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Abstract

Little is known about the molecules mediating the cross-talk
between post-traumatic axons and scar-forming cells after spinal
cord injury. We found that a sustained NB-3 induction was simulta-
neously present in the terminations of post-traumatic corticospinal
axons and scar-forming cells at the spinal lesion site, where they
were in direct contact when axons tried to penetrate the glial scar.
The regrowth of corticospinal axons was enhanced in vivo with
NB-3 deficiency or interruption of NB-3 trans-homophilic interac-
tions. Biochemical, in vitro and in vivo evidence demonstrated that
NB-3 homophilically interacted in trans to initiate a growth inhibi-
tory signal transduction from scar-forming cells to neurons by
modulating mTOR activity via CHL1 and PTPs. NB-3 deficiency
promoted BMS scores, electrophysiological transmission, and
synapse reformation between regenerative axons and neurons. Our
findings demonstrate that NB-3 trans-homophilic interactions
mediate the cross-talk between post-traumatic axons and scar-
forming cells and impair the intrinsic growth ability of injured axons.
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Introduction

Axonal regeneration of the corticospinal tract (CST), which controls
voluntary movements, has been intensively studied in spinal cord
injury (SCI). After injury, the glial scar is formed by reactive
astrocytes, microglia, fibroblasts, macrophages, and pericytes. In the
context of axonal regeneration, formation of the glial scar has been
shown to have both beneficial and detrimental effects (Bradbury
et al, 2002; Faulkner et al, 2004; Silver & Miller, 2004; Okada et al,

2006; Herrmann et al, 2008; Sofroniew, 2009; Goritz et al, 2011;
Sabelstrom et al, 2013; Wanner et al, 2013). Removal of inhibitory
factors at the lesion site allows sprouting of spared axons but is
insufficient for axonal regeneration (Hill et al, 2001; Barritt et al,
2006; Giger et al, 2010). Neuronal intrinsic mechanisms have
important roles in regulating axonal regeneration in the central
nervous system (CNS). Phosphatase and tensin homolog (PTEN)
inactivation in retinal ganglion cells (RGCs) and corticospinal neurons
or co-deletion of PTEN and suppressor of cytokine signaling 3
(SOCS3) in RGCs leads to robust axonal regeneration after injury (Park
et al, 2008; Liu et al, 2010; Sun et al, 2011). Sustained enhanced
STAT3 expression promotes corticospinal remodeling and functional
recovery after SCI (Lang et al, 2013). However, the molecular mecha-
nisms underlying how scar-forming cells modulate the neuronal
intrinsic growth ability have not been well elucidated.

Contactins are a subgroup of neural recognition molecules
belonging to the immunoglobulin (Ig)
expressed exclusively in the nervous system. Six membrane proteins
of this subgroup have been identified: contactin-1 (F3), contactin-2
(TAG-1), contactin-3 (BIG-1), contactin-4 (BIG-2), contactin-5
(NB-2), and contactin-6 (NB-3). NB-3 has a wide range of roles in
neural development (Takeda et al, 2003; Sakurai et al, 2009, 2010;
Huang et al, 2012). NB-3 interacts with close homolog of L1 (CHL1)
and protein tyrosine phosphatase o (PTPa) and mediates signaling
via PTPa to regulate apical dendrite projections in the developing
caudal visual cortex (Ye et al, 2008). These data strongly indicate
that NB-3, CHL1, and PTP may form a signaling complex for modu-
lating neural development.

NB-3 is involved in brain damage after cerebral ischemia (Huang
et al, 2011). Sustained upregulation of CHL1 expression is induced
in glial fibrillary acidic protein (GFAP)-positive astrocytes and
fibroblasts that form the glial scar in wild-type (WT) mice and inhi-
bits locomotion recovery after SCI (Jakovcevski et al, 2007). PTPo,

superfamily that are

a homolog of PTPu, is a type Ila receptor PTP and acts as a receptor
for both heparan sulfate proteoglycans (HSPGs) and chondroitin
sulfate proteoglycans (CSPGs) (Johnson & Van Vactor, 2003; Coles
et al, 2011). Loss of PTPc enhances regeneration in sciatic, facial,
optic, and corticospinal axons after injury (McLean et al, 2002;
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Thompson et al, 2003; Sapieha et al, 2005; Shen et al, 2009; Fry
et al, 2010), although the mechanism remains unclear.

We describe here that a novel molecular mechanism is responsi-
ble for the effect of the neural recognition molecule NB-3 in the
regulation of axonal regeneration after SCI that mediates the cross-
talk between post-traumatic axons and scar-forming cells by modu-
lating mammalian target of rapamycin (mTOR) activity in neurons
via CHL1 and PTPo.

Results
NB-3 induction in scar-forming cells at the lesion site after SCI

Spinal T10 complete transection was performed by modifying previ-
ously described methods (Liu et al, 2008). To assess how NB-3 is
involved in SCI, NB-3 expression was first examined in sagittal
sections of intact and injured mouse spinal cords. Because NB-3-
deficient (NB-37/7) mice were generated by substituting the
genomic region of NB-3 that encodes the secretion signal and part of
the first Ig domain with LacZ and Neo genes (Takeda et al, 2003),
we initially assessed the expression pattern of NB-3 using X-gal
staining in NB-3"/~ mice. In the intact NB-3 "/~ mouse spinal cord,
NB-3 was expressed weakly in scattered cells along the spinal cord
(Fig 1A). In the injured spinal cord, NB-3 expression was strongly
upregulated and was particularly concentrated in the lesion area
(Fig 1B). Upregulation of NB-3 in the lesion area was also detected
with Western blot analysis beginning 3 days post-injury. This upreg-
ulation reached a peak 14 days post-injury and was sustained at a
high level until at least 56 days post-injury (Fig 1C and D). The
sustained increase in NB-3 in the injured spinal cord suggested that
a large amount of NB-3 was induced after injury, most likely in the
scar-forming cells at the lesion site (Fig 1E and F).

To further identify the types of cells that expressed NB-3 in the
injured NB-3"/" mouse spinal cord, co-immunostaining was
performed with NB-3 antibody and GFAP antibody to label astro-
cytes, fibronectin antibody to label fibroblasts, or platelet-derived
growth factor receptor (PDGFR)-B antibody to label pericytes.
NB-3 protein was strongly expressed in GFAP-positive astrocytes
along the lesion border (Fig 1G-K1 and M-Q1), which represent
reactive astrocytes forming the glial scar after SCI. In addition,

NB-3 signaling regulates axonal regrowth  Zhenhui Huang et al

PDGFR-B-positive pericytes (Fig 1G-K1) and fibronectin-positive
fibroblasts (Fig 1IM-Q1) that were located at the epicenter of the
scar also strongly expressed NB-3 protein. In the injured NB-37/~
mouse spinal cord, NB-3 protein was undetectable in GFAP-positive
astrocytes, PDGFR-B-positive pericytes, and fibronectin-positive
fibroblasts at the spinal lesion site (Fig 1L, L1, R and R1).

Induction of NB-3 protein at the distal terminations of post-
traumatic corticospinal axons and neurons

Next, we examined the pattern of induced expression of NB-3
protein in post-traumatic CST. Corticospinal axons originate from
pyramidal neurons in layer V of the sensorimotor cortex (Fig 2A).
Fluorogold (FG) was injected into the lesion area in the
sham-injured and injured spinal cords to retrogradely trace these
corticospinal neurons. Immunohistochemistry revealed that NB-3
expression was induced in FG-labeled corticospinal neurons 14 and
28 days post-injury (Fig 2B and C). Western blotting showed that
the expression of NB-3 protein was upregulated in the sensorimotor
cortex for at least 8 weeks after SCI (Fig 2D and E). Biotinylated
dextran amine (BDA) was injected into the sensorimotor cortex for
anterograde tracing of the corticospinal axons. Sagittal sections of
sham-operated spinal cord showed that NB-3 was undetectable in
intact corticospinal axons (Fig 2F and G). In contrast, at 14 and
28 days post-injury, induced expression of NB-3 was detected
mainly at the terminations of post-traumatic axons (Fig 2H and J,
asterisks and boxed areas; Fig 2I and K), which formed typical
retraction bulbs (Fig 2I and K, arrowheads).

Thus, after SCI, NB-3 that was induced in the somas of corti-
cospinal neurons was transported to and accumulated at the termi-
nations of injured corticospinal axons, and, simultaneously, induced
NB-3 accumulated in the scar-forming cells. At the lesion site, the
terminations of NB-3-positive post-traumatic axons directly
contacted these NB-3-positive scar-forming cells.

