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Abstract: 26 

Corticospinal (CS) neurons in layer V of the sensorimotor cortex are essential for voluntary motor 27 

control.  Those neurons project axons to specific segments along the rostro-caudal axis of the spinal 28 

cord, and reach their spinal targets by sending collateral branches interstitially along axon bundles.  29 

Currently, little is known how CS axon collaterals are formed in the proper spinal cord regions.  Here, 30 

we show that the semaphorin3A (Sema3A)-neuropilin-1 (Npn-1) signaling pathway is an essential 31 

negative regulator of CS axon collateral formation in the spinal cord from mice of either sex.  Sema3A 32 

is expressed in the ventral spinal cord, while CS neurons express Npn-1, suggesting that Sema3A might 33 

prevent CS axons from entering the ventral spinal cord.  Indeed, the ectopic expression of Sema3A in 34 

the spinal cord in vivo inhibits CS axon collateral formation, whereas Sema3A- or Npn-1-mutant mice 35 

have ectopic CS axon collateral formation within the ventral spinal cord compared to littermate controls.  36 

Finally, Npn-1 mutant mice exhibit impaired skilled movements, likely due to aberrantly formed CS 37 

connections in the ventral spinal cord.  These genetic findings reveal that Sema3A-Npn-1 signaling-38 

mediated inhibition of CS axon collateral formation is critical for proper CS circuit formation and the 39 

ability to perform skilled motor behaviors.  40 

 41 

 42 
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 46 

 47 

 48 
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Significance: 49 

CS neurons project axons to the spinal cord to control skilled movements in mammals.  Previous studies 50 

revealed some of the molecular mechanisms underlying different phases of CS circuit development such 51 

as initial axon guidance in the brain, and midline crossing in the brainstem and spinal cord.  However, 52 

the molecular mechanisms underlying CS axon collateral formation in the spinal gray matter has 53 

remained obscure.  In this study, using in vivo gain-of- and loss-of-function experiments, we show that 54 

Sema3A-Npn-1 signaling functions to inhibit CS axon collateral formation in the ventral spinal cord, 55 

allowing for the development of proper skilled movements in mice. 56 

 57 

 58 

 59 
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Introduction:  72 

Proper formation of corticospinal (CS) circuits is essential for skilled motor behaviors in mammals 73 

(Martin, 2005; Porter and Lemon, 1993).  During development, CS axons extend from layer V of the 74 

cerebral cortex down through the cerebral peduncles and brainstem and along the rostro-caudal axis of 75 

the spinal cord (Canty and Murphy, 2008).  After the CS axons reach appropriate segmental levels, they 76 

send collaterals from their main axon bundles to connect to motor neurons, either directly (in primates 77 

only) or indirectly via interneurons (in all mammals) (Lemon, 2008; Porter and Lemon, 1993), thereby 78 

forming the circuits connecting the motor cortex to the muscles.   79 

       Some progress has been made in investigating the molecular mechanisms of the initial axon 80 

guidance of CS neurons (CSNs) during development (Canty and Murphy, 2008).  For example, netrin 81 

signaling via DCC and Unc5 receptors and ephrin signaling have been shown to be involved in the 82 

decision of CS axons to cross the midline at the junction of the brainstem (Asante et al., 2010; Finger et 83 

al., 2002; Kullander et al., 2001; Paixao et al., 2013; Wegmeyer et al., 2007).  Class 6 semaphorins also 84 

control the midline crossing of CS axons in the brainstem (Faulkner et al., 2008; Runker et al., 2008).  85 

Ryk-mediated Wnt signaling plays a role in posterior-directed CS axon growth in white matter (Liu et 86 

al., 2005).  Moreover, repellent guidance molecules such as semaphorin3A (Sema3A) and 87 

semaphorin3C (Sema3C) have also been implicated in axon guidance of cortical neurons (including 88 

CSNs) using in vitro explant cultures (Bagnard et al., 1998). Interestingly, L1 immunoglobulin 89 

superfamily adhesion molecule (L1CAM) binds to neuropilin-1 (Npn-1), which is a receptor for class 3 90 

semaphorins (Castellani et al., 2000; Castellani et al., 2002), and L1 mutant mice show defects in 91 

fasciculation and midline crossing of CS axons (Cohen et al., 1998; Jakeman et al., 2006).  In contrast, 92 

the in vivo roles of Sema3A signaling in axonal trajectory of CSNs is less clear, as Sema3A mutant mice 93 
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did not show any defects in elongation, collateralization, fasciculation, or path-finding of CS axons 94 

(Sibbe et al., 2007).  95 

 96 

       Axon bundles, such as the CS axons in the spinal white matter, send collaterals to form 97 

connections with appropriate target neurons (Canty and Murphy, 2008; Lemon, 2008; Porter and Lemon, 98 

1993).  Therefore, the proper formation of axon collaterals from the main axon bundles is an essential 99 

step towards the development of complex motor circuits (Kalil and Dent, 2014).  CS axons are a model 100 

system for studying axon collateral formation, since CS axons innervate their spinal targets by 101 

extending collateral branches interstitially along their entire axon length in the spinal gray matter (Canty 102 

and Murphy, 2008; Lemon, 2008; Porter and Lemon, 1993).  Using slice cultures from neonatal mice, a 103 

previous study showed that collateral branching activity is spatially restricted to specific portions of the 104 

CS axon within a brief, temporally-restricted window (Bastmeyer and O'Leary, 1996).  It has also been 105 

shown that an individual CS axon has multiple sites of branching activity, and many of those collateral 106 

branches are transient (Bastmeyer and O'Leary, 1996).  Together, these observations suggest that CS 107 

axon collaterals are precisely regulated during development.  Although the negative control of CS axon 108 

collateral formation is likely critical for the establishment of mature patterns of axonal arborization and 109 

connectivity, the mechanisms suppressing CS axon collateral formation in the spinal cord remain 110 

obscure.   111 

 112 

        Here we assess the role of Sema3A-Npn-1 signaling in the development of CS circuits in mice.  In 113 

vivo Sema3A gain-of-function experiments demonstrated that Sema3A-Npn-1 signaling is sufficient to 114 

suppress CS axon collateral formation in the spinal cord.  Conversely, in Sema3A mutant mice and 115 

forebrain-specific Npn-1-deficient mice, we found that CS axons exhibit excessive collateral formation.   116 
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Npn-1-deficient mice exhibited impairments in skilled movements. Therefore, this study identified 117 

Sema3A-Npn-1 signaling as an essential negative regulator of CS axon collateral formation within the 118 

spinal cord in vivo, which is critical for the establishment and functioning of appropriate CS circuits in 119 

mice.  120 

 121 

Materials and Methods 122 

Mouse lines. The following mouse strains were used in this study: Emx1-Cre (Gorski et al., 2002), 123 

CAG-CAT-eGFP (ccGFP) (Nakamura et al., 2006), Npn-1fl/fl (Gu et al., 2003), Sema3A-/-  (Taniguchi et 124 

al., 1997).  Mice were maintained on a mixed background.  Mice of either sex were used in the study. 125 

All animals were treated according to institutional and National Institutes of Health guidelines, with the 126 

approval of the Institutional Animal Care and Use Committee at Cincinnati Children’s Hospital Medical 127 

Center and Burke Neurological Institute / Weill Cornell Medicine. 128 

 129 

In situ hybridization. Brains and spinal cords were fixed by submersion in 4% (w/v) paraformaldehyde 130 

(PFA)/phosphate buffered saline (PBS) overnight at 4°C.  RNA in situ hybridizations were performed 131 

on 16-20 m cryosections according to standard protocols.  T7 or Sp6 RNA polymerase (Roche) was 132 

used to synthesize anti-sense digoxigenin (DIG)-labeled probes for in situ hybridizations as previously 133 

described (Schaeren-Wiemers and Gerfin-Moser, 1993).   134 

 135 

Immunohistochemistry and imaging. Perfusion fixation (ice-cold PBS followed by 4% PFA) was used 136 

to harvest brains and spinal cords.  Upon dissection, the brain and spinal cord were fixed overnight at 137 

4°C.  Brains and spinal cords were cryoprotected by immersion in 30% sucrose/PBS for 48 hours and 138 

sectioned using a cryostat at 50 m and 80 m thickness, respectively.  Free-floating 139 
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immunohistochemistry was performed by incubating brain and spinal cord sections with primary 140 

antibodies overnight at room temperature, then incubating with fluorophore-conjugated secondary 141 

antibodies for 4 hours at room temperature.  Sections were mounted with VECTASHIELD Mounting 142 

Media (Vector Labs) and coverslipped for imaging.  Confocal images were taken with a Nikon A1R 143 

GaAsP or Carl Zeiss LSM 510 Laser Scanning Confocal Microscope.  The following primary antibodies 144 

were used in this study: chicken anti-eGFP (1:2000, Abcam); rabbit anti-DsRed (1:1000, Clontech); 145 

goat anti-mCherry (1:2000, Biorbyt); goat anti-LacZ (1:2000, Biogenesis); guinea pig anti-vGlut2 146 

(1:5000, Millipore)..  The fluorophore-conjugated secondary antibodies were obtained from Jackson 147 

ImmunoResearch and Invitrogen.  For BDA staining, 20 m-thick spinal cord sections were incubated 148 

in 0.3% Triton X-100 / PBS for 4 hours, followed by incubation with Alexa Fluor 568 streptavidin 149 

(1:400, Invitrogen) for 2 hours at room temperature. 150 

 151 

Surgery and viral injections. Mice were anesthetized with isoflurane during surgery and injections. 1) 152 

Overexpression of Sema3A in the lumbar spinal cord of P0 mice:  A laminectomy was performed at the 153 

L1-L4 lumbar spinal cord region of P0 Emx1-Cre; ccGFP mice to expose the lumbar spinal cord.  A 154 

fine glass capillary loaded with 400 nl of adeno-associated virus 8 (AAV8) expressing Sema3A and 155 

LacZ (an equal mixture of AAV8-CMV-Sema3A/2 x 1012 GC/ml and AAV8-CMV-LacZ/2 x 1012 GC/ml, 156 

gifts from Dr. Enrico Giraudo from the University of Torino, Italy) (Maione et al., 2009) was inserted 157 

into the lumbar spinal cord using the following coordinates: 0 mm lateral to the midline, at a depth of 158 

0.8 mm.  Two injections (400 nl each) of the virus mixture were delivered to the L2 and L4 lumbar 159 

spinal cord region.  Mice injected with AAV8-CMV-LacZ/1 x 1012 GC/ml were used as controls.  Spinal 160 

cords were collected at P14 (See Figure 2)  161 
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2) Anterograde axon tracing with AAV:  AAV1-CAG-tdTomato (1 x 1011 GC/ml, 200 nl/injection, The 162 

Penn Vector Core) was injected into the left hemisphere of mice at P4 using the following coordinates: 163 

1 mm rostral to bregma, 0.7 mm lateral to the midline, at a depth of 0.4 mm. Spinal cords and brains 164 

were collected from 6-week-old mice (See Figures 5, 6, and 8).  165 

3) Anterograde axon tracing with biotinylated dextran amine (BDA): BDA (MW, 10,000; Invitrogen; 166 

10% in PBS) was injected into the cerebral cortex at 6 weeks using the following coordinates: sensory 167 

CST, 0.5 mm rostral to bregma and 2.5 mm lateral to the midline, 0.5 mm caudal and 2.5 mm lateral, at 168 

a depth of 0.5 mm (Ueno et al., 2018).  Spinal cords and brains were collected 2 weeks after injections 169 

(See Figure 9). 170 

 171 

Behavioral tests. 1) Grip strength analysis. Forelimb and hindlimb grip strengths of mice were measured 172 

using a grip strength meter from Columbus Instruments as previously described (Gu et al., 2017b).  173 

Average force was calculated for each mouse based on three trials and expressed as grams-force (gf, 1 174 

gf = 9.8 x 10-3 Newton).  175 

2) Single-pellet reaching test. We assessed the performance of 7 week-old mice in a single pellet 176 

reaching test as previously described, with minor modifications (Xu et al., 2009).  Briefly, mice were 177 

food-restricted to maintain 90% of their free-feeding weight before the training.  We determined the 178 

preferred limb for each mouse during the shaping phase (2-4 days), which was followed by a 7 day 179 

training protocol.  We recorded 30 reaches from each mouse per day during training.  Only when the 180 

mouse successfully retrieved the seed and put it into its mouth was the attempt considered a success.   181 

3) Accelerating rotarod.  The accelerating rotarod was used to assess motor coordination and motor 182 

learning (Med Associates Inc.).  Mice were placed on a 3 cm diameter rod with an initial rotation of 4 183 
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rpm that accelerated to 40 rpm over 5 min.  Mice were tested for tumble latency (time before falling off 184 

the rod) in 8 trials over 2 consecutive days as described before (Daily et al., 2011).   185 

4) Grid-walking test.  The grid-walking test was carried out as described previously (Gu et al., 2017b; 186 

Starkey et al., 2005).  Briefly, mice were placed on a square wire grid (15 mm x 15 mm grid squares) 187 

and allowed to freely explore for 3 minutes.  Sessions were videotaped and scored for the percentage of 188 

forelimb footslips (when paws missed a rung or slipped off a rung) in the first 50 steps taken with 189 

forepaws.   190 

5) Beam-walking test.  The beam-walking test was carried out as previously described (Gu et al., 191 

2017b). Beams with a flat surface of 16 mm, 8 mm, and 4 mm width were used in this test. Performance 192 

on the beam was quantified by measuring the time required for each mouse to traverse the beam and the 193 

number of footslips that occurred in the process. Sessions were videotaped and scored for the percentage 194 

of footslips in the first 50 hindlimb steps. 195 

 196 

Quantification and data analysis.  197 

1) Quantification of CS axon density/arborization surface.  ImageJ (NIH) was used to measure CS axon 198 

density labeled by fluorescent proteins.  The values from mutant mice or experimental groups were 199 

normalized to those of controls.  Data are expressed as relative arborization surface. Three to five spinal 200 

cord sections were quantified for each animal.   201 

2) Quantification of the number of CS axon collaterals.  CS axon collaterals in the lumbar spinal cord 202 

labeled in P6 Emx1-Cre; ccGFP mice were divided into three zones: zone I (dorsally projecting 203 

population), zone II (medially projecting population), and zone III (ventrally projecting population).  204 

The number of CS axon collaterals in each zone was counted.  Three to five spinal cord sections were 205 

quantified for each mouse.   206 
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3) Quantification of BDA-labeled CS axon density.  Images of 12 sections in the cervical (C4-7) spinal 207 

cord were acquired and the distribution of BDA-positive CS axons were analyzed with ImageJ software 208 

(NIH). The percentages in the dorsal (lamina I~IV), medial (V, VI) and ventral spinal gray matter 209 

(VII~X) were quantified. 210 

 211 

Statistics.  The results are expressed as the mean ± s.e.m. Two-way repeated-measures ANOVAs were 212 

used for Figures 10C and 10E (followed by post hoc comparisons). One-way ANOVA followed by 213 

Tukey’s test was used for Figure 9C.  Student’s t-tests were used for other statistical analyses.  Error 214 

bars indicate the S.E.M..  Significance levels are indicated as follows: *P < 0.05, **P<0.01, 215 

***P<0.001.  216 

 217 

Results 218 

Expression of Sema3A and Npn-1 in the developing spinal cord and cortex  219 

To determine whether semaphorins, a large family of repellent molecules, regulate CS axon collateral 220 

formation in the spinal cord during development, we first examined the expression patterns of secreted 221 

semaphorins 3A-3F (Sema3A-3F) in spinal cords of postnatal (P) day 0 and 7 mice. P0 and P7 are key 222 

developmental stages in which CS axon collaterals are actively innervating the cervical and lumbar 223 

spinal cord, respectively.  We observed that Sema3A was selectively expressed in medial and ventral 224 

regions of the cervical and lumbar spinal cord in both P0 and P7 wild-type mice (Fig. 1A-D).   225 

     Previous studies showed that repellent molecules, such as slits and semaphorins in the ventral spinal 226 

cord, prevent sensory axons in the dorsal root ganglia from innervating the ventral spinal cord during 227 

embryogenesis (Behar et al., 1996; Gu et al., 2003; Kitsukawa et al., 1997; Taniguchi et al., 1997; 228 

Yaron et al., 2005).  Similarly, Sema3A expressed in the ventral spinal cord in early postnatal stages 229 

may inhibit ventral projections of CSNs.  Therefore, we examined the early postnatal expression of the 230 
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Sema3A receptor, neuropilin-1 (Npn-1) (Raper, 2000), in the sensorimotor cortex—the part of the brain 231 

in which CSNs originate.  Indeed, Npn-1 was expressed in the sensorimotor cortex at P7 (Fig. 1E-H).  232 

Thus, Sema3A and Npn-1 are expressed by spinal cord neurons and CSNs, respectively, suggesting that 233 

their repellent interactions may inhibit the formation of CS axon collaterals in the ventral spinal cord 234 

during development.   235 

 236 

Ectopic expression of Sema3A in vivo negatively regulates CS axon density in the spinal cord  237 

To determine the in vivo role of Sema3A-Npn1 signaling in CS axon collateral formation in the spinal 238 

cord, we employed a previously developed adeno-associated virus (AAV) vector (AAV8-Sema3A) 239 

(Maione et al., 2009) to ectopically express Sema3A in the spinal cord of postnatal mice.  To visualize 240 

CS axon collaterals, Emx1-Cre mice were crossed with a conditional GFP reporter mouse line (Emx1-241 

Cre; ccGFP) (Bareyre et al., 2005; Gorski et al., 2002; Nakamura et al., 2006). GFP+ CS axon 242 

collaterals were observed in the lumbar spinal cord of P14 Emx1-Cre; ccGFP mice.  The majority of 243 

these GFP+ axon collaterals were confined to the dorsal spinal cord, with only a few collaterals localized 244 

to the medial and ventral spinal cord (Fig. 2A-C).  AAV8-Sema3A and AAV8-LacZ viruses were then co-245 

injected into the L2 and L4 regions of the lumbar spinal cord of P0 Emx1-Cre; ccGFP mice.  The spread 246 

of AAV8 infection was assessed by LacZ immunoreactivity which was detected throughout the lumbar 247 

(L2-L4) spinal cord (Fig. 2D-F and data not shown).  Emx1-Cre; ccGFP mice that received only 248 

injections of AAV8-LacZ were used as controls (Fig. 2A-C).  We observed significant reductions in CS 249 

axon collaterals in the dorsal (P=0.0023, t-test) and medial (P=0.0041) regions of the lumbar spinal cord 250 

in mice injected with AAV8-Sema3A/AAV8-LacZ viruses (Fig. 2M-S, n=4) compared to control mice 251 

(Figs. 2G-L and S, n=5).  No significant reductions were observed in the ventral horn of the lumbar 252 

spinal cord in AAV8-Sema3A/AAV8-LacZ-injected mice (Fig. 2K and L, Q and R, and S; P=0.2642), 253 
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consistent with the observation that endogenous expression of Sema3A was enriched in the ventral 254 

spinal cord (Fig. 1A-D).  Collectively, our results demonstrate that elevated expression of Sema3A is 255 

sufficient to reduce axon collateral formation of CSNs in the medial and dorsal spinal cord.  256 

 257 

No obvious defects in the elongation of CS axons in the dorsal funiculus or in branch initiation of 258 

CS axons in Npn-1fl/fl; Emx1-Cre mice 259 

To examine how CS axon collaterals form in the spinal cord in the absence of the Sema3A receptor, 260 

Npn-1, we examined various aspects of CS circuit formation in Npn-1fl/fl; Emx1-Cre; ccGFP mice in 261 

which Npn-1 is deleted in the cortex.  First, we assessed how deletion of Npn-1 affects the early stages 262 

of circuit development, including initial axon guidance, midline crossing, descent in the dorsal funiculus, 263 

and initial branch formation of CS axons within the lumbar spinal gray matter.  At P10, control (Npn-264 

1fl/+; Emx1-Cre, n=5) and Npn-1-deleted mice (Npn-1fl/fl; Emx1-Cre, n=7) showed no obvious 265 

differences in the overall morphology or trajectory of CS tracts (Fig. 3A-B).  The dorsal turning of the 266 

CS tract at the pyramidal decussation also appeared to be normal in Npn-1fl/fl; Emx1-Cre mice (Fig. 3A-267 

B), consistent with a previous study that suggested Npn-1 was not required for the midline crossing of 268 

the CS tract in the brainstem (Faulkner et al., 2008).   269 

      Second, to compare the descent of CS axons within the dorsal funiculus of the spinal cord between 270 

Npn-1fl/fl; Emx1-Cre mice and controls, we examined the descending CS axons at P4 - the stage at which 271 

