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Abstract
Chondroitin sulphate proteoglycans (CSPGs) are major components to impeding axonal regeneration,
condense in the extracellular-matrix to form perineuronal nets (PNNs) which interdigitate with axonal
contacts. Each CSPG comprises a core protein with covalently attached chondroitin-sulfate
glycosaminoglycan side chains (CS moieties). In the past, the representative treatment for CSPGs were
chondroitinase-ABC which destroys all CS moieties. However, recent rodents researches found some CS
moieties promote axon regeneration rather than inhibit axon regeneration. Using a canine model of spinal
cord injury (SCI), which is a superior translational model for progressing rodent data into clinical practice,
we showed that speci�c sulfation patterns of CS moieties play different role in modulation of axon re-
growth. Upregulated CS-A expression occurred at 1-day post-SCI, earlier than CS-C expression which was
increased at 14-days post-SCI. CS-A was mainly colocalized with astrocytes but CS-C was upregulated in
both astrocytes and neurons/axons. Treatment with low-dose fractionated irradiation (LDI) signi�cantly
inhibited the expressions of astrocyte-associated CS-A and CS-A-enriched PNNs, but no inhibitory effect
on CS-C and CS-C-enriched PNNs. There was a positive correlation between a reduction of CS-A-enriched
PNNs and an increase of serotonergic (5-hydroxytryptamine, 5-HT) axonal sprouting. Increased
serotonergic axon sprouting proximal to the lesion accompanied 5HT receptor up regulation following
LDI treatment. Furthermore, LDI treatment promoted hindlimb motor function recovery following SCI.
Taken together, our �ndings show that speci�c sulfation patterns of CS moieties and CSPG-enriched
PNNs involved in carrying instructions for regulating axonal regeneration and that LDI treatment may be
an e�cacious strategy for treating SCI.

Introduction
Spinal cord injury (SCI) causes severe sensorimotor dysfunctions, which induces long-term life di�culties
in affected individuals. Axonal regeneration and re-innervation have emerged as important mechanisms
underlying functional recovery processes following SCI (Tohda and Kuboyama 2011; Fink et al. 2017;
O'Shea et al. 2017). Recent evidence suggests that many repulsive cues inhibit regenerative axonal
growth and lead to poor or negligible recovery of motor function (Akbik et al. 2012; Masu 2016).

Chondroitin sulphate proteoglycans (CSPGs) are amongst the key repulsive cues for axon regeneration in
injured central nervous system (CNS) tissue. In the CNS, CSPGs condense around neurons soma and
proximal dendrites to form perineuronal nets (PNNs), which are specialized extracellular-matrix structures
that interdigitate with axonal and synaptic contacts (Ye and Miao 2013). PNNs are implicated in the
termination of critical periods during development, as well in impeding axonal regeneration and synaptic
plasticity in adulthood (Beurdeley et al. 2012; Sorg et al. 2016; Banerjee et al. 2017). The chondroitin-
sulfate glycosaminoglycan side chains (CS moieties) of CSPGs are responsible for PNN formation and
control the critical periods for plasticity of multiple circuits (Bradbury et al. 2002; Pizzorusso et al. 2002;
Hou et al. 2017; Sullivan et al. 2018; Fawcett et al. 2019). The CS moieties are complex unbranched
polysaccharides of variable length with a backbone structure composed of a repeating disaccharide unit
consisting of D-glucuronic acid (GlcA) and N-acetyl-D-galactosamine (GalNAc) (Yutsudo and Kitagawa
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2015). This simple repetitive structure can then undergo extensive modi�cation by sulfation at the C4 or
C6 position of GalNAc residues during biosynthesis. During biosynthesis, individual GalNAc residues of
the repeated disaccharide units can be sulfated at C6 or C4 by chondroitin 6-O-sulfotransferase-1 (C6ST-
1) and chondroitin 4-O-sulfotransferase-1 (C4ST-1), respectively (Mikami et al. 2003). Previous studies
have found that changes in the activities of C6ST-1/C4ST-1 induce developmental increases/decreases in
the 4-sulfation/6-sulfation ratio of CSPGs during development and in several CNS diseases (Miyata et al.
2012). However, it remains largely unknown whether changes in speci�c sulfation patterns regulates
axonal plasticity.

Following CNS disease and injuries, high levels of CSPGs are found proximal to the lesion and form
distinct PNNs (Brown et al. 2012), among which CS-A (chondroitin-4-sulfation)-enriched PNNs and CS-C
(chondroitin-6-sulfation)-enriched PNNs exhibit different degrees of upregulated expression. CS-A-
enriched PNNs can be labeled with Wisteria �oribunda agglutinin (WFA), whereas CS-C-enriched PNNs
can be labeled with a CS56 antibody (Miyata and Kitagawa 2015). Previous studies have demonstrated
that elimination of CSPGs with chondroitinase ABC induces neuroprotective effects (Lee et al. 2010).
However, recent axon regeneration studies, utilized rodents model, have suggested that CS moieties can
act as growth factor or inhibitory molecules hinging on their sulfation status (Miyata et al. 2012; Yutsudo
and Kitagawa 2015). Moreover, a recent study demonstrated that knocking out CSPGs exacerbates tissue
loss, in�ammation and neurologic de�cits after brain injury (Schafer and Tegeder 2018). The importance
of speci�c sulfation patterns of CS moieties to axonal regeneration might have been overlooked in
previous studies because chondroitinase-ABC treatment destroys all CS moieties.

