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Abstract     

NB-3 (contactin-6) is a member of the contactin family and has a wide range of roles 

during central nervous system development and disease. Here we found that NB-3 was 

simultaneously induced in the serotonergic raphespinal tract (sRST) axons and in the scar-

forming cells after spinal cord injury (SCI). The regrowth of the sRST axons was promoted 

in vivo by blocking NB-3 expression in either sRST axons or scar-forming cells when post-

traumatic axons of the sRST tried to penetrate the glial scar. NB-3 deficiency promoted 

synapse reformation between sRST regenerative axons and motor neurons and enhanced 

the potential for electrical activity of muscle contraction and motor coordination. In vivo 

evidence also suggested that NB-3 induction in both sRST axons and scar-forming cells was 

required to mediate NB-3 signaling inhibition of sRST axon regeneration after SCI. Our 

findings suggest that NB-3 protein is a potential molecular target for future SCI treatments. 

Keywords: serotonergic raphespinal tract; NB-3; axonal regeneration; synapse 

reformation; motor coordination 
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Introduction 

SPINAL CORD INJURIES (SCIs) are mainly caused by vehicle crashes, acts of violence, and sports 

activities and occur especially in the young adult population. Obviously, it is of high priority 

to regain motor function for those patients. Although attempts at complete restoration of 

voluntary motor functions after SCI have routinely failed, there are a great deal of 

promising intervention methods that target the repair of or improvement in the plasticity 

of motor circuits involved in motor function, such as enhancing the intrinsic abilities of 

neurons (Liu et al., 2010), stem cell grafting (Lu et al., 2012), reducing non-permissive 

environments for axonal regrowth (Oles et al., 2011), and implanting neural interfaces for 

functional restoration of spinal cord (Capogrosso et al., 2016). All of these have resulted in 

improvements in our understanding of the underlying molecular and cellular processes, 

which may lead to the development of novel therapeutic strategies for reconstruction of 

motor circuits involved in motor function.  

The serotonergic raphespinal tract (sRST) has very important roles in modulating 

locomotion (Cabaj et al., 2016). The B1–B3 cell groups (raphe magnus, raphe obscurus, and 

raphe pallidus, respectively) of the caudal raphe nucleus (CRN) along the midline of the 

caudal medulla send descending axonal projections of the sRST to motor and some 

autonomic neurons in the spinal cord (Skagerberg et al., 1985). These axonal terminations 

are widely branched in the dorsal horn and among different motoneuronal cell groups at all 

spinal levels, especially at the thoracolumbar and upper sacral spinal levels. Axonal terminals 

of the sRST are found in lamina 1, lamina 2, and lamina 8–10 (Anderson et al., 1989). The 

main effects of the sRST are on spinal reflexes, and result from level-setting of motoneuronal 

membrane excitability (Heckman et al., 1999; Ghosh et al., 2015). After SCI, activation of 5-

HT2 receptors and 5-HT1A/7 receptors in the interneurons of central pattern generators 

(CPGs) or motor neurons (MNs) partially restores hindlimb movements during locomotion 

(Urszula et al., 2014). Both CPGs and MNs are essential elements of neuronal circuits that 

produce rhythmic motor patterns and direct left–right coordination, flexor–extensor 

antagonism, and stance–swing phase transitions (Kiehn et al., 2016). However, as few 

studies of the mechanisms regulating axonal regeneration of the post-traumatic sRST in 

rodents are commonly accepted in the field (Nikulina et al., 2004; Coles et al., 2011), and 
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additional efforts are needed to elucidate those molecules involved in axonal regrowth of 

the sRST and restoration of locomotor neural circuitry after spinal cord injury (SCI).  

   NB-3 (contactin-6) is a member of the contactin family and is expressed exclusively in the 

nervous system. NB-3 has a wide range of roles in neural development (Takeda et al, 2003; 

Sakurai et al, 2009, 2010; Huang et al, 2012). For instance, NB-3 interacts with close homolog 

of L1 (CHL1) and protein tyrosine phosphatase α (PTPα) to regulate the development of 

dendritic projections in the visual cortex (Ye et al, 2008). Additionally, NB-3 is involved in 

brain damage after cerebral ischemia (Huang et al, 2011) and is responsible for the 

regulation of axonal regeneration of corticospinal tracts after SCI (Huang et al., 2016). 

Here we found that NB-3 signaling inhibited sRST regeneration after SCI. Knocked 

down NB-3 expression in either sRST axons or scar-forming cells enhanced the axonal 

regrowth of the sRST. NB-3 deficiency promoted the reconstruction of motor neural 

circuitry and partially restored locomotor movements. 

Methods 

Animals and surgeries 

All the procedures were in accordance with the Institute of Neuroscience (Soochow 

University) guidelines for the use of experimental animals and were approved by the 

Institutional Animal Care and Use Committee at Soochow University. All mice were on a 

C57BL/6J background and were kept in the specific pathogen–free animal facility at 

Soochow University. NB-3–deficient mice were described previously (Takeda et al., 2003). 

Mice were used for surgery at the age of 10 weeks (22–24 g). Pentobarbital (40 mg/kg, 

i.p.) was injected to anesthetize the mice. Spinal T10 complete transections were carried 

out by modifying previously described methods (Liu et al., 2008; Huang et al, 2016). The 

spinal cord was transected bilaterally across its entire width and depth in the vertebral 

cavity with iridectomy microscissors. Then, a microknife was used to pass through the 

lesion site twice and press against the lateral and ventral sides of the vertebral cavity to 

ensure the completeness of the lesion. Sham operations were performed as follows: the 

dorsal vertebral lamina at spinal T10 segment was cut off, but the spinal cord itself was 

left intact. After these operations, the muscle layers, fascia, and the skin were 
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sequentially sutured. Urine was expressed by manual abdominal pressure twice per day 

until mice regained reflex bladder function. 