Axonal regrowth in NB-3-deficient mice after SCI

To investigate the effect of NB-3 induction in both transected axonal
terminations and scar-forming cells at the spinal lesion site, we
assessed whether a deficiency in NB-3 affected the intrinsic growth
ability of severed corticospinal axons. NB-3*/" and NB-37/~ mice

Western blot analysis (C) and quantification (D) of NB-3 expression in the lesion area post-injury. NB-3 expression levels were normalized by B-tubulin. Data are

presented as mean + SEM. *P < 0.05 and **P < 0.01; one-way ANOVA followed by Bonferroni’s post-test. Data were analyzed from 10 independent experiments

Figure 1. Induced expression of NB-3 in the lesion area after SCI.
A B X-gal staining showed NB-3/LacZ expression in the sham-operated (A) and injured (B) spinal cords from adult NB-3*/~ mice.
C,D
each including two mice per group.
E F

Single-labeling immunostaining showed NB-3 expression in the sham-operated (E) and injured (F) spinal cords from adult NB-3** mice.

G-K  Co-immunostaining of NB-3 (green), PDGFR-f (red), and GFAP (blue) on serial sagittal sections from the same NB-3*/* spinal cord 14 days post-injury. (G1-K1)

High-magnification images of boxed areas in (G—K), respectively.

L Co-immunostaining of NB-3 (green), PDGFR-B (red), and GFAP (blue) on sagittal sections from the NB-37/~ spinal cord 14 days post-injury. (L1) High-
magnification image of the boxed area in (L). The arrows indicate the lesion sites.

High-magnification images of boxed areas in (M-Q), respectively.

Co-immunostaining of NB-3 (green), fibronectin (red), and GFAP (blue) on serial sagittal sections from the same NB-3*/* spinal cord 14 days post-injury. (M1-Q1)

R Co-immunostaining of NB-3 (green), fibronectin (red), and GFAP (blue) on sagittal sections from the NB-3~/~ spinal cord 14 days post-injury. (R1) High-

magnification image of the boxed area in (R).

Data information: Scale bars, 400 um (A, B, E and F, G-L), 100 um (G1-L1), and 400 um (M—R1). The arrows in (G-R) indicate the lesion sites.

Source data are available online for this figure.
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Figure 2.
A Diagram of the NB-3 induction (green) after SCI.

NB-3 signaling regulates axonal regrowth  Zhenhui Huang et al

Induced expression of NB-3 in corticospinal neurons and axons after SCI.

B NB-3 expression in corticospinal neurons 14 and 28 days post-injury (dpi). FG (blue) was applied to retrogradely label corticospinal neurons.
C Quantification of the fluorescence intensity of NB-3 in (B). **P < 0.01; one-way ANOVA followed by Bonferroni’s post-test. The intensities of more than 300

corticospinal neurons from three mice in each group were quantified.

D, E Western blot analysis (D) and quantification (E) of NB-3 expression in the sensorimotor cortex after SCI. NB-3 expression levels were normalized by B-tubulin.
*P < 0.05 and **P < 0.01; one-way ANOVA followed by Bonferroni’s post-test. Data were analyzed from three independent experiments each including three mice
per group.

F—K

Induced NB-3 expression at the distal terminations of post-traumatic corticospinal axons and in reactive astrocytes at the lesion border 14 (H and I) and 28 days

post-injury (dpi) (J and K). BDA (red) was applied to anterogradely label corticospinal axons. GFAP (blue) was used to label reactive astrocytes. (G) High-
magnification image of the boxed area in (F). (I and K) High-magnification and x-y-z reconstruction images of boxed areas in (H and J), respectively, show co-
localization of NB-3 and GFAP in astrocytes at the lesion border and co-localization of NB-3 in BDA-labeled axons and GFAP-positive astrocytes at the contact
surface of corticospinal axons and astrocytes (arrowheads). The arrows in (H and J) indicate the lesion sites. The asterisks in (H and J) indicate the terminations of

the BDA-labeled projecting axons.

Data information: Data are presented as mean + SEM (C, E). Scale bars, 30 um (B), 400 um (F, H, and J), 25 um (G, I, and K).

Source data are available online for this figure.

underwent complete spinal transection at the T10 segment. BDA
was injected into the sensorimotor cortex to trace the corticospinal
axons 2 weeks before the mice were sacrificed, and GFAP immuno-
staining outlined the borders of the lesion (Fig 3A). In NB-3*/"*
mice, most post-traumatic corticospinal axons retracted from the
lesion border and adhered rostrally to the glial scar, which did not
extend to the lesion site at all, even 14 weeks after complete tran-
section (Fig 3B-D). In contrast, the serial sections that encompassed
the main CST showing the completely transected corticospinal
axons in NB-37/" mice displayed vigorous regrowth (Fig 3E-K),
with many more continuous BDA-labeled axons penetrating into the
rostral lesion border, and some axons even traversed the lesion
epicenter (Fig 3E-K; Fig 3E-G, single asterisks) and grew into the
distal spinal cord 0.8 mm to the caudal lesion border (Fig 3E and K,
double asterisks). Quantification of the axon intensity index at vari-
ous distances relative to the lesion border revealed significantly
enhanced numbers of axons in the injured spinal cords of NB-3~/~
mice from —0.6 to 0 mm to the rostral lesion border, and from 0 to
0.75 mm to the caudal lesion border as compared with NB-3*/*
mice (Fig 3L), suggesting that NB-3-deficient corticospinal axons
had an enhanced regrowth capability.

We noticed some regrowing axons extended along the GFAP-
positive astrocytes (Fig 3E-K and Appendix Fig S1A-I). Quan-
tification revealed the percentage of regenerative corticospinal axons
associated with astrocytes in NB-3/~ mice. In the injured spinal
cords of NB-37/~ mice, 55% of regenerative axons were associated
with astrocytes from —0.5 to 0 mm to the rostral lesion border, 66 %
of regenerative axons were associated with astrocytes at the lesion
epicenter, and 57% of regenerative axons were associated with
astrocytes from 0 to 0.5 mm to the caudal lesion border
(Appendix Fig S1J). Otherwise, in all the NB-37/~ mice that under-
went complete spinal transection and the spinal lesion epicenter had
GFAP-positive tissue bridges, 66 % of regenerative axons were asso-
ciated with GFAP-positive tissue bridges (Appendix Fig S1K, K1,
and L). These results indicated the supportive role of astrocytes for
axonal extension, which was similar to findings in PTEN-deletion
mice that regenerating axons crossed the lesion in association with
astrocytes (Liu et al, 2010; Zukor et al, 2013).

In addition, analysis of scar-forming cells at the lesion sites in
both NB-3*/* and NB-37/~ mice showed the normal distribution
and appearance of astrocytes (Appendix Fig S2), pericytes

The EMBO journal Vol 35| No 16 | 2016

(Appendix Fig S3A-E), and fibroblasts (Appendix Fig S3F-J) in
NB-37/" mice after SCI, indicating that the enhanced regrowth capa-
bility of corticospinal axons was not due to the changes of glial scar
formation in NB-3~/~ mice.

NB-3-deficient mice exhibited the increase in BMS scores,
electrophysiological improvement, and synapse reformation
after SCI

NB-3*/* and NB-37/~ mice underwent T10 complete transection
injury, and open-field locomotor function was measured with BMS
scores. In both NB-3*/* and NB-3~/~ mice, hindlimb locomotion
was severely impaired for the first week after injury, slightly
improved over time, and reached a plateau 42 days later. NB-37/~
mice showed higher BMS scores than did NB-3"/* mice between 21
and 56 days post-injury (Fig 4A).

To verify the dependence of higher BMS scores on axonal regen-
eration, electrophysiological transmission was measured. A pair of
stimulating electrodes were placed in the sensorimotor cortex, and
recordings were made at 0.5 mm caudal to the lesion site (Fig 4B).
Stimulation at sensorimotor cortex evoked a short latency
(3.61 + 0.29 ms) response that was entirely abolished in NB-3*/~*
mice by T10 complete transection (Fig 4C). In contrast, evoked
responses were restored in injured NB-37/~ mice 12 weeks after
SCI. However, response latencies (5.42 + 0.18 ms) were prolonged
and response amplitudes were smaller (40% reduction) in the
injured NB-37/~ mice, as compared with that in sham-operated
NB-3"/* mice (Fig 4C). Notably, retransection of the spinal cord at
T10 completely abolished detectable activity upon sensorimotor
cortex stimulation in NB-3~/~ mice (Fig 4C). These results strongly
demonstrated that the absence of NB-3 led to axonal regeneration of
corticospinal tract and electrophysiological transmission across the
spinal lesion site. The increase in BMS scores and electrophysiologi-
cal activation supported the morphological evidence of increased
axon regrowth in the injured spinal cords of NB-3~/~ mice.