Recently, single-dose X-irradiation shown potential in the amelioration of functional de�cits caused by
SCI in rodents (Ridet et al., 2000; Azria et al., 2012; Kim et al., 2013; LeRoux et al., 2014). A continual
administration of low-dose fractionated irradiation (LDI) treatment could show a more pronounced
blocking effect on the dynamic glial reaction than the single-dose treatment. Our previous beagle dogs
SCI study also showed that LDI promoted axonal regeneration through inhibiting CSPG production
(Zhang et al. 2017). However, the relationship between sulfation patterns of CS moieties and axonal
regeneration has still not been addressed.

The effect of LDI treatment on functional receptors of CSPGs and 5-HT receptors also need to be
clari�ed. CSPGs work with their receptors, Nogo receptors and leukocyte common antigen-related receptor
protein tyrosine phosphatases (LAR-RPTPs), initiated promoted/inhibitory effects on axonal growth and
guidance (Tran et al. 2018). Interactions of CSPGs with RPTPσ or LAR have been shown in modulation of
axonal regeneration and dendritic-spine formation through ADAM10 shedding, RhoA activation and
tropomyosin-related kinases dephosphorylation (Kurihara and Yamashita 2012; Dyck et al. 2015; Lang et
al. 2015; Fisher et al. 2011). High-a�nity binding between CSPGs with NgR1/3 also has been
demonstrated, knockout of NgR1 and NgR3 signi�cantly promoted mice axonal regeneration following
injury (Dickendesher et al. 2012). Loss of descending 5-hydroxytryptaminergic nerve �ber was involved in
locomotor impairment in rodents, 5-HT receptors (including 5-HT2c/a and 5-HT7 receptors) expression
are also important for locomotion recovery modulation following SCI (Slawinska et al. 2014).
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Thus, we hypothesized that sulfation patterns of CS moieties are relevant to axonal regeneration because
of their putative in�uence on the formation of speci�c CS-enriched PNNs. To test this hypothesis, utilized
beagle dog SCI model, we examined CS moieties sulfation patterns and PNN formation proximal to the
lesion. Additionally, we aimed to clarify whether or not there is a change in the expression levels of CSPG
receptors following SCI and, if so, whether and which receptors affect axonal regeneration. Finally, we
investigated whether the neuroprotective effects of LDI treatment are mediated via alterations of
sulfation patterns that in�uence PNN formation. Previous studies on spinal cord injury were more based
on rodent models, but, due to the anatomical, molecular and functional differences, these �ndings cannot
be made in humans directly. CSPGs have been studied, and chondroitinase used, in several large animal
models of spinal cord injury including dog, cat, and non-human primate (Tester and Howland 2008;
Jefferson et al. 2011; Muir et al. 2019; Doperalski et al. 2020). Large animal may more useful for
developing therapeutic strategies in humans, and canine SCI model might be considered as intermediate
between rodent study and human clinical trials.

Experimental Procedures

Animals and surgery
This study was carried out in accordance with the recommendations of the National Institute of Health
Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80 − 23) revised 1996. The
procedures were performed on the animals in accordance with protocols approved (TJA-2019015) by the
Institutional Animal Care and Use Committee of Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology. All surgery was performed under anesthesia with pentobarbital
and iso�urane, and all efforts were made to minimize the number of animals used and their suffering.

According to the principle of completely random, adult beagle dogs (n = 30, 18.5–22.0 kg) were divided
into the sham-operated group (Two time points, the number of animals at each time point = 5), SCI group
(Two time points, the number of animals at each time point = 5), LDI groups (Two time points, the number
of animals at each time point = 5). The sample size was determined as our previous study, in particular,
the sample size was calculated by PASS 15 (power = 0.90, alpha = 0.05, G = 3, inputted mean and SEMs
and calculated the sample size). All dogs were anesthetized with 35 mg/kg of pentobarbital, maintained
with 1–2% iso�urane, as described previously (Koshman et al. 2018; Goya et al. 2018). All operations
were performed by the same spine surgeon who were blinded to the study. Under aseptic conditions, the
laminectomy exposed the spinal cord at T9-T10 vertebral level. In the sham-operated group, only the
laminectomy was performed without any other operation. In the animals of SCI group and LDI group, a
tiny incision was made, the overlying meninges were slit, one micro guide wire was placed on the
longitudinal axis of the spinal cord to avoid the injury of the contralateral tissue by the scalpel, and the
left hemi-cord was completely transected. Following the operation completed, the incision was
immediately covered with a piece of Dura�lm (American Dura�lm Company Inc, USA), and gelfoam �lled
the tissue loss dued to the laminectomy. The overlying muscles and skin were then sutured. All these
consistent operations were to avoid lesion variability within or across groups of animals.
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Food and water intake of the dogs were monitored during the study. Animals recovered from surgery in a
warm and comfortable room, and were returned to their quarters, penicillin were administered to prevent
infection, a balanced diet including plenty of proteins was gave to the dogs, dogs’ bladders were
expressed 2–3 times daily until urinary incontinence disappeared. The skin also was kept clean and free
of body �uids,cages were kept with very soft blankets to avoid excessive pressure and tannic acid was
applied to prevent pressure ulcer.