CS axons are just arriving at the rostral part of the lumbar spinal cord (Canty and Murphy, 2008).  No 272 

marked differences were observed in the projections of CS axons to the lumbar spinal cord of Npn-1fl/fl; 273 

Emx1-Cre mice compared to control mice, with axons in both groups reaching the L1 region and 274 

terminating before L2 (Npn-1fl/fl; Emx1-Cre mice, n=5; Npn-1fl/+; Emx1-Cre, n=6) (Fig. 3C-N).  Overall, 275 

the descent of CS axons appears to be normal in Npn-1-deleted (Npn-1fl/fl; Emx1-Cre) mice. 276 
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      We then determined whether deletion of Npn-1 would affect the initiation of CS axon collaterals 277 

from primary axon shafts to the spinal gray matter.  After descending, each CS axon exits the dorsal 278 

column at a discrete location along the spinal cord to make topographically-specific connections with 279 

target neurons in the spinal gray matter.  This is accomplished by the formation of subsequent collateral 280 

branches from the primary axon shaft.  We quantified the number of primary axon shafts in the lumbar 281 

spinal cord of P6 control (Npn-1fl/+; Emx1-Cre; ccGFP, n=5) and Npn-1-deleted mice (Npn-1fl/fl; Emx1-282 

Cre; ccGFP, n=4).  In control Npn-1fl/+; Emx1-Cre; ccGFP mice, CS axons arrived at the lumbar spinal 283 

cord at P4 and sent out collaterals to innervate the spinal gray matter around P6 (Fig. 3C, P).  To 284 

quantify the number of primary axon shafts, collaterals were divided into three groups based on the 285 

orientation of their projections (D, dorsal; M, medial; V, ventral) (Fig. 3C-S).  We did not find any 286 

obvious changes in any of the projecting CS axon collateral groups in Npn-1fl/fl; Emx1-Cre; ccGFP mice 287 

compared to controls (Fig. 3T), indicating that Npn-1 is largely unnecessary for initial axon collateral 288 

formation.  These results demonstrate that Sema3A-Npn-1 signaling is unlikely to be required for initial 289 

axon guidance, descent, or branch initiation of CS axons. 290 

 291 

Npn-1fl/fl; Emx1-Cre mice display exuberant CS axon collateral formation in the spinal cord 292 

At later phases of CS axon collateral formation in the spinal cord, we observed significantly more axon 293 

collaterals in the dorsal (P=0.006), medial (P=0.0086), and ventral (P=0.0036) spinal cord regions of 294 

P10 Npn-1fl/fl; Emx1-Cre (n=6) mice compared to control mice (n=7) (Fig. 4).   295 

     To visualize a unilateral subset of CSNs and their descending CS axons, we injected AAV1-CAG-296 

tdTomato (1 x 1011 GC/ml, 200 nl/injection) into one hemisphere of the sensorimotor cortex of Npn-297 

1fl/+; Emx1-Cre (n=6) and Npn-1fl/fl; Emx1-Cre (n=7) mice at P4.  The overall morphologies and 298 

trajectories of CS tracts within the brains of 6-week-old Npn-1fl/fl; Emx1-Cre mice were comparable to 299 
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those of control mice (Fig. 5A-D and E-H).  We also found that similar numbers of CS axons in the 300 

dorsal funiculus of the lumbar spinal cord were labeled by AAV1-CAG-tdTomato in both groups 301 

(P=0.6426; Fig. 5M, U, and Y).  In contrast, we observed a significant increase in CS axon collaterals in 302 

the dorsal (P=0.0091), medial (P<0.0001), and ventral (P=0.0001) regions of the lumbar spinal cord in 303 

Npn-1fl/fl; Emx1-Cre mice (Fig. 5R-T) when compared to Npn-1fl/+; Emx1-Cre (Fig. 5J-L) mice.  CS 304 

boutons associated with these exuberant axon collaterals in Npn-1fl/fl; Emx1-Cre mice were found to be 305 

positive for the presynaptic marker vGlut1+ (Fig. 5V-X).  In summary, depleting Npn-1 in CSNs results 306 

in a marked increase of axon collaterals within the spinal cord. 307 

     We then investigated whether Npn-1fl/fl; Emx1-Cre mice have defects in cortical projections to other 308 

areas of the brain such as the red nucleus and brainstem.  We injected AAV-TdTomato into one 309 

hemisphere of the sensorimotor cortex of P7 Npn-1fl/+; Emx1-Cre and Npn-1fl/fl; Emx1-Cre  mice and 310 

analyzed the mice 7 days later (P14).  We found no obvious differences in cortical projections to the red 311 

nucleus (Fig. 6A-B) or the brainstem (Fig. 6C-F) between Npn-1fl/+; Emx1-Cre and Npn-1fl/fl; Emx1-Cre 312 

mice.  Moreover, we did not find any obvious defects in axonal decussation of CSNs in the brainstem in 313 

Npn-1fl/fl; Emx1-Cre mice compared to Npn-1fl/+; Emx1-Cre mice (Fig. 6C-F).  Therefore, defects in CS 314 

axonal projections seem to be restricted to the spinal cord but not the brain in Npn-1fl/fl; Emx1-Cre mice. 315 

 316 

Exuberant CS axons in the spinal cord of Sema3A-/- mice  317 

To examine the effects of Sema3A deletion on the formation of CS axon collaterals in the spinal cord in 318 

vivo, we analyzed the arborization of GFP+ CS axons in the lumbar spinal cord of control (Sema3A+/-; 319 

Emx1-Cre; ccGFP, n=6) and Sema3A mutant (Sema3A-/-; Emx1-Cre; ccGFP, n=6) mice at P10 320 

(Taniguchi et al., 1997). We found that the majority of CS axon collaterals in P10 control mice were 321 

confined to the dorsal spinal cord (Fig. 7A, D, F, H), whereas the axon collaterals in Sema3A-/- mice 322 
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were found in the dorsal, medial, and ventral regions.  In the dorsal spinal cord, there was no difference 323 

(P=0.2154) in axon collaterals between control and Sema3A-/- mice (Fig. 7A-E).  However, observed 324 

significant increases in axon collaterals in the medial (P=0.0114, t-test) and ventral (P=0.0194) regions 325 

of the lumbar spinal cord in Sema3A-/- mice compared to controls (Fig. 7A-C, F-I).   326 

      To examine the morphologies and trajectories of axon collaterals in the adult spinal cord, we 327 

injected AAV1-CAG-tdTomato (1 x 1011 GC/ml, 200 nl/injection) into left hemisphere of the 328 

sensorimotor cortex at P4 to unilaterally label one subset of CSNs.  The overall morphologies and 329 

trajectories of the labeled CS tracts within the brains of 6-week-old Sema3A-/- mice were comparable to 330 

those observed in Sema3A+/- mice (Fig. 8A-H).  We also found that similar numbers of axons in the 331 

dorsal funiculus of the lumbar spinal cord were labeled by AAV1-CAG-tdTomato in Sema3A+/- (n=6) 332 

and Sema3A-/- mice (n=6) (P=0.1668) (Fig. 8 M, U, and Y).  In contrast, we found a significant increase 333 

in axon collaterals in the medial (P=0.0004) and ventral (P<0.0001), but not dorsal (P=0.9141), regions 334 

of the lumbar spinal cord in Sema3A-/- mice (Fig. 8R-T) when compared to those of Sema3A+/- mice (Fig. 335 