Immunohistochemistry was carried out to detect the synapse
reformation in the spinal cords of NB-37/~ mice 12 weeks post-
injury (Fig 4D). Glutamatergic synapses were normally formed
between corticospinal axons and interneurons in rostral and caudal
spinal cord of sham-operated NB-3"/* and NB-37/~ mice (Fig 4E).
Similarly normal glutamatergic synapses were also detected in the

© 2016 The Authors
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Figure 3. Deficiency in NB-3 leads to enhanced regrowth of post-traumatic corticospinal axons.

A Diagram showing BDA-labeled corticospinal axons at certain distances from the spinal lesion border after SCI. BDA (red) was applied into sensorimotor cortex to

anterogradely label corticospinal axons. GFAP (blue) was used to label reactive astrocytes and outline the lesion border in the injured spinal cord. The red dashed
lines indicate the rostral and caudal borders of the lesion; the green dashed lines indicate various distances from the rostral lesion border (0 mm); the blue dashed
lines indicate various distances from the caudal lesion border (0 mm).

B-K Representative images of serial sagittal sections showing the main BDA-labeled corticospinal axons in NB-3*/+ (B-D) and NB-3 / (E-G) mice 14 weeks after
complete spinal transection. (H-]) High-magnification images of the areas in (E-G) (single asterisks), respectively. (K) High-magnification image of the area in (E)
(double asterisks). The arrows indicate the lesion sites; the white dashed lines indicate the regenerative corticospinal axons extending into the distal spinal cord;
the single asterisks in (E-G) indicate the lesion epicenters; the double asterisks in (E) indicate the axons extending from the caudal lesion border. Scale bars,

400 pm (B-G) and 100 um (H—K).

L Quantification of the intensity index of BDA-labeled axons at certain distances from the lesion border in (B-G). Data are presented as mean £ SEM. *P < 0.05 and
**p < 0.01; two-way ANOVA followed by Fisher’s LSD. n = 25 mice per group.
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spinal cord 0.5 mm rostral to the lesion site, either in NB-3"/" or in

NB-37/~ mice (Fig 4E). However, glutamatergic synapses entirely
disappeared in the distal spinal cord of the NB-3*/* mice with T10
complete transection (Fig 4E). In contrast, glutamatergic synapses
were reformed between regenerative corticospinal axons and
interneurons in the distal spinal cord of the NB-3~/~ mice 12 weeks
post-injury (Fig 4E). Quantification of the number of glutamatergic
synapses per neuron confirmed the reformation of glutamatergic
synapses between regenerative corticospinal axons and interneu-
rons in the distal spinal cord of the NB-3~/~ mice (Fig 4F). These
evidence strongly demonstrated that the regenerative corticospinal
axons retargeted neurons and reformed glutamatergic synapses,
suggesting reformation of glutamatergic synapses could contribute
to re-establishment of spinal neural circuitry in NB-3~/~ mice after
SCI.

Interruption of NB-3 homophilic binding enhances regrowth of
post-traumatic corticospinal axons

Injection of lentivirus (LV) expressing NB-3 shRNA with GFP (LV-
NB-3 shRNA-GFP) in WT mice with complete spinal transection was
performed to interrupt the NB-3 homophilic interactions to further
test our hypothesis. The knockdown efficiency of LV-NB-3 shRNA-
GFP was assessed first. Over 80% of endogenously expressed NB-3
was knocked down in cultured pyramidal neurons (Fig SA and B).
LV-NB-3 shRNA-GFP was injected into the sensorimotor cortex to
knock down NB-3 expression in corticospinal neurons and in the
completely transected axons or into the spinal lesion site to knock
down the NB-3 expression in scar-forming cells.

In mice with cortical injection of negative control lentivirus (LV-
nc-GFP), most BDA and GFP double-labeled post-traumatic corti-
cospinal axons had retracted from the rostral lesion border, as did
the axons labeled with BDA alone (Fig 5C). In the mice with cortical
injection of LV-NB-3 shRNA-GFP, many BDA and GFP double-
labeled axons extended farther toward the rostral lesion border and
some of them even emerged from the caudal lesion border (Fig SD
and E) as compared with the axons labeled with BDA alone, which
retracted from the rostral lesion border (Fig 5D). By comparing the
regrowth extent of the post-traumatic axons infected with LV-NB-3
shRNA-GFP (Fig 5D) to those infected with LV-nc-GFP (Fig 5C), we
found that LV-NB-3 shRNA-GFP-mediated knockdown of NB-3
resulted in strong axonal extension 14 weeks after complete spinal

Figure 4.

The EMBO Journal

transection. Quantification of the intensity index of BDA and GFP
double-labeled axons revealed significantly enhanced numbers of
axons in the injured spinal cord from —0.5 to 0 mm to the rostral
lesion border, and from 0 to 0.4 mm to the caudal lesion border in
mice with cortical injection of LV-NB-3 shRNA-GFP, as compared
with that in mice with LV-nc-GFP injection (Fig 5F).

Regarding injecting LV into the spinal lesion site (Fig 5G-I), in
some cases the BDA-labeled post-traumatic axons either contacted
with LV-infected GFP and GFAP double-positive astrocytes or
contacted with other LV-infected GFP-positive scar-forming cells,
whereas in other cases they did not. Many BDA-labeled axons
adhered rostrally to the lesion border, whether contacting LV-
nc-GFP infected cells or not (Fig 5G). Compared with those axons,
more BDA-labeled axons that either contacted the LV-NB-3 shRNA-
GFP-infected GFAP-positive astrocytes or contacted other LV-NB-3
shRNA-GFP-infected scar-forming cells extended immediately to the
rostral lesion border and some of them even emerged from the
caudal lesion border 14 weeks after complete spinal transection
(Fig SH and I). Quantification of the axon intensity index confirmed
that injecting LV-NB-3 shRNA-GFP into the spinal lesion site led to
significantly increased numbers of axons in the injured spinal cord
from —0.5 to 0 mm to the rostral lesion border, and from 0 to
0.3 mm to the caudal lesion border as compared with injecting
LV-nc-GFP (Fig 5J).

To obtain further evidence, we produced an LV overexpressing
full-length NB-3 (LV-NB-3-EGFP). In NB-3"/~ mice after complete
spinal transection, LV-NB-3-EGFP was injected into the sensori-
motor cortex, into the spinal lesion site, or into both sites, respec-
tively. Interruption of axonal regeneration was only observed
when NB-3 was overexpressed in both NB-37/~ cortical neurons
and scar-forming cells 14 weeks after complete spinal transection
(Fig EV1A-D).

NB-3 homophilically interacted in trans via its extracelluar
domain. Thus, a construct encoding NB-3 lacking the extracelluar
domain (NB-3AECD) was produced and used to interrupt the NB-3
homophilic interactions. LV overexpressing NB-3AECD (LV-NB-3
AECD-EGFP) was produced. In NB-3/~ mice after complete spinal
transection, LV-NB-3AECD-EGFP was simultaneously injected into
the sensorimotor cortex and the spinal lesion site. Moreover,
LV-NB-3-EGFP was injected into the sensorimotor cortex with
concurrent spinal injection of LV-NB-3AECD-EGFP, and LV-NB-
3AECD-EGFP was injected into the sensorimotor cortex with

Increase in BMS scores, electrophysiological improvement, and synapse reformation of NB-3-deficient mice after SCI.

A Time course of the change in BMS scores in NB-3"/* and NB-3~/~ mice as measured with the BMS rating scale after spinal cord complete transection. *P < 0.05; two-

way ANOVA followed by Bonferroni’s post-test. n = 25 mice per group.

B Diagram showing electrophysiological analysis of transmission across the spinal lesion site.
Electrophysiological transmission across the spinal lesion site. In each group of NB-3** and NB-3~/~ mice, the electrophysiological responses in the caudal spinal
cord were recorded in the condition of sham-operated or 12 weeks post-injury. The latencies and amplitudes of responses were analyzed and quantified in each
group. n.s., not significant, *P < 0.05 and **P < 0.01; two-way ANOVA followed by Bonferroni’s post-test. n = 10 mice per group.

D Diagram showing analysis of synapse reformation between regenerative axons and neurons in the injured spinal cord 0.5 mm rostral to the lesion site or 0.5 mm

caudal to the lesion site.

E Representative images of coronal sections showing synapse formation between the glutamatergic corticospinal terminals and spinal neurons in NB-3** and NB-37/~
mice. Corticospinal axons, neurons, and glutamatergic terminals of corticospinal axons were labeled with BDA (red), Tujl (blue), and vGlut1/2 (green), respectively.
Each group showed the data from the rostral and caudal spinal cord in the condition of sham-operated or 12 weeks post-injury. Scale bar, 20 pm.