In the LDI group, LDI program was conducted starting at 1day post-injury and continuous conducted for
14 days. No LDI was conducted in the sham-operated and SCI group. First, modi�ed Tarlov-grading
scores for locomotor function were carried at days 1, 14 and 60 post-injury, and then all dogs were
euthanized with an excessive dose of barbiturates (100mg/kg) at 14-days (n = 5) and 60-days (n = 5)
post-SCI, and samples of spinal cord were quickly removed on ice for further research. The samples were
equally divided into two parts along the longitudinal axis of the spinal cord, half of the samples were
used for morphological analysis and half for Western blot analysis.

Low-dose-fractionated irradiation therapy
Irradiation was delivered by an X-ray generator with a dose rate of 101.7 cGy/min, a hybrid orthovoltage
unit operating at 250 kVp, 10 mA with 0.25 mm Cu �ltration, and delivered at a distance of 50 cm from
the dogs’ skin. The exposure �eld was 30 mm ×15 mm (length × width), and the inner boundary was the
spinal cord. Previous studies showed that, for human spinal cord, the clinical-tolerance-dose values are
45–50 Gy and 33 Gy when delivered in daily fractions of 2 Gy and 3 Gy, respectively (Marcus and Million
1990; Schultheiss 1990; Khan et al. 1999). In the present study, the total and fractional doses of
radiotherapy were determined based on these previous studies and our previous study (Zhang et al.
2017). The LDI protocol was: LDI was performed beginning at 1-day post-SCI, and the irradiation was
performed once a day for 14 days, each fractionated dose was 2 Gy, the total dose was 28 Gy across 14
fractions.

Immunohistochemistry
Brie�y, samples of spinal cord were quickly removed from the vertebral column on ice, �xed with 4%
paraformaldehyde overnight, washed thrice in 0.1 M PBS, immersed in 30% sucrose solution until
samples sank. The optimum cutting temperature compound (Sakura, USA) then blocked the spinal cord
samples. The samples were sectioned at a thickness of 40 µm on a sliding microtome (CM1900, Leica,
Germany). The sections were then rinsed thrice with 0.1 M PBS, incubated with 0.2% Triton X-100
containing 1% bovine serum albumin (BSA) for 2 h, washed thrice in PBS. The sections were incubated
overnight at 4°C with the primary antibodies (Table 1). Longitudinal section (cut along the longitudinal
axis of the spinal cord) were stained for MAP-2/5-HT, GFAP and CSPGs speci�c antibodies to identify the
axon regeneration mecyhanism. Sagittal sections through the lesion were stained for MAP-2 and CSPG
receptors antibodies to identify the result of LDI treatment on CSPGs-CSPGs receptors binding activity.
The sections were washed thrice with PBS, incubated with A�niPure donkey anti-mouse �uorescein
isothiocyanate (FITC)-conjugated secondary antibodies (1:200; Code number: 715-095-150, Jackson
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ImmunoResearch), A�niPure donkey anti-rabbit cyanine3 (Cy3)-conjugated secondary antibodies (1:200;
Code number: 711-165-152, Jackson ImmunoResearch), A�niPure donkey anti-goat cyanine3 (Cy3)-
conjugated secondary antibodies (1:200; Code number: 705-165-003, Jackson ImmunoResearch), for 60
min at room temperature. Instead of the primary antibodies, nonspeci�c IgG was used for negative
controls.

After tissue clearing, sections were imaged by a laser scanning confocal microscope (FV1000, Olympus,
Japan). Images quanti�cation was performed by two independent observers using ImageJ software. To
quantify CSA/CSC and MAP-2 (+) neuron/axon density at injury site in sham-operated, SCI and LDI
treatment group, CSA/CSC and MAP-2 immunoreactivities were determined by thresholding above
background level. 15 slices per animal were used for quanti�cation. To quantify the number of MAP-2 (+)
or 5-HT (+) neuron/axons, 50 µm square grids were generated over the entire image, every 6th square was
quanti�ed, only MAP-2 (+) or 5-HT (+) signal that is linear, at least 1 µm in length was identi�ed as one
axon. For quanti�cation of positive cell percentage, cells touching the left side line and bottom line of a
square were disregarded.

