cells, by co-immunostaining with microglial 500 
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and astrocytic markers. As shown in Fig. 9B, strong puncta-like signals of Spp1 were 501 

found along the ventral part of the denervated midbrain. High magnification images 502 

showed that Spp1-positive puncta reside in and around the microglia and astrocytes 503 

(Fig. 9C, D). Plat were also strongly expressed in the denervated-side CP (Fig. 9E), and 504 

the signals were co-localized with astrocytes, but not with microglia (Fig. 9F, G). These 505 

results suggest that glail cells contribute to the production of these molecules.  506 

Taken together, all of these results indicate that the denervated midbrain-derived 507 

factors expressed by glial cells contribute to lesion-induced remodeling of the cortico-508 

mesencephalic projection, via receptors such as Itgb3 and TrkB. 509 

 510 

 511 

Discussion 512 

The present morphological and molecular expression analyses demonstrate that 513 

glial cell-related axon growth-promoting factors are expressed in the denervated 514 

midbrain when robust remodeling of the cortico-mesencephalic projection takes place 515 

after hemispherectomy. Furthermore, CRISPR/Cas9-mediated functional analysis 516 

demonstrate that these factors are involved in the remodeling of the the cortico-517 

mesencephalic projection. In particular, KO of Itgb3 or TrkB suppressed the formation 518 

of ectopic contralateral projections. Thus, the present study revealed for the first time 519 

that these specific molecular pathways contribute to remodeling of the cortico-520 

mesencephalic projection after hemispherectomy. 521 

 522 

 523 
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The cortico-mesencephalic projection is rapidly remodeled after hemispherectomy 524 

of juvenile mice 525 

A morphological experiment with axon tracing showed that remodeling of the cortico-526 

mesencephalic projection took place after hemispherectomy, in accordance with 527 

previous reports (Tsukahara, 1981a; Nah and Leong, 1976; Lee et al., 2004; Takahashi 528 

et al., 2009; Omoto et al., 2010, 2011). Robust formation of the ectopic contralateral 529 

projection is consistent with previous findings that axonal sprouting is extensive in 530 

young animals (Tsukahara, 1981b; Tsukahara et al., 1983; Kosar et al., 1985; Murakami 531 

and Higashi, 1988; Kuang and Kalil, 1990; Omoto et al., 2010, 2011; Grant et al., 532 

2016). Moreover, our results demonstrated that only a few days after hemispherectomy, 533 

axons from the intact cortex invaded the denervated midbrain. This rapid formation of 534 

the ectopic contralateral projection raised the possibility that axonal sprouting occurs in 535 

the regions near the midline, which was supported by the observation of individually 536 

distinguishable cortical axons (Fig. 2F-H). Furthermore, the subsequent increase in the 537 

ectopic contralateral projection is likely due to an increase in the number of midline-538 

crossing axons (Lee et al., 2004) rather than extensive branch formation in the small 539 

number of pre-existing contralateral axons that exist even in intact animals. Such 540 

ectopic projections are thought to contribute to functional recovery by being maintained 541 

persistently (Takahashi et al., 2009; Omoto et al., 2010, 2011). Indeed, a previous study 542 

has shown that motor functions are comparable to normal in the adult after similar 543 

neonatal cortical ablation (Omoto et al., 2011). 544 

 545 

 546 
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Axon growth-promoting factors expressed in the denervated midbrain are involved 547 

in lesion-induced remodeling 548 

Two previous studies have shown transcriptome profiles of the denervated 549 

region (Bareyre et al., 2002; Kaiser et al., 2019), but they could not lead to the 550 

identification of specific molecules that are actually involved in axonal sprouting and 551 

remodeling. Our CRISPR/Cas9-mediated KO study demonstrated that two distinct 552 

molecular mechanisms contribute to the formation of the ectopic projections.  553 

First, Itgb3 KO showed a significant decrease of the ectopic projections in the 554 

ventrolateral portions of the midbrain where Spp1 and Fn1 are upregulated (Fig. 6B, F, 555 