F Quantification of the number of glutamatergic corticospinal synapses per neuron in each group. n.s,, not significant, **P < 0.01; two-way ANOVA followed by Fisher’s

LSD. n = 15 mice per group.

Data information: Data are represented as mean + SEM (A, C, and F).
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concurrent spinal injection of LV-NB-3-EGFP. No interruption of
axonal regeneration was observed in any of these groups 14 weeks
after complete spinal transection (Fig EVIE-H).

Self-interactions of the NB-3 protein

Thus, we examined the self-interacting ability of NB-3. We first
performed a bead aggregation assay in which carboxylated-
modified microsphere beads were coated with NB-3-Fc or bovine
serum albumin (BSA) as a negative control. Aggregates formed by
beads coated with NB-3-Fc were much larger in size and in
number as compared with BSA-coated beads (Fig 6A and B), indi-
cating that purified NB-3 protein was capable of interacting with
itself, which is an important characteristic of a neural adhesive
protein (Wojtowicz et al, 2004; Jakovcevski et al, 2007). To further
verify the property of self-interaction in vitro, COS1 cells were
transfected with NB-3-HA and NB-3-Myc or Down syndrome cell
adhesion molecule (Dscam)-Myc as a negative control. NB-3-Myc
was detected in the NB-3-HA immunoprecipitate, whereas Dscam—
Myc was not, revealing co-immunoprecipitation of NB-3-Myc with
NB-3-HA in COS1 cells (Fig 6C). In COS1 cells overexpressing
NB-3-Myc and NB-3-HA, co-localization of NB-3-Myc with
NB-3-HA at the cell membrane was detected (Fig 6D and E;
Fig 6E, arrowheads), confirming that cis interactions of NB-3
occurred in vitro. Furthermore, we evaluated the trans interactions
of NB-3 in COS1 cells. COS1 cells transfected with NB-3—-Myc were
treated with NB-3-Fc or human Fc fragment. Co-localization of
NB-3-Myc with NB-3-Fc but not Fc was observed at the cell
membrane, indicating that NB-3 self-interacted in trans (Fig 6F and
G; Fig 6G, arrows). We also overexpressed NB-3-Myc in 293T cells
and NB-3-HA in COSI cells separately and then co-cultured these
two cell lines. In adjacent 293T and COS1 cells expressing NB-3,
co-localization of NB-3-Myc with NB-3-HA at the cell membrane
was also detected (Fig 6H).

Contact inhibition of neurite extension is mediated by NB-3
homophilic interactions

To further verify our hypothesis, we carried out an in vitro pyrami-

dal neuron-astrocyte co-culture assay to mimic the cross-talk
between corticospinal neurons and scar-forming cells under

Figure 5.
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physiological conditions in SCI. The pyramidal neurons were dissoci-
ated from layer V sensorimotor cortex of embryonic day 18.5 (E18.5)
NB-3*/* mice and co-immunostained with antibodies to Ctip2 and
Tujl to confirm their origin (Fig 6I). Immunofluorescence and
Western blot analysis showed that the pyramidal neurons expressed
NB-3 (Fig 6I and K), whereas the astrocytes, which were dissociated
from NB-3*/* mouse cortex at postnatal day 1-3 (P1-P3) and repre-
sented the glial scar-forming cells, did not (Fig 6J and K). Dissoci-
ated NB-3"/" pyramidal neurons were co-cultured for another 24 h
with astrocytes that had been transfected with the NB-3-Myc
construct or NB-3AECD-Myc construct or with negative control
vector. When the neurites contacted astrocytes that lacked NB-3
expression, they continued extending on the astrocytes (Fig 6L).
When they contacted astrocytes that expressed NB-3, most neurites
immediately halted their extension (Fig 6M). When they contacted
astrocytes that expressed NB-3AECD, neurites kept extending on the
astrocytes (Fig 6N). In contrast, dissociated NB-37/~ pyramidal
neurons from NB-37/~ mice were co-cultured with astrocytes that
had been transfected with the NB-3—-Myc construct, NB-3AECD-Myc
construct, or negative control vector. The NB-3-deficient neurites
continued extending on the astrocytes, in condition of either
contacting astrocytes that did not express NB-3 (Fig 60) or contact-
ing astrocytes expressing NB-3 (Fig 6P). Moreover, when the
neurites of NB-3AECD-expressing pyramidal neurons contacted
astrocytes that expressed NB-3AECD, the neurites kept extending on
the astrocytes (Fig 6Q). The ratios of the length of neurites on
the astrocytes to their total length were compared and revealed
that NB-3-expressing astrocytes significantly limited the axonal
extension of NB-3-expressing neurons (Fig 6R).

Cortical explants assay was established to further examine the
inhibitory effect of NB-3 homophilic interactions on neurite
outgrowth. Layer V cortical explants from E18.5 NB-3"/* and
NB-37/~ mice were cultured in medium supplemented with either
Fc or NB-3-Fc. Neurite outgrowth was not affected when NB-3*/*
cortical explants were cultured in medium supplemented with Fc
(Fig 7A). In contrast, neurite outgrowth was prominently reduced
when NB-3*/" cortical explants were cultured in medium supple-
mented with NB-3-Fc (Fig 7A). Otherwise, neurite outgrowth was
not affected when NB-37/" cortical explants were cultured in
medium supplemented with either Fc or NB-3-Fc (Fig 7A). Quan-
tification of the neurite length also verified our observations

Interruption of NB-3 homophilic binding leads to enhanced regrowth of post-traumatic corticospinal axons.

A, B Western blot analysis (A) and quantification (B) of NB-3 expression in cultured pyramidal neurons infected with lentivirus encoding negative control (LV-nc-GFP)
and that encoding NB-3 shRNA (LV-NB-3 shRNA-GFP). NB-3 expression levels were normalized by B-tubulin. ***P < 0.001; one-sample t-test. Data were analyzed

from five independent experiments.

High-magnification image (E) of the area in (D) (asterisk).

Sagittal sections showing the BDA-labeled corticospinal axons in injured spinal cords following cortical injection of LV-nc-GFP (C) and LV-NB-3 shRNA-GFP (D).

F Quantification of the intensity index of BDA-labeled axons at certain distances from the lesion border in (C and D). *P < 0.01; two-way ANOVA followed by Fisher’s

LSD. n = 19 mice per group.

High-magnification image (1) of the area in (H) (asterisk).

Sagittal sections showing the corticospinal axons in injured spinal cords following injection of LV-nc-GFP (G) and LV-NB-3 shRNA-GFP (H) into the lesion sites.

J Quantification of the intensity index of BDA-labeled axons at certain distances from the lesion border in (G and H). *P < 0.01; two-way ANOVA followed by Fisher’s

LSD. n = 17 mice per group.

Data information: Data are presented as mean 4 SEM (B, F, and ). Scale bars, 400 pum (C and D), 40 um (E and I), and 400 um (G and H). The arrows in (C-E, G and H)
indicate the lesion sites; the asterisks in (D and H) indicate the lesion epicenters; the white dashed lines in (D and H) indicate the regenerative corticospinal axons

extending into the distal spinal cord.
Source data are available online for this figure.
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(Fig 7B). Furthermore, the growth cone collapse assay was
performed to test whether the NB-3 homophilic interactions could
induce the collapse of growth cone. Pyramidal neurons were disas-
sociated from layer V sensorimotor cortex of E18.5 NB-3*/* and
NB-37/~ mice and cultured in medium supplemented with either Fc
or NB-3-Fc. Co-immunostaining of Ctip2, NB-3, and F-actin was
performed to label the growth cones of NB-3-expressing pyramidal
neurons. The growth cones of NB-3*/" pyramidal neurons contin-
ued growing and extending when the medium was supplemented
with Fc (Fig 7C and C1). In contrast, limited axonal extension and
collapsed growth cones were both observed in cultured NB-3*/~*
pyramidal neurons when the medium was supplemented with
NB-3-Fc (Fig 7C and C2). However, the growth cones of NB-3~/~
pyramidal neurons presented robust extension and normal morphol-
ogy when the medium was supplemented with either Fc or NB-3-Fc
(Fig 7C, C3, and C4). Quantification of the neurite length and the
percentage of collapsed growth cones confirmed our observations
(Fig 7D).

Trans-homoplhilic interactions of NB-3 downregulate mTOR
signaling in corticospinal neurons

Activation of mTOR signaling was one of the most promising
approaches for promoting axonal regeneration (Park et al, 2008; Liu
et al, 2010; Zukor et al, 2013). Because axonal regrowth was
observed after injury in NB-3~/~ mice, which completely lack NB-3
homophilic interactions, and in LV-NB-3 shRNA-GFP-injected mice,
in which their interactions are disrupted, we investigated whether
NB-3 homophilic interactions mediated downstream signaling that
affects the mTOR signaling pathway.

Immunohistochemistry revealed downregulation of phospho (p)-
mTOR (Fig 8A and B) and p-S6 (Fig 8C and D) in FG-labeled corti-
cospinal neurons of the NB-3"/* mice 2 weeks post-injury. In
contrast, the expression of p-mTOR and p-S6 in the corticospinal
neurons of the NB-37/~ mice was significantly upregulated 2 weeks
post-injury, to levels much higher than those in the sham-operated
NB-3*/" mice (Fig 8A-D). Western blot analysis of sensorimotor
cortical homogenates also showed a significantly decreased

Figure 6. Self-interactions of NB-3 and its inhibition of neurite extension.
A B

The EMBO Journal

expression ratio of p-Akt to total Akt (p-Akt/Akt) (Fig 8E and F) and
p-S6 (Fig 8G and H) in NB-3"/" mice 2 weeks after SCI. In NB-3/~
mice, the expression level of p-Akt/Akt (Fig 8E and F) and p-S6
(Fig 8G and H) was upregulated, suggesting that mTOR signaling
was activated in the absence of NB-3. Additionally, immunostaining
in corticospinal neurons and Western blot analysis of sensorimotor
cortical homogenates were carried out to detect the p-S6 expression
4, 8, and 12 weeks after SCI. The p-S6 expression in the corti-
cospinal neurons of the NB-3~/~ mice showed a long-term increase
as compared with those in the NB-3*/" mice 2 weeks after sham
surgery (Fig EV2A-E). Western blot analysis of sensorimotor
cortical homogenates also showed a long-term upregulation of p-S6
expression in NB-37/" mice 4, 8, and 12 weeks after SCI
(Fig EV2F-H).

To validate the activation of mTOR signaling initiated by interrup-
tion of NB-3 trans-homophilic interactions in vitro, we examined the
expression levels of Akt, p-Akt, p-mTOR, and p-S6 in the NB-3*/*
pyramidal neuron-astrocyte co-cultures. The expression of total Akt
was unchanged in the NB-3*/* pyramidal neuron-astrocyte
co-cultures (Fig 8I and J). Pyramidal neurons that contacted NB-3-
expressing astrocytes displayed significantly decreased fluorescence
intensity of p-Akt, p-mTOR, and p-S6 as compared with neurons that
contacted astrocytes that did not express NB-3 (Fig 8K-P). In
contrast, the expression levels of Akt, p-Akt, p-mTOR, and p-S6 in
NB-37/~ pyramidal neurons were also examined in the NB-37/~
pyramidal neuron-astrocyte co-cultures. Experiments provided
evident results that NB-3 deficiency did not affect the expression
levels of Akt, p-Akt, p-mTOR, and p-S6 in pyramidal neurons, in
condition of either contacting with NB-3-expressing astrocytes or
contacting astrocytes that did not express NB-3 (Fig EV3).

To assess the necessity of activation of mTOR signaling for the
regeneration effects of NB-3 deficiency, NB-3*/" or NB-37/~ mice
were treated intraperitoneally with rapamycin (a mTOR inhibitor)
every 2 days after SCI. As compared with the retraction of post-
traumatic corticospinal axons in NB-3"/* mice treated with vehicle
or rapamycin (Fig EV4A, B and F), axons still extended immediately
to the rostral lesion border and beyond the scar up to 0.8 mm in
NB-3/~ mice treated with vehicle 14 weeks post-injury (Fig EV4C,

NB-3-Fc-coated bead aggregation assay (A). BSA-coated beads as a negative control (B).

C Co-immunoprecipitation of NB-3—Myc with NB-3-HA from co-transfected COS1 cells.

D, E

Cis interactions of NB-3-Myc with NB-3-HA in COS1 cells. (E) High-magnification image of the boxed area in (D). Cells were co-stained for Myc (red), HA (green),

and DAPI (blue). The arrowheads indicate cell surface co-localization of NB-3-Myc and NB-3-HA.

F, G

Trans interactions between NB-3 expressed in COS1 cells and treated NB-3-Fc. Cells were co-stained for Myc (red), Fc or NB-3-Fc (green), and DAPI (blue). The

arrows indicate co-localization of NB-3-Myc and NB-3-Fc at the cell membrane (G).
H Cell membrane co-localization of NB-3—Myc and NB-3-HA separately expressed in 293T and COSL1 cells. Cells were co-stained for Myc (red), HA (green), and DAPI

(blue).

I,]  NB-3expression in cultured pyramidal neurons and astrocytes. Pyramidal neurons were co-stained for NB-3, Ctip2, and Tuj1 (I). Astrocytes were co-stained for

NB-3, GFAP, and DAPI ()).

K Western blot analysis and quantification of NB-3 in cultured pyramidal neurons and astrocytes. NB-3 expression levels were normalized by B-tubulin and
expressed relative to that of neurons. ***P < 0.001; one-sample t-test. Data were analyzed from three independent experiments.

NB-3*/* (L and M) and NB-37/~ (O and P) pyramidal neurons were co-cultured with astrocytes that did not (L and O) or did (M and P) express NB-3, and

immunostained for Tuj1, NB-3, and GFAP (L, M, O and P). NB-3*/* pyramidal neurons (N) and NB-37/~ pyramidal neurons that overexpressed NB-3AECD-Myc (Q)
were co-cultured with astrocytes that overexpressed NB-3AECD-Myc, and immunostained for Tuj1, Myc, and GFAP (N and Q).

R The length of neurites on astrocytes relative to total neurite length. n.s, not significant, and *P < 0.05; one-way ANOVA followed by Bonferroni’s post-test. The
neurite lengths of more than 150 pyramidal neurons from four independent experiments in each group were quantified.

Data information: Data are presented as mean + SEM (K and R). Scale bars, 15 um (A and B), 20 um (D), 6 um (E), 15 um (F and G), 10 pm (H-J and L-Q).

Source data are available online for this figure.
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Figure 7. NB-3 trans-homophilic interactions inhibit neurite outgrowth and lead to growth cone collapse.

A
B

Layer V cortical explants from E18.5 NB-3*"* and NB-3~/~ mice were cultured i
Quantification of neurite outgrowth in (A). n.s,, not significant, **P < 0.01; one
layer V cortical explants from five independent experiments in each group.

Ctip2, NB-3, and rhodamine phalloidin. (C1-C4) High-magnification images of

n medium supplemented with either Fc or NB-3—-Fc (50 pg/ml).
-way ANOVA followed by Bonferroni’s post-test. Data were analyzed from more than 50

Pyramidal neurons of NB-3** and NB-3~/~ mice were cultured in medium supplemented with either Fc or NB-3-Fc (50 pg/ml). The neurons were co-stained for

the growth cones (white arrowheads) of the neurons in (C), respectively.

Quantification of neurite length in (C), and the percentage of collapsed growth cones in (C). n.s., not significant, *P < 0.05, and **P < 0.01; one-way ANOVA followed

by Bonferroni’s post-test. Data were analyzed from more than 300 corticospinal neurons from six independent experiments in each group.

Data information: Data are presented as mean £ SEM (B and D). Scale bars, 200 pm (A), 10 um (C), and 20 um (C1-C4).

E and F), whereas axons retracted from the rostral lesion border in
NB-3~/~ mice treated with rapamycin (Fig EV4D and F).

CHL1 and PTPo are involved in the signaling cascade initiated by
NB-3 trans-homophilic interactions

Our findings suggested that NB-3 trans-homophilic interaction trans-

duced a signaling cascade from scar-forming cells to post-
traumatic corticospinal neurons that inactivated downstream mTOR

© 2016 The Authors

signaling in neurons. However, the sequence and components of
this signal transduction required further exploration.

CHL1 directly interacts with NB-3 in a cis manner in vitro and
enhances cell membrane expression of NB-3 to regulate apical
dendrite orientation in the developing visual cortex (Ye et al, 2008).
Additionally, trans interactions of NB-3 and CHL1 have not been
detected in vitro, indicating that NB-3 and CHL1 are not each other’s
ligand (Ye et al, 2008). CHL1 is induced mainly in cells forming the
glial scar and plays a role in SCI (Jakovcevski et al, 2007). Thus, we

The EMBO Journal Vol 35| No 16 | 2016 1757
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Figure 8. Trans-homophilic interactions of NB-3 downregulate mTOR signaling activity in corticospinal neurons.

A Images of coronal sections of layer V sensorimotor cortex from NB-3*"* and NB-3~/~ mice after SCI. Corticospinal neurons were retrogradely labeled with
Fluorogold (FG), and coronal sections were co-stained with p-mTOR (arrowheads).