Plasmid construction and cell lines 

The cDNA template for an shRNA specific for the NB-3 coding sequence was 5′–

CCGGGCTGCAAAGGATTCATCTATACTCGAGTATAGATGAATCCTTTGCAGCTTTTTTG–3′, and 

the negative control (nc) was 5′–CCGGGCTTCTCCGAACGTGTCACGTTTTTTTG–3′. Both 

templates were subcloned into the vector pLKD-CMV-GFP-U6-shRNA (OBiO Inc.). The full-

length NB-3 sequence (1–1028 aa) and the NB-3-ΔECD sequence (997–1028 aa; ECD, 

extracellular domain) were subcloned into the vector pLenti-CMV-EGFP-P2A (OBiO Inc.).  

Anterograde labeling  

To examine NB-3 knockdown and overexpression in the sRST after SCI, 2–3 μl of LV-NB-

3 shRNA-GFP (OBiO Inc.) was injected into the CRN in wild-type mice, and an equal amount 

of LV-NB-3-EGFP (OBiO Inc.) was injected into the CRN in NB-3–deficient mice after drilling 

the skull above. The Hamilton syringe was left in place for 10 min after the injection in 

each trial. Mice were kept for 1 month before being sacrificed to examine the 

anterogradely labeled sRST. 

Fluorogold (FG) retrograde labeling  

To examine NB-3 induction in the sRST somas after SCI, 1 μl of FG (2 mg/ml; Biotium) 

was injected into the sRST axonal termination areas (0.5, 2.5, 4.5, and 6.5 mm caudal to 

the T10 spinal segment; 0.8 and 0.8 mm lateral to the midline; and 0.8 mm below the 

dorsal surface of the spinal cord) of the raphespinal tract at the T10 segment of the spinal 

cord after transection or sham surgery. Mice were kept for another week before being 

sacrificed to examine retrogradely labeled sRST somas.  

To examine the connections between regenerative serotonergic axons and MNs after 

SCI, 1 μl of FG (Biotium) was injected into multiple sites of the gastrocnemius (GS) and 

tibialis anterior (TA) around the sural nerves, tibial nerves, and peroneal nerves in the 

hindlimbs to label MNs in L3L4 spinal cord. Mice were kept for another week before 

being sacrificed to examine retrogradely labeled MNs. 
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Immunohistochemistry 

Pentobarbital (40 mg/kg, i.p.) was injected to anesthetize the mice before sacrificing 

them. Mice were perfused with 4% paraformaldehyde (PFA; Sigma) in phosphate-buffered 

saline (PBS; pH 7.4; Sinoreagent). Brainstems and spinal cords were dissected out and 

washed with PBS. Then these tissues were soaked in 30% sucrose (Sinoreagent) overnight 

to replace PFA with sucrose. After that, tissues were embedded with Tissue-Tek O.C.T. 

Compound (Sakura Finetek) for cryosectioning. After cryosectioning, coronal sections (30 

μm thick) of the brainstem were used for immunostaining. Sagittal sections (1.0 cm long) 

of lesioned and intact spinal cords were also obtained. Primary antibodies were used as 

follows: 5-HT (Sigma, S5545, 1:500), GFAP (DAKO, Z0334, 1:500; Chemicon, MAB360, 

1:500), NB-3 (R&D, AF5890, 1:500), GFP (Invitrogen, A11120, 1:200), and Syn (Chemicon, 

AB9272, 1:500). Subsequently, the sections were incubated with secondary antibodies 

conjugated with Alexa 488, 555, or 647 (Invitrogen) overnight at 4°C. Images were 

acquired with a Zeiss 700 confocal microscope (Carl Zeiss Company) and processed and 

exported with the Zen software (Carl Zeiss Company).  

Western blotting 

To validate the overexpression efficiency of LV-NB-3-EGFP construct and knockdown 

efficiency of LV-NB-3 shRNA-GFP construct in injured spinal cords, a 2-mm-long region of 

the spinal tissue that contained the injection site was dissected from each spinal cord. 

Samples were lysed and then supersonically prepared for SDS-PAGE. After the 

electrophoresed proteins were transferred to PVDF membrane, blots were incubated with 

primary antibodies (NB-3, R&D, AF5890, 1:1000; GAPDH, Sigma, G9545, 1:1000; GFP, 

Invitrogen, A11120, 1:1000) and then with horseradish peroxidase–conjugated secondary 

antibodies (GE Healthcare) for visualization with Image Lab (Bio-Rad). Three mice were 

used in each group. 

Rehabilitation device 

A portable rehabilitation device built in-house was used for the SCI mice as they had 

difficulties in executing locomotive movements without upper body support (van den 

Brand et al., 2012). The upper body of the mouse was fastened to and lifted by the device 
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to enable the movement of its hindlimbs on the treadmill surface. The device also enabled 

the mice to carry out continuous locomotion on an automated moving treadmill. 