Fig. 9B-D). It is plausible that developmental mechanisms guide axons to their proper 556 

targets in both intact and denervated midbrain, as the lesion-induced contralateral 557 

projection resembles the intact ipsilateral projection (Fig. 2D). The axonal growth effect 558 

of Spp1 and Fn1 may enhance this process, helping axons to reach their targets. In 559 

support of this view, these molecules have been reported to facilitate axonal growth and 560 

regeneration of CNS and PNS neurons (Tom et al., 2004; Myers et al., 2011; Wright et 561 

al., 2014; Duan et al., 2015; Liu et al., 2017). Furthermore, Spp1 and Fn1 have shown to 562 

be upregulated in the hippocampus and cortex after lesion (Tate et al., 2007; Park et al., 563 

2012). Thus, these extracellular molecules may be involved in axonal extension 564 

commonly after injury.  565 

Second, TrkB KO showed a striking decrease of the ectopic projections, which 566 

may be due to non-utilization of mature BDNF, whose concentration should be elevated 567 

by proteolytic cleavage in the denervated side (see below, Fig. 9A). BDNF–TrkB 568 

signaling may also contribute to the final connections with target cells, as it is known to 569 
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promote axonal branch formation (Cohen-Corey et al., 2010; Granseth et al., 2013). 570 

Previous work has demonstrated that blocking BDNF–TrkB signaling hinders the 571 

lesion-induced sprouting of the corticospinal projection (Ueno et al., 2012), in which 572 

Bdnf expression was not upregulated in the denervated spinal cord after the cortical 573 

lesion. The present results also show that the Bdnf mRNA level was unchanged in the 574 

denervated midbrain, but that the level of mature BDNF protein was upregulated (Fig. 575 

9A). It is known that proBDNF is released extracellularly (Yang et al., 2009), and post-576 

transcriptional modification of proBDNF mediated by plasminogen activators has been 577 

implicated in various aspects of neural plasticity (Pang et al., 2004; Mataga et al., 2004; 578 

Lee et al., 2001; Kojima et al., 2020b). Thus, it is likely that plasminogen activators 579 

upregulated in the denervated midbrain promote the extracellular cleavage of proBDNF 580 

and production of mature BDNF. 581 

 582 

Glial cells as the source of the axon growth-promoting factors 583 

Which cell types produce these axon growth-promoting factors? Our RNA-seq 584 

analysis showed that many glial cell-related genes were upregulated in the denervated 585 

midbrain after hemispherectomy. Importantly, previous and the present results 586 

demonstrated that the upregulated genes Spp1 (Ellison et al., 1998; Sinclair et al., 587 

2005), Fn1 (Tom et al., 2004), and plasminogen activators (Toshniwal et al., 1987; 588 

Tsirka et al., 1995) are expressed by glial cells (Fig. 9B-G). We also observed that 589 

contralateral cortical axons ran in and around GFAP-positive astrocytes which were 590 

broadly distributed in the denervated midbrain (Fig. 5). A plausible scenario is that 591 

reactive glial cells (Sofroniew and Vinters, 2010; Streit et al, 1999) expressing these 592 
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factors spread in the denervated region and provide a growth-permissive or promoting 593 

environment for cortical axons. In accordance with this view, glial cells have been 594 

demonstrated to respond to axon degeneration with characteristic gene expression in the 595 

denervated CNS region, although the upregulated genes are distinct from those in the 596 

present study (Tsujioka and Yamashita, 2019; Kaiser et al., 2019). Recently, it has also 597 

been demonstrated that microglial cells in the cortex express BDNF in responding to 598 

PNS injury (Huang et al., 2021). Such glial cell responses could be efficient to make a 599 

cellular environment for spreading the molecules that induce ectopic axonal growth and 600 

formation of compensative neuronal circuits after brain lesion.  601 

On the other hand, astrocytes and microglia have been shown to be the source of 602 

a glial scar at the lesion site which suppresses axon regeneration by expressing 603 

inhibitory molecules such as Nogo and CSPG (Silver and Miller, 2004; Yiu and He, 604 

2006; Schwab and Strittmatter, 2014). It is likely that reactive glial cells in the 605 

denervated midbrain have different properties from the scar-forming glial cells, as the 606 

denervated midbrain is distant from the lesion site. Glial cells may respond differently 607 

to distinct stimuli, as in the case of alternative activation (Hu et al., 2015; Liddelow and 608 