B Quantification of fluorescence intensity of p-mTOR in FG-labeled corticospinal neurons in (A). *P < 0.05 and **P < 0.01; one-way ANOVA followed by Bonferroni’s
post-test. The intensities of more than 300 corticospinal neurons from three mice in each group were quantified.

C Images of coronal sections of layer V sensorimotor cortex from NB-3** and NB-3~/~ mice after SCI. Corticospinal neurons were retrogradely labeled with
Fluorogold (FG), and coronal sections were co-stained with p-S6 (5240/244) (arrowheads).

D Quantification of fluorescence intensity of p-S6 (5240/244) in FG-labeled corticospinal neurons in (C). *P < 0.05 and **P < 0.01; one-way ANOVA followed by
Bonferroni’s post-test. The intensities of more than 300 corticospinal neurons from three mice in each group were quantified.

E-H Western blot analysis and quantification of the expression of p-Akt/Akt (E and F) and p-S6 (S240/244) (G and H) in sensorimotor cortex from NB-3** and NB-37/~
mice after SCI. *P < 0.05 and **P < 0.01; one-way ANOVA followed by Bonferroni’s post-test. Data were analyzed from three independent experiments each
including three mice per group.

I-P  Expression and quantification of fluorescence intensity of Akt (I and J), p-Akt (K and L), p-mTOR (M and N), and p-S6 (5240/244) (O and P) in NB-3*/* pyramidal
neuron-astrocyte co-cultures. The astrocytes were transfected with either NB-3—Myc or a control vector. The dashed lines outline the astrocytes. The asterisks
indicate the NB-3-expressing astrocytes. n.s., not significant, *P < 0.05; one-sample t-test. The intensities of more than 300 pyramidal neurons from six
independent experiments in each group were quantified.

Data information: Data in bar graphs are presented as mean £ SEM. Scale bars, 20 um (A and C) and 10 pm (I, K, M, and O).

Source data are available online for this figure.
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assumed that NB-3 and CHLI acted in synergy at the lesion site after
SCIL. In our analysis, SCI-induced CHL1 co-localized with induced
NB-3 in the scar-forming cells (Fig 9A and B) and post-traumatic
corticospinal axons (Appendix Fig S4A-E) of the NB-3*/" mice
2 weeks post-injury. Western blot analysis of sham and injured
spinal cord homogenates also showed increased expression of CHL1
in the spinal lesion areas of NB-3"/* mice (Fig 9C and D), which
was similar to NB-3 induction. And further biochemical analysis
confirmed that NB-3 interacted with CHL1 in spinal cord lesion
areas of NB-3"/"* mice (Fig 9E). This simultaneous induction and
interaction suggested that NB-3 and CHL1 were involved in similar
processes in the regulation of axonal regeneration after SCI. More-
over, we found a stronger induction of CHLI in spinal lesion areas
(Fig 9A-D) but significantly reduced CHL1 expression in corti-
cospinal neurons (Fig 9F and G) and sensorimotor cortex (Fig 9H
and I) of NB-37/~ mice 2 weeks post-injury. These data strongly
hinted that once the synergy between NB-3 and CHL1 was inter-
rupted in the spinal lesion site of NB-37/~ mice, their inhibitory
effects on axonal regrowth were abolished. Then, we evaluated
CHL1 expression in pyramidal neuron—astrocyte co-cultures. When
NB-3 was overexpressed in astrocytes, CHLI expression was
synchronously enhanced and co-localized with NB-3 (Fig 9J and K;
Fig 9], asterisks). The NB-3*/" pyramidal neurons that contacted
NB-3-expressing astrocytes displayed significantly increased CHL1
expression and a stronger co-localization of NB-3 and CHLI1 in both
somas and axons as compared with neurons that contacted astro-
cytes that did not express NB-3 (Fig 9J and K; Fig 9J, arrowheads).
The co-localization was also identified at the E-cadherin-labeled cell
membrane of pyramidal neurons (Appendix Fig S5A and B;
Appendix Fig SSA, arrowhead) and observed in the axon tips of
pyramidal neurons (Fig 9J, green arrowhead). Comparatively, CHL1
expression was not affected in the NB-37/~ pyramidal neurons that

The EMBO Journal

either contacted with NB-3-expressing astrocytes or contacted astro-
cytes that did not express NB-3 (Fig 9J and K).

LV-CHL1 shRNA-GFP was simultaneously injected into the
sensorimotor cortex to knock down the CHL1 expression in post-
traumatic axons and into the spinal lesion site to knock down the
CHL1 expression in scar-forming cells. In mice with injection of
control lentivirus (LV-nc-GFP), most BDA and GFP double-labeled
post-traumatic corticospinal axons had retracted from the rostral
lesion border (Fig 9L and O). In mice with injection of LV-CHL1
shRNA-GFP, many BDA and GFP double-labeled axons sprouted
and extended to the rostral lesion border, and several BDA and GFP
double-labeled axons even transversed the lesion epicenter that
contained LV-CHL1 shRNA-GFP-infected scar-forming cells at
14 weeks post-injury (Fig 9M-0). In addition, the regrowth of post-
traumatic corticospinal axons was not further enhanced in NB-37/~
mice with cortical and spinal injections of LV-CHL1 shRNA-GFP
(Fig EVS5). These results suggested that CHL1 was involved in NB-3-
mediated contact inhibition and delivered inhibitory signal to corti-
cospinal neurons together with NB-3 through the same signaling
complex after SCI.

PTPc inhibits axonal regeneration after injury (McLean et al,
2002; Sapieha et al, 2005; Shen et al, 2009; Fry et al, 2010). PTPa, a
homolog of PTPo, directly interacts with NB-3 and CHLI in cortical
neurons and regulates the development of apical dendrites (Ye et al,
2008). Using co-immunostaining with NB-3 and PTPc antibodies, a
strong co-induction of PTPc and NB-3 was observed at the termina-
tions of BDA-labeled axons in the completely transected spinal cords
of NB-3*/* mice, whereas the expression of PTPc was downregu-
lated in those of NB-37/~ mice (Fig 10A and B). Accordingly,
we also observed a co-induction of PTPc and NB-3 in FG-labeled
post-traumatic corticospinal neurons of NB-3*/" mice, and signifi-
cantly reduced PTPo expression in those of NB-3~/~ mice 2 weeks

Figure 9. Co-induction of CHL1 and NB-3 after SCI mediates downstream signaling transduction.
A Co-immunostaining of CHL1 (blue), NB-3 (green), and BDA (red) in injured spinal cords of NB-3*/* (A1) and NB-3~/~ (A5) mice. (A2-A4 and A6-A8) High-
magnification images of boxed areas in (A1 and A5), respectively. Images in (A2 and A6) are presented as single-channel fluorescence images in (A3-A4 and A7-A8),

respectively.

B Quantification of fluorescence intensity of CHLL at the spinal lesion sites of NB-3** and NB-3~/~ mice after SCI. *P < 0.05 and **P < 0.01; one-way ANOVA

followed by Bonferroni’s post-test. n = 11 mice per group.

Western blot analysis (C) and quantification (D) of CHL1 expression in spinal lesion areas of NB-3** and NB-37/~ mice after SCI. *P < 0.05, **P < 0.01, and

***p < 0.001; one-way ANOVA followed by Bonferroni’s post-test. Data were analyzed from three independent experiments each including two mice per group.
E Co-immunoprecipitation of NB-3 and CHL1 from spinal lesion areas of NB-3** and NB-3~/~ mice.
F Co-immunostaining of CHLL and NB-3 in FG-labeled corticospinal neurons (arrowheads) of NB-3** and NB-3~/~ mice 14 days post-injury (dpi).

Quantification of the fluorescence intensity of CHL1 in (F). *P < 0.05 and **P < 0.01; one-way ANOVA followed by Bonferroni’s post-test. The intensities of more

than 300 corticospinal neurons from three mice in each group were quantified.
Western blot analysis (H) and quantification (1) of CHLL expression in sensorimotor cortices of NB-3** and NB-3~/~ mice after SCI. *P < 0.05; one-way ANOVA

followed by Bonferroni’s post-test. Data were analyzed from three independent experiments each including three mice per group.

J CHL1 expression in the somas and axons of NB-3** and NB-3~/~ pyramidal neurons when co-culturing with NB-3-expressing astrocytes (dashed lines and
asterisks) or astrocytes that did not express NB-3 (dashed lines). Co-localization of CHL1 and NB-3 in astrocytes overexpressing NB-3 (asterisks). Co-localization of
CHL1 and NB-3 in the somas and axons of co-cultured NB-3*/* pyramidal neurons (arrowheads). Left inset, high-magnification view of the soma (white
arrowhead). Right inset, high-magnification view of the axon tip (green arrowhead).