8J-L).  CS boutons associated with these exuberant axon collaterals in the ventral lumbar spinal cord of 336 

Sema3A-/- mice were found to be vGlut1+ (Fig. 8U-X).  Together, these results suggest that secreted 337 

Sema3A is required for inhibiting CS axon collateral formation in the spinal cord. 338 

 339 

Npn-1 and Sema3A deletion disrupt topographic innervation of sensory CST 340 

We recently reported that the CS tracts (CSTs) from the sensory and motor cortices project axons into 341 

the dorsal and ventral spinal cord, respectively (Ueno et al., 2018).  Building upon this finding, we 342 

examined whether Sema3A-Npn-1 signaling is involved in sensory CST innervation in the dorsal spinal 343 

cord.  To test whether Sema3A expressed in the ventral cervical gray matter (Fig. 1C-D and G-H) acts as 344 

a repellent molecule to influence sensory CS axon innervation in the dorsal spinal cord, we labeled the 345 
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sensory CSTs of Npn-1fl/fl; Emx1-Cre (n=3) and Sema3A-/- (n=3) mice by injecting a small volume of an 346 

anterograde tracer, BDA, into the sensory cortex.  In control mice (n=3), sensory CS axons innervated 347 

mainly the dorsal regions of the spinal gray matter and were mostly absent from the ventral region (Fig. 348 

9A) (lamina VII-X), as previously reported (Ueno et al., 2018).  In contrast, marked ventral innervation 349 

of sensory CS axons was observed over the medial-ventral border of the gray matter in Sema3a and 350 

Npn-1 mutant mice (P=0.0024 and 0.0492; Fig. 9A-D).  Together, these results indicate that Sema3A-351 

Npn-1 signals contribute to the precise topographic distribution of CS axons from the sensory cortex.  352 

 353 

Adult Npn-1fl/fl; Emx1-Cre mice exhibit deficits in skilled movements 354 

When we studied the impact of CS axon collateral defects in the spinal cord on motor behaviors, we did 355 

not find any changes in forelimb (P=0.6970, t-test) or hindlimb (P=0.7098) grip strength in Npn-1fl/fl; 356 

Emx1-Cre mice (n=8) compared to those of control (Npn-1fl/fl, n=8) mice (Fig. 10A).  357 

      The same mice were then challenged with different skilled behavioral tests.  First, we assessed 358 

forelimb behaviors using a single-pellet reaching task in which mice were trained to reach through a slit 359 

inside a test chamber to grasp a food reward (Fig. 10B) (Xu et al., 2009)  Control mice improved their 360 

performance over time, reaching a peak success rate of approximately 45% by day 7 (Fig. 10C).  In 361 

contrast, we observed a consistently lower rate of success throughout the testing period with Npn-1fl/fl; 362 

Emx1-Cre mice (n=8) (Fig. 10C).  Their performance was compromised from the outset, and by day 7 363 

they had only achieved a success rate of approximately 13% (Fig. 10C).  Overall, the performance of 364 

Npn-1fl/fl; Emx1-Cre mice was significantly lower than control mice (P<0.0001, two-way ANOVA, 365 

followed by post hoc comparisons) in this skilled forelimb behavioral task.  366 

      To test motor coordination, we placed mice on an accelerating rotarod  (Daily et al., 2011) and 367 

measured the length of time they could stay on the rotating cylinder (latency to fall).  The performance 368 
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on this test of both control and Npn-1fl/fl; Emx1-Cre mice improved progressively over the course of 8 369 

trials (Fig. 10D).  However, the latency to fall per trial for Npn-1fl/fl; Emx1-Cre mice was significantly 370 

lower than that of control mice (P<0.0001, two-way ANOVA, followed by post hoc comparisons; Fig. 371 

10D).  372 

      We then subjected mice to a grid-walking test to evaluate their ability to accurately grasp rungs with 373 

their forepaws during spontaneous exploration of an elevated grid (Starkey et al., 2005; Z'Graggen et al., 374 

1998).  Npn-1fl/fl; Emx1-Cre mice exhibited more frequent forelimb footslips than control mice 375 

(P=0.0016) during this task (Fig. 10E-F).    376 

      Finally, fine motor coordination and balance in the hindlimbs were assessed in a beam walking test 377 

(Fig. 10G), which involved mice walking across elevated narrow beams of varying widths (4 mm, 8 mm 378 

and 16 mm) to a safe platform.  Performance on this task was measured by recording both the time 379 

required to traverse the beam and the number of hindlimb paw slips observed (Luong et al., 2011).  In 380 

this test, Npn-1fl/fl; Emx1-Cre mice exhibited more frequent hindlimb footslips compared to control mice 381 

on every beam width (4 mm, P=0.0021; 8 mm, P=0.0181; 16 mm, P=0.0162; Fig. 10H).  Taken 382 

together, these results demonstrate that skilled movements are compromised in Npn-1fl/fl; Emx1-Cre 383 

mice.  These findings also suggest that Sem3A/Npn-1 signaling-mediated inhibition of CS axon 384 

collateral formation is critical for the proper formation and function of the CS circuits that underlie 385 

skilled movements. 386 

 387 

Discussion  388 

Mammalian CS circuits are the principal circuits of voluntary motor control.  The formation of 389 

functional CS circuits is contingent upon the completion of numerous highly orchestrated events, such 390 

as the fasciculation, guidance, and branching of growing CS axons.  In this work, we examined the role 391 
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of Sema3A-Npn1 signaling in the development of CS circuits.  Our results strongly suggest that the 392 

interactions between Sema3A and Npn-1 suppress the collateral formation of CS axons within the spinal 393 

gray matter.  Disruption of this pathway results in exuberant CSN axon collaterals in the spinal cord.  394 

Skilled behaviors are compromised in Npn-1-deficient mice, indicating that exuberant CS axons in the 395 

ventral spinal cord of Npn-1 mutant mice do not form appropriate connections and may even disrupt 396 

other intact CS circuits, such as those in the dorsal spinal cord.  Together, our genetic findings indicate 397 

that Sema3A-Npn-1 signaling-mediated inhibition of CS axon collateral formation is critical for the 398 

establishment of the CS circuits underlying skilled movements.   399 

 400 

Sema3A-Npn-1 signaling suppresses axon collateral formation in CSNs in the spinal cord 401 

CS axons descend from the sensorimotor cortex through the brainstem and extend to the spinal cord 402 

where they branch and find their appropriate target neurons.  CS axons innervate their spinal targets by 403 

extending collateral branches interstitially along their length (Bastmeyer and O'Leary, 1996).  This 404 

process involves the de novo formation of axon branches from the axon shaft independent of the growth 405 

cone present at the distal-most segment of the axon (Gallo, 2011).  However, little is known about the 406 

molecular regulation of CS axon collateral formation (Canty and Murphy, 2008).    Here, we show that 407 