Barres, 2017). That is to say, glial cell activation may be context-dependent. 609 

 610 

Other possible mechanisms for lesion-induced remodeling 611 

In the present study, impairing Itgb3- and TrkB-mediated signaling did not block 612 

sprouting completely, which implies that other mechanisms also operate in this process. 613 

The expression of axon growth-inhibitory molecules may decrease after 614 

hemispherectomy, as manipulations that remove inhibitory molecules such as Nogo or 615 
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CSPG can facilitate axonal sprouting (Cafferty and Strittmatter, 2006; Starkey et al., 616 

2012). However, we could not find any decline of these inhibitory molecules from our 617 

RNA-seq result. Another possibility is that a midline barrier exists which prevents axon 618 

growth, similar to the Ephrin-B3/EphA4 signaling pathway in the spinal cord 619 

(Kullander et al., 2001; Yokoyama et al., 2001; Katori et al., 2017). However, this is 620 

also unlikely, as the cortico-mesencephalic projection has been shown to be normal in 621 

these KO mice (Yokoyama et al., 2001; Serradj et al., 2014). 622 

The involvement of neuronal activity has to be considered, because it has been 623 

reported that neuronal activity promotes axonal branching (Uesaka et al., 2005). Indeed, 624 

lesion-induced sprouting in the corticospinal tract is enhanced by electrical stimulation 625 

of the motor cortex (Carmel et al., 2010; Carmel and Martin, 2014) and rehabilitation 626 

(van den Brand et al., 2012; Wahl et al., 2014), which led to functional recovery. The 627 

expression of sprouting-inducing factors and/or receptor molecules may also be 628 

regulated in an activity-dependent fashion (Yap and Greenberg, 2018). Furthermore, 629 

neuronal activity including synaptic activity may play a role in synapse formation and 630 

maintenance in their target cells (Hoerder-Suabedissen et al., 2018).  631 

In summary, our study elucidates a novel intrinsic mechanism of lesion-induced 632 

axonal remodeling, mediated by Itgb3 and TrkB signaling pathways. To date, a model in 633 

which axonal regeneration and/or sprouting is enhanced by removal of growth-634 

inhibitory factors has been emphasized. In addition to this approach, molecular 635 

manipulations that enhance the present endogeneous mechanism may also be effective 636 

for axonal remodeling, and may provide a novel insight into new therapeutic strategies 637 

for functional recovery after CNS injury. 638 
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Figure Legends 887 

Figure 1. Midline-crossing cortico-mesencephalic axons increase after 888 

hemispherectomy. A, Schematic overview of the experiment. B, Representative coronal 889 

sections of hemispherectomized brain. SC; superior colliculus, ND; nucleus of 890 

darkschewitsch, RN; red nucleus, P; pons. Den., denervated side; Int., intact side. Scale 891 

bar, 3 mm. C, Whole brain after hemispherectomy. DiI was implanted into fixed brains 892 

to label cortical axons. Scale bar, 2 mm. D, DiI-labeled cortical axons in the midbrain 893 

with and without hemispherectomy. Asterisks and arrows indicate the EW and RN, 894 

respectively, and arrowheads indicate the ND. Note that axons accumulate near the 895 

midline (dashed lines) in the EW and in the region ventral to the ND. CA; cerebral 896 

aqueduct. Scale bar, 1 mm. E, Serial coronal sections showed that the contralateral 897 

projection to the midbrain starts to emerge only 2 days after surgery (P8) and increases 898 

at 4–7 days after surgery (P10, P13) compared with the control. Scale bar, 500 μm. 899 

Dashed lines indicate the midline. F, Quantitative analysis using the axon density index 900 

(see Materials and methods) of anterior and posterior sections (n = 4 for each group) 901 

confirmed a considerable increase in ectopic contralateral projection after 902 

hemispherectomy. * p < 0.05 against control; Mann–Whitney U test. 903 

Figure 2. Contralateral cortical axons accumulate in midbrain nuclei 7 days after 904 

hemispherectomy. A, Schematic overview of the experiment. In utero electroporation-905 

mediated transfection with EGFP was performed at E12.5 to label layer 5 cortical 906 

neurons. B-E, Coronal section images of hemispherectomized and control samples at 907 