Electromyography (EMG) recording  

Three months after complete spinal transection, EMG recording electrodes were 

implanted in both the left and right soleus muscles of the hindlimbs. The disposable 

subdermal needle electrodes were made of Teflon-coated stainless-steel wire (Carefusion 

GmbH, Germany). The tips of the electrodes were poked through a cutaneous incision and 

were inserted into the appropriate muscle, with a distance of 1–2 mm maintained 

between the separated tips of the bipolar electrodes, which were secured by a suture 

(Urszula Sławinska et al., 2013). The ground electrode was placed under the skin on the 

back of the mouse. A wire loop, which was covered with dental cement and silicone, was 

left to prevent the electrodes from being pulled out from under the skin on the backs of 

the mice. Under the condition of complete spinal transection, stimulation of the afferents 

was used for inducing locomotion (Lev-Tov et al., 2010). To block muscle contraction and 

left–right coordination with a 5-HT receptor antagonist, intrathecal application of 

SB269970 (Selleck, S2849; 0.110 mg/kg in phosphate buffer saline) (Cabaj et al., 2016) or 

cyproheptadine (Selleck, S4635; 110 mg/kg in phosphate buffer saline) (Koschnitzky et 

al., 2014) was carried out. EMG recording (see below) was carried out immediately after 

intrathecal application of SB269970 or cyproheptadine. After the mice were sacrificed, 

electrode positions were visually verified in the muscles.  

EMG analysis  

During the locomotor-like movement test of the hindlimbs of the mice, the EMG 

activity of the hindlimb extensors (soleus) was recorded by Biopac MP150 (band pass, 

0.01–1 kHz) and evaluated after digitization on the computer (sampling frequency, 2 kHz). 

At least 50 consecutive step cycles for the soleus muscles were measured, before the 

mean EMG activity onset from 50 consecutive step cycles was compared between the left 

and right hindlimb groups under different conditions. EMG activity was analyzed and 

quantified, and the phasing of EMG firing during locomotion was determined by circular 

statistics and represented as circular polar plots (Zar, 2000). To measure whether the 
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rhythm was lost in one hindlimb in one test, Rayleigh’s circular test was used to determine 

whether the r values were clustered. The P-value in Rayleigh’s test was calculated as 

follows: p = exp{sqrt [1 + 4N + 4(N2 – Rn
2)] − (1 + 2N)}; where R = ||r ||, Rm R · N. Dots 

outside the inner circle indicate the p < 0.05 significance level (Berens et al., 2009). The 

mean onset phases of the left and right EMG bursts in all tests were calculated and are 

presented as the red and green arrows, respectively. The formulas for the arrow phase 

calculation were as follows: αi (radians) = 2π · αi (angle)/360; ai = (cos αi; sin αi);a (arrow phase) 

= 1/N · ∑ai. Motor coordination requires rhythmic movements in each soleus muscle and 

left–right alternation between the two hindlimbs during locomotion.  

 

Quantification of axon intensity index  

The projection length of sRST axons in the spinal cord was measured using Image J 

(NIH). In each sagittal section of injured spinal cord, dorso-ventral lines were drawn at −3.0 

to 0 mm relative to the rostral lesion border (0 mm) and at 0 to 1 mm relative to the 

caudal lesion border (0 mm). SRST axons that intersected each line were counted. The 

axon intensity index at a specific position is a ratio of the intensity of sRST axons relative to 

the density of axons 3 mm rostral to the lesion border. Three sections that included the 

sRST axons were quantified for each mouse.  

Analysis of synapse re-formation 

Sections were collected from 0.5 mm rostral or 0.5 mm caudal to the spinal lesion site. 

Immunostaining with 5-HT and synaptophysin (syn) antibodies in those sections collected 

from FG retrograde labeled mice was carried out to detect synapses between 5-HT–

positive raphespinal axons and FG-labeled MNs. In each coronal section, synapse numbers 

per neuron were determined by quantifying 5-HT–positive and syn-positive puncta on FG-

positive neurons in randomly selected 70 × 70 μm frames. Five representative sections 

were quantified for each mouse. 
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Statistical analysis 

A two-tailed one-sample t-test was used for the single comparison between two 

groups. Rayleigh’s circular test was used to determine whether the r values were 

clustered. Others were analyzed using a one- or two-way analysis of variance (ANOVA) 

followed by Fisher’s least significant difference (LSD) post-test. Among all the experiments, 

no randomization was used. All analyses were carried out with Origin 8 (Originlab 

Software), GraphPad 6 Prism (GraphPad Software), and Matlab (Mathworks). All data are 

presented as the mean ± SEM. 

Results 

Induction of NB-3 protein in the axons of the post-traumatic raphespinal tract and scar-

forming cells 

Complete spinal transection was performed at the T10 segment in NB-3+/+ mice to 

examine the pattern of induced expression of NB-3 protein in the somas and axons of the 

post-traumatic sRST after SCI. FG was injected into the lesion area of sham-injured and 

injured spinal cords to retrogradely label the somas of the sRST in the caudal raphe nuclei, 

where these axons originate (Fig. 1A). The mice were sacrificed 14 days post-injury (14 dpi) 

and examined by immunohistochemistry. NB-3 expression was induced in FG-labeled sRST 

somas of SCI mice (Fig. 1B, C, C1–C3) but was absent in sham-injured mice (Fig. 1D, E, E1–

E3). At 14 dpi, NB-3 induction was detected at the distal portions of post-traumatic sRST 

axons and in the GFAP-positive glial scar (Fig. 1F–H, G1–G3, H1–H3). In contrast, sagittal 

sections of sham-operated spinal cord showed that NB-3 was undetectable in intact sRST 

axons (Fig. 1I–K, J1–J3, K1–K3). In addition, NB-3 was also undetectable in brainstems of 

sham-operated or injured NB-3−/− mice (Supplementary Fig. 1A and B, A1–A4 and B1–B4; see 

online supplementary material at www.liebertpub.com) or in spinal cords of sham-operated 

or injured NB-3−/− mice (Supplementary Fig. 1C and D, C1–C3 and D1–D3; see online 

supplementary material at www.liebertpub.com). Thus, NB-3 was induced in the somas and 

injured axons of the sRST and was simultaneously observed in the GFAP-positive glial scar 

after SCI. NB-3-positive cells in the glial scar were previously identified as being scar-forming 

cells and included astrocytes, fibroblasts, and pericytes (Huang et al., 2016).  
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Axonal regrowth of sRST axons in NB-3–deficient mice after SCI 