Sema3A-Npn-1 signaling, while being unnecessary for earlier phases of CS circuit formation, plays an 408 

important role specifically in axon collateral formation.  For example, initial guidance of CS axons in 409 

the spinal cord, CS axon trajectories in the brain, and the dorsal tuning and midline crossing of CS 410 

axons in the brainstem were indistinguishable from controls in Sema3A and Npn-1 mutant mice.  When 411 

it came to axon collateral formation in the spinal cord, we found defects in both Sema3A and Npn-1 412 

mutant mice.  The defects were slightly different in CS axon collateral formation in Sema3A and Npn1 413 
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mutants suggesting that other ligands or receptors may also bind to Sema3A or Npn1 to regulate CS 414 

axons although we cannot simply compare defects using null and conditional mutant animals.   415 

     416 

     An important question remains about whether Sema3A-Npn1 signaling inhibits the branching or the 417 

length of CS axon collaterals or both.  Distinguishing between additional CS axonal branching and 418 

increased CS axon length in Npn1 mutant mice would be very difficult, thus, we cannot make any 419 

conclusions on these finer points of Sema3A-Npn1 signaling at this time.  It is possible that the 420 

particular role of Sema3A-Npn1 signaling might depend upon the concentration of Sema3A in vivo.  For 421 

example, a high concentration of Sema3A may inhibit the length of CS axon branching, whereas a low 422 

concentration may inhibit only the numbers of CS axon branches.  Nevertheless, our results strongly 423 

suggest that Sema3A-Npn1 signaling is required for proper CS axon collateral formation in the ventral 424 

spinal cord. 425 

Since Npn-1 does not have an intracellular domain, its co-receptors, which are members of 426 

the plexinA (PlexA) family, transduce the Sema3A signal (Tran et al., 2007).  Previous studies using 427 

loss-of-function experiments suggested that PlexA3 and PlexA4 transduce the Sema3A-mdediated 428 

signal (Cheng et al., 2001; Yaron et al., 2005), whereas PlexA1 and PlexA2 relay class 6 semaphorin 429 

signals (Ebert et al., 2014; Sun et al., 2015; Suto et al., 2007; Yoshida et al., 430 

2006).  Although PlexA1 mutant mice show increased CS axonal projections/branches in the ventral 431 

spinal cord, this phenotype is likely due to defects in CS axon pruning initiated by the Sema6D ligand 432 

(Gu et al., 2017a).  Future studies will examine CS axonal projections/branches in the spinal cord 433 

of PlexA3/A4 double mutants as well as PlexA2 mutant mice to genetically determine which co-434 

receptors of Npn-1 regulate CS axonal branches in the ventral spinal cord. 435 

 436 
 437 
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Roles of semaphorins and L1CAM in decussation of CS neurons 438 

Previous studies reveal that L1CAM modulates Sema3A signaling in cortical neurons (Castellani et al 439 

2004; Bechara et al 2008; Dang et al 2012; Castellani et al 2000, 2002; Law et al 2008).  L1CAM binds 440 

to Npn1 receptors (Castellani et al 2000), while Sema3A repels axons of cortical neurons using cortical 441 

slices from wild-type, but not L1CAM mutant mice (Castellani et al 2000, 2002).  Moreover, L1CAM 442 

mutant mice show defects in axon decussation of CSNs in the brainstem (Cohen et al 1998; Jakeman et 443 

al 2006).  In our study, Npn1 mutant mice did not show any obvious CS axon decussation defects in the 444 

brainstem (Fig. 6), although we still cannot exclude the possibility that Npn-1 has some roles in 445 

controlling CS axon decussation.  These findings may suggest that L1CAM modulates not only Sema3A 446 

but also other semaphorin signaling pathways in vivo.  Since class 6 semaphorins control CS axon 447 

decussation in the brainstem (Faulkner et al., 2008; Runker et al., 2008), future studies will explore the 448 

effects of L1CAM on class 6 semaphorins. 449 

 450 

Proper formation of CS axon collaterals is critical for skilled movements 451 

We previously showed that PlexA1 mutant mice with direct connections between CSNs and motor 452 

neurons exhibited elevated skilled motor behaviors (Gu et al., 2017a).  Therefore, we hypothesized that 453 

if excess CS collateral formations in the ventral spinal cords of Npn1 mutant mice form proper 454 

connections with spinal interneurons or ectopic direct connections with motor neurons, Npn1 mutant 455 

mice may display normal or even enhanced skilled movements.  However, in our behavioral assays, 456 

Npn1 mutant mice actually performed worse in tests involving skilled motor control (Figure 10).  This 457 

suggests that CS axons in the ventral spinal cord of Npn1 mutant mice fail to form monosynaptic 458 

connections with motor neurons or proper connections with appropriate spinal interneurons.  459 

Alternatively, the exuberant CS axons in Npn1 mutant mice may form appropriate synapses with spinal 460 
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interneurons, but the sheer overabundance of synaptic connections may disrupt the coordinated neural 461 

signaling required for the execution of skilled movements in the mutant mice.  Finally, it is possible that 462 

the skilled motor deficits observed in Npn-1 mutant mice may actually be a result of the improper 463 

formation of other CS circuits, such as those in the dorsal spinal cord.   464 

       Sema3A has been shown to be critical for the formation of the dendrites in pyramidal neurons (Gu 465 

et al., 2003; Polleux et al., 2000; Tran et al., 2009), therefore, these dendrites may also be disrupted in 466 

Npn1 mutant mice.  Although some of the finer details remain to be determined about how Npn-1-467 

Sema3A signaling brings about appropriate axon collateral formation, our genetic studies indicate that 468 

proper establishment of CS axon collaterals is critical for the development of skilled movements. 469 

470 

      Interestingly, it has been shown that Sema3A is up-regulated during injury (Lindholm et al., 2004).  471 

Thus, inhibiting this pathway after injury may be a potential strategy to promote axon collateral 472 

sprouting of surviving CSNs.  Indeed, a Sema3A inhibitor has been shown to have a beneficial effect on 473 

axon regeneration and motor function recovery after spinal cord injury (Kaneko et al., 2006; Tohda and 474 

Kuboyama, 2011; Zhang et al., 2014).  Since there are 7 members of class 3 semaphorins in the 475 

mammalian genome (Tran et al., 2007), the inhibition of both neuropilin receptors (Npn1 and Npn2) 476 

represents a better approach to block all of the inhibitory cues elicited by this class of semaphorins to 477 

achieve better regeneration.  As disrupted patterns of synaptic connectivity are also thought to underlie 478 

numerous developmental disorders (Gallo, 2011) , it is our hope that broadening our understanding of 479 

the molecular mechanisms underlying axon collateral formation during normal development will yield 480 

new insights into therapeutic approaches for treating not only brain and spinal cord injuries, but also 481 

neurodevelopmental disorders involving aberrations in CS circuit development (Belmonte et al., 2004; 482 

Gallo, 2011; Lewis et al., 2013).  483 
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 497 

Figure Legends 498 

Figure 1.  Expression of Sema3a and Npn-1 in the spinal cord and cortex. (A-H) In situ hybridization of 499 

Sema3a (A-D), CTIP2 (E-F) and Npn-1 (G-H) in the cervical spinal cord (A-B), the lumbar spinal cord 500 

(C-D) and the cortex (E-H) at P0 (A, C, E, and G) and P7 (B, D, F, and H). Scale bars: 100 m.  501 

 502 

Figure 2.  Sema3A negatively regulates CS collateral formation in vivo.  A-R, Immunostaining of P14 503 

lumbar spinal cord sections from AAV8-LacZ injected (A-C, control) mice and AAV8-LacZ/Sema3A 504 

injected mice (D-F) using antibodies targeting GFP (green) and LacZ (red). Regions with a high-power 505 

view are indicated by red squares.  G-R, High-power views of boxed areas from AAV8-LacZ-injected 506 

(G-L, control) and AAV8-LacZ/Sema3A-injected (M-R) mice.  S, Quantification of axon collateral 507 
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intensities, showing significant reductions of axon collaterals in AAV8-LacZ/Sema3A-injected mice 508 

compared to AAV8-LacZ-injected mice in the dorsal (P=0.0023) and medial (P=0.0041) but not ventral 509 

(P=0.2642) regions of the lumbar spinal cord.  Scale bars, 100 m (F), 20 m (R). 510 

 511 

Figure 3.  Normal elongation and branching initiation of CS axons in Npn-1fl/fl; Emx1-Cre mice.  A, 512 

Schematic diagram showing labeling in the forebrain as well as descending CS axons by Emx1-Cre; 513 

ccGFP.  B, Ventral views of the brainstem and coronal sections show CS axons labeled by GFP in Npn-514 

1fl/+; Emx1-Cre; ccGFP (control, top) and Npn-1fl/fl; Emx1-Cre; ccGFP (bottom) mice at P10 are similar 515 

in both groups.  The dorsal turning and midline crossing of CS axons in Npn-1fl/fl; Emx1-Cre; ccGFP 516 

mice were similar to control mice.  C-H, Images of the L1 lumbar spinal cord from Npn-1fl/+; Emx1-517 

Cre; ccGFP (C-E, control) and Npn-1fl/fl; Emx1-Cre; ccGFP (F-H) mice at P4 show that the arrival of 518 

CS axons at L1 is similar in both groups. (D, G) are front views and (E, H) are side views from the red 519 

boxed areas in (C, F).  Dorsal columns are indicated by red dashed lines in (D, G).  I-N, Images of the 520 

L2 lumbar spinal cord from Npn-1fl/+; Emx1-Cre; ccGFP (I-K, control) and Npn-1fl/fl; Emx1-Cre; ccGFP 521 

(F-H) mice at P4 show the absence of CS axons at L2 in both groups.  (J, M) are front views and (K, N) 522 

are side views from red boxed areas in (I, L).  Dorsal columns are indicated by red dashed lines in (J, 523 

M).  O, Schematic diagram showing labeling in the forebrain as well as descending CS axons by Emx1-524 

Cre; ccGFP at P6.  CSNs begin to send out primary axon shafts at this stage.  P-S, Images of the L2 525 

lumbar spinal cord from Npn-1fl/+; Emx1-Cre; ccGFP (P-Q, control) and Npn-1fl/fl; Emx1-Cre; ccGFP 526 

(R-S) mice at P6 showing the formation of primary axon shafts in both groups. (Q, S) are high-power 527 

views of the red boxed areas in (P, R).  The primary axon shafts are divided into three groups based on 528 

the orientation of their projections (I, dorsal; II, medial; III, ventral).  T, Quantification of the axon 529 

collaterals in zones I (P=0.1950), II (P=0.6826), and III (P=0.8295) showed that the numbers of axon 530 
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collaterals were similar between Npn-1fl/+; Emx1-Cre; ccGFP) and Npn-1fl/fl; Emx1-Cre; ccGFP mice.  531 

Scale bars, 1 mm (B), 50 m (N), 200 m (R), 150 m (S). 532 

 533 

Figure 4.  P10 Npn-1fl/fl; Emx1-Cre mice display exuberant CS axon branches.  A-B, Immunostaining of 534 

P10 lumbar spinal cord sections from Npn-1fl/+; Emx1-Cre; ccGFP (A, control) and Npn-1fl/fl; Emx1-535 

Cre; ccGFP mice (B) using antibodies targeting GFP.  Regions with a high-power view are indicated by 536 

red squares.  C, Quantification of axon collateral intensity shows Npn-1fl/fl; Emx1-Cre; ccGFP mice had 537 

significantly more axon collaterals in the dorsal (P=0.006), medial (P=0.0086), and ventral (P=0.0036) 538 

regions of the lumbar spinal cord compared to controls.  D-I, High power views of boxed areas showing 539 

axon collaterals in the dorsal, medial, and ventral regions of the lumbar spinal cord from Npn-1fl/+; 540 

Emx1-Cre; ccGFP (D, F, and H) and Npn-1fl/fl; Emx1-Cre; ccGFP mice (E, G, and I).  Scale bars, 100 541 

m (B), 20 m (I). 542 

 543 

Figure 5.  Adult Npn-1fl/fl; Emx1-Cre mice display exuberant CS axon branches.  A-H, Anterograde 544 

tracing strategy to label unilateral CSNs and their descending axons. Top views of the brain show the 545 

cortical neurons that were labeled by AAV1-CAG-tdTomato in 6 week-old Npn-1fl/+; Emx1-Cre (A-B, 546 

n=6) and Npn-1fl/fl; Emx1-Cre (E-F, n=7) mice. Ventral views of the brainstem show CS axons labeled 547 

by tdTomato in Npn-1fl/+; Emx1-Cre (C-D) and Npn-1fl/fl; Emx1-Cre (G-H) mice.  The overall 548 

morphologies of CS axons in Npn-1fl/fl; Emx1-Cre and control mice were similar.  I-X, 549 

Immunofluorescent labeling of lumbar spinal cord sections using antibodies targeting tdTomato 550 

(red/shown in black except in N-P and V-X) and vGlut1 (green).  Transverse views show the CS 551 

innervation of the lumbar spinal cord by unilateral CS axons and their collaterals labeled by tdTomato in 552 

Npn-1fl/+; Emx1-Cre (I-P) and Npn-1fl/fl; Emx1-Cre (Q-X) mice.  Low magnification views (I, Q) show 553 
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CS innervation of the lumbar spinal cord.  High magnification views (M, U) of the dorsal funiculus 554 

show individual CS axons labeled by tdTomato.  The dorsal (J, N, R, V), medial (K, O, S, W), and 555 

ventral (L, P, T, X) spinal cord (high magnification views from Figure 5I and 5Q), showing exuberant 556 