P13 (7 days post-surgery). Left panels show low-magnification images of midbrain 908 

coronal sections, and right panels show magnified views of the indicated boxed areas of 909 
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the left panels. After hemispherectomy, contralaterally projecting axons were found in 910 

the vicinity of the EW (asterisks), while only few midline-crossing axons were present 911 

in the control (B, C). Some of them were present more dorsally, near the SC. Bilateral 912 

projections to the RN (arrows) were formed after hemispherectomy in the posterior 913 

sections (D, E). Scale bar, 1 mm (left panels), 500 μm (right panels). F, Schematic 914 

overview of the experiment. Layer 5 neurons were sparsely labeled by the Supernova 915 

method. Tissue clearing was performed in thick (1-mm thickness) midbrain sections to 916 

trace labeled axons. G, Representative axon trace images of control and 917 

hemispherectomized samples. Branches of contralaterally projecting axons formed in 918 

the region adjacent to the midline (arrowheads). White lines indicate the midline, and 919 

the location of the CP is indicated by the arrows. Scale bar, 500 μm. H, Histogram 920 

showing the distribution of the distance between midline and branch points. Note that 921 

contralaterally projecting axons form branches within 300 μm of the midline, while both 922 

contralaterally and ipsilaterally projecting axons have branches in the region more than 923 

800 μm away from the midline (n = 7 axons for each group). 924 

Figure 3. Co-culture with denervated midbrain promotes axon growth of deep layer 925 

cortical neurons. A, Schematic overview of the experiment. Co-culture of a cortical 926 

slice from intact P1 mice with a block of either the denervated midbrain two days after 927 

surgery or the same-aged midbrain without surgery. B, Representative images of co-928 

culture (left), and labeled cortical axons (right) when cultured with control midbrain 929 

(Cont. MB) and denervated midbrain (Den. MB). The white line indicates the edge of 930 

the ventricular side of the cortical slice. Scale bar, 200 μm (left), 100 μm (right). C, 931 

Histogram showing the number of axons longer than 300 μm and 400 μm, measured 932 
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from the ventricular edge, in co-cultures with control (n = 10) or denervated midbrain (n 933 

= 11). Co-cultures with denervated midbrain showed a greater number of longer cortical 934 

axons. * p < 0.05, ** p < 0.01 against control; Student’s t-test. D, Representative image 935 

of retrogradely labeled cells. Retrogradely labeled neurons were mostly found in the 936 

deep layers. Scale bar, 200 μm. 937 

Figure 4. RNA-seq analysis shows that a subset of glial cell-derived genes is 938 

significantly upregulated in the denervated midbrain A, Schematic overview of the 939 

experiment. RNA-seq was performed using P8 or P10 (2 or 4 days post-surgery) 940 

midbrain taken from sham-operated and hemispherectomized mice (n = 2 for each 941 

group). B, Volcano plots comparing sham versus intact midbrain, and sham versus 942 

denervated midbrain. Differentially expressed genes (DEGs; FDR < 0.05) are 943 

highlighted in blue (downregulated) or red (upregulated). C, Venn diagram 944 

representation of DEGs in P8 (949 genes) and P10 (1668 genes). A total of 425 genes 945 

were common to the two stages (338 upregulated and 87 downregulated). For the list of 946 

all DEGs, see Extended Data Figure 4-1. 947 

Figure 5. Distribution of glial cells in the midbrain after hemispherectomy. A, 948 

Schematic overview of the experiment. Immunohistochemistry with glial cell markers 949 

(GFAP and Iba1) was performed after hemispherectomy. In utero electroporation was 950 

conducted as described previously to label corticofugal axons. The location of sections 951 

is indicated by the illustration on the right. These sections correspond to the area of 952 

Figure 1D, which contain EW and RN. B–C, Distribution of GFAP-positive astrocytes 953 

(B) and Iba1-positive microglia (C) along the anterior–posterior axis at 7 days post-954 
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surgery. Lower panels are high-magnification views of the boxed areas above. Scale bar, 955 

1 mm (upper panels), 500 μm (lower panels). Strong GFAP signals were observed near 956 

the CP on the denervated side (arrowheads), with broad distribution across the ventral 957 

part of the midbrain (B, C). Many contralaterally projecting axons run near GFAP-958 

positive cells (B’, B’’) and Iba1-positive cells (C’, C’’). D, Magnified images of GFAP-959 

positive astrocytes (left), and Iba1-positive microglia (right) at 4 days post-surgery. The 960 

schematic illustration on the left shows imaged regions: a, near the denervated CP; b, 961 

the medial part of the denervated midbrain; c, the intact side of the midbrain. GFAP-962 

positive cells were densely distributed on the denervated side, especially near the CP. 963 

Iba1-positive microglia near the denervated CP had ameboid morphology. Microglia 964 

distant from the CP had ramified morphology. Scale bar, 50 μm. 965 

Figure 6. In situ hybridization confirms that lesion-induced genes are upregulated in the 966 

denervated midbrain. In situ hybridization was performed on P10 coronal sections of 967 

hemispherectomized mice. The expression of 7 representative upregulated genes is 968 

shown. The midline is indicated by dashed lines. White arrowheads indicate the CP of 969 

the denervated side. Black arrowheads indicate that some genes showed widespread 970 

signals in the region adjacent to the midline. Scale bar, 1 mm. 971 

Figure 7. Formation of lesion-induced contralateral projection is impaired after KO of 972 

Itgb3 and TrkB. A, Schematic overview of the experiment. In utero electroporation was 973 

performed to knock out a specific receptor in layer 5 cortical neurons. B, A plasmid 974 

expressing dual single-guide RNAs and hCas9 (shown) was transfected into the cortex 975 

together with an EGFP expressing plasmid. C, After hemispherectomy, ectopic axons 976 
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projecting from Itgb3 KO and TrkB KO neurons were reduced, compared with the only 977 

ablation group (without KO). Anterior and posterior sections were used for the analysis. 978 

Dashed lines indicate the midline. Note that axon projection to the ventrolateral portion 979 

is impaired in Itgb3 KO (arrowheads). Scale bar, 500 μm. D, The average pattern of 980 

contralateral projection for each group is shown as pseudo-color heat-map images, 981 

based on axon density indices (see Materials and methods). Note that the axon density 982 

indices in the ventrolateral portion of the anterior side are greatly reduced in the Itgb3 983 

KO group (arrowheads), and overall axon density indices are reduced in the TrkB KO 984 

group (only ablation, n = 7; Itgb3 KO, n = 10; TrkB KO, n = 6; no ablation, n = 6). E, 985 

Normalized axon density indices (axon density index normalized by that for only 986 

ablation group) were calculated in the anterior and posteriors sections for each case (no 987 

ablation, n = 6; only ablation, n = 7; Itgb3 KO, n = 10; TrkB KO, n = 6). F, Normalized 988 

axon density indices were similarly calculated in the ventrolateral region. The region of 989 

interest for each analysis (E, F) is indicated by the illustrations on the right. * p < 0.05, 990 

** p < 0.01 against control; one-way ANOVA with Tukey’s post hoc test.  991 

Figure 8. Validation of CRISPR/Cas9-mediated KO efficiency. A, Schematic overview 992 

of the experiment to validate TrkB KO. Dissociated neuron cultures were prepared from 993 

cortex transfected with the KO plasmid and were subjected to immunocytochemistry 994 

(ICC) with anti-TrkB. B, Most GFP-positive neurons were TrkB-negative (arrowheads). 995 

Scale bar, 30 μm. C, Immunostaining intensity was considerably reduced by TrkB KO 996 

(Control, 33.8 ± 3.9, n = 18; TrkB KO, 4.2 ± 1.6, n = 19). **** p < 0.0001, Student’s t-997 

test. D, Schematic overview of the experiment to validate Itgb3 KO. The plasmid for 998 

Itgb3 KO was transfected with the EGFP-expressing plasmid into Neuro2a cells by 999 
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lipofection, and the cultured cells were subjected to western blot analysis. E-F, Itgb3 1000 

expression level was markedly decreased by Itgb3 KO (ratio, 0.37 ± 0.042 against 1001 

control, n = 4). As the transfection efficiency of lipofection was 66.5 ± 4.0% (n = 4), the 1002 

KO efficiency is estimated as 94.3%. *** p < 0.001, Student’s t-test. 1003 

Figure 9. The expression of upregulated molecules in relation to glial cells. A, Western 1004 

blot analysis shows a significant increase of mature BDNF amount in the denervated-1005 

side midbrain (n = 5) compared with the intact side (n = 5) taken from P10 mice (4 days 1006 

post-surgery). * p < 0.05; Student’s t-test. B, Punctate signals of Spp1 were observed 1007 

broadly on the ventral side of the denervated midbrain (arrowheads), with strong signals 1008 

on the ventrolateral side near the CP. Illustration (insert) indicates the location of the 1009 

imaged area. Scale bar, 500 μm. C, Immunostaining of Iba1 and Spp1 shows that Spp1 1010 

was detectable within the Iba1-positive microglia (arrowheads). D, Immunostaining of 1011 

GFAP and Spp1 showed that Spp1-positive puncta reside in and around GFAP-positive 1012 

astrocytes (arrowheads). Scale bar, 100 μm. E, Immunopositive signals for Plat were 1013 

observed on the area near the CP (arrowheads). Scale bar, 500 μm. F, Immunostaining 1014 

of Cx3cr1 and Plat shows that Plat signals do not co-localize with Cx3cr1-positive 1015 

microglia. G, Immunostaining of GFAP and Plat showed that Plat-positive signals co-1016 

localize with GFAP-positive astrocytes (arrowheads). Scale bar, 100 μm. 1017 

 1018 

Extended Data Figure 4-1. List of differentially expressed genes (DEGs) in denervated 1019 

midbrain at P8 and P10.  1020 

 1021 
 1022 
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Table 1. Upregulated genes related to axonal growth or regeneration. 1023 
 1024 

 1025 
Their receptors are also presented in the table. Bdnf and Igf1 were not upregulated, but 1026 

the signaling pathways of these genes may be affected by upregulated molecules. (a) 1027 

Plau and Plat promote cleavage of proBDNF into mature BDNF (Pang et al., 2004). (b) 1028 

Spp1 sensitizes corticospinal neuronal responses to IGF1, leading to an increase in the 1029 

number of corticospinal sprouting neurons after cortical stroke (Liu et al., 2017). Cell 1030 

type expression (astrocyte and microglia) of each gene is based on the following 1031 

references: (1) Zhang et al., 2014; (2) Ellison et al., 1998; (3) Sinclair et al., 2005; (4) 1032 

Tom et al., 2004; (5) Dallner et al., 2002; (6) Toshniwal et al., 1987; (7) Tsirka et al., 1033 

1995; (8) Dougherty et al., 2000; (9) Labandeira-Garcia et al., 2017. 1034 

 1035 

Gene 
symbol 

RNA-seq (fold change) Cell type 
Expression Receptor P8 P10 

vs 
Control 

vs 
Intact 

vs 
Control 

vs 
Intact Astrocyte Microglia 

Spp1 14.2 17.1 256.6 197.1  (2, 3) (1) Cd44, Itgb1, Itgb3 
Fn1 1.3 1.6 2.9 3.0 (1, 4)  Itgb1, Itgb3 
Grn 1.7 1.6 2.5 2.4 (1) (1) Notch1 
Cntf 1.6 1.8 2.6 1.8 (5) Cntfr 
Tgfb1 1.9 1.7 1.6 1.6  (1) Tgfbr1 
Abca1 1.8 1.8 2.2 2.0 (1) (1) - 
Apoe 1.3 1.3 1.4 1.4 (1) (1) Vldlr, Lrp8, Lrp1 
Plau 2.4 1.9 16.2 11.4  (1) Plaur 
Plat 1.2 1.2 1.4 1.4 (1, 6) (1, 7) - 
Bdnf (a) 1.0 0.9 1.0 1.0 (8) (8) Ntrk2 (TrkB) 
Igf1 (b) 1.0 0.9 0.7 0.8 (9) (9) Igf1r 




