To investigate whether NB-3 deficiency affects the regrowth of severed sRST axons, 

complete spinal transection was performed at the T10 segment in both NB-3+/+ and NB-3−/− 

mice (Fig. 2A). In NB-3+/+ mice, post-traumatic sRST axons remained at the rostral lesion 

border, even 84 dpi (Fig. 2B–E). In contrast, the completely transected sRST axons in NB-

3−/− mice displayed obvious regrowth (Fig. 2F–I). Many 5-HT–positive sRST axons in NB-3−/− 

mice spread out toward the lesion epicenter, and some even traversed the lesion 

epicenter and extended ~1 mm beyond the caudal lesion border (Fig. 2F, dashed line). 

Quantification of the axon intensity index at various distances from the lesion borders 

revealed significantly enhanced numbers of sRST axons in the injured spinal cords of NB-

3−/− mice from –0.2 to 0 mm to the rostral lesion border, and from 0 to 1.0 mm to the 

caudal lesion border as compared with NB-3+/+ mice (Fig. 2J; p < 0.01 for NB-3+/+ vs. NB-

3−/−; n = 13 mice). Thus NB-3 deficiency results in enhanced regrowth of post-traumatic 

sRST axons after SCI.  

To determine whether the regrowth of sRST axons was due to axonal regeneration or 

axonal preservation, the time course of axonal extension was also analyzed in NB-3+/+ and 

NB-3−/− mice (Supplementary Fig. 2; see online supplementary material at 

www.liebertpub.com). In NB-3+/+ mice at 28, 42, and 56 dpi, all the post-traumatic sRST 

axons remained at the rostral lesion border and did not penetrate into the lesion area 

(Supplementary Fig. 2A, C, and E; see online supplementary material at 

www.liebertpub.com). In contrast, post-traumatic sRST axons regrew as far as several 

millimeters toward the caudal lesion site in caudal spinal cord in NB-3−/− mice. Moreover, 

the regrowing sRST axons appeared to be more robust in NB-3−/− mice at 42 and 56 dpi 

compared with those in NB-3−/− mice at 28 dpi (Supplementary Fig. 2B, D, and F; see online 

supplementary material at www.liebertpub.com). Quantification of the axon intensity 

index at various distances from the lesion borders revealed significantly enhanced 

numbers of sRST axons in NB-3−/− mice as compared with NB-3+/+ mice at 28, 42, and 56 dpi 

(Supplementary Fig. 2G; p < 0.01 for NB-3+/+ 28 dpi vs. NB-3−/− 28 dpi; p < 0.01 for NB-3+/+ 

42 dpi vs. NB-3−/− 42 dpi; p < 0.01 for NB-3+/+ 56 dpi vs. NB-3−/− 56 dpi; n = 10 mice; see 

online supplementary material at www.liebertpub.com). Thus NB-3 deficiencyrelated 
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enhanced regrowth of post-traumatic sRST axons after SCI was not due to simple 

preservation of spared sRST axons but was instead due to axonal regeneration.  

Blocking NB-3 expression in the sRST or scar-forming cells enhances regrowth of post-

traumatic sRST axons  

To further test our hypothesis, we injected LV-NB-3 shRNA-GFP into the spinal lesion 

site to knock down NB-3 expression in scar-forming cells. We observed a difference in sRST 

axons between LV-NB-3 shRNA-GFP and LV-NC-GFP (NC, negative control) infection in the 

completely transected spinal cord 84 dpi (Fig. 3A). In addition, LV-NC-EGFP and LV-NB-3 

shRNA-EGFP constructs were validated in vivo from spinal cord lysates by western blotting 

(Fig. 3B; p < 0.0001 for NB-3−/− vs. NB-3+/+ + NC in lesion site, p = 0.001 for NB-3−/− vs. NB-

3+/+ + NB-3 shRNA in lesion site, p < 0.0001 for NB-3+/+ + NC in lesion site vs. NB-3+/+ + NB-3 

shRNA in lesion site; n = 12 mice). The 5-HT–positive post-traumatic axons that were in 

contact with LV-NC shRNA-GFP–infected scar-forming cells remained at the rostral lesion 

border, even 84 dpi (Fig. 3C–F). In contrast, substantial numbers of 5-HT–positive axons 

that contacted the LV-NB-3 shRNA-GFP–infected scar-forming cells extended toward the 

rostral lesion border and some even emerged from the caudal lesion border 84 dpi (Fig. 

3G–J). Quantification of the axon intensity index confirmed that injecting LV-NB-3 shRNA-

GFP into the spinal lesion site showed significantly increased numbers of sRST axons in the 

injured spinal cords from –0.2 to 0 mm to the rostral lesion border and from 0 to 1.0 mm 

to the caudal lesion border as compared with lesion injection of LV-NC-GFP (Fig. 3K; p < 

0.01 for NB-3+/+ + NC in lesion site vs. NB-3+/+ + NB-3 shRNA in lesion site; n = 12 mice).  