Western blotting
To investigate C4ST-1 protein expressions, tissue samples (20 mm length centered at the injury site) were
harvested, homogenized in lysis buffer (0.1-M NaCl; 0.01-M Tris-HCl at a pH of 7.5; 1-mM EDTA; 1-mM
PMSF; and 1 mg/mL of aprotinin), centrifuged at 12,000 g (15 min at 4°C). Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) was utilized to analyze protein extracts (20–100
mg/lane). Protein was then transferred from the gel to nitrocellulose membranes after electrophoresis.
The nitrocellulose membranes were blocked with 5% non-fat milk solution in TBS-0.1% Tween, incubated
with anti-C4ST-1 (1:200) antibody overnight at 4°C. The anti-β-actin antibody (1:5,000, Neomarkers, CA)
was blotted to con�rm equal protein loading. After incubated with peroxidase-linked secondary antibody
for 2 h in room temperature, C4ST-1 protein was visualized using an enhanced chemiluminescent system
(Supersignal West Pico Trial Kit, 34577, Pierce, CA). The speci�city of antibodies was compared between
rat spinal cord samples and canine spinal cord samples, the western blot results showed that the
response of the rat and canine samples to the antibody was similar (Supplement.1). For quantitative
analysis, the protein bands intensity was analyzed by densitometry using the Molecular Analyst software.

Three-dimensional image acquisition and reconstruction
Three-dimensional image acquisition and reconstruction were performed as previously described (Zhang
et al. 1999). Brie�y, vibratome sections were incubated with the CS-56 antibody (1:100, Sigma-Aldrich) or
Biotinylated WFA lectin (Vector laboratories, CA, USA) for three days at 4°C, and then incubated with Cy3-
conjugated secondary antibodies (1:200, Jackson ImmunoResearch) or Alexa 488/594 conjugated
streptavidin. These vibratome sections were then incubated with the 5-HT antibody (1:100, ImmunoStar)
at 4°C for three days, and then incubated with FITC-conjugated secondary antibodies (1:200, Jackson
ImmunoResearch). The sections were analyzed with an Olympus FV1500 confocal-imaging system.
Microscopic data were acquired with a 40X objective lens with a numerical aperture. The red (Cy3) and
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green (FITC) �uorochromes in the sections were excited by a laser beam at568 nm and 488 nm, and the
emissions were acquired with two separate photomultiplier tubes through 585-nm and 522-nm emission
�lters, respectively. High-resolution images from the areas located in the 10X objective were acquired with
40 thin optical sections along the z-axis with a 1-µm step size using a 40X objective lens. The tissue
volume size was 260.6 µm × 260.6 µm × 40 µm. A total of 64 images were acquired from non-
overlapping �elds. A single composite three-dimensional image was reconstructed using Olympus
FV5700 image-analysis software. To quantify PNNs/axon in tissue samples, all CS-56/WFA-positive or 5-
HT-positive images acquired from the LSCM were analyzed with the FV5700 image-analysis software.
Brie�y, the single composite three-dimensional image dimensions given above were reconstructed from
the distribution of CS-56/WFA or 5-HT immunostaining. After the volume was thresholded by a gray level
of 120, three-dimensional objects were determined from the remaining voxels. A voxel was included in an
object if a face, side, edge, or corner touched any voxel already in that object. The size of a three-
dimensional object was the number of voxels contained in the object. All three-dimensional objects with
fewer than two voxels were eliminated from further analysis. The total volume of CS-56/WFA or 5-HT
staining present in the rendered cube of tissue was then calculated in mm3 and was divided by the total
tissue volume to determine the percentage of tissue volume that was �uorescently marked. 15 slices per
animal were used for quanti�cation.

Neurologic-function scores
Motor function was evaluated with the modi�ed Tarlov-grading system to study the effect of LDI
treatment (Rabinowitz et al. 2008). Before the surgery, the animals were trained for one week, and
baseline scores were �rst established prior to SCI. Open-�eld locomotor testing was performed by two
examiners, who were blinded to the study, at 1, 3, 7, 14, 30 and 60 days post-injury post-SCI using the
following �ve-point modi�ed Tarlov-grading system, as previously described(Rabinowitz et al. 2008): 1 -
�accid hind limbs; 2 - purposeful hind-limb motion; 3 - stands unassisted; 4 - full ambulation; and 5 –
climbs at a 20° incline. Each dog was monitored from the ipsilateral side and back for a minimum of 10
walking steps. Dogs that could not bear weight on their pelvic limbs were also recorded when supported
by holding the base of their tail to allow non-weight-bearing voluntary movements of their pelvic limbs to
be seen. All open-�eld locomotor testing was performed under the same conditions and at the same time
period on each scheduled testing date.

Statistical analysis
All the data were expressed as the means ± SEMs, and analyzed using the SPSS 11.0 statistical software.
Normality was counted by Shapiro-Wilk test and Kolmogorov-Smirnov test, variance homogeneity was
counted by Levene’s Test (see supplemental 1). Statistical analysis was evaluated by one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test or repeated measures ANOVA with Greenhouse-
Geisser adjustment. Differences were considered statistically signi�cant at P < 0.05.

Results
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The temporal expression and cellular localization of CS-A and CS-C proximal to the lesion following SCI.

In the present study, we �rst examined the expression of CS-A and CS-C moiety of CSPGs proximal to the
lesion following SCI via immuno�uorescent staining. Compared to very low levels of reactivity for CS-A in
the sham-operated group, we found immediately increased staining for CS-A proximal to the lesion at 1-
day post-SCI that reached a peak at 14-days post-SCI. Moreover, upregulated CS-A was detected far out
as 60-days post-SCI. Next, we found that LDI treatment restored the expression of CS-A to a level near
that of the sham-operated group (Fig. 1A). Immunohistochemical analysis showed that, at 1-day post-SCI,
6.0 ± 1.33 cells/cm2 were immunoreactive for CS-A in the sham-operated group, which increased to 16.3 
± 2.78 cells/cm2 in the SCI group and was attenuated to 10.02 ± 0.98 cells/cm2 after LDI treatment (F (2,
12) = 7.12, p = 0.009). At 14-days post-SCI, the CS-A expression level was 6.2 ± 1.58 cells/cm2 in the
sham-operated group, which was increased to 32.7 ± 5.35 cells/cm2 in SCI group and was attenuated to
15.3 ± 2.19 cells/cm2 after LDI treatment (F (2, 12) = 7.39, p = 0.008).

The temporal expression of CS-C was different from that of CS-A. Our results demonstrated that no
signi�cant variation in CS-C expression was found among the sham-operated, SCI and LDI treatment
groups at 1-day post-SCI. However, CS-C was increased by 14-days post-SCI and reached a peak by 60-
days post-SCI. Strikingly, in contrast to the results of CS-A expression, LDI treatment showed no inhibitory
effect on CS-C expression following SCI (Fig. 1B). Immunohistochemical analysis showed that 5.8 ± 2.23
cells/cm2 were immunoreactive for CS-C in the sham-operated group, which increased to 13.3 ± 3.27
cells/cm2 at 14-days post-SCI in the SCI group and was similarly 12.1 ± 1.88 cells/cm2 after LDI
treatment (F (2, 12) = 7.59, p = 0.007). At a later time point, there were 6.1 ± 1.09 cells/cm2 in the sham-
operated group, which was increased to 35.38 ± 2.29 cells/cm2 at 60-days post-SCI in SCI group and was
similarly 33.51 ± 1.97 cells/cm2 after LDI treatment (F (2, 12) = 7.62, p = 0.007).

We next determined the spatial expression of CS-A and CS-C proximal to the lesion. Double-
immuno�uorescent staining was performed with the following speci�c antibodies at the time points
when CS-A and CS-C expressions reached their corresponding peaks: GFAP for astrocytes; MAP-2 for
neurons and axons; LY111 for CS-A; and MC21 for CS-C. At 14-days post-SCI, we found substantial
staining for CS-A proximal to the lesion, and colocalization of CS-A and GFAP was also apparent. On the
contrary, a thin expression of CS-A was observed in MAP-2 positive neurons/axons (Fig. 1C). At 14-days
post-SCI, the percentage of CS-A-positive astrocytes was 8.7 ± 0.93% in the sham-operated group, which
increased to 26.8 ± 2.09% after SCI (F (1,8) = 12.81, p = 0.000); the percentage of CS-A-positive
neurons/axons was 5.5 ± 0.86% in the sham-operated group, which was similarly 5.8 ± 0.79% after SCI (F
(1,8) = 1.25, p = 0.100). At 60-days post-SCI, CS-C was upregulated in both astrocytes and neurons/axons
proximal to the lesion. The percentage of CS-C positive astrocytes was 5.5 ± 0.73% in the sham-operated
group, which increased to 12.2 ± 1.29% after SCI (F (1,8) = 10.82, p = 0.000); the percentage of CS-C
positive neurons/axons was 7.5 ± 1.29% in the sham-operated group, which was increased to 39.8 ± 
1.28% after SCI (F (1,8) = 1.35, p = 0.118).
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LDI decreases astrocyte-associated CS-A expression, restrains CS-A-enriched PNN accumulation.

We had demonstrated that LDI inhibited CS-A expression, but not CS-C expression, proximal to the lesion
following SCI. However, since CS-A is expressed in both astrocytes and neurons, we next explored whether
LDI inhibits neuron-associated CS-A expression and/or astrocyte-associated CS-A expression at 14-days
and 60-days post-SCI. There were rare CS-A positive neuron/axon in the sham-operated and SCI animals.
LDI treatment did not alter CS-A expression in neuron/axon. At 14-days post-SCI, 3.2 ± 0.38% of
neuron/axon were CS-A positive in the sham-operated group, which was similarly 3.7 ± 0.35% in the SCI
group and 3.3 ± 0.02% after LDI treatment (F (2, 12) = 1.55, p = 0.252). At 60-days post-SCI, 3.5 ± 0.17% of
neuron/axon were CS-A positive in the sham-operated group, which was similarly 3.8 ± 0.25% in the SCI
group and 3.6 ± 0.55% after LDI treatment (F (2, 12) = 1.62, p = 0.238) (Fig. 2B). In contrast, LDI treatment
signi�cantly inhibited CS-A expression in astrocytes. At 14-days post-SCI ,1.2 ± 0.58% of astrocytes were
CS-A positive in the sham-operated group, which increased to 35.3 ± 3.26% in the SCI group and was
attenuated to 5.1 ± 0.91% after LDI treatment (F (2, 12) = 7.99, p = 0.006). At 60-days post-SCI, 1.5 ± 0.61%
of astrocytes were CS-A positive in the sham-operated group, which increased to 39.8 ± 2.15% in the SCI
group and was attenuated to 6.3 ± 1.03% after LDI treatment (F (2, 12) = 7.85, p = 0.007) (Fig. 2A). These
results revealed that SCI increased astrocytic but not neuronal CS-A expression, and that LDI treatment
induced signi�cant inhibition of the aberrantly elevated astrocytic CS-A expression following SCI, but did
not signi�cantly affect the already stable neuronal CS-A expression in neurons following SCI.

We further used double-immuno�uorescent staining and Western blotting to examine whether protein
expression of C4ST-1 changed in the spinal cord tissue proximal to the lesion after LDI treatment. C4ST-1
expression was signi�cantly increased in astrocytes following SCI in the spinal cord tissue proximal to
the lesion compared to a time-matched sham-operated group (Fig. 2C) (see supplemental 2). Interestingly,
after LDI treatment, C4ST-1 expression in astrocytes was signi�cantly reduced to a level close to that of
the sham-operated group. Additionally, double-immuno�uorescent staining showed that 7.0 ± 0.78% of
astrocytes were C4ST-1 positive in the sham-operated group, which increased to 20.5 ± 2.37% in the SCI
group and was attenuated to 9.12 ± 0.56% after LDI treatment at 14-days post-SCI (F (2, 12) = 8.01, p = 
0.006). Later, at 60-days post-SCI, 7.2 ± 0.83% of astrocytes were C4ST-1 positive in the sham-operated
group, which was increased to 19.5 ± 1.17% in SCI group and was attenuated to 9.06 ± 0.88% after LDI
treatment (F (2, 12) = 7.89, p = 0.006). Complementing these results, Western blotting showed that, in the
SCI group, the protein expression of C4ST-1 increased to 213.5 ± 7.36% (14-days post-SCI) and 153.9 ± 
5.61% (60-days post-SCI) compared to those of time-matched sham-operated animals, and LDI treatment
restored the C4ST-1 protein expression to 136.3 ± 3.95% (14-days post-SCI) (F (2, 12) = 8.06, p = 0.006)
and 120.9 ± 7.33% (60-days post-SCI) (F (2, 12) = 8.13, p = 0.005) of that of the sham-operated levels,
respectively (Fig. 2D) (see supplemental 2).

We further investigated whether LDI treatment altered CS-A or CS-C-enriched PNNs following SCI. We
used WFA to label CS-A-enriched PNNs, a CS56 antibody to label CS-C-enriched PNNs, and we
quantitatively analyzed the CS-A/CS-C-enriched PNNs. We found that LDI decreased CS-A-enriched PNNs
proximal to the lesion following SCI (Fig. 3A). At 14-days post-SCI, 6.3 ± 1.12% of PNNs were CS-A-



Page 10/28

enriched in the sham-operated group, which was increased to 29.3 ± 3.32% in SCI group and was
attenuated to 8.85 ± 0.96% after LDI treatment (F (2, 12) = 7.93, p = 0.006). At 60-days post-SCI, 6.7 ± 
1.07% of PNNs were CS-A-enriched in the sham-operated group, which was increased to 35.3 ± 1.89% in
SCI group and was attenuated to 9.27 ± 1.03% after LDI treatment (F (2, 12) = 7.79, p = 0.007). However,
LDI treatment had no signi�cant inhibitory effect on CS-C-enriched PNNs expression. At 14-days post-SCI,
5.8 ± 0.89% of PNNs were CS-C-enriched in the sham-operated group, which increased to 22.5 ± 1.28% in
the SCI group and was 19.25 ± 1.53% after LDI treatment (F (2, 12) = 1.89, p = 0.193). At 60-days post-SCI,
6.2 ± 1.01% of PNNs were CS-C-enriched in the sham-operated group, which increased to 31.5 ± 1.75% in
the SCI group and was 28.2 ± 1.19% after LDI treatment (F (2, 12) = 1.92, p = 0.189) (Fig. 3B).

LDI increases expression of 5-HT axons accompanied with
reduction of CS-A-enriched PNNs
Using laser-scanning confocal microscopy and different �uorescent probes, we measured 5-HT axonal
sprouting and CS-A-enriched/CS-C-enriched PNNs accumulation by three-dimensional image acquisition
and reconstruction in sham-operated, SCI and LDI groups. Three-dimensional reconstructed images
showed that prominent CS-A-enriched PNNs and CS-C-enriched PNNs surrounded axons with decreased
5-HT positive axons on the ipsilateral side following SCI when compared to that of the sham-operated
group. LDI treatment reversed 5-HT-positive axonal spouting and decreased CS-A-enriched PNNs
accumulation, but no inhibitory effect on CS-C-enriched PNNs.

We �rst measured the percentage of 5-HT axons/tissue and CS-A-enriched PNNs/tissue. At 14-days post-
SCI, in the sham-operated group, the percentage of 5-HT axons/tissue was 29.6 ± 0.67%, the percentage
of CS-A-enriched PNNs/tissue was 6.3 ± 1.12%; in the SCI group, 5-HT axons were repelled in a similar
manner between CS-A-enriched PNNs proximal to the lesion, and the percentage of 5-HT axons/tissue
was reduced to 5.1 ± 0.79%, the percentage of CS-A-enriched PNNs/tissue was 29.3 ± 3.32%; following
LDI treatment, the percentage of 5-HT axons/tissue was increased to 25.2 ± 1.08%, the percentage of CS-
A-enriched PNNs/tissue was 8.85 ± 0.96% (Fig. 3). At 60-days post-SCI, decreased 5-HT axon also
accompanied with increased CS-A-enriched PNNs. In sham-operated group, the percentage of 5-HT
axons/tissue was 28.3 ± 1.05%, the percentage of CS-A-enriched PNNs/tissue was 6.7 ± 1.07%; in SCI
group, the percentage of 5-HT axons/tissue was 6.5 ± 0.82%, the percentage of CS-A-enriched
PNNs/tissue was 35.3 ± 1.89%; in LDI group, the percentage of 5-HT axons/tissue was 25.5 ± 1.06%, the
percentage of CS-A-enriched PNNs/tissue was 9.27 ± 1.03%.

The percentage of 5-HT axons/tissue and CS-C-enriched PNNs/tissue were also measured. At 14-days
post-SCI, in the sham-operated group, the percentage of 5-HT axons/tissue was 27.3 ± 0.85%, the
percentage of CS-C-enriched PNNs/tissue was 6.2 ± 0.97%; in the SCI group, the percentage of 5-HT
axons/tissue was reduced to 7.5 ± 0.39%, the percentage of CS-C-enriched PNNs/tissue was 28.1 ± 1.15%;
following LDI treatment, the percentage of 5-HT axons/tissue was increased to 10.3 ± 1.22%, the
percentage of CS-C-enriched PNNs/tissue was 25.2 ± 0.96%. At 60-days post-SCI, in sham-operated group,
the percentage of 5-HT axons/tissue was 23.8 ± 1.13%, the percentage of CS-C-enriched PNNs/tissue was
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6.6 ± 1.10%; in SCI group, the percentage of 5-HT axons/tissue was 7.3 ± 1.01%, the percentage of CS-C-
enriched PNNs/tissue was 36.3 ± 1.77%; in LDI group, the percentage of 5-HT axons/tissue was 11.2 ± 
1.63%, the percentage of CS-C-enriched PNNs/tissue was 32.2 ± 0.89%.

We further analyzed the correlation between of 5-HT axonal immunoreactivity and CS-A/CS-C-enriched
PNNs immunoreactivity through Pearson correlation following LDI treatment. There was a signi�cant
correlation between a reduction of CS-A-enriched PNNs and an increase of 5-HT axonal immunoreactivity
(r2 = 0.810 at 14-days post-SCI, r2 = 0.706 at 60-days post-SCI, P < 0.05), but no signi�cant correlation
between change of CS-C-enriched PNNs and an increase of 5-HT axonal immunoreactivity (r2 = 0.050 at
14-days post-SCI, r2 = 0.249 at 60-days post-SCI, P > 0.05).

LDI increases 5-HT receptor expression but does not affect Nogo receptors, RPTPσ or LAR expression
following SCI.

In order to identify the effect of LDI treatment on functional receptors of CSPGs and 5-HT receptors, we
compared the expression levels of 5-HT receptors, Nogo receptors, RPTPσ and LAR in neurons through
double-immuno�uorescent staining in the sham, SCI and LDI groups.

As shown in Fig. 4, the sham-operated group showed a very weak expression of 5-HT2c/a and 5-HT7, and
these expression levels were similar in the SCI group. In contrast, the LDI group showed a signi�cantly
increased expression of 5-HT2A, 5-HT2C and 5-HT7 in neurons (Fig. 4). The percentage of 5-HT2c/a-positive
neurons was 12.5 ± 1.08% in the sham-operated group, 18.2 ± 2.16% in the SCI group, and was increased
to 26.7 ± 1.67% in the LDI group (F (2, 12) = 8.65, p = 0.005). Similarly, the percentage of 5-HT7-positive
neurons was 11.7 ± 0.88% in the sham-operated group, 18.6 ± 1.03% in the SCI group, and was increased
to 27.3 ± 1.25% in the LDI group (F (2, 12) = 8.82, p = 0.004).

We next investigated to what extent LDI could be involved in the regulation of the Nogo receptors, NgR1
and NgR3. The sham-operated group only showed minimal expression of NgR1 and NgR3 in neurons. In
comparison to the sham-operated group, the SCI group showed an increased expression of NgR1 and
NgR3 in neurons. There was no signi�cant difference in the expression of NgR1 or NgR3 in neurons
between the SCI group and LDI group (Fig. 5A,C). The percentage of NgR1-positive neurons was 8.3 ± 
0.58% in the sham-operated group, 9.3 ± 0.86% in the SCI group, and 9.8 ± 0.67% in the LDI group (F (2,
12) = 1.58, p = 0.250). The percentage of NgR3-positive neurons was 8.5 ± 0.63% in the sham-operated
group, 9.6 ± 0.59% in the SCI group, and 10.1 ± 0.82% in the LDI group (F (2, 12) = 1.32, p = 0.303).

We also measured the expression of RPTP-σ and LAR in neurons. Similar to the expression of NgR1 and
NgR3, there was no signi�cant difference in the expression of RPTP-σ or LAR in neurons between the SCI
group and LDI group (Fig. 5B, D). The percentage of RPTP-σ-positive neurons was 6.8 ± 0.56% in the
sham-operated group and increased to 15.8 ± 1.01% in the SCI group and 16.2 ± 1.67% in the LDI group (F
(2, 12) = 1.01, p = 0.393). The percentage of LAR-positive neurons was 5.9 ± 0.63% in the sham-operated
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group and increased to 22.9 ± 1.58% in the SCI group and 23.7 ± 1.33% in the LDI group (F (2, 12) = 0.83,
p = 0.459).

LDI promotes motor function recovery following SCI.

The modi�ed-Tarlov grading system was used to test hindlimb motor-function. The motor function of the
hindlimbs was intact before SCI. After SCI, the injured side lower limbs were paralysis (Tarlov Grade 1)
and incontinent, which suggested a severe and consistent lesion. After injury, serious hindlimb paralysis
with no residual motor function was observed in all dogs, and hindlimb scores neared zero. At 7 days
post-injury, some animals regained a slight improvement for weight support due to spontaneous recovery.
Compared to SCI-treated animals, enhanced hindlimb motor-function recovery occurred in the LDI-treated
animals. At 14 days post-SCI, the modi�ed Tarlov scale in the sham-operated group was 5(0); this level
decreased to 3(0) in the SCI group and was ameliorated to 3(1) with LDI treatment (F (2, 12) = 10.67, p = 
0.002); At 60 days post-SCI, the modi�ed Tarlov scale in the sham-operated group was 5(0); this level
decreased to 3(1) in the SCI group and was ameliorated to 4(0) with LDI treatment (F (2, 12) = 10.25, p = 
0.002) (Fig. 6). These data suggest that LDI treatment improved hindlimb motor-function recovery after
SCI.

Discussion
In this study, we show that speci�c sulfation patterns of CSs moieties play different role in modulation of
axon re-growth in a canine SCI model. Upregulated CS-A expression occurred at 1-day post-SCI, earlier
than CS-C which was increased at 14-days post-SCI. CS-A was mainly colocalized with astrocytes but CS-
C was upregulated in both astrocytes and neurons/axons. LDI signi�cantly inhibited the expressions of
astrocyte-associated CS-A and CS-A-enriched PNNs, but no inhibitory effect on CS-C and CS-C-enriched
PNNs. There was a signi�cant correlation between a reduction of CS-A-enriched PNNs and an increase of
serotonergic (5-hydroxytryptamine, 5-HT) axonal sprouting. Increased serotonergic axon sprouting
proximal to the lesion could be enhanced via 5HT receptor inducing following LDI treatment. Furthermore,
LDI treatment promoted hindlimb motor function recovery following SCI.

Translational therapy for SCI, from laboratory to clinic, has been highlighting the suitable animal models
which mirrored human conditions. Dogs’ spinal cords more closely resemble humans’ than do those in
rodent species, including genetic similarities, similar caliber/length of the spinal cord, similarity of
biological responses to SCI (such as in�ammatory reaction); and more human-like spontaneous recovery
(Jeffery et al. 2006; Webb et al. 2004). Dogs’ larger sized cord mimics the changes in human SCI,
speci�cally in axonal sprouting across glial scars. In addition, pathophysiological investