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Abstract 45 

The structural complexity of axon collateral terminal arbors shapes synaptic connectivity. In corticospinal 46 

projections, individual axon collaterals exhibit distinct patterns of terminal arborization, ranging from sparse 47 

local branches to dense, highly complex arbors in target regions such as the pontine nuclei. How this 48 

complexity is controlled remains poorly understood. Here, using corticopontine projections in male and 49 

female mice, we show that protein tyrosine phosphatase receptor type O (PTPRO) selectively restricts 50 

higher-order branching of terminal arbors in the pontine nuclei without affecting collateral number. This 51 

function requires the intracellular phosphatase domain of PTPRO but not its extracellular region. We 52 

demonstrate that PTPRO dephosphorylates tropomyosin receptor kinase B (TrkB), and that the excessive 53 

terminal arborization caused by acute PTPRO loss is rescued by TrkB depletion or phosphatidylinositol 3-54 

kinase (PI3K) inhibition. Together, these findings reveal that PTPRO-mediated TrkB dephosphorylation 55 

acts as a molecular brake on corticopontine terminal arbor elaboration. 56 

  57 
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Significance Statement 58 

How individual axons regulate terminal branching within target regions is a fundamental question in neural 59 

circuit development. This study identifies protein tyrosine phosphatase receptor type O (PTPRO), a 60 

receptor-type protein tyrosine phosphatase that negatively regulates signaling through tyrosine 61 

phosphorylation, as a selective regulator of higher-order branching in corticopontine terminal arbors. 62 

PTPRO dephosphorylates tropomyosin receptor kinase B (TrkB), a neurotrophin receptor tyrosine kinase 63 

that promotes neuronal growth and branching, thereby restricting terminal arbor complexity without 64 

affecting collateral number from the main axon. Given that terminal arbor architecture determines the 65 

synaptic territory of each cortical input, PTPRO-dependent constraint on arbor elaboration may represent 66 

a general principle by which projection-specific arbor complexity is established across long-range circuits 67 

in the central nervous system.  68 
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Introduction 69 

Terminal arborization represents the final stage of axonal development, during which collateral branches 70 

elaborate into complex, synapse-bearing structures within target regions. The geometry of these arbors 71 

directly determines the functional properties of the resulting neural circuits (Bastmeyer and O’Leary, 1996; 72 

Winnubst et al., 2019). In corticopontine projections, layer 5 pyramidal neurons form elaborate terminal 73 

arbors within the pontine nuclei that are essential for cerebro-cerebellar communication (O’Leary and 74 

Terashima, 1988; Bastmeyer and O’Leary, 1996; Kalil and Dent, 2014). These arbors exhibit striking 75 

heterogeneity. Motor cortex-derived axons form compact, high-density terminal fields, whereas associative 76 

cortical inputs develop more dispersed branching patterns (Leergaard and Bjaalie, 2007). Collateral 77 

branches first extend into pontine neuropil, followed by iterative elaboration of higher-order terminal 78 

branches (Mihailoff et al., 1984; Bastmeyer and O’Leary, 1996). Such diversity suggests that arborization 79 

complexity is precisely regulated to meet the specific computational demands of different cortical inputs, 80 

yet the underlying molecular mechanisms remain poorly understood. In our previous study, we showed that 81 

corticospinal tract axons from distinct cortical areas extend collateral branches to corresponding pontine 82 

subregions, forming a region-to-region corticopontine projection, but the mechanisms that shape their 83 

terminal arborization remain poorly understood (Iguchi et al., 2021). 84 

The final architecture of a terminal arbor emerges from the balance between growth-promoting and 85 

growth-restricting signals (Sato et al., 1994). Brain-derived neurotrophic factor (BDNF) acting through 86 

tropomyosin receptor kinase B (TrkB) and the downstream phosphatidylinositol 3-kinase (PI3K)–Akt 87 

cascade promotes branch formation and arbor elaboration (Jaworski et al., 2005; Cohen-Cory et al., 2010). 88 

Conversely, phosphatase and tensin homolog (PTEN) antagonizes PI3K–Akt signaling to limit arbor 89 

overgrowth (Kwon et al., 2006). However, these studies have primarily addressed initial collateral outgrowth 90 

or overall arbor size. The intrinsic mechanisms that specifically control higher-order branching complexity 91 

remain largely unknown. 92 

Receptor-type protein tyrosine phosphatases (RPTPs) negatively regulate receptor tyrosine kinase 93 

signaling and represent plausible candidates for such regulation (Stoker, 2001; Johnson and Van Vactor, 94 

2003). In Drosophila, the RPTP PTP69D acts together with Slit to regulate the spatial patterning of axon 95 
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branching via Dscam1 (Dascenco et al., 2015). However, these studies were performed in invertebrate 96 

sensory neurons and primarily addressed branch targeting rather than the hierarchical complexity of 97 

terminal arbors. Therefore, whether RPTPs play analogous roles in regulating terminal arborization 98 

complexity in the mammalian central nervous system remains unexplored. PTPRO is a type III RPTP 99 

containing a single intracellular catalytic domain and extracellular fibronectin type III-like domains (Krueger 100 

and Saito, 1992; Tagawa et al., 1997; Tautz et al., 2013). It has been implicated in axon growth and 101 

guidance in the peripheral nervous system (Tagawa et al., 1997; Stepanek et al., 2001). In trigeminal 102 

ganglion neurons, PTPRO restricts axon growth and branching by dephosphorylating TrkB (Gatto et al., 103 

2013). However, that study examined overall axon elongation and branching in sensory neurons, leaving 104 

open whether PTPRO can selectively regulate higher-order terminal arborization in central projection 105 

systems and through which downstream signaling pathway. 106 

Here, we investigated the role of PTPRO in corticopontine terminal arborization. We found that PTPRO 107 

restricted higher-order branching of corticopontine terminal arbors through phosphatase-dependent 108 

inhibition of TrkB-PI3K signaling. These findings reveal a cell-intrinsic brake on terminal arbor complexity 109 

and extend PTPRO-TrkB regulation from general axon growth control to the structural refinement of central 110 

projection terminals. 111 

  112 
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Materials and Methods 113 

Animals 114 

All animal experiments were conducted in compliance with the Regulations on Animal Experimentation at 115 

the University of Osaka and approved by the Animal Experimentation Committee of the University of Osaka. 116 

The animals were kept under a 12-h light/12-h dark cycle. They were allowed to feed and drink ad libitum. 117 

ICR mice were purchased from Japan SLC Inc. The day of confirmation of a vaginal plug was designated 118 

as embryonic day 0.5 (E 0.5). The day of birth was designated as postnatal day 0 (P0). Both male and 119 

female embryos at E12.5 were used for in utero electroporation (IUE). Pups at P1, P2 and P4 were used 120 

for tissue processing and imaging. Pups at P0 or P2 were used for in situ hybridization (ISH) and 121 

immunohistochemistry (IHC). 122 

Plasmid construction 123 

pCAGGS vector (Niwa et al., 1991) was modified to insert multiple cloning sites with a C-terminal 3xFLAG 124 

tag to yield pCAGGS-5MCS-FLAG. The coding sequences of mouse PTPRO and TrkB were amplified by 125 

PCR with specific primers: 126 

5’-CTAGCGGCCGCATGGGGCACCTGCCTAGGGGAAC-3’ and 127 

5’-TCGCTCGAGGGATTTGCTGACGTTCTCGTAGATGACGTCGC-3’ for PTPRO, and 128 

5’-GCGGCGGCCGCATGTCGCCCTGGCTGAAGTGG-3’ and 129 

5’-CCGGAATTCGCCTAGGATATCCAGGTAGACGGG-3’ for TrkB using cDNA prepared from E16 ICR 130 

embryos and cloned into the NotI and XhoI restriction enzyme sites of pCAGGS-5MCS-FLAG and the NotI 131 

and EcoRI restriction enzyme sites of pCAGGS-5MCS-V5 (Iguchi et al., 2021) vector to yield pCAGGS-132 

PTPRO-FLAG and pCAGGS-TrkB-V5, respectively. 133 

  The expression vector for PTPRO substrate-trapping mutant (pCAGGS-PTPRODA-FLAG) was 134 

constructed by site-directed mutagenesis PCR (Aiyar et al., 1996) introducing the aspartic acid to alanine 135 

(D1112A) substitution. Briefly, pCAGGS-PTPRO-FLAG vector was used as a template with the primers:  136 

5′-GTGATGCATTTTAACTACACAGCCTGGCCCGCTCACGGCGTGCCTCCAGC-3’ 137 
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5’-GTCCTCGAGGGATTTGCTGACGTTCTC-3’.  138 

The mutagenic base is underlined. The mutated fragment carrying the NsiI and XhoI restriction enzyme 139 

sites was used to replace the NsiI and XhoI fragment in the pCAGGS-PTPRO-FLAG construct to yield the 140 

plasmid. The PTPRO lacking the extracellular domains was amplified from pCAGGS-PTPRO-FLAG vector 141 

by PCR using primer pairs:  142 

5′-TTGCCACCAGATCTGCGGCCGCATGGGGCACCTGCCTAGG-3’ and 143 

5′-GCACCGAGATCGTCGTAACAATCTTGAGCAGC-3’, 144 

5′-TGTTACGACGATCTCGGTGCTGGCCATC-3’ and 145 

5′-GTCATCCTTGTAGTCCTCGAGGGATTTGCTGACGTTCTCG. 146 

These two PCR products were inserted into the NotI and XhoI restriction enzyme sites of pCAGGS-147 

PTPRO-FLAG vector using In-Fusion HD Cloning Kit (Clontech) to yield pCAGGS-PTPRONTD-FLAG. The 148 

PTPRO lacking the extracellular domains and signal peptides was amplified from pCAGGS-PTPRO-FLAG 149 

vector by PCR using primers:  150 

5′-CACCTCGAGATCTCGGTGCTGGCCATCCTC-3’  151 

5′-ACAGCGGCCGCGGATTTGCTGACGTTCTCGTAG-3’. 152 

The PCR product was inserted into the XhoI and NotI restriction enzyme sites of pEB-PPTsp-V5-MCS 153 

vector (Nguyen et al., 2022) using Ligation high Ver.2 (TOYOBO CO., LTD.) to yield pEB-PPTsp-V5-154 

PTPRONTD. Plasmids encoding short hairpin RNA (shRNA) constructs were obtained from the MISSION 155 

RNAi Consortium shRNA Library (Sigma-Aldrich). The targets of shRNAs for Ptpro were as follows 156 

(TRCN0000029984-TRCN0000029988): pLKO.1-shPtpro #1, 5′-CCAGAGTTGATTCAACAGTTT-3’; 157 

pLKO.1-shPtpro #2, 5′-CGATTCTTACATCAAGGATAT-3’; pLKO.1-shPtpro #3, 5′-158 

GCGCTCATACCGAATGTCAAT-3’; pLKO.1-shPtpro #4, 5′-CCATTCACAGAAGAACCCATT-3’; pLKO.1-159 

shPtpro #5, 5′-CCTACAACAGAAGTCCCACAT-3’. The targets of shRNAs for Ntrk2 were as follows: 160 

pLKO.1-shNtrk2 #1, 5′-GCCTCGAATTACGTGGATGAA-3’; pLKO.1-shNtrk2 #2, 5′-161 

CCTTAAGGATAACGAACATTT-3’; pLKO.1-shNtrk2 #3, 5′-CCACGGATGTTGCTGACCAAA-3’; pLKO.1-162 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 

9 
 

shNtrk2 #4, 5′-GCTTACAAAGCGTTTCTGAAA-3’; pLKO.1-shNtrk2 #5, 5′-163 

CATTCCAAGTTTGGCATGAAA-3’. 164 

The BamHI-HindIII Cre fragment from paavCAG-iCre (Addgene plasmid # 51904) was subcloned into 165 

the NheI and HindIII restriction enzyme sites of pEGFP-C1 (Clontech) to yield pCMV-Cre. pCA-mTmG was 166 

a gift from Liqun Luo (Addgene plasmid # 26123). 167 

Transcriptomic screening of RPTP genes 168 

Publicly available transcriptomic datasets of corticospinal projection neurons were obtained from the Gene 169 

Expression Omnibus (GEO; accession number GSE2039). Expression profiles were analyzed using Subio 170 

Platform version 1.19 and Subio Basic Plug-in (Subio Inc. Kagoshima, Japan). RPTP family genes were 171 

retrieved from the gene annotation list using the keyword “protein tyrosine phosphatase receptor”. 172 

Candidate genes were evaluated using two complementary criteria. The first was a higher processed signal 173 

in corticospinal projection neurons than in callosal projection neurons at E18. The second was strong 174 

expression at E18, the stage of collateral branch formation, followed by a gradual decrease during 175 

subsequent development. Genes meeting both criteria were selected for further functional analysis and 176 

subjected to shRNA-mediated knockdown by IUE at E12.5. 177 

RT-PCR 178 

EGFP-expressing L5 cortical neurons were isolated from Tg(Fezf2-EGFP)CO61Gsat (Gong et al., 2003) 179 

embryos and pups by fluorescence activated cell sorting (Clare et al., 2018). cDNAs were synthesized 180 

using total RNA isolated from EGFP-expressing L5 cortical neurons. The PCR primers 5′-181 

AGGTGAACCCTAACGTGGTG-3’ and 5′-GTCCTTGGCCATATCCTTG-3’ were used to detect transcripts 182 

of two splice variants (long-form and short-form Ptpro) expressed in the CNS.  183 

In situ hybridization (ISH) and Immunohistochemistry (IHC) 184 

Ptpro probe was prepared as follows. cDNA fragment of Ptpro was amplified from mouse brain cDNA by 185 

PCR with primers: 5′-GCGGTGAGGACATGATACCTG-3’ and 5′-GGCTGATGGGTGAGTAGAAC-3’, then 186 

cloned into pGEM-T vector (Promega). According to the manufacturer’s instructions, in vitro transcription 187 

of cRNA probes was performed with T7 or SP6 RNA polymerase (Roche) using the template plasmid 188 
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linearized with NcoI and NdeI restriction enzyme sites and RNA DIG labeling mix (Roche). For ISH and 189 

IHC, P0 and P2 pups were anesthetized on ice and perfused with ice-cooled 4% paraformaldehyde (PFA) 190 

in PBS. Brains were dissected out, fixed in 4% PFA in PBS at 4°C overnight, cryoprotected in 30% sucrose 191 

in PBS at 4°C overnight, and then embedded in Tissue-Tek® O.C.T. compound (Sakura Finetek USA, 192 

Inc.). Cryostat sections (16 μm-thick) were thaw-mounted onto SuperFrost® glass slides (Matsunami Glass 193 

Ind., Ltd) and stored at −80°C until use. ISH was conducted as described previously (Yagi et al., 2016). 194 

Briefly, cryostat sections (16 μm-thick) were dried immediately with a hair dryer for at least 1 h and fixed in 195 

4% PFA in PBS for 10 min at room temperature (RT). The sections were then incubated in 0.2 M HCl for 196 

10 min, followed by permeabilization with Proteinase K (7.9 μg/mL; Roche) digestion for 10 min at 37°C. 197 

Then the sections were treated with acetic anhydride in 0.1 M triethanolamine for 10 min. For each step, 198 

the slides were rinsed with PBS. Finally, the sections were transferred to 5 × saline sodium citrate (SSC) 199 

for 10 min or longer. Hybridization was carried out with the generated probes in the hybridization buffer 200 

(50% formamide, 5 × SSC, 200 μg/mL yeast tRNA) for at least 16 h at 55°C. The following day, stringency 201 

washes were performed in the following steps: 5 × SSC, 20 min at RT; 2 × SSC, 20 min at 65°C; two 202 

washes with 0.2 × SSC, 20 min at 65°C and lastly, the slides were transferred to PBS at RT. Detection of 203 

specific hybridization was performed using anti-digoxigenin coupled with alkaline phosphatase (anti-DIG-204 

AP) (Roche) at 4°C overnight, and subsequently visualized using nitro blue tetrazolium chloride/5-bromo-205 

4-chloro-3-indolyl-phosphate (NBT/BCIP) at RT. Sense probes were used as negative controls and no 206 

signals were observed with the sense probes. In the case of double immunolabeling, ISH treated sections 207 

were washed in PBS and then proceeded to IHC.  208 

IHC against Ctip2 was conducted as described previously (Taniguchi et al., 2022). After being air-dried 209 

for 1 h at RT, the sections were treated in PBS. Sections were then blocked for 1 h with 5% BSA, 0.1% 210 

Triton X-100 in PBS, and then immunostained overnight at 4°C with rat anti-Ctip2 antibody (Abcam, 1:500) 211 

followed by incubation with donkey anti-rat IgG H&L conjugated with biotin (Abcam, 1:1000) for 4–6 h at 212 

4°C. For detection of biotinylated secondary antibody binding sites, sections were visualized using a 213 

Vectastain Elite ABC kit (Vector Laboratories Inc.) according to the manufacturer’s instructions. After 214 

amplification with avidin-biotin complex from the Vectastain Elite ABC kit, reaction products were visualized 215 

with 0.05 M Tris-HCl buffer (TBS; pH 7.6) containing 0.05% diaminobenzidine tetrahydrochloride (DAB) 216 
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and 0.01% hydrogen peroxide. Images were captured using an upright microscope (model BX-50, 217 

Olympus).  218 

IHC against VGluT2 for cortical area identification was conducted as described previously (Potts et al., 219 

2020). In brief, the free-floating sections (50 μm-thick) were washed three times with PBS for 5 min at RT. 220 

Then sections were blocked for 1 h at RT with 5% normal donkey serum, 0.1% Triton X-100 in PBS. Next, 221 

sections were immunostained overnight at 4°C with rabbit anti-VGLUT2 antibody (1:500) (Synaptic 222 

Systems) then washed three times with PBS. Then sections were incubated with secondary antibody 223 

Donkey Anti-Rabbit IgG H&L conjugated with Alexa Fluor® 488 (Abcam, 1:200) for 2 h at RT, stained for 224 

10 min with DAPI in PBS, and washed three times in PBS before being mounted using the fluorescence 225 

mounting medium Fluoromount (Diagnostic BioSystems, Inc.). Images were captured using a confocal 226 

microscope (BZ-X800L, Keyence).  227 

IHC against PTPRO for in vivo knockdown validation was conducted as described previously (Potts et 228 

al., 2020). In brief, the free-floating sections (30 μm-thick) were washed three times with PBS for 5 min at 229 

RT. Then sections were blocked for 1 h at RT with 5% normal donkey serum, 0.1% Triton X-100 in PBS. 230 

Next, sections were immunostained for 48 h at 4°C with rabbit anti-PTPRO antibody (1:250; Sigma-Aldrich) 231 

then washed three times with PBS. Then sections were incubated with secondary antibody Alexa Fluor™ 232 

488 donkey anti-rabbit IgG (H+L) (1:200; Thermo Scientific) for 2 h at RT, stained for 10 min with DAPI in 233 

PBS, and washed three times in PBS before being mounted using the fluorescence mounting medium 234 

Fluoromount (Diagnostic BioSystems, Inc.). Images were captured using a confocal laser scanning 235 

microscope (FV3000, Olympus). 236 

In utero electroporation (IUE) 237 

IUE was conducted at E12.5 as described previously (Nagano et al., 2002; Zhu et al., 2009; Iguchi et al., 238 

2021). Briefly, pregnant ICR mice were deeply anesthetized by intraperitoneal injection of a combination 239 

anesthetic (MMB: 0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol) before the 240 

experiments. Approximately 1–2 µL of plasmid DNA (2.0–3.5 µg/µL in total) together with Fast Green (final 241 

concentration, 0.01%) was injected into the lateral ventricle of the embryos with a glass micropipette 242 

(catalog #GD-1.5, Narishige). The ratios of each plasmid were: pCAGGS-tdTomato (Shaner et al., 2004): 243 
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pLKO.1-shRNA vector = 0.5:0.3; pCAGGS-tdTomato: pLKO.1-shRNA vector: pCAGGS-PTPRO-FLAG = 244 

0.5:0.3:0.1; pCAGGS-tdTomato: pLKO.1-shRNA vector: pCAGGS-PTPRODA-FLAG or pCAGGS-245 

PTPRONTD-FLAG = 0.5:0.3:0.1; pCMV-Cre: pCA-mTmG (Muzumdar et al., 2007): pCAG-DIO-iCre (Oka et 246 

al., 2021) = 0.1:2000:20; pCAGGS-tdTomato: pCAGGS-PTPRO-FLAG or pCAGGS-PTPRODA-FLAG or 247 

pCAGGS-PTPRONTD-FLAG = 1:3; pCAGGS-tdTomato: pCAGGS-TrkB-v5 = 1:3. pLKO.1-shScramble 248 

(Iguchi et al., 2021) was used as a control. After soaking the uterine horn with phosphate-buffered saline 249 

(PBS), the head of the embryo was pinched with a forceps-type electrode (CUY650P3, NEPAGENE), and 250 

five cycles of square electric pulses (34 V, 50 ms duration with 950 ms intervals) were delivered using an 251 

electroporator (CUY21EDIT, NEPAGENE). The uterine horns were returned to the abdominal cavity, and 252 

the incision was sutured. After recovery, the embryos were allowed to continue normal development.  253 

DiI injection and tissue preparation 254 

To make the map for DiI (Thermo Fisher Scientific) labeling, P2 pups were anesthetized on ice and perfused 255 

with ice-cooled 4% PFA in PBS. Brains were dissected out and fixed in 4% PFA in PBS at 4°C overnight. 256 

Ten percent DiI solution in dimethylformamide was spotted on the surface of the cortex in the form of a dot 257 

and arranged in two rows. Then brains were placed into agar solution (2.5% agar), cut into 50-µm-thick 258 

coronal sections using a microslicer (model DTK-1000, Dosaka EM), and sections before IHC were treated 259 

in PBS at 4°C. Images with DiI were captured using a research slide scanner (Slideview VS200, Olympus).  260 

To analyze axon collaterals, P1, P2 and P4 pups were anesthetized on ice and perfused with ice-cooled 261 

4% PFA in PBS. Brains were dissected out, fixed in 4% PFA in PBS at 4°C overnight, placed into agar 262 

solution (2.5% agar), and cut parasagittally into 100-µm-thick sections using a microslicer (model DTK-263 

1000, Dosaka EM). Sections were made at an angle that included the entire axon and collaterals in the 264 

pons. Images were captured using a fluorescence microscope (AxioObserver A1, Carl Zeiss). 265 