Additionally, regeneration of sRST axons was observed following NB-3 knockdown in the 

CRN of NB-3+/+ mice (Supplementary Fig. 3AD; see online supplementary material at 

www.liebertpub.com) or following NB-3 knockdown in both the CRN and spinal lesion site 

of NB-3+/+ mice (Supplementary Fig. 3EH; see online supplementary material at 

www.liebertpub.com). Quantification of the intensity index of sRST axons also confirmed 

our observation (Supplementary Fig. 3Q; n.s. for NB-3+/+ + NB-3 shRNA in CRN vs. NB-3+/+ + 

NB-3 shRNA in CRN and lesion site; n = 10 mice; see online supplementary material at 

www.liebertpub.com). Thus knockdown of NB-3 induction in sRST axons or scar-forming 
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cells efficiently interrupted the inhibitory signal transduction and led to the regrowth of 5-

HT–positive post-traumatic axons. 

To further verify the effect of interrupting NB-3 induction in scar-forming cells on the 

regrowth of 5-HT–positive post-traumatic axons, we tried to restore NB-3 expression in the 

spinal lesions of NB-3−/− mice (Fig. 4A). The constructs LV-NC-EGFP and LV-NB-3ΔECD-EGFP, 

the latter of which encodes NB-3 without the extracellular domain, were validated in vivo 

using spinal cord lysates and western blotting (Fig. 4B; p = 0.729 for NB-3+/+ vs. NB-3−/− + 

NB-3 in lesion site, p < 0.0001 for NB-3−/− + NB-3 in lesion site vs. NB-3−/− + NB-3ΔECD in 

lesion site, p < 0.0001 for NB-3−/− + NB-3 in lesion site vs. NB-3−/− + NC in lesion site; n = 12 

mice). We injected the lentivirus overexpressing full-length NB-3 (LV-NB-3-EGFP) into 

spinal lesion sites of NB-3−/− mice (Fig. 4C−F). We injected LV-NB-3ΔECD-EGFP into spinal 

lesion sites of NB-3−/− mice (Fig. 4G−J). Spinal injection of LV-NC-EGFP was used as a 

control (Fig. 4K−N). Under all of these conditions, no interruption in sRST axon 

regeneration was observed, which was confirmed by quantification of the axon intensity 

index (Fig. 4O; n.s. for NB-3−/− + NB-3 in lesion site vs. NB-3−/− + NB-3ΔECD in lesion site; 

n.s. for NB-3−/− + NB-3 in lesion site vs. NB-3−/− + NC in lesion site; n.s. for NB-3−/− + NB-

3ΔECD in lesion site vs. NB-3−/− + NC in lesion site; n = 13 mice). Additionally, interruption 

of sRST regeneration was not observed following NB-3 overexpression in the CRN of NB-

3−/− mice (Supplementary Fig. 3IL; see online supplementary material at 

www.liebertpub.com). However, the inhibitory effect of NB-3 on axonal regeneration was 

restored following NB-3 overexpression in both the CRN and spinal lesion site of NB-3−/− 

mice (Supplementary Fig. 3IP; see online supplementary material at 

www.liebertpub.com). Quantification of the intensity index of sRST axons at various 

distances from the lesion borders also confirmed our observation (Supplementary Fig. 3Q; 

p < 0.01 for NB-3−/− + NB-3 in CRN vs. NB-3−/− + NB-3 in CRN and lesion site; n = 10 mice; 

see online supplementary material at www.liebertpub.com). Therefore, NB-3 induction in 

both sRST axons and scar-forming cells was necessary for mediating the transduction of 

this inhibitory signal.  
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NB-3−deficient mice exhibit synapse reformation after SCI 

Immunohistochemistry was performed to detect synapse reformation in the spinal 

cords 84 dpi (Fig. 5A). In NB-3+/+ and NB-3−/− mice, normal numbers of synaptophysin (syn)-

positive synapses were detected between sRST axons and MNs in the spinal cord 0.5 mm 

rostral to the lesion sites (Fig. 5B, C). In NB-3+/+ mice, T10 complete spinal transection 

substantially reduced the number of syn-positive synapses in the caudal spinal cord as 

compared with the number of syn-positive synapses in the rostral spinal cord (Fig. 5D). In 

contrast, syn-positive synapses were reformed between regenerative sRST axons and MNs 

in the distal spinal cord of NB-3−/− mice 84 dpi (Fig. 5E). Quantification of the number of 

syn-positive synapses per neuron confirmed the reformation of syn-positive synapses 

between regenerative sRST axons and MNs in the distal spinal cord of the NB-3−/− mice 

(Fig. 5F; p = 0.196 for rostral NB-3+/+ vs. rostral NB-3−/−, p < 0.0001 for rostral NB-3+/+ vs. 

caudal NB-3+/+, p < 0.0001 for rostral NB-3−/− vs. caudal NB-3−/−, p < 0.0001 for caudal NB-

3+/+ vs. caudal NB-3−/−; n = 10 mice).  

NB-3−deficient mice show improved EMG activity and coordination after SCI 

EMG was used to examine the locomotion improvement brought about by axonal 

regeneration of sRST axons. Recording electrodes were implanted in both soleus muscles of 

the hindlimbs, and locomotion was induced by a rehabilitation facility (Fig. 6A) (Van et al., 

2012). In NB-3−/− mice, T10 complete spinal transection totally abolished muscle contraction 

and motor coordination immediately after injury, but these were partially restored 84 dpi, in 

comparison with the total abolishment of muscle contraction and motor coordination in NB-

3+/+ mice 84 dpi (Fig. 6B, C). In contrast, the restored muscle contraction and left–right 

coordination in NB-3−/− mice was partially abolished by the 5-HT7 receptor antagonist 

SB269970 (Cabaj et al., 2016), which inhibits synaptic transmission between the serotonergic 

axons and CPGs (Fig. 6D). In addition, the 5-HT2 receptor antagonist cyproheptadine 

abolished almost all the restored contractions and left–right coordination in NB-3−/− mice 

(Fig. 6E), presumably by inhibiting synaptic transmission between serotonergic axons and 

MNs or CPGs. Quantification of EMG activity confirmed the restored contractions and left–

right coordination in NB-3−/− mice, which was inhibited by 5-HT receptor antagonists (Fig. 6F; 
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n = 10 mice). These results demonstrated that the NB-3 deficiency led to the improvement in 

EMG activity and left–right coordination. The increase in EMG activation and left–right 

coordination supported the morphological evidence of sRST regrowth and synapse 

reformation in the injured spinal cords of NB-3−/− mice. 

Discussion 

The molecular signaling pathways mediating axonal regeneration of the post-traumatic 

sRST in rodents have not been well elucidated. cAMP-related signaling molecules (Nikulina 

et al., 2004), Nogo (Kim et al., 2004), and chondroitin sulfate proteoglycans (CSPGs) (Coles 

et al., 2011) have all been reported to be involved in the axonal regeneration of the sRST. 

Our present work demonstrated that NB-3 induction is involved in inhibitory signal 

transduction to sRST axons after SCI. Additionally, our previous work demonstrated that 

PTEN/mTOR activity is downregulated in corticospinal neurons by NB-3 trans-homophilic 

interactions between post-traumatic corticospinal axons and scar-forming cells (Huang et 

al., 2016). However, there has as yet been no evidence that modulation of the PTEN/mTOR 

signaling pathway is relevant for sRST regeneration in rodents after SCI (Basso et al., 1995). 

This suggests that the molecules downstream of the NB-3 signaling pathway that regulate 

axonal regeneration of the sRST still needed to be explored.  

To investigate whether this signaling inhibition during sRST regeneration requires NB-3 

induction in both post-traumatic sRST axons and scar-forming cells, we tried to inject LV-

NB-3 shRNA into either the CRN or the spinal lesion site in NB-3+/+ mice and to inject LV-

NB-3 or LV-NB-3ΔECD into either the CRN or the spinal lesion site in NB-3−/− mice. 

However, ~ 90% of the mice with CRN injections died before the planned time points. It is 

highly likely that brainstem manipulations typically trigger brainstem bleeding or 

epileptiform activity and lead to acute respiratory failure (Feldman et al., 2006; Liang et al., 

2015), resulting in a high mortality rate after viral injection into the CRN. Albeit with a very 

low survival rate (10%) for CRN-injected mice, we thus verified the inhibitory role of NB-3 

either with NB-3 shRNA expression in the CRN of NB-3+/+ mice or with NB-3 shRNA 

expression in both the CRN and spinal lesion site of NB-3+/+ mice. We also verified the 

inhibitory role of NB-3 either with NB-3 overexpression in the CRN of NB-3/ mice or with 
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NB-3 overexpression in both the CRN and spinal lesion site of NB-3/ mice. Taken 

together, these findings demonstrated that NB-3 induction in both sRST axons and scar-

forming cells was necessary for mediating the transduction of this inhibitory signal. 

Contactin family member NB-3, which includes an extracellular domain consisting of six 

IgG-like domains and four FNIII-like domains, is anchored to the cell membrane by a 

glycosyl-phosphatidylinositol (GPI)-anchor (Shimoda et al., 2009). Contactin-4, -5, and -6, 

using a binding site that includes their second and third Ig repeats, interact with protein 

tyrosine phosphatase receptors; these binding sites may also be involved in NB-3 

homophilic interactions (Bouyain et al., 2010). Based on our observation that the inhibition 

of NB-3 induction leads to axonal regeneration after SCI, this extracellular domain is a 

potential molecular target for interrupting the NB-3 signaling. Although the crystal 

structures of fibronectin-like domain 1-3 of human contactin-5 (http://www. 

rcsb.org/pdb/explore/explore.do?structureId=5E52), and the crystal structures of the 

complexes of the PTP receptor (Z/G) and distinct member of contactin family (Contactin-4, 

-5 or -6) (Bouyain et al., 2010)—have been reported, crystallographic identification is still 

required to locate the specific epitopes in the NB-3 protein. However, computational 

prediction and point-mutation analyses could provide insights into the extracellular 

epitopes of the NB-3 protein that would facilitate the design and testing of functional 

blocking antibodies or chemical antagonists. This potential molecular target may form the 

basis of future methods for treating SCI.  

There have been increasing reports indicating the functionally supportive role of tissue 

grafts containing progenitor-derived astrocytes mediated extensive axon regrowth (Shih et 

al., 2014; Nguyen, et al., 2017), besides selective disruption of astrocyte during gliosis 

attenuates rather than promotes axon regrowth following SCI (Sofroniew, 2015; Anderson 

et al. 2016). In this study, we have also noticed the potential involvement of NB-3 

deficiency in sparing astrocytes at the lesion site and/or promoting astrocyte migration to 

the lesion site, whereas some of regenerative 5-HT axons were associated with glial 

processes (Fig. 2 and Supplementary Fig. 2). It suggests the possibility that NB-3 deficiency 

provides an astrocyte-based permissive substrate, which partially contributing to 5-HT 

axon regeneration. Moreover, recent studies have revealed the molecular signals in 
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regulation of reactive astrocyte migration after injury. For instance, astrocyte-specific N-

cadherin deficiency inevitably leads to the abnormal astrocyte migration (Kanemaru et al., 

2013; Péglion et al., 2012). Inhibition of integrin–N-cadherin signaling pathway interrupts 

the interaction between reactive astrocyte and type I collagen, and indeed results in 

axonal regrowth and functional recovery after SCI (Hara et al., 2017). Thus we speculate 

that the unidentified signaling pathway might be activated in regulation of the sparing 

astrocytes or promoting migration of astrocytes at the spinal lesion site of NB-3 deficient 

mouse. Nevertheless, further investigations remain necessary to elucidate the mechanism 

underlying NB-3 deficiency leading to regrowth of the 5-HT axons after SCI in the future. 
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FIGURE LEGENDS 

 

Fig. 1. Induced expression of NB-3 in somas and axons of serotonergic raphespinal tract 

and scar-forming cells after SCI. (A) Diagram of the serotonergic raphe nucleus at the level 
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of the brainstem and the sRST axons at the spinal lesion site of the injured spinal cord (in 

red). (B–E) FG (blue) was used to retrogradely label sRST somas. A 5-HT antibody (red) was 

used to label sRST somas and axons. NB-3 expression in sRST somas 14 dpi in injured (B 

and C) and sham-operated (D and E) NB-3+/+ mice. C and E: High-magnification images of 

boxed areas in (B and D), respectively. C1–C3 and E1–E3: Splitting of the multichannel 

images from (C and E). (F–K) Co-immunostaining of 5-HT (red), NB-3 (green), and GFAP 

(blue) in spinal cord from injured (F–H) and sham-operated (I–K) NB-3+/+ mice 14 dpi. G–H 

and J–K: High-magnification images of boxed areas in (F and I), respectively. G1–G3, H1–

H3, J1–J3, and K1–K3: Splitting of the multichannel images from (G, H, J, and K), 

respectively. Arrows indicate NB-3 induction in the glial scar; arrowheads indicate NB-3 

induction in sRST axons; the asterisk indicates the lesion epicenter. Scale bars, 50 µm (B 

and D), 30 µm (C, E, C1–C3, E1–E3), 250 µm (F and I), 80 µm (G–H, G1–G3, H1–H3, J–K, J1–

J3, K1–K3). 
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Fig. 2. NB-3 deficiency leads to enhanced regrowth of post-traumatic sRST axons. (A) 

Diagram of sRST axons at the spinal lesion sites of NB-3+/+ and NB-3−/− mice. (B–I) 

Representative images of sagittal sections showing the sRST axons in NB-3+/+ (B–E) and NB-

3−/− (F–I) mice 84dpi. (C–E and G–I) High-magnification images of boxed areas in (B and F), 

respectively. The arrows indicate the spinal lesion sites; the white dashed line indicates the 

regenerative sRST axons extending into the distal spinal cord; the asterisks indicate the 

lesion epicenters. (J) Quantification of an intensity index for sRST axons at certain 

distances from the lesion borders as in (B and F). Data are presented as the mean ± SEM. * 

p < 0.01; two-way ANOVA followed by Fisher’s LSD. Scale bars, 200 µm (B and F) and 50 

µm (C–E, G–I). 
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Fig. 3. Knockdown of NB-3 expression at the spinal lesion site leads to enhanced regrowth of 

post-traumatic sRST axons. (A) Diagram of sRST axons at the spinal lesion sites of NB-3+/+ 

mice infected with LV-NC-GFP or LV-NB-3 shRNA-GFP. (B) To validate the constructs LV-NC-

EGFP and LV-NB-3 shRNA-EGFP, spinal tissues from appropriately infected mice were 

dissociated and analyzed for expression of NB-3, GAPDH, and GFP by western blotting. Data 

are presented as the mean ± SEM. * p < 0.01, and *** p < 0.0001; one-sample t-test. (C–J) 

Sagittal sections showing the sRST axons in injured spinal cords following spinal injection of 
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LV-NC-GFP (C–F) and LV-NB-3 shRNA-GFP (G–J) in NB-3+/+ mice 84dpi. D–F and H–J: High-

magnification images of boxed areas in (C and G), respectively. The arrows indicate the 

spinal lesion sites; the white dashed line indicates the regenerative sRST axons extending 

into the distal spinal cord; the asterisks indicate the lesion epicenters. (K) Quantification of 

the intensity index of sRST axons at certain distances from the lesion borders as in (C and G). 

Data are presented as the mean ± SEM. * p < 0.01; multiple t tests and two-way ANOVA 

followed by Fisher’s LSD. Scale bars, 200 µm (C and G) and 50 µm (D–F, H–J). 
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Fig. 4. Regrowth of post-traumatic sRST axons was not interrupted by overexpression of 

NB-3 only at the spinal lesion site in NB-3–deficient mice. (A) Diagram of regrowing sRST 
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axons at the spinal lesion sites of NB-3−/− mice infected with LV-NB-3-EGFP or LV-NB-

3ΔECD-EGFP. (B) To validate the constructs LV-NB-3-EGFP, LV-NB-3ΔECD-EGFP, and LV-NC-

EGFP, spinal tissues from appropriately infected mice were dissociated and analyzed for 

expression of NB-3, GAPDH, and GFP by western blotting. Data are presented as the mean 

± SEM, n.s., not significant; *** p < 0.0001; one-sample t-test. (C–N) Sagittal sections 

showing the sRST axons in injured spinal cords following injection of LV-NB-3-EGFP (C–F) or 

LV-NB-3ΔECD-EGFP (G–J) or LV-NC-EGFP (K–N) into the lesion epicenter in NB-3−/− mice 

84dpi. (D–F, H–J, L–N) High-magnification images of boxed areas in (C, G, K), respectively. 

The asterisks indicate the lesion epicenters. (O) Quantification of the intensity index of 

sRST axons at certain distances from the lesion borders as in (C, G, K). Data are presented 

as the mean ± SEM; multiple t tests and two-way ANOVA followed by Fisher’s LSD. Scale 

bars, 200 µm (C, G, K) and 50 µm (D–F, H–J, L–N). 
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Fig. 5. Synapse reformation in NB-3–deficient mice after SCI. (A) Detection of synapse 

reformation between regenerative serotonergic axons and motor neurons in the injured 
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spinal cord 0.5 mm rostral to the lesion site and 0.5 mm caudal to the lesion site. (B–E) 

sRST axons, MNs, and the synapses that reformed between them were detected by co-

immunostaining for 5-HT (red) and syn (green), along with FG (blue) labeling. 

Representative images of coronal sections showing synapse formation between the sRST 

axonal terminals and MNs at 0.5 mm rostral (B and C) and 0.5 mm caudal (D and E) to the 

spinal lesion site of NB-3+/+ (B and D) and NB-3−/− (C and E) mice. Cross-lines indicate the 

position of xz (green) and yz (red) planes of interest. (F) Quantification of the number of 

synapses between sRST axonal terminals and MNs per neuron in each group as in (B–E). 

Data are presented as the mean ± SEM. n.s., not significant; *** p < 0.0001; one-sample t-

test. Scale bar, 30 μm (B–E). 
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Fig. 6. Restoring muscle contraction and motor coordination in NB-3–deficient mice after 

SCI. (A) The test of locomotion recovery was performed with a rehabilitation facility as 

shown. (B–E) In each group of NB-3+/+ and NB-3−/− mice, the muscle contraction and left–

right coordination of both soleus muscles (L, left; R, right) were recorded in sham-operated 

(B) and injured mice (C, D, and E) 84dpi. Recording was performed immediately after 

SB269970 (D) and cyproheptadine (E) were intrathecally applied. (F) Quantification of EMG 

data to analyze the phasing of EMG firing during locomotion, which are represented by 

circular polar plots. The red and green dots indicate the mean onset phases of consecutive 

EMG bursts in the left and right soleus, respectively, in a single test. The length of the r 

(ranging from the origin point to each dot) indicates the clustering of the peak preferred 

phase around the mean phase. A smaller p-value (< 0.05) indicates more uniformity of 

data samples (the Rayleigh circular test is applied to test the uniformity of data samples). 

Dots outside the inner circle indicate p < 0.05 and are indicative of rhythmic movements in 
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each hindlimb. The closer a dot is to the outer circle, the smaller its corresponding p-value 

is. The red and green arrow phases indicate the mean onset phases of all the left and right 

EMG bursts, respectively, in all tests. Synchrony of EMG burst onsets is reflected by a 0◦ 

difference in arrow phases in the polar plots, and alternation is reflected by a 180◦ 

difference in arrow phases; other angle differences in arrow phases are indicative of 

intermediate phases of synchrony and alternation.  
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Supplementary Fig. 1. Specificity of NB-3 antibody testing in somas of the sRST in NB-3−/− 

mice after SCI. (A and B) Co-immunostaining for 5-HT (red) and NB-3 (green) in FG-labeled 

sRST somas (blue) in sham-operated (A) and injured (B) NB-3−/− mice 14 dpi. (A1 and B1): 

High-magnification images of boxed areas in (A and B), respectively, that were split into 

individual channels (A2-A4 and B2-B4). (C and D) Co-immunostaining for GFAP (blue), NB-

3 (green), and 5-HT (red) in spinal cords from sham-operated (C) and injured (D) NB-3−/− 

mice 14 dpi. (C1–C3 and D1–D3): images that were split into individual channels in (C and 

D), respectively. Scale bars, 80 µm (A and B), 40 µm (A1–A4 and B1–B4), and 200 µm (C–D, 

C1–C4, D1–D4). 
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Supplementary Fig. 2. Analysis of time course of axonal extension in NB-3+/+ and NB-3−/− 

mice after SCI. (A–F) Representative images of sagittal sections showing the sRST axons in 

NB-3+/+ (A, C, and E) and NB-3−/− (B, D, and F) mice at 28 dpi (A and B), 42 dpi (C and D), 

and 56 dpi (E and F). The arrows indicate the spinal lesion sites; the asterisks indicate the 

lesion epicenters. (G) Quantification of an intensity index for sRST axons at certain 

distances from the lesion borders as in (A–F). Data are presented as the mean ± SEM; two-

way ANOVA followed by Fisher’s LSD. Scale bars, 200 µm (A–F). 
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Supplementary Fig. 3. Blocking NB-3 expression in the CRN and/or spinal lesion site leads 

to enhanced regrowth of post-traumatic sRST axons. (A–H) Sections showing the sRST 
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axons in injured spinal cords following injection of LV-NB-3 shRNA-GFP into the CRN alone 

(A and B) or into both the raphe nucleus and spinal lesion site (E and F) of NB-3+/+ mice 84 

dpi. (C and D) and (G and H) High-magnification images of boxed areas in (B) and (F), 

respectively. (I–P) Sections showing the sRST axons in injured spinal cords following 

injection of LV-NB-3-EGFP into the raphe nucleus alone (I and J) or into both the CRN and 

spinal lesion site (M and N) in NB-3/ mice 84 dpi. (K and L) and (O and P) High-

magnification images of boxed areas in (J) and (N), respectively. The arrows indicate the 

spinal lesion sites; the asterisks indicate the lesion epicenters. (Q) Quantification of the 

intensity index of sRST axons at certain distances from the lesion borders as in (B, F, J, and 

N). Data are presented as the mean ± SEM; multiple t tests and two-way ANOVA followed 

by Fisher’s LSD. Scale bars, 100 µm (A, E, I, and M), 200 µm (B, F, J, and N), and 50 µm (C, 

D, G, H, K, L, O, and P). 
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