CS axon branches in Npn-1fl/fl; Emx1-Cre mice.  CS boutons labeled by tdTomato were co-localized 557 

with the presynaptic marker vGlut1. Y, Quantification of tdTomato-labeled CS axons showing similar 558 

(P=0.6426) numbers between mutant and control mice.  Z, Quantification of axon collateral intensities 559 

showing that Npn-1fl/fl; Emx1-Cre mice had significantly more axon collaterals in the dorsal (P=0.0091), 560 

medial (P<0.0001), and ventral (P=0.0001) regions of the lumbar spinal cord compared to Npn-1fl/+; 561 

Emx1-Cre mice.  Scale bars, 2 mm (F, H), 100 m (Q), 20 m (U, X). 562 

 563 

Figure 6.  No obvious defects in axonal projections of CSNs to the red nucleus or brainstem in Npn-564 

1fl/fl; Emx1-Cre mice.  A-B, TdTomato+ axonal projections of CSNs in the red nucleus in Npn-1fl/+; 565 

Emx1-Cre (A) and Npn-1fl/fl; Emx1-Cre (B) mice.  C-F, TdTomato+ axonal projections of CSNs in the 566 

brainstem in Npn-1fl/+; Emx1-Cre (C, E) and Npn-1fl/fl; Emx1-Cre (D, F) mice.  (E) and (F) are higher 567 

magnifications of (C) and (D), respectively.  Scale bars: 100 m.  568 

 569 

 570 

Figure 7.  P10 Sema3A-/- mice display exuberant CS axon collateral formation.  A-B, Immunostaining of 571 

P10 lumbar spinal cord sections from Emx1-Cre; ccGFP (A, control) and Sema3A-/-; Emx1-Cre; ccGFP 572 

mice (B) using antibodies targeting GFP.  Regions with high power views are indicated by red squares.  573 

C, Quantification of axon collateral intensities, showing Sema3A-/-; Emx1-Cre; ccGFP mice had 574 

significantly more axon collaterals in the medial (P=0.0114) and ventral (P=0.0194) but not dorsal 575 

(P=0.2154) regions of the lumbar spinal cord compared to controls.  D-I, High power views of boxed 576 
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areas showing axon collaterals in the dorsal, medial, and ventral regions of the lumbar spinal cord from 577 

Emx1-Cre; ccGFP (D-H) and Sema3A-/-; Emx1-Cre; ccGFP mice (E-I).  Scale bars, 100 m (B), 20 m 578 

(I). 579 

 580 

Figure 8.  Adult Sema3A-/- mice display exuberant CS axon branches.  A-H, Anterograde tracing 581 

strategy to label subsets of CSNs and their descending axons. Top views of the brain, showing a subset 582 

of cortical neurons that were unilaterally labeled by AAV1-CAG-tdTomato in 6 week-old Sema3A+/- (A-583 

B, n=6) and Sema3A-/- (E-F, n=6) mice. Ventral views of the brainstem show CS axons labeled by 584 

tdTomato in Sema3A+/- (C-D) and Sema3A-/- (G-H) mice.  The overall morphologies of CS axons in 585 

Sema3A-/- mice were similar to what was observed in control mice.  I-X, Immunofluorescent labeling of 586 

lumbar spinal cord sections using antibodies targeting tdTomato (red/shown in black except in N-P and 587 

V-X) and vGlut1 (green). Transverse views show CS innervation of the lumbar spinal cord by the 588 

unilateral CS axons and their collaterals labeled by tdTomato in Sema3A+/- (I-P) and Sema3A-/- (Q-X) 589 

mice.  Low magnification views (I, Q) show CS innervation of the lumbar spinal cord. High 590 

magnification views (M, U) of the dorsal funiculus show individual CS axons labeled by tdTomato.  591 

High magnification views of the dorsal (J, N, R, V), medial (K, O, S, W), and ventral (L, P, T, X) spinal 592 

cord show exuberant CS axon branches in Sema3A-/- mice. CS boutons labeled by tdTomato were co-593 

localized with the presynaptic marker vGlut1. Y, Quantification showing the labeling of a similar 594 

(P=0.1668) number of CS axons by tdTomato.  Z, Analysis of axon collateral intensity showing 595 

Sema3A-/- mice had significantly more axon collaterals in the medial (P=0.0004), and ventral (P<0.0001) 596 

regions of lumbar spinal cord compared to Sema3A+/- mice.  Scale bars, 2 mm (F, H), 100 m (Q), 20 597 

m (U, X). 598 

 599 
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Figure 9.  Npn-1 and Sema3A are required for topograhic innervation of sensory CS axons into the 600 

dorsal spinal cord.  A-C, BDA-labeled sensory CST fibers in transverse cervical cord sections of wild 601 

type (WT; A) Npn-1fl/fl; Emx1-Cre (B) and Sema3A-/- (C) mice. Arrowheads indicate the border of 602 

medial-ventral spinal cord. Scale bars, 100 m (A-C).  D, The percentage of axon distribution of 603 

sensory CST in the dorsal, medial, and ventral spinal gray matter. * P< 0.05, ** P< 0.01 (One-way 604 

ANOVA followed by Tukey’s test). 605 

 606 

Figure 10. Npn-1fl/fl; Emx1-Cre mice exhibit deficits in skilled movements.  A-H, Performance on 607 

behavioral tests by adult (3 month-old) Npn-1fl/fl; Emx1-Cre (n=8) and Npn-1fl/fl mice (control, n=8).  A, 608 

The grip-strength test showed that forelimb (P=0.6970) and hindlimb (P=0.7098) strength was not 609 

altered in Npn-1fl/fl; Emx1-Cre mice.  B, Video snapshots of the reaching test showing the reaching, 610 

grasping and retrieving phases.  The firm grip of the pellet with finger control during the grasping phase 611 

led to successful retrieval, while the Npn-1fl/fl; Emx1-Cre mouse did not exhibit a proper grip.  C, 612 

Quantification of the number of successful attempts showing that the success rate in the reaching test for 613 

Npn-1fl/fl; Emx1-Cre mice was significantly lower than that of control mice (P<0.0001).  D, Comparison 614 

of latencies to falling in the rotarod test showed that Npn-1fl/fl; Emx1-Cre mice outperformed control 615 

mice in the time they could remain on the rotating rod (P<0.0001).  E, Video snapshots of the grid-616 

walking test.  The successful placements of paws are denoted by green arrows, while a forelimb footslip 617 

is indicated by the red arrow.  F, Comparison of forelimb footslips during the grid-walking test showed 618 

that the percentage of footslips for Npn-1fl/fl; Emx1-Cre mice was significantly higher than that of 619 

control mice (P=0.0016).  G, Video snapshots of control and Npn-1fl/fl; Emx1-Cre mice on an 8 mm 620 

beam.  H, Comparison of hindlimb footslips during the beam-walking test showing that the Npn-1fl/fl; 621 
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Emx1-Cre mice experienced significantly more footslips than control mice (16 mm, P = 0.0220; 8 mm, 622 

P = 0.0013; 4 mm, P = 0.0011).  623 

 624 

 625 

 626 

 627 

 628 
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