To analyze axon collateral branches, P2 pups were anesthetized on ice and perfused with ice-cooled 4% 266 

PFA in PBS. Brains were dissected out, fixed in 4% PFA in PBS at 4°C overnight, placed into agar solution 267 

(2.5% agar), and cut parasagittally into 500-µm-thick sections. Optical clearing was performed with the 268 

SeeDB2 method (Ke et al., 2016) with modifications. 500-µm-thick sections were immersed in iohexol 269 

containing 0.5% Triton X-100 and DAPI (1:1000) and incubated at 25°C overnight. For imaging, cleared 270 
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sections were mounted in the final clearing solution between two coverslips with silicone rubber 271 

spacers. Cleared brains were imaged with a confocal laser scanning microscope (LSM 880 with Airyscan, 272 

Zeiss). 273 

Axon collateral branch tracing  274 

Tracing was performed as previously described (Oka et al., 2021). In brief, three-dimensional reconstruction 275 

of confocal images and tracing of axons, collaterals and branches were performed using Neurolucida® 276 

software (version 11, MBF Bioscience). Axons, collaterals, and branches in the pons were traced by 277 

manually registering the EGFP signal on each focal plane starting from the beginning to the end of the 278 

signal. 279 

Cell culture and transfection  280 

HEK293T cells [293T (ATCC CRL-3216)] (American Type Culture Collection) were cultured as described 281 

previously (Nguyen et al., 2022). In brief, cells were cultured in 1× Dulbecco's modified Eagle's medium 282 

(DMEM) (Nacalai Tesque) with 10% fetal bovine serum (Sigma-Aldrich), 100 U/mL penicillin (Meiji Seika 283 

Pharma Co., Ltd), and 100 μg/mL streptomycin (Sigma-Aldrich) at 37°C in a humidified incubator with 5% 284 

CO2. For cell line maintenance, HEK293T cells were cultured in 10 cm plastic dishes (Thermo Fisher 285 

Scientific). For analysis of the membrane localization of PTPRO and its variants, HEK293T cells were 286 

seeded in removable four-well chambered glass slides (Matsunami Glass Ind., Ltd) coated with 0.0033% 287 

poly-L-lysine solution diluted from poly-L-lysine powder (Sigma-Aldrich). Cells were co-transfected with the 288 

plasma membrane marker Lyn11-EGFP (Nguyen et al., 2022) and one of the following FLAG-tagged 289 

expression constructs: pCAGGS-PTPRO-FLAG, pCAGGS-PTPRODA-FLAG, or pCAGGS-PTPRONTD-290 

FLAG. For cell-surface detection of PTPRONTD under non-permeabilizing conditions, cells were separately 291 

transfected with pEB-PPTsp-V5-PTPRONTD. Transfections were performed using linear polyethylenimine 292 

(PEI; Polysciences, Inc.). The medium was replaced 3 h after transfection to minimize PEI-induced 293 

cytotoxicity. 294 

For analysis of knockdown efficiency, HEK293T cells were seeded in 24-well plates and co-transfected 295 

with pCAGGS-PTPRO-FLAG or pCAGGS-TrkB-V5 together with the corresponding shRNA expression 296 
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vectors using PEI. The medium was replaced 3 h after transfection to minimize PEI-induced cytotoxicity. 297 

Primary Cortical Neuron Culture 298 

Cortical neurons were isolated from E16 ICR mouse embryos. Briefly, four-well chambered glass slides 299 

(Matsunami Glass Ind., Ltd) were coated with 1× branched polyethylenimine (PEI) diluted in sterile Na2B4O7 300 

buffer (pH 8.4). Embryonic cortices were dissected in ice-cold PBS, digested with papain solution for 20 301 

min at 37°C. Tissues were mechanically triturated, filtered through a 40-µm strainer, and centrifuged at 302 

1,000 x g for 20 min. Cells were seeded at a density of 1 x 105 cells/well in plating medium (50% Neurobasal, 303 

25% horse serum, 25% HBSS). After 3 h, the medium was replaced with maintenance medium (Neurobasal 304 

supplemented with B-27 Plus, 0.5 mM GlutaMAX, and 0.1% penicillin-streptomycin). Neurons were 305 

maintained at 37°C with 5% CO2. 306 

Immunocytochemistry 307 

To analyze the membrane localization of PTPRO, PTPRODA, and PTPRONTD, HEK293T cells were fixed 48 308 

h after transfection in 4% PFA in PBS for 15 min and then washed three times with PBS. Cells expressing 309 

PTPRO-FLAG or PTPRODA-FLAG or PTPRONTD-FLAG and Lyn11-EGFP were permeabilized with 0.25% 310 

Triton X-100 in PBS for 5 min and then washed three times with PBS. Cells expressing V5-PTPRONTD were 311 

not permeabilized. Cells were blocked with 10% normal donkey serum in PBS for 1 h at RT. Next, staining 312 

with anti-FLAG (Santa Cruz Bio, Inc.) or anti-V5 antibody (Invitrogen/Thermo Scientific) (1:500 dilution in 313 

2% normal donkey serum in PBS, respectively) was performed for 1 h at RT then washed three times with 314 

PBS. Then, the cells were incubated with secondary antibody Alexa Fluor™ 568 donkey anti-Goat IgG 315 

(H+L) (Invitrogen/Thermo Scientific) or Donkey Anti-Mouse IgG H&L (Alexa Fluor® 488) (Abcam) (1:200 316 

dilution in 2% normal donkey serum in PBS, respectively) for 30 min at RT, washed twice with PBS, stained 317 

for 5 min with DAPI in PBS, and washed twice more in PBS before being mounted using the fluorescence 318 

mounting medium Fluoromount (Diagnostic BioSystems, Inc.). Cells were imaged with a confocal laser 319 

scanning microscope (LSM 880 with Airyscan, Zeiss). 320 

Neurons were fixed at DIV 7 with 4% PFA in PBS for 10 min at RT, then washed three times with PBS. 321 

Cells were permeabilized with 0.25% Triton X-100 in PBS for 5 min. Blocking was performed with 5% 322 
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normal donkey serum in PBS for 1 h. The cells were incubated with goat anti-TrkB (1:500; R&D Systems), 323 

rabbit anti-PTPRO (1:500; Sigma-Aldrich), and chicken anti-MAP2 (1:1000; Synaptic Systems) in 5% 324 

normal donkey serum overnight at 4°C. After three PBS washes, cells were incubated with secondary 325 

antibodies including Alexa Fluor™ 568 donkey anti-goat IgG (H+L) (Invitrogen/Thermo Scientific) and Alexa 326 

Fluor™ 488 donkey anti-rabbit IgG (H+L) (Thermo Scientific), and Alexa Fluor® 647-conjugated 327 

AffiniPure® Donkey anti-chicken IgG (H+L) (Jackson ImmunoResearch) (1:200 dilution in PBS, respectively) 328 

for 1 h at RT. Nuclei were stained with DAPI for 5 min. Coverslips were mounted using Fluoromount and 329 

imaged with a confocal laser scanning microscope (LSM 880 with Airyscan, Zeiss). 330 

Western blotting 331 

HEK293T cells subcultured in 24- or 6-well plates were transfected with pCAGGS-PTPRO-FLAG and 332 

shRNA constructs, or pCAGGS-PTPRO-FLAG or pCAGGS-PTPRODA-FLAG or pCAGGS-PTPRONTD-333 

FLAG and pCAGGS-TrkB-V5. The total amount of DNA was 500 ng/well or 4 μg/well. The ratio of the 334 

shRNA plasmid to the PTPRO-FLAG or TrkB-V5 expression plasmid was 3:1. The culture media was 335 

renewed 3 h after transfection, and cells were cultured for 48 h post transfection. After 48 h, cells were 336 

washed three times with ice-cold PBS, then collected and centrifuged at 1,000 x g for 5 min at 4°C. Cells 337 

were lysed for 10 min on ice in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 338 

and protease inhibitor cocktail (Nacalai Tesque, Inc.). The lysates were then centrifuged at 15,000 rpm for 339 

10 min at 4°C. The supernatants were collected, mixed with sample buffer, and heated at 95°C for 5 min. 340 

The proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane (EMD 341 

Millipore). The membranes were blocked with 5% skim milk in TBST (0.05% Tween-20, 50 mM Tris-HCl, 342 

138 mM NaCl, 2.7 mM KCl) or 5% BSA in TBST at RT for at least 1 h, then incubated with HRP-conjugated 343 

mouse anti-DDDDK (Medical & Biological Laboratories Co., Ltd.), or HRP-conjugated rabbit anti-𝛽-actin 344 

(Medical & Biological Laboratories Co., Ltd.), or HRP-conjugated mouse anti-V5 (Medical & Biological 345 

Laboratories Co., Ltd.) (1:2000 dilution in 5% skim milk in TBST, respectively), or mouse anti-346 

phosphotyrosine (clone 4G10, Millipore, 1:1000 dilution in 5% BSA in TBST) and HRP-conjugated anti-347 

mouse IgG (Cell Signaling Technology, 1:5000 dilution in 5% BSA in TBST). Antibodies were washed off 348 

by shaking membranes in TBST three times for 15 min each. Detection was done using Immobilon 349 
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Crescendo Western HRP substrate (EMD Millipore). Images were captured with LAS-3000 mini 350 

(FUJIFILM), and the band intensity was analyzed using ImageJ software (National Institutes of Health). 351 

Postnatal Drug Administration 352 

ICR mouse pups electroporated at E12.5 were randomly assigned to treatment groups. From P0 to P2, 353 

pups received a once-daily intragastric injection of BKM120 (3 mg/kg in peanut oil) using a procedure 354 

adapted from a previous study (Pitulescu et al., 2010). Briefly, the pups were temporarily separated from 355 

the dam and maintained under a warming lamp with the ventral abdomen exposed. The milk-filled stomach 356 

was visualized through the translucent abdominal wall, and a needle was carefully inserted percutaneously 357 

into the stomach lumen at a shallow angle (10–15°). The solution was administered slowly to minimize 358 

reflux, and successful intragastric delivery was confirmed by visible distension of the stomach. Immediately 359 

after each injection, the pups were returned to the dam to minimize separation stress. Following the final 360 

injection at P2, tissues were collected within 2 h. 361 

Quantification and statistical analysis 362 

To analyze the distribution of axon collaterals in the pons, images were first rotated to align the pons and 363 

the corticospinal axonal shaft to a consistent orientation. The region of the pons underneath the 364 

corticospinal axonal shaft, extending from the lower edge of the axonal shaft to the ventral boundary of the 365 

pons, was evenly divided into 10 or 5 bins along the vertical axis (Figs. 2C and 3G). The height of each bin 366 

therefore corresponded to 10% or 20%, respectively, of this distance and was normalized to the size of the 367 

analyzed pontine region in each sample. The ratio of the fluorescence intensity of each bin to the 368 

fluorescence intensity of the axon main shaft was analyzed using ImageJ (NIH). 369 

To quantify the branching architecture of corticopontine axon collaterals in the pons, individual axons and 370 

their collateral arbors were traced. For each axon, the total number of collaterals was counted, and for each 371 

collateral, the total number of branches was determined. Each collateral arising from the main axonal shaft 372 

was designated as order 0. Branches arising from the first bifurcation were classified as primary branches, 373 

and the branch order was increased by one at each subsequent bifurcation. Each branch was also assigned 374 

to the corresponding dorsoventral bin according to its location within the pons. Branch counts, branch-order 375 

distributions, and dorsoventral distributions were calculated using Microsoft Excel (Microsoft 365). For each 376 
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mouse, the collateral complexity index was calculated by dividing the branch-order-weighted sum of all 377 

branches across the analyzed collaterals by the total number of collaterals analyzed, as described 378 

previously (Marshak et al., 2007). Each mouse yielded one collateral complexity index value and served as 379 

the statistical unit. 380 

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, 381 

USA). Data are presented as the mean ± SEM. All statistical tests were two-sided, and p < 0.05 was 382 

considered statistically significant. Data distributions were assessed using the Shapiro–Wilk test, and 383 

homogeneity of variance was assessed using the Brown–Forsythe test. For comparisons between two 384 

groups, Welch’s unpaired t test was used for normally distributed data, whereas the Mann–Whitney U test 385 

was used for data that did not meet the assumption of normality. For comparisons among three or more 386 

groups, ordinary one-way ANOVA followed by Tukey’s multiple-comparisons test was used when the 387 

assumptions of normality and homogeneity of variance were met. Welch’s one-way ANOVA followed by 388 

Tamhane’s T2 multiple-comparisons test was used for normally distributed data with unequal variances, 389 

whereas the Kruskal–Wallis test followed by Dunn’s multiple-comparisons test was used for data that did 390 

not meet the assumption of normality. For analysis of TrkB phosphorylation in the matched immunoblot 391 

experiments, one-way repeated-measures ANOVA with the Geisser–Greenhouse correction followed by 392 

Tukey’s multiple-comparisons test was used. Frequency distributions were compared using the 393 

Kolmogorov–Smirnov test. The statistical test and sample size used for each experiment are specified in 394 

the corresponding Results section or figure legend. 395 

 396 

 397 
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Results 399 

PTPRO was identified as a candidate regulator of corticospinal collateral development 400 

To identify receptor-type protein tyrosine phosphatases (RPTPs) that may regulate corticospinal collateral 401 

development, we first analyzed publicly available transcriptomic datasets of corticospinal projection 402 

neurons. From the RPTP family, several genes (Ptprf, Ptprk, Ptpro, Ptprs, Ptprt, Ptprz1) were found to be 403 

highly expressed in these neurons at the stage of collateral formation (Fig. S1A, B and Table S1). We next 404 

performed an in vivo knockdown screen using in utero electroporation (IUE) to test their potential roles in 405 

corticospinal collateral development toward the pontine nuclei. Among the candidate genes examined, 406 

knockdown of Ptpro produced a clear phenotype in corticospinal collateral development, leading us to focus 407 

on PTPRO in subsequent analyses (Fig. S1C). 408 

Ptpro was expressed in layer 5 neurons of the developing cerebral cortex 409 

Ptpro has been reported to be expressed in upper-layer cortical neurons of the early postnatal cortex 410 

(Beltran et al., 2003), whereas its expression in deeper layers remains uncharacterized. To systematically 411 

characterize its regional and laminar expression pattern, we performed in situ hybridization (ISH) on 412 

postnatal day 0 (P0) mouse brains. At the regional level, we observed Ptpro expression in the 413 

somatosensory and motor cortices, as well as in the visual and auditory cortices at P0, with comparatively 414 

lower expression in the latter two regions (Fig. 1A). At the laminar level, we found Ptpro concentrated in 415 

L2/3, L4, and L5 cortical neurons of the frontal and parietal regions, but only faintly expressed in L5 cortical 416 

neurons of the occipital regions (Figs. 1B, C and S1D). To confirm Ptpro expression in L5 cortical neurons, 417 

we combined immunohistochemistry (IHC) against the L5 marker Ctip2 (Arlotta et al., 2005) with ISH 418 

analyses. We found that Ptpro and Ctip2 were co-expressed in most L5 cortical neurons of the frontal and 419 

parietal regions (Figs. 1B, C and S1D). 420 

To assess Ptpro expression in developing L5 cortical neurons, we performed RT-PCR analysis on Fezf2-421 

positive L5 neurons collected at key developmental stages (embryonic day (E) 13, E15, E17, and P0) as 422 

Fezf2 is a key transcriptional regulator of corticospinal and other subcerebral projection neuron identity 423 

(Molyneaux et al., 2005; Eckler et al., 2014). Previous studies (Beltran et al., 2003) reported peak Ptpro 424 

expression in the CNS between E16 and P3, with two identified splice variants: a long-form containing 28 425 
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amino acids in the juxtamembrane domain and a short-form lacking this insertion. Using variant-specific 426 

primers in Fezf2-expressing L5 neurons, we found the long-form Ptpro transcript was consistently 427 

expressed from E13 through P0, while the short-form showed weaker but detectable expression specifically 428 

at P0 (Fig. S1E). Consistent with these findings, supplementary data from an independent transcriptomic 429 

study detected Ptpro in corticospinal neurons identified by spinal retrograde labeling and purified by FACS 430 

during early postnatal development (Sahni et al., 2021). Together, our ISH/IHC and Fezf2-positive neuron 431 

analyses, combined with these projection-defined transcriptomic data, support Ptpro expression in 432 

developing corticospinal neurons. 433 

Knockdown of Ptpro resulted in increased corticospinal collateral signal in the pons 434 

To examine whether PTPRO is involved in corticospinal collateral development, we knocked down Ptpro in 435 

neurons of the cerebral cortex and observed phenotypes at P2 (Fig. 2A). Five Ptpro-targeting shRNAs were 436 

first evaluated in HEK293T cells (Fig. S2A). We transfected the knockdown plasmid for Ptpro together with 437 

the tdTomato expression plasmid by IUE at E12.5 to suppress PTPRO expression in the corticospinal 438 

neurons at different cortices (Fig. 2B). To validate PTPRO knockdown in vivo, we performed IHC for PTPRO 439 

on cortical sections following IUE. PTPRO immunoreactivity in tdTomato-positive neurons was markedly 440 

reduced following Ptpro knockdown compared with the shScramble control (Fig. S2B). Quantification of 441 

PTPRO fluorescence intensity within tdTomato-positive neuronal regions confirmed a significant reduction 442 

in the shPtpro group [Welch's t test; t(2.865) = 6.342, p = 0.0091] (Fig. S2C), demonstrating effective 443 

PTPRO knockdown in vivo. To precisely localize cortical areas for IUE-mediated knockdown analysis, we 444 

first established anatomical landmarks by injecting DiI dye at standardized coordinates corresponding to 445 

motor, somatosensory, and auditory cortices (Fig. S2D). Cortical area identity was further verified by 446 

VGLUT2 expression patterns, which show distinct regional distributions across these functional domains 447 

(Fig. S2E). Building upon established molecular markers of cortical arealization (Suzuki et al., 1997), we 448 

generated a comprehensive P2 cortical map based on cadherin-6, -8, and -11 expression patterns (Fig. 449 

S2F). This molecular map served as the basis for categorizing IUE experimental results, allowing precise 450 

areal assignment of knockdown phenotypes. To quantify the axon collateral signal in the pons, we divided 451 

regions of the pons underneath the corticospinal axonal shaft into 10 bins along the dorsoventral axis and 452 
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measured the fluorescence intensity in each bin as collateral distribution along the dorsoventral axis (Fig. 453 

2C). The fluorescence intensity in the pons was increased in bins 1-5 of motor cortex Ptpro-knockdown 454 

corticospinal neurons relative to controls [Welch's t test; bin 1, t(5.418) = 4.415, p = 0.0057; bin 2, t(5.519) 455 

= 3.455, p = 0.0155; bin 3, t(5.843) = 3.537, p = 0.0128; bin 4, t(5.654) = 3.259, p = 0.0188; bin 5, t(5.422) 456 

= 3.129, p = 0.0233] (Fig. 2D, E). In the somatosensory cortex, Ptpro-knockdown corticospinal neurons 457 

showed a significant increase in fluorescence intensity in bins 1-6 compared with controls [Welch's t test; 458 

bin 1, t(7.772) = 5.465, p = 0.0007; bin 2, t(7.339) = 6.975, p = 0.0002; bin 3, t(9.932) = 6.606, p < 0.0001; 459 

bin 4, t(9.997) = 5.041, p = 0.0005; bin 5, t(9.816) = 3.857, p = 0.0033; bin 6, t(10.00) = 2.736, p = 0.0210] 460 

(Fig. 2F, G). However, the fluorescence intensity was not increased in auditory cortex Ptpro-knockdown 461 

corticospinal neurons [Welch's t test; all p > 0.05] (Fig. S2G, H). The increase in fluorescence intensity was 462 

fully rescued by the co-transfection of the shRNA-resistant PTPRO expression vector together with the 463 

shRNA vector [one-way ANOVA followed by Tukey’s multiple-comparisons test; shPtpro + Mock vs shPtpro 464 

+ Ptpro-res, bin 1, F(2, 15) = 14.65, ANOVA p = 0.0003, Tukey-adjusted p = 0.0007; bin 2, F(2, 15) = 19.18, 465 

ANOVA p < 0.0001, Tukey-adjusted p = 0.0003; bin 3, F(2, 15) = 10.39, ANOVA p = 0.0015, Tukey-adjusted 466 

p = 0.0042; bin 4, F(2, 15) = 7.718, ANOVA p = 0.0050, Tukey-adjusted p = 0.0242] (Fig. 2H, I). These 467 

results indicate that Ptpro knockdown increases corticospinal collateral signal in the motor and 468 

somatosensory cortical projections to the pons.  469 

We also examined the corticospinal collateral signal at P1 to determine whether the increase following 470 

Ptpro knockdown was detectable at an earlier developmental stage. The fluorescence intensity was 471 

increased in bins 1, 2, and 4 in the motor cortex Ptpro-knockdown corticospinal neurons compared with 472 

controls [Welch's t test; bin 1, t(3.477) = 7.007, p = 0.0036; bin 2, t(3.149) = 3.164, p = 0.0474; bin 4, t(3.822) 473 

= 4.155, p = 0.0156] and increased in bin 1 to bin 8 in the somatosensory cortex Ptpro-knockdown 474 

corticospinal neurons compared with controls [Welch's t test; bin 1, t(6.117) = 8.022, p = 0.0002; bin 2, 475 

t(8.442) = 7.422, p < 0.0001; bin 3, t(9.673) = 6.879, p < 0.0001; bin 4, t(10.00) = 7.336, p < 0.0001; bin 5, 476 

t(7.166) = 4.498, p = 0.0026; bin 6, t(9.752) = 5.321, p = 0.0004; bin 7, t(9.679) = 3.511, p = 0.0059; bin 8, 477 

t(9.916) = 2.506, p = 0.0313] (Fig. S3A–D). No differences were observed in the auditory cortex [Welch's t 478 

test; all p > 0.05] (Fig. S3E, F). The increase in fluorescence intensity was rescued by co-transfection of 479 

shRNA-resistant PTPRO expression vector together with the shRNA vector [one-way ANOVA followed by 480 
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Tukey’s multiple-comparisons test; shPtpro + Mock vs shPtpro + Ptpro-res, bin 1, F(2, 15) = 26.49, ANOVA 481 

p < 0.0001, Tukey-adjusted p < 0.0001; bin 2, F(2, 15) = 9.111, ANOVA p = 0.0026, Tukey-adjusted p = 482 