K Quantification of fluorescence intensity of CHL1 in (J). *P < 0.05, **P < 0.01, and ***P < 0.001; one-way ANOVA followed by Bonferroni’s post-test. The intensities of
more than 300 astrocytes or pyramidal neurons from 3 independent experiments in each group were quantified.

L-N

Sagittal sections showing the corticospinal axons in injured spinal cords following injection of LV-nc-GFP (L) and LV-CHL1 shRNA-GFP (M) into both the

sensorimotor cortex and lesion sites. High-magnification image (N) of the area in (M) (asterisk). The arrows indicate the lesion sites; the asterisk indicates the lesion

epicenter.

(o] Quantification of intensity index of BDA-labeled axons at certain distances from the lesion border in (L and M). *P < 0.05 and **P < 0.01; two-way ANOVA followed

by Fisher’s LSD. n = 9 mice (nc) and n = 10 mice (CHL1 shRNA).

Data information: Data in bar graphs are presented as mean =+ SEM. Scale bars, 500 um (Al and A5), 40 pm (A2-A4 and A6-A8), 20 um (F), 10 pum (J), 400 um (L and M),

and 40 pm (N).
Source data are available online for this figure.
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Figure 10. PTPg is involved in the signaling cascade mediated by NB-3 trans-homophilic interactions.

Co-immunostaining of PTPo (blue), NB-3 (green), and BDA (red) at spinal lesion sites of NB-3** (A1) and NB-37/~ (A6) mice. (A2-A5 and A7-A10) High-

A
magnification images of boxed areas in (A1 and A6) showing PTPc expression at the terminations of BDA-labeled corticospinal axons, respectively. Images in (A2
and A7) are presented as single-channel fluorescence images in (A3-AS5 and A8-A10), respectively.

B Quantification of fluorescence intensity of PTPc at BDA-labeled axonal terminations of NB-3*/* and NB-37/~ mice after SCI. *P < 0.05; one-way ANOVA followed by
Bonferroni’s post-test. n = 12 mice per group.

@ Co-immunostaining of PTPc and NB-3 in the FG-labeled corticospinal neurons (arrowheads) of NB-3** and NB-3~/~ mice 14 days post-injury (dpi). Insets, only
the signals from PTPo and FG in NB-3*/* corticospinal neurons (red arrowheads) were visualized.

D Quantification of fluorescence intensity of PTPo in (C). *P < 0.05; one-way ANOVA followed by Bonferroni’s post-test. The intensities of more than 300
corticospinal neurons from three mice in each group were quantified.

E Co-immunoprecipitation of NB-3 and PTPc from sensorimotor cortical lysates of NB-3"/* mice after SCI.

F Quantification of immunoprecipitated PTPc by NB-3 in (E). **P < 0.01; one-sample t-test. Data were analyzed from three independent experiments each including
15 mice per group.

G PTPG expression in NB-3*/* and NB-3~/~ pyramidal neurons when co-culturing with NB-3-expressing astrocytes (dashed lines and asterisks) or astrocytes that did
not express NB-3 (dashed lines). Upper inset, high-magnification view of the soma (white arrowhead). Lower inset, high-magnification view of the axon tip (green
arrowhead).

H Quantification of fluorescence intensity of PTPo in (G). n.s, not significant, and *P < 0.05; one-way ANOVA followed by Bonferroni’s post-test. The intensities of
more than 300 pyramidal neurons from four independent experiments in each group were quantified.

| Expression of PTPo, p-Akt, p-mTOR, and p-S6 (S240/244) in pyramidal neurons that expressed PTPc shRNA-GFP. A control plasmid expressing GFP was transfected
as the negative control (nc).

J Quantification of fluorescence intensity of PTPo, p-Akt, p-mTOR, and p-S6 (S240/244) in (I). *P < 0.05; one-sample t-test. The intensities of more than 300
pyramidal neurons from four independent experiments in each group were quantified.

K—M Sagittal sections showing the corticospinal axons in injured spinal cords following injection of LV-nc-GFP (K) and LV-PTPo shRNA-GFP (L) into the sensorimotor
cortex. High-magnification image (M) of the area in (L) (asterisk). The arrows indicate the lesion sites; the asterisk indicates the lesion epicenter.

N

Quantification of the intensity index of BDA-labeled axons at certain distances from the lesion border in (K and L). *P < 0.01; two-way ANOVA followed by Fisher’s

LSD. n = 8 mice (nc) and n = 10 mice (PTPo shRNA).

(o] A model illustrating the signal transduction between scar-forming cells and post-traumatic axons mediated by NB-3 trans-homophilic interactions.

Data information: Data in bar graphs are presented as mean & SEM. Scale bars, 500 pm (Al and A6), 40 um (A2-AS5 and A7-A10), 20 pum (C), 10 um (G and 1), 400 pm (K

and L), and 40 um (M).
Source data are available online for this figure.

post-injury (Fig 10C and D; Fig 10C, arrowheads). Co-immunopreci-
pitation of NB-3 and PTPc from sensorimotor cortical homogenates
of NB-3"/* mice was detected (Fig 10E and F). In addition, SCI
appeared to facilitate the interaction between NB-3 and PTPo in
sensorimotor cortex (Fig 10E and F). As a negative control, co-
immunoprecipitation of NB-3 and PTPoc from sensorimotor cortical
homogenates of NB-3~/~ mice was not detected (Appendix Fig $6).
Then, we evaluated PTPc expression in pyramidal neuron-astrocyte
co-cultures. In the co-cultures, PTPc expression was also elevated
in both the somas and axons of NB-3"/* pyramidal neurons when
they contacted NB-3-expressing astrocytes as compared with those
that contacted astrocytes that did not express NB-3 (Fig 10G and H).
And a stronger co-localization of NB-3 and PTPc which was
detected in the somas and axon tips of pyramidal neurons also con-
firmed their interactions (Fig 10G, arrowheads). The co-localization
was also identified at the E-cadherin-labeled cell membrane of
pyramidal neurons (Appendix Fig S5C and D; Appendix Fig S5C,
arrowhead). In contrast, PTPc expression was not elevated in
the NB-37/~ pyramidal neurons that either contacted with
NB-3-expressing astrocytes or contacted astrocytes that did not
express NB-3 (Fig 10G and H). All these data suggested that PTPc
also worked together with NB-3 to regulate intrinsic axonal
regeneration signaling after SCI. In accordance with previous find-
ings that adult PTPo-deficient mouse retinas had constitutively
elevated activity of mitogen-activated protein kinase (MAPK) and
Akt kinase (Sapieha et al, 2005), we also found that transfection of
PTPc shRNA into cultured pyramidal neurons resulted in down-
regulation of PTPo and upregulation of p-Akt, p-mTOR, and p-S6 in
pyramidal neurons (Fig 10I and J).

In mice with cortical injection of control lentivirus (LV-nc-GFP),
most BDA and GFP double-labeled post-traumatic corticospinal

© 2016 The Authors

axons that had retracted from the rostral lesion border, as did the
axons labeled with BDA alone (Fig 10K and N). In the mice with
cortical injection of LV-PTPc shRNA-GFP, a lot of BDA and GFP
double-labeled axons extended toward the rostral lesion border and
some of them even penetrated the lesion epicenter and grew into
the distal spinal cord 14 weeks post-injury (Fig 10L-N), as
compared with the axons labeled with BDA alone, which retracted
from the rostral lesion border (Fig 10L).

Thus, in our model (Fig 100), SCI-induced expression of NB-3
and CHLLI in scar-forming cells and of NB-3, CHL1, and PTPc in
post-traumatic corticospinal neurons and axonal terminations where
they contacted at the spinal lesion site. CHL1 promotes cell
membrane expression of NB-3 in neurons (Ye et al, 2008). There-
fore, the induction of NB-3 and CHL1 in scar-forming cells mutually
promoted the expression of the other protein within cells, as well as
at the cell membrane. This accelerated signal transduction to
neurons by increasing the possibility of NB-3 trans interactions at
their contact surface (Fig 100). In neurons, NB-3 interacted with
PTPo to regulate unknown signaling components to inactivate the
downstream mTOR signaling pathway (Fig 100).