0.0036; bin 3, F(2, 15) = 11.61, ANOVA p = 0.0009, Tukey-adjusted p = 0.0012; bin 4, F(2, 15) = 5.314, 483 

ANOVA p = 0.0180, Tukey-adjusted p = 0.0330] (Fig. S3G, H). These results indicate that suppression of 484 

Ptpro expression increases corticospinal collateral signal as early as P1. 485 

We further examined the corticospinal collateral signal at P4 to determine whether the increase observed 486 

following Ptpro knockdown persisted at a later developmental stage. Because the somatosensory cortex 487 

showed a prominent increase in collateral signal at both P1 and P2, we focused the P4 analysis on 488 

corticospinal neurons originating from this cortical area. The fluorescence intensity was increased in the 489 

somatosensory cortex Ptpro-knockdown corticospinal neurons compared with controls [Welch's t test; bin 490 

1, t(5.863) = 12.95, p < 0.0001; bin 2, t(9.503) = 11.00, p < 0.0001; bin 3, t(9.985) = 7.427, p < 0.0001; bin 491 

4, t(9.984) = 6.819, p < 0.0001; bin 5, t(8.850) = 5.659, p = 0.0003; bin 6, t(10.00) = 3.158, p = 0.0102; bin 492 

7, t(9.586) = 2.592, p = 0.0277; bin 8, t(9.855) = 3.583, p = 0.0051; bin 9, t(7.009) = 2.820, p = 0.0257] (Fig. 493 

S3I, J). Together with the findings at P1 and P2, these results indicate that suppression of Ptpro expression 494 

increases corticospinal collateral signal from P1 through P4.  495 

Knockdown of Ptpro resulted in the enhancement of axon collateral arborization in the pons 496 

PTPRO inhibits trigeminal axon growth and branching (Gatto et al., 2013). This raises the possibility that 497 

the increase in fluorescence intensity in Ptpro-knockdown neurons in the pons was caused by the increase 498 

in collateral branch numbers. To assess this hypothesis, we quantitatively analyzed axon collateral 499 

arborization within the pons using sparse labeling of individual corticospinal neurons (Oka et al., 2021). We 500 

used Cre-dependent Cre expression vector pCAGGS-DIO-iCre, which can improve the recombination 501 

efficiency and lead to higher expression of Cre-dependent reporter protein, together with Cre-dependent 502 

reporter pCA-mTmG (Muzumdar et al., 2007), in which the expressed fluorescent reporter was switched 503 

from membrane-bound tdTomato to membrane-bound EGFP upon recombination (Figs. 3A and S4A). 504 

Ptpro-knockdown corticospinal neurons were sparsely labeled using IUE, with pCMV-Cre, pCA-mTmG, 505 

pCAGGS-DIO-iCre and shPtpro at E12.5 (Figs. 3A and S4A). Brain samples were optically cleared using 506 

the SeeDB2 method (Ke et al., 2016) and analyzed by confocal imaging of the pons (Fig. 3B). After tracing 507 
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the EGFP signal of the axons, collaterals, and branches in the pons, we analyzed how axon collateral 508 

branches formed in the pons. The motor and somatosensory cortex Ptpro-knockdown collaterals showed 509 

more extensive branching, while control collaterals had few branches in the pons (Figs. 3C and S4E). 510 

However, the number of auditory cortex Ptpro-knockdown collateral branches was not changed (Fig. S4K). 511 

This suggested that Ptpro knockdown resulted in the promotion of the formation of collateral arbors. We 512 

further characterized collateral morphology in several ways. The total branch number of each axon 513 

collateral was significantly increased in Ptpro-knockdown collaterals compared with control collaterals from 514 

the somatosensory and motor cortex, but not in the auditory cortex [Welch's t test; somatosensory cortex, 515 

t(9.086) = 4.157, p = 0.0024; motor cortex, t(2.286) = 4.497, p = 0.0357] (Fig. S4C, G, M). However, the 516 

number of collaterals per axon was not significantly different between Ptpro-knockdown and control groups 517 

across all cortical regions examined (Fig. S4B, F, L). Frequency distribution analysis of the total number of 518 

collateral branches per axon revealed a significant rightward shift in Ptpro-knockdown axons toward more 519 

highly branched arbors [Kolmogorov-Smirnov test, D = 0.4263, p < 0.0001] (Fig. S4D). To classify collateral 520 

morphology, axon collaterals and their branches were categorized into six orders based on their branching 521 

hierarchy from the main axonal shaft (Fig. 3D). The numbers of primary and secondary branches were 522 

significantly higher in Ptpro-knockdown collaterals than in control collaterals in both the somatosensory and 523 

motor cortices. The number of tertiary branches was also significantly increased in the somatosensory 524 

cortex, whereas no significant differences were observed in the auditory cortex [Welch's t test; 525 

somatosensory cortex, primary, t(11.21) = 4.320, p = 0.0012; secondary, t(7.918) = 3.351, p = 0.0102; 526 

tertiary, t(7.820) = 3.109, p = 0.0149; motor cortex, primary, t(3.259) = 4.263, p = 0.0200; secondary, t(3.091) 527 

= 4.525, p = 0.0189; auditory: p > 0.05] (Figs. 3E, S4I, O). Collateral complexity index, which accounts for 528 

the number of branches of different orders (Marshak et al., 2007), was significantly higher in Ptpro-529 

knockdown collaterals than in control collaterals in the somatosensory and motor cortices, but not in 530 

auditory cortex [Welch's t test; somatosensory cortex, t(8.085) = 3.732, p = 0.0057; motor cortex, t(3.386) 531 

= 7.530, p = 0.0032; auditory cortex: p > 0.05], suggesting that collateral branches were composed mainly 532 

of higher-order branches (Figs. 3F, S4H, N). When the region of the pons underneath the corticospinal 533 

axonal shaft was divided into 5 bins along the dorsoventral axis (Fig. 3G), collateral branch numbers were 534 

significantly higher in bins 1 and 2 in Ptpro-knockdown collaterals than in control collaterals in both the 535 
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somatosensory and motor cortices. An additional increase in bin 3 was observed in the somatosensory 536 

cortex, whereas no significant differences were detected in the auditory cortex [Welch's t test; 537 

somatosensory cortex, bin 1, t(10.41) = 4.632, p = 0.0008; bin 2, t(8.227) = 4.366, p = 0.0022; bin 3, t(11.43) 538 

= 2.343, p = 0.0382; motor cortex, bin 1, t(3.918) = 6.422, p = 0.0032; bin 2, t(5.909) = 6.607, p = 0.0006; 539 

auditory cortex: p > 0.05] (Figs. 3H, S4J, P). These results suggest that the suppression of Ptpro expression 540 

in the corticospinal neurons enhanced the axon collateral arborization in the pons. 541 

PTPRO phosphatase activity was required to suppress axon collateral arborization in the pons 542 

PTPRO contains eight extracellular fibronectin type III-like domains and one intracellular phosphatase 543 

domain (Tautz et al., 2013). Next, we asked which domain of PTPRO was essential for axon collateral 544 

arborization. To address this question, we constructed a substrate-trapping mutant in which the key residue 545 

of the intracellular phosphatase domain was substituted (PTPRODA-FLAG, D1112A) (Flint et al., 1997; 546 

Motiwala et al., 2010; Hsu et al., 2013), and generated N-terminal deletion constructs of PTPRO 547 

(PTPRONTD-FLAG and V5-PTPRONTD) (Jiang et al., 2017) (Fig. 4A). We first examined the membrane 548 

localization of PTPRO, PTPRODA, and PTPRONTD by immunofluorescence in HEK293T cells co-transfected 549 

with each FLAG-tagged construct and the plasma membrane marker Lyn11-EGFP (Nguyen et al., 2022). 550 

All three variants colocalized with Lyn11-EGFP at the plasma membrane (Fig. S5A–C), confirming correct 551 

membrane targeting regardless of extracellular domain deletion or phosphatase inactivation. We then 552 

tested whether these variants could rescue the axon arborization defect caused by Ptpro knockdown. Co-553 

transfection of the Ptpro knockdown plasmid with the shRNA-resistant extracellular-domain-deletion 554 

construct PTPRONTD rescued the phenotype, whereas co-transfection with the phosphatase-dead mutant 555 

PTPRODA did not [one-way ANOVA followed by Tukey’s multiple-comparisons test; Ptpro-res vs PtproDA, 556 

bin 1, F(2, 15) = 8.644, ANOVA p = 0.0032, Tukey-adjusted p = 0.0162; bin 2, F(2, 15) = 8.965, ANOVA p 557 

= 0.0027, Tukey-adjusted p = 0.0072; bin 3, F(2, 15) = 7.390, ANOVA p = 0.0058, Tukey-adjusted p = 558 

0.0192] (Fig. 4B–D). These results indicate that PTPRO phosphatase activity, but not its extracellular 559 

domain, is required for PTPRO-mediated suppression of axon collateral arborization in the pons. 560 

Overexpression of PTPRO resulted in poor axon collateral arborization in the pons 561 
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Knockdown of Ptpro resulted in an increase of axon collateral arborization (Fig. 3). We next examined 562 

whether the overexpression of PTPRO resulted in a decrease in axon collateral arborization. We 563 

transfected pCAGGS-5MCS-FLAG, pCAGGS-PTPRO-FLAG, pCAGGS-PTPRODA-FLAG and pCAGGS-564 

PTPRONTD-FLAG by IUE at E12.5 to overexpress PTPRO in the corticospinal neurons (Fig. 5A). We found 565 

that the fluorescence intensity decreased from bins 1-4 in the collaterals extended from axons of PTPRO 566 

and PTPRONTD overexpressing corticospinal neurons compared with those from axons of PTPRODA and 567 

control corticospinal neurons [one-way ANOVA followed by Tukey’s multiple-comparisons test; Mock vs 568 

PTPRO, Mock vs PTPRONTD; bin 1, F(3, 20) = 29.57, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001, p < 569 

0.0001; bin 2, F(3, 20) = 34.87, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001, p < 0.0001; bin 3, F(3, 20) 570 

= 14.56, ANOVA p < 0.0001, Tukey-adjusted p = 0.0014, p = 0.0016; bin 4, F(3, 20) = 9.064, ANOVA p = 571 

0.0005, Tukey-adjusted p = 0.0258, p = 0.0070] (Fig. 5B). These results suggest that PTPRO 572 

overexpression suppresses axon collateral arborization in the pons. 573 

To further validate the effect of PTPRO overexpression on individual neuron collateral arborization, we 574 

performed sparse labeling to trace single corticospinal axons and their collaterals (Fig. 5C). Consistent with 575 

the population-level analysis, the number of collaterals per axon was not significantly different among Mock, 576 

PTPRO, PTPRODA and PTPRONTD groups (Fig. 5D). However, the number of branches per collateral was 577 

significantly reduced in PTPRO and PTPRONTD overexpressing neurons compared with Mock and 578 

PTPRODA controls [one-way ANOVA followed by Tukey’s multiple-comparisons test; Mock vs PTPRO, 579 

Mock vs PTPRONTD; F(3, 20) = 19.41, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001, p < 0.0001] (Fig. 580 

5E). Collateral complexity index was also significantly decreased in PTPRO and PTPRONTD overexpressing 581 

collaterals compared with both control groups, indicating reduced arborization complexity [one-way ANOVA 582 

followed by Tukey’s multiple-comparisons test; Mock vs PTPRO, Mock vs PTPRONTD; F(3, 20) = 20.08, 583 

ANOVA p < 0.0001, Tukey-adjusted p < 0.0001, p < 0.0001] (Fig. 5F). Furthermore, numbers of primary 584 

and secondary branches were significantly reduced in PTPRO and PTPRONTD overexpressing neurons 585 

compared with Mock and PTPRODA controls, whereas tertiary, quaternary, and quinary branches showed 586 

no significant differences [primary, one-way ANOVA followed by Tukey’s multiple-comparisons test; Mock 587 

vs PTPRO, Mock vs PTPRONTD; F(3, 20) = 18.76, ANOVA p < 0.0001, Tukey-adjusted p = 0.0002, p = 588 

0.0001; secondary, Kruskal–Wallis test followed by Dunn’s multiple-comparisons test; Mock vs PTPRO, 589 
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Mock vs PTPRONTD; H(3) = 19.21, Kruskal–Wallis p = 0.0002, Dunn-adjusted p = 0.0022, p = 0.0066] (Fig. 590 

5G). When collateral branch distribution was analyzed along the dorsoventral axis, branch numbers in bin 591 

1 were significantly reduced in PTPRO and PTPRONTD-overexpressing collaterals compared with Mock 592 

controls, whereas neither group differed significantly from Mock controls in bins 2–5 [bin 1, one-way ANOVA 593 

followed by Tukey’s multiple-comparisons test; Mock vs PTPRO, Mock vs PTPRONTD; F(3, 20) = 27.37, 594 

ANOVA p < 0.0001, Tukey-adjusted p < 0.0001, p = 0.0005] (Fig. 5H). Taken together, these results confirm 595 

that overexpression of PTPRO suppresses axon collateral arborization at the level of individual corticospinal 596 

neurons in the pons. 597 

PTPRO suppressed axon collateral arborization through inhibition of TrkB signaling 598 

Gatto et al. (2013) showed that PTPRO inhibits trigeminal axon growth and branching by repressing TrkB 599 

and Ret signaling. TrkB is therefore a plausible substrate of PTPRO in collateral arborization. To investigate 600 

whether TrkB signaling was involved in axon collateral arborization, we first examined the co-expression of 601 

PTPRO with TrkB in cultured cortical neurons by immunofluorescence staining. PTPRO and TrkB were 602 

found to co-express in MAP2-positive neurons, and approximately 81.6 ± 8.9% of PTPRO-positive neurons 603 

expressed TrkB (Fig. S6A, B), suggesting that PTPRO and TrkB are co-expressed in the same neuronal 604 

population. We then co-transfected TrkB-V5 and PTPRO-FLAG into HEK293T cells to examine their 605 

interaction. Co-immunoprecipitation revealed that PTPRO interacted with TrkB, and the presence of wild-606 

type PTPRO markedly reduced TrkB phosphotyrosine intensity, whereas the phosphatase-dead mutant 607 

PTPRODA failed to suppress TrkB phosphorylation [one-way repeated-measures ANOVA with Geisser–608 

Greenhouse correction, F(2.473, 7.420) = 48.26, ANOVA p < 0.0001, followed by Tukey’s multiple-609 

comparisons test; Mock vs WT: Tukey-adjusted p = 0.0056; WT vs DA, Tukey-adjusted p = 0.0280] (Fig. 610 

6A, B). We then examined whether overexpression of TrkB in corticospinal neurons affected axon collateral 611 

arborization in the pons. pCAGGS-TrkB-V5 was transfected alone or together with pCAGGS-PTPRO-FLAG 612 

or pCAGGS-PTPRODA-FLAG by IUE at E12.5 (Fig. 6C). Fluorescence intensity analysis revealed that TrkB 613 

overexpression significantly increased collateral arborization compared with Mock controls, whereas co-614 

expression of wild-type PTPRO substantially reduced this increase, and PTPRODA failed to suppress TrkB-615 

induced arborization [one-way ANOVA followed by Tukey’s multiple-comparisons test; Mock vs TrkB, TrkB 616 
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vs TrkB+PTPRO, TrkB+PTPRO vs TrkB+PTPRODA; bin 1, F(3, 20) = 10.63, ANOVA p = 0.0002, Tukey-617 

adjusted p = 0.0274, p = 0.0013, p = 0.0008; bin 2, F(3, 20) = 9.594, ANOVA p = 0.0004, Tukey-adjusted 618 

p = 0.0298, p = 0.0009, p = 0.0024] (Fig. 6D). To further characterize collateral morphology at the single-619 

axon level, sparse labeling was performed (Fig. 6E). The number of collaterals per axon was not 620 

significantly different between TrkB-overexpressing and Mock groups (Fig. S6D). However, the number of 621 

branches per collateral was significantly increased in TrkB-overexpressing neurons compared with Mock 622 

controls [Welch's t test, t(6.036) = 9.736, p < 0.0001] (Fig. S6E). TrkB overexpression significantly increased 623 

the numbers of primary, secondary, and tertiary branches, whereas quaternary and quinary branches 624 

showed no significant difference [primary, Welch's t test, t(5.571) = 6.356, p = 0.0009; secondary, Welch's 625 

t test, t(7.451) = 6.709, p = 0.0002; tertiary, two-tailed Mann–Whitney U test, U = 2.500, p = 0.0476] (Fig. 626 

6F). Collateral complexity index was also significantly higher in TrkB-overexpressing collaterals than in 627 

Mock controls [Welch's t test, t(5.223) = 9.867, p = 0.0001] (Fig. 6G). When collateral branch distribution 628 

was analyzed along the dorsoventral axis, branch numbers in bins 1, 2, 3, and 4 were significantly increased 629 

in TrkB-overexpressing collaterals compared with Mock controls [bin 1, Welch's t test, t(6.682) = 7.364, p 630 

= 0.0002; bin 2, Welch's t test, t(7.131) = 6.537, p = 0.0003; bin 3, Welch's t test, t(4.731) = 6.661, p = 631 

0.0014; bin 4, two-tailed Mann–Whitney U test, U = 1.500, p = 0.0317] (Fig. 6H). To further confirm that the 632 

arborization effect of Ptpro knockdown was mediated through TrkB signaling, we performed double 633 

knockdown experiments using shPtpro and shNtrk2 (which encodes TrkB) (Figs. 6I and S6C). The increase 634 

in collateral fluorescence intensity observed in shPtpro-transfected axons was significantly attenuated by 635 

co-transfection with shNtrk2 [one-way ANOVA followed by Tukey’s multiple-comparisons test; shPtpro vs 636 

shPtpro+shNtrk2; bin 1, F(3, 20) = 40.51, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001; bin 2, F(3, 20) = 637 

38.83, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001; bin 3, F(3, 20) = 42.14, ANOVA p < 0.0001, Tukey-638 

adjusted p < 0.0001; bin 4, F(3, 20) = 32.27, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001; bin 5, F(3, 639 

20) = 22.49, ANOVA p < 0.0001, Tukey-adjusted p < 0.0001; bin 6, F(3, 20) = 14.77, ANOVA p < 0.0001, 640 

Tukey-adjusted p = 0.0001] (Fig. 6I, J). Taken together, these results indicate that PTPRO suppresses 641 

axon collateral arborization in the pons through inhibition of TrkB signaling. The increase in collateral 642 

fluorescence caused by Ptpro knockdown was attenuated by simultaneous Ntrk2 knockdown, supporting a 643 

role for TrkB signaling in the regulatory effect of PTPRO.  644 
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PTPRO restricted axon collateral arborization through inhibition of TrkB-PI3K signaling  645 

TrkB activation triggers PI3K signaling, which plays a critical role in promoting axon collateral branching 646 

through localized cytoskeletal reorganization (Gallo and Letourneau, 1998; Ketschek and Gallo, 2010; 647 

Cheng et al., 2011). TrkB-mediated axonal growth has been shown to involve both PI3K and MEK signaling 648 

pathways downstream of the Shc binding site of TrkB (Atwal et al., 2000). To determine whether PTPRO 649 

regulates collateral arborization through PI3K signaling downstream of TrkB, we administered the PI3K 650 

inhibitor BKM120 by intragastric injection at P0, P1, and P2 to pups that had undergone IUE at E12.5 with 651 

shPtpro or shScramble together with a tdTomato expression plasmid (Pitulescu et al., 2010) (Fig. 7A). 652 

BKM120 was selected over LY294002, a commonly used PI3K inhibitor, due to its longer half-life and blood-653 

brain barrier permeability (Maira et al., 2012; Speranza et al., 2016). Fluorescence intensity analysis 654 

revealed that shPtpro+Vehicle collaterals showed significantly higher arborization in bins 1-3, 5, and 6 655 

compared with shScramble+Vehicle controls, and this increase was significantly attenuated by BKM120 656 

administration in the shPtpro+BKM120 group [one-way ANOVA followed by Tukey’s multiple-comparisons 657 

test; shPtpro vs shPtpro+BKM120; bin 1, F(3, 20) = 17.24, ANOVA p < 0.0001, Tukey-adjusted p = 0.0001; 658 

bin 2, F(3, 20) = 18.63, ANOVA p < 0.0001, Tukey-adjusted p = 0.0002; bin 3, F(3, 20) = 10.08, ANOVA p 659 

= 0.0003, Tukey-adjusted p = 0.0050; bin 5, F(3, 20) = 7.139, ANOVA p = 0.0019, Tukey-adjusted p = 660 

0.0097; bin 6, F(3, 20) = 4.904, ANOVA p = 0.0103, Tukey-adjusted p = 0.0197] (Fig. 7B, C). At the single-661 

axon level (Fig. 7D), the number of collaterals per axon was not significantly different among all four groups 662 

(Fig. S6F). However, the number of branches per collateral and collateral complexity index were 663 

significantly increased in shPtpro+Vehicle collaterals compared with controls, and these increases were 664 

reduced by BKM120 treatment [Welch’s one-way ANOVA followed by Tamhane’s T2 multiple-comparisons 665 

test; shPtpro + Vehicle vs shPtpro + BKM120; branches per collateral, W(3, 10.59) = 7.023, Welch ANOVA 666 

p = 0.0071, Tamhane-adjusted p = 0.0383; collateral complexity index, W(3, 10.53) = 6.674, Welch ANOVA 667 

p = 0.0086, Tamhane-adjusted p = 0.0422] (Fig. 7E, F). Branch numbers for primary, secondary, tertiary 668 

and quaternary were all significantly increased in shPtpro+Vehicle collaterals, and BKM120 treatment 669 

significantly reduced these increases [shPtpro + Vehicle vs shPtpro + BKM120; Welch’s one-way ANOVA 670 

followed by Tamhane’s T2 multiple-comparisons test; primary, W(3, 10.46) = 11.21, Welch ANOVA p = 671 

0.0013, Tamhane-adjusted p = 0.0226; Kruskal–Wallis test followed by Dunn’s multiple-comparisons test; 672 
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secondary, H(3) = 13.38, Kruskal–Wallis p = 0.0039, Dunn-adjusted p = 0.0472; tertiary, H(3) = 20.38, 673 

Kruskal–Wallis p = 0.0001, Dunn-adjusted p = 0.0048; quaternary, H(3) = 17.84, Kruskal–Wallis p = 0.0005, 674 

Dunn-adjusted p = 0.0034] (Fig. 7G). When analyzed along the dorsoventral axis, collateral branch 675 

numbers in bins 1-3 were significantly higher in shPtpro+Vehicle collaterals, and BKM120 treatment 676 

significantly attenuated this arborization [shPtpro + Vehicle vs shPtpro + BKM120; one-way ANOVA 677 

followed by Tukey’s multiple-comparisons test; bin 1, F(3, 20) = 27.78, ANOVA p < 0.0001, Tukey-adjusted 678 

p < 0.0001; Kruskal–Wallis test followed by Dunn’s multiple-comparisons test; bin 2, H(3) = 12.41, Kruskal–679 

Wallis p = 0.0061, Dunn-adjusted p = 0.0277; bin 3, H(3) = 14.06, Kruskal–Wallis p = 0.0028, Dunn-adjusted 680 

p = 0.0378] (Fig. 7H). Taken together, these results demonstrate that PTPRO suppresses axon collateral 681 

arborization through inhibition of TrkB-PI3K signaling, and that the enhanced collateral arborization induced 682 

by Ptpro knockdown is mediated through activation of the PI3K pathway downstream of TrkB. 683 

684 
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Discussion 685 

In this study, we demonstrate that PTPRO negatively regulates the complexity of axon collateral 686 

arborization of corticopontine projections, rather than collateral initiation. Knockdown of Ptpro in L5 687 

corticospinal neurons increased both the number of branches per collateral and the complexity of collateral 688 

arbors in the pons (Figs. 2 and 3), while overexpression of PTPRO suppressed collateral arborization (Fig. 689 

5). This regulatory function depends on the intracellular phosphatase activity of PTPRO (Fig. 4B–D) and 690 

operates through inhibition of TrkB-PI3K signaling (Figs. 6 and 7). These findings identify PTPRO as a cell-691 

intrinsic brake on corticopontine terminal arbor elaboration. 692 

Previous work reported Ptpro expression in the upper layers of the frontal cortex at P2 (Beltran et al., 693 

2003), while single-cell transcriptomic data indicated its presence in L5 at E14.5 and P0 (Loo et al., 2019). 694 

However, a systematic characterization of Ptpro across cortical layers and developmental stages was 695 

lacking. By combining ISH with IHC, we confirmed that Ptpro is robustly co-expressed with the L5 marker 696 

Ctip2 in frontal and parietal cortex at P0, with weaker expression in the occipital cortex (Figs. 1A–C and 697 

S1D). RT-PCR further showed that the long-form splice variant was continuously expressed in Fezf2-698 

positive L5 neurons from E13 through P0 (Fig. S1E), during the period when corticopontine collaterals arise 699 

and elaborate (Inoue et al., 1992; Leergaard and Bjaalie, 2007). This temporal and spatial expression 700 

pattern places PTPRO in an ideal position to regulate collateral arborization. 701 

A key finding of this study is that PTPRO selectively controls higher-order branching complexity rather 702 

than collateral initiation. Sparse labeling analysis revealed that Ptpro knockdown increased branch 703 

numbers per collateral and elevated collateral complexity index without affecting the number of collaterals 704 

per axon (Figs. 3E, F, and S4B, F, H, I). Overexpression of PTPRO produced the mirror phenotype: reduced 705 

branches per collateral and collateral complexity index with no change in collateral number (Fig. 5D–G). 706 

This selectivity is important because collateral initiation and terminal arbor elaboration are likely governed 707 

by distinct molecular programs. Previous work in trigeminal ganglion neurons showed that PTPRO restricts 708 

overall axon elongation and branching by repressing TrkB and Ret signaling (Gatto et al., 2013). Our results 709 

reveal a more refined role for PTPRO in the CNS: rather than broadly suppressing axon growth, PTPRO 710 

specifically tunes the higher-order branching that determines terminal arbor architecture. 711 
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One possible explanation for this selectivity is that collateral initiation and higher-order branching rely on 712 

distinct intracellular signaling thresholds and spatial dynamics. Initial collateral formation may be triggered 713 

by local cytoskeletal destabilization and guidance cue signaling, whereas higher-order branching requires 714 

sustained activation of growth-promoting pathways such as TrkB-PI3K signaling. Because PTPRO 715 

attenuates TrkB phosphorylation at the receptor level, its effect would be expected to preferentially influence 716 

signaling-dependent amplification of branches rather than the initial emergence of collateral protrusions. 717 

It is also noteworthy that the effect of Ptpro knockdown was prominent in motor and somatosensory 718 

corticopontine projections but absent in auditory cortex projections (Figs. 2D–G, S2G, H and S3A-F), 719 

suggesting that PTPRO-mediated regulation of collateral complexity is area specific. This regional 720 

difference may reflect variations in Ptpro expression levels or differences in the responsiveness of 721 

corticopontine axons to neurotrophin signaling. Among these possibilities, differential activation of TrkB 722 

signaling may be particularly important. Even within a common target such as the pons, corticopontine 723 

axons originating from different cortical areas may exhibit distinct sensitivities to BDNF–TrkB signaling. In 724 

regions such as the motor and somatosensory cortex, where TrkB signaling may be more effectively 725 

engaged, PTPRO-mediated dephosphorylation of TrkB would have a stronger impact on suppressing 726 

collateral arborization. In contrast, reduced TrkB responsiveness in auditory projections may render PTPRO 727 

functionally less influential. This raises the possibility that cortical area identity is translated into distinct 728 

terminal arbor architectures through differential tuning of TrkB signaling sensitivity. However, TrkB 729 

activation was not directly compared across cortical areas, and this interpretation therefore remains 730 

hypothetical. Whether this mechanism extends beyond the corticopontine system remains unknown. Other 731 

long-range projection pathways, including corticothalamic, corticostriatal, and corticocortical projections, 732 

also exhibit area-specific differences in terminal arbor architecture, raising the possibility that related 733 

regulatory mechanisms may operate in these systems. Future studies examining PTPRO function in other 734 

projection pathways will be required to determine the generality of the mechanism identified here. 735 

Structure-function analysis showed that the phosphatase activity of PTPRO is essential for its role in 736 

collateral arborization, whereas the extracellular fibronectin type III-like domains are dispensable. Co-737 

expression of an shRNA-resistant PTPRO lacking the extracellular domain rescued the Ptpro knockdown 738 

phenotype, but the phosphatase-dead mutant PTPRODA did not (Fig. 4B–D). This contrasts with the 739 
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requirement of the extracellular domains for PTPRO-mediated synapse formation (Jiang et al., 2017), 740 

indicating that PTPRO engages distinct functional domains to regulate different aspects of neural circuit 741 

assembly. The intracellular phosphatase domain has previously been implicated in regulating retinal axon 742 

sensitivity to ephrins (Shintani et al., 2006) and in nerve growth factor (NGF)-induced neurite outgrowth 743 

through dephosphorylation of neuronal pentraxin with chromo domain (NPCD) (Chen and Bixby, 2005a, 744 

2005b). Our results add terminal arbor regulation to the repertoire of phosphatase-dependent functions of 745 

PTPRO. 746 

An intriguing aspect of PTPRO regulation concerns its dimerization state. Monomeric PTPRO is 747 

enzymatically active, whereas dimerization inhibits phosphatase activity (Hower et al., 2009). The 748 

juxtamembrane domain, which differs between the long-form and short-form splice variants by 28 amino 749 

acids, may contribute to this dimerization. We found that the long-form variant predominates in L5 neurons 750 

during early development (E13–P0), while the short form begins to appear at P0 (Fig. S1E). Because 751 

corticopontine collaterals arise and elaborate during the perinatal period (Inoue et al., 1992; Leergaard and 752 

Bjaalie, 2007), it is tempting to speculate that a developmental shift from long-form to short-form expression 753 

alters the dimerization equilibrium of PTPRO, thereby modulating its phosphatase activity and fine-tuning 754 

collateral arborization. Future studies examining how splice variant switching affects PTPRO dimerization 755 

and downstream signaling will be important for understanding this regulatory mechanism. 756 

Our findings support TrkB as a downstream target of PTPRO in the regulation of collateral arborization. 757 

Co-immunoprecipitation showed that PTPRO interacted with TrkB, and wild-type PTPRO markedly reduced 758 

TrkB phosphotyrosine levels, whereas PTPRODA did not (Fig. 6A, B). Functionally, the enhanced 759 

arborization induced by TrkB overexpression was suppressed by wild-type PTPRO but not by PTPRODA 760 

(Fig. 6C, D), and the excessive branching caused by Ptpro knockdown was attenuated by simultaneous 761 

depletion of TrkB (Fig. 6I, J). Pharmacological inhibition of PI3K with BKM120 similarly reversed the Ptpro 762 

knockdown phenotype at both the population and single-axon levels (Fig. 7B–H) without affecting collateral 763 

number (Fig. S6F), supporting a PTPRO-TrkB-PI3K signaling axis. Within the broader framework of growth-764 

promoting and growth-restricting signals that shape collateral arborization, PTPRO occupies a distinct 765 

position. PTEN constrains neuronal arborization by antagonizing PI3K at the level of lipid products (Kwon 766 

et al., 2006), whereas PTPRO operates upstream by dephosphorylating TrkB, thereby attenuating signaling 767 
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at the receptor level. This receptor-proximal mode of action positions PTPRO as a checkpoint that sets the 768 

upper boundary of TrkB-PI3K-driven branch complexity before the signal propagates to downstream 769 

effectors. Although our data identify TrkB as a major downstream target of PTPRO in this context, it remains 770 

possible that additional receptor tyrosine kinases or signaling pathways also contribute to the regulation of 771 

collateral arborization. 772 

Corticopontine collateral arborization establishes the synaptic connections between individual 773 

corticospinal neurons and their target pontine neurons (Gallo, 2011; Iguchi et al., 2021). The branching 774 

pattern of these collaterals is therefore likely to determine the precision of corticopontine connectivity. Our 775 

finding that PTPRO constrains terminal arbor complexity suggests that it contributes to the formation of 776 

appropriately sized synaptic territories for each cortical input. Differences in terminal arbor complexity may 777 

directly influence the strength and convergence of cortical inputs onto pontine neurons, thereby shaping 778 

the fidelity and gain of cerebro-cerebellar information transfer. Future investigations should address which 779 

specific branches form functional synapses with pontine neurons, how the branching pattern shaped by 780 

PTPRO affects information relay at the pontine level, and whether similar phosphatase-dependent 781 

mechanisms operate in other projection systems where terminal arbor complexity varies across target 782 

regions. Together, these results establish PTPRO-TrkB-PI3K signaling as a key molecular pathway that 783 

selectively governs higher-order branching during corticopontine terminal arbor elaboration, providing a 784 

mechanistic framework for how projection-specific arbor complexity is achieved in the central nervous 785 

system. 786 
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Figure legends 933 

 934 

Figure 1. Ptpro was expressed in L5 cortical neurons in developing mouse brain.  935 

A, Ptpro expression was detected by in situ hybridization (ISH) in the somatosensory, motor, visual, and 936 

auditory cortices at postnatal day 0 (P0), with comparatively lower expression in the visual and auditory 937 

cortices. M, motor cortex. S, somatosensory cortex. V, visual cortex. A, auditory cortex. Scale bar, 500 µm. 938 

B, C, Ptpro was concentrated in layer (L) 2/3, L4, and L5 cortical neurons in the frontal and parietal regions 939 

but was only faintly expressed in L5 neurons in the occipital region. Ptpro ISH (purple), Ctip2 940 

immunohistochemistry (IHC; brown), and the merged images in parietal (B) and occipital (C) cortex. Red 941 

boxed areas are shown at higher magnification in the adjacent panels. Red arrowheads identify L5 neurons 942 

positive for both Ptpro and Ctip2. R, rostral; C, caudal. WM, white matter. Scale bars, 500 µm, 200 µm, 100 943 

µm in left, middle, right panel, respectively. 944 

 945 

Figure 2. Knockdown of Ptpro resulted in increased corticospinal collateral signal in the pons.  946 

A, Image of the brain transfected with plasmids. shRNA and tdTomato expression vectors were co-947 

transfected into L5 cortical neurons by in utero electroporation (IUE) at embryonic day (E) 12.5. Scale bar, 948 

2 mm. B, Experimental timeline for IUE at E12.5 and analysis of parasagittal brain sections at P1 or P2. C, 949 

Schematic of the fluorescence intensity analysis. The pontine region between the lower edge of the 950 

corticospinal axon main shaft and the ventral boundary of the pons was divided into 10 equal dorsoventral 951 

bins. D, F, Representative P2 corticopontine projections from motor (D) and somatosensory (F) cortex after 952 

transfection with shScramble or shPtpro. The white dashed line delineates the ventral boundary of the pons, 953 

and the labeled oblique tract is the axon main shaft used for normalization. Scale bars, 200 µm. E, G, 954 

Quantification of the images in (D) and (F), respectively. Fluorescence intensity in each bin was normalized 955 

to that of the axon main shaft. Values are normalized to axon main shaft and shown as the mean ± SEM. 956 

Welch’s t test, *p < 0.05, **p < 0.01, ***p < 0.001. E, n = 4 mice per group; G, n = 6 mice per group. H, 957 

Representative somatosensory projections after transfection with shScramble, shPtpro + empty vector 958 
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(Mock), or shPtpro + shRNA-resistant Ptpro (Ptpro-res). Scale bar, 200 µm. I, Quantification of the images 959 

in (H). n = 6 mice per group. Values are normalized to axon main shaft and shown as the mean ± SEM. 960 

One-way ANOVA followed by Tukey’s multiple-comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001. The 961 

mouse was used as the statistical unit. 962 

 963 

Figure 3. Acute deficiency of Ptpro resulted in the enhancement of axon collateral arborization in 964 

the pons.  965 

A, Schematic drawing of the pCAG-DIO-iCre for sparse labeling. Triangles, P, loxP; 2, lox2272. WPRE, 966 

woodchuck hepatitis virus post-transcriptional regulatory element. polyA, rabbit β-globin 3’UTR sequence. 967 

B, Tissues were optically cleared with SeeDB2 to facilitate imaging the labeled axon collaterals. Scale bars, 968 

2 mm. C, Representative traced EGFP-positive corticopontine axons and collateral arbors from shScramble 969 

and shPtpro groups. Red boxes delimit the collateral regions enlarged in the middle panels. The right panels 970 

show individual collateral arbors, and red arrowheads mark branch points. The white dashed line delineates 971 

the pons. Scale bars, 50 μm. D, Schematic of branch-order classification. A collateral emerging from the 972 

main axonal shaft was designated as order 0. Branches arising from its first bifurcation were defined as 973 

primary branches, and each subsequent bifurcation increased the branch order by one. E, Quantification 974 

of branch numbers at each branch order. F, Formula for the collateral complexity index, adapted from a 975 

previous study (Marshak et al., 2007), and quantification of the collateral complexity index for each mouse. 976 

G, The region of the pons underneath the corticospinal axonal shaft was evenly divided into 5 bins along 977 

the vertical axis. H, Quantification of branch numbers in each dorsoventral bin. E, F, H, n = 8 mice per 978 

group. Values represent the mean ± SEM. Welch’s t test or Mann–Whitney U test, depending on data 979 

normality and homogeneity of variance. *p < 0.05, **p < 0.01, ***p < 0.001. The mouse was used as the 980 

statistical unit. 981 

 982 

Figure 4. PTPRO phosphatase activity was required to suppress axon collateral arborization in the 983 

pons. 984 
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A, Schematic structures of PTPRO and its mutants. Domain organization of wild-type PTPRO, the 985 

phosphatase-dead substrate-trapping mutant PTPRODA (D1112A), and the N-terminal deletion mutant 986 

PTPRONTD. FNIII, fibronectin type III domain; TM, transmembrane domain. B, Representative P2 987 

somatosensory corticopontine projections after Ptpro knockdown combined with Mock, shRNA-resistant 988 

wild-type PTPRO (Ptpro-res), PTPRODA, or PTPRONTD. The white dashed line delineates the pons, and the 989 

labeled tract is the axon main shaft. Scale bar, 200 μm. C, Quantification of the images in (B) comparing 990 

rescue by Ptpro-res with the phosphatase-dead mutant. D, Quantification of the images in (B) comparing 991 

rescue by Ptpro-res with the extracellular-domain deletion mutant. C, D, n = 6 mice per group. Values are 992 

normalized to axon main shaft and shown as the mean ± SEM. One-way ANOVA followed by Tukey’s 993 

multiple-comparisons test. *p < 0.05, **p < 0.01. The mouse was used as the statistical unit. 994 

 995 

Figure 5. Overexpression of PTPRO resulted in decreased axon collateral arborization in the pons.  996 

A, Representative P2 somatosensory corticopontine projections after overexpression of Mock, wild-type 997 

PTPRO, PTPRODA, or PTPRONTD. The white dashed line delineates the pons, and the labeled tract is the 998 

axon main shaft. Scale bar, 200 μm. B, Quantification of the images in (A). Fluorescence intensity in each 999 

of 10 dorsoventral bins was normalized to that of the axon main shaft. C, Representative traced EGFP-1000 

positive corticopontine axons and collateral arbors from Mock, PTPRO, PTPRODA, or PTPRONTD groups. 1001 

Red arrowheads mark collateral branch points, and the white dashed line delineates the pons. Scale bar, 1002 

100 μm. D, Quantification of the mean number of collaterals per axon. E, Quantification of the mean number 1003 

of branches per collateral. F, Quantification of the collateral complexity index for each mouse. G, 1004 

Quantification of branch numbers at each branch order. H, Quantification of branch numbers in each 1005 

dorsoventral bin. B, D-H, n = 6 mice per group. Values represent the mean ± SEM. One-way ANOVA 1006 

followed by Tukey’s multiple-comparisons test or Kruskal–Wallis test followed by Dunn’s multiple-1007 

comparisons test, depending on data normality and homogeneity of variance. *p < 0.05, **p < 0.01, ***p < 1008 

0.001. ns, not significant. The mouse was used as the statistical unit. 1009 

 1010 
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Figure 6. PTPRO suppressed axon collateral arborization through inhibition of TrkB. 1011 

A, Co-immunoprecipitation and phosphotyrosine analysis in HEK293T cells co-transfected with TrkB-V5 1012 

and Mock, wild-type PTPRO-FLAG (WT), PTPRODA-FLAG (DA), or PTPRONTD-FLAG (NTD). TrkB-V5 1013 

immunoprecipitates (IP: V5) were immunoblotted for FLAG, V5, and phosphotyrosine (pTyr); input lysates 1014 

were probed as indicated. B, Quantification of phosphorylation levels (mean ± SEM), normalized to 1015 

immunoprecipitated TrkB; n = 4 independent transfection experiments. One-way repeated-measures 1016 

ANOVA with Geisser–Greenhouse correction followed by Tukey’s multiple-comparisons test. *p < 0.05, **p 1017 

< 0.01. C, Representative P2 corticopontine projections after overexpression of Mock, TrkB, TrkB + wild-1018 

type PTPRO, or TrkB + PTPRODA. The white dashed line delineates the pons. Scale bar, 200 μm. D, 1019 

Quantification of the images in (C). n = 6 mice per group. Values are normalized to axon main shaft and 1020 

shown as the mean ± SEM. One-way ANOVA followed by Tukey’s multiple-comparisons test. *p < 0.05, 1021 

**p < 0.01, ***p < 0.001. The mouse was used as the statistical unit. E, Representative sparsely labeled 1022 

and traced axons from Mock and TrkB groups. Red arrowheads mark collateral branch points, and the 1023 

white dashed line delineates the pons. Scale bar, 100 μm. F, Quantification of branch numbers at each 1024 

branch order. G, Quantification of the collateral complexity index for each mouse. H, The region of the pons 1025 

underneath the corticospinal axonal shaft was evenly divided into five bins along the dorsoventral axis. 1026 

Quantification of branch numbers in each dorsoventral bin. F-H, n = 5 mice per group. Values represent 1027 

the mean ± SEM. Welch’s t test or Mann–Whitney U test, depending on data normality and homogeneity 1028 

of variance. *p < 0.05, **p < 0.01, ***p < 0.001. The mouse was used as the statistical unit. I, Representative 1029 

P2 corticopontine projections after transfection with shScramble, shPtpro, shNtrk2, or shPtpro + shNtrk2. 1030 

Scale bar, 200 μm. J, Quantification of fluorescence intensities in (I). n = 6 mice per group. Values are 1031 

normalized to axon main shaft and shown as the mean ± SEM. One-way ANOVA followed by Tukey’s 1032 

multiple-comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. The mouse was used as the statistical unit. 1033 

 1034 

Figure 7. The PTPRO-TrkB-PI3K signaling axis was essential for the regulation of axon collateral 1035 

arborization.  1036 
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A, Schematic illustration of the experimental design for intragastric administration. Mice electroporated at 1037 

E12.5 received vehicle or the PI3K inhibitor BKM120 (buparlisib; 3 mg/kg) once daily at P0, P1, and P2 and 1038 

were analyzed at P2. B, Representative P2 corticopontine projections from shScramble or shPtpro groups 1039 

treated with vehicle or BKM120. The white dashed line delineates the pons, and the labeled tract is the 1040 

axon main shaft. Scale bar, 200 μm. C, Quantification of the images in (B). Fluorescence intensity in each 1041 

bin was normalized to that of the axon main shaft. n = 6 mice per group. Values are normalized to axon 1042 

main shaft and shown as the mean ± SEM. One-way ANOVA followed by Tukey’s multiple-comparisons 1043 

test. *p < 0.05, **p < 0.01, ***p < 0.001. The mouse was used as the statistical unit. D, Representative 1044 

sparsely labeled and traced axons from shScramble or shPtpro groups treated with vehicle or BKM120. 1045 

Red arrowheads mark collateral branch points, and the white dashed line delineates the pons. Scale bar, 1046 

100 μm. E, Quantification of the average number of branches per collateral. F, Quantification of the 1047 

collateral complexity index for each mouse. G, Quantification of branch numbers at each branch order. H, 1048 

Quantification of branch numbers in each dorsoventral bin. E-H, n = 6 mice per group. Values represent 1049 

the mean ± SEM. Welch’s one-way ANOVA followed by Tamhane’s T2 test, Kruskal–Wallis test followed 1050 

by Dunn’s test or one-way ANOVA followed by Tukey’s test, depending on data normality and homogeneity 1051 

of variance. *p < 0.05, **p < 0.01, ***p < 0.001. The mouse was used as the statistical unit. 1052 
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