Discussion

Little is known about the molecular signals mediating the cross-talk
between scar-forming cells and post-traumatic axons. In this study,
we observed the regrowth of corticospinal axons was enhanced
in vivo with NB-3 deficiency or interruption of NB-3 trans-homophilic
interactions. To determine whether the regrowth of corticospinal
axons was due to axonal regeneration or axonal preservation, the
time course of axonal extension was analyzed in NB-3"/* and
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NB-3~/~ mice after SCI. In NB-3"/" mice, most post-traumatic corti-
cospinal axons retracted from the lesion border and adhered rostrally
to the glial scar 56 days post-injury (Appendix Fig S7A-F and M-0O).
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In contrast, the obvious dieback of post-traumatic corticospinal axons
was not detected in NB-37/~ mice 14, 28, and 56 days post-injury
(Appendix Fig S7G-L and M-0O). These results indicated that the
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regrowth of post-traumatic corticospinal axons was due to axonal
regeneration in NB-3~/~ mice after SCI. However, the concept of axon
regeneration has become very controversial in this field. Axon regen-
eration is defined as axon growth from the severed end of injured
axon, whereas regenerative sprouting refers to axonal processes that
emerge from the side of an axon that has been injured at a distal
point. In practice, it is very difficult to distinguish these two processes
in vivo and certainly not with currently available methods. An accu-
rate definition of these two processes will depend on breakthrough
techniques to distinguish between axon regeneration and regenerative
sprouting. Thus, advances in technology may help to clearly delineate
these two distinct axonal processes.

Moreover, we also observed the NB-3 induction in different types
of scar-forming cells including astrocytes, fibroblasts, and pericytes.
It would be useful to determine whether all scar-forming cells with
NB-3 induction, including fibroblasts and pericytes that are located
in the epicenter of the lesion scar, have similar effects on axonal
regrowth after SCI or whether a distinct type of scar-forming cells
employs the NB-3 signaling pathway and transduces the signal to
neurons. Moreover, a microtubule-stabilizing drug (epoB) was
recently reported to abrogate directed migration of scar-forming
cells and promote axon regrowth after SCI (Jorg et al, 2015). It
would be interesting to explore whether interruption of NB-3 trans-
homophilic interactions between post-traumatic axons and scar-
forming cells has the same effect as epoB with respect to abrogating
directed migration of scar-forming cells and propelling growth of
post-traumatic axons. Also, can epoB regulate the signal transduc-
tion initiated by NB-3 trans-homophilic interactions between post-
traumatic axons and scar-forming cells?

The ligands and downstream signaling molecules of NB-3 have not
been well elucidated, particularly in axonal regeneration after SCI.
Our data suggest that trans-homophilic interactions of NB-3 mediate
the transduction of a contact inhibitory signal from scar-forming cells
to corticospinal neurons. Co-induction of NB-3 with CHLI in scar-
forming cells and that of NB-3 with CHL1 and PTPc within corti-
cospinal neurons and axons suggest that these proteins form a
complex at their contact surface. Based on previous findings that SCI-
induced CHL1 in scar-forming cells restricts axonal growth
(Jakovcevski et al, 2007), we speculate that CHL1 alone could not
transduce the inhibitory signal from the scar-forming cells to the
neurons in the absence of NB-3, whereas the cis interactions of CHL1
and NB-3 at the axonal terminations and the trans-homophilic interac-
tions of NB-3 at the contact surface are the key steps for the down-
stream signaling cascade in neurons. In our study, we noticed that
CHLI1 was elevated in the spinal lesion areas of NB-37/~ mice 14 days
post-injury, but not in the sensorimotor cortex. We also noticed the
CHLI1 elevation at the terminations of post-traumatic corticospinal
axons in NB-37/~ mice 14 days post-injury (Appendix Fig S4A-E).
However, we found CHL1 was certainly elevated in the sensorimotor
cortex of NB-37/~ mice 7 days post-injury (Appendix Fig S4F-J). It
suggested that induced CHLI in the somas of corticospinal neurons
was efficiently transported to the axonal terminations and accumu-
lated at the terminations of injured corticospinal axons in NB-37/~
mice 14 days post-injury. Moreover, the sustained expression of
CHLI in the somas of corticospinal neurons may depend on the NB-3
expression after SCI. This transportation of CHL1 and the lack of
sustained expression resulted in the CHLI reduction in the sensori-
motor cortex of NB-37/~ mice 14 days post-injury. CHLI, indeed,

© 2016 The Authors
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promoted cell expression of NB-3 and strengthened their interactions
in the complex.

Previous studies demonstrated that PTPc has multiple roles in
the process of axonal regeneration (Coles et al, 2011). We demon-
strated that PTPo is involved in the NB-3-associated complex, which
exerts inhibitory functions on neurons by modulating mTOR activ-
ity. Although CHL1 was still highly induced after SCI, the assembly
of the protein complex including NB-3, PTPc, and CHL1 would have
been interrupted in the absence of NB-3 and in the presence of
lower levels of PTPo in spinal lesion sites of injured NB-3-deficient
mice. Consequently, steady activation of Akt and downstream
mTOR in corticospinal neurons would have ultimately led to axonal
regrowth. Therefore, PTPc acts as a signal mediator for trans-
homophilic interactions of NB-3.

In our study, mice injected with LV expressing NB-3 shRNA
(LV-NB-3 shRNA-GFP) were subjected to surgery at the age of
8-10 weeks. NB-3 should be downregulated in 8- to 10-week-old
mice. Previous study reported that PTEN ablation leads to axon
regeneration only when the ablation occurs relatively early (Liu
et al, 2010). We also saw weak axonal regeneration in mice injected
with LV-NB-3 shRNA-GFP as compared with NB-3~/~ mice. Our
results are consistent with the above finding concerning PTEN
ablation. Moreover, we found that NB-3 interacted with PTPc to
inactivate downstream mTOR signaling in neurons via modifying
unknown signaling components. Thus, the NB-3 signaling pathway
is definitely not the same as the PTEN-mTOR signaling pathway,
especially regarding the component that directly affects the mTOR/
p-S6 activity. Therefore, NB-3 signaling seems to be a distinct
signaling pathway involved in regulating axonal regeneration by
inactivating mTOR signaling. However, it is too early to exclude the
possibility that NB-3 trans-homophilic interactions might have
unknown effects on other signaling pathways that regulate the inter-
nal regrowth capability of post-traumatic axons. Thus, additional
molecules involved in this complex and the consequences of down-
stream signals must be elucidated.

Materials and Methods
Animals and surgeries

Animal experiments were conducted in accordance with the
Soochow University guidelines. NB-3-deficient mice have been
previously described (Takeda et al, 2003). The detailed surgical
procedures for spinal cord injury are described in Appendix Supple-
mentary Materials and Methods.

Plasmid construction

The detailed information for the constructs of NB-3—-Myc, NB-3-HA,
NB-3AECD NB-3AECD-Myc, PTPc shRNA, CHL1 shRNA, NB-3
shRNA, and the negative control is described in Appendix Supple-
mentary Materials and Methods.

Neural tracing

Biotinylated dextran amine (Invitrogen) was injected into the senso-
rimotor cortex to examine the regrowth of corticospinal axons. FG
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(Biotium) was injected into the dorsal CST at the T10 segment of
the spinal cord to retrogradely label the corticospinal neurons.
The detailed procedures for neural tracing are described in
Appendix Supplementary Materials and Methods.

Immunohistochemistry

Immunohistochemistry was performed on cryostat sections
(30 pm). Images were acquired on Zeiss LSM700 confocal micro-
scopes (Carl Zeiss). The detailed procedures and the antibodies used
in experiments are described in Appendix Supplementary Materials
and Methods.

LV preparation and injection

Lentiviruses encoding NB-3, NB-3AECD, NB-3 shRNA, CHLI1
shRNA, PTPc shRNA, and negative control were prepared. The
detailed methods for LV preparation and injection are described in
Appendix Supplementary Materials and Methods.

Western blotting and co-immunoprecipitation

Western Blotting and co-immunoprecipitation were performed by
using either spinal cord lysates or sensorimotor cortical lysates. The
detailed methods are described in Appendix Supplementary Materi-
als and Methods.

Primary culture of astrocytes and pyramidal neurons

The cortical neurons from layer V sensorimotor cortex of E18.5
embryos were co-cultured with astrocytes from cerebral cortices of
P1-P3 mice. The detailed methods for co-culture are described in
Appendix Supplementary Materials and Methods.

Electrophysiology

Electrophysiological transmission experiments were using previ-
ously described techniques (Bradbury et al, 2002). The detailed
methods for electrophysiology are described in Appendix Supple-
mentary Materials and Methods.

Quantification

Quantifications were carried out to evaluate the axon intensity
index, fluorescence intensity, neurite length, the percentage of
regenerative corticospinal axons associated with reactive astrocytes
or GFAP-positive tissue bridges, the cell density and cell volume of
scar-forming cells, and the synapse reformation. The detailed meth-
ods for the quantifications are described in Appendix Supplementary
Materials and Methods.

Expanded View for this article is available online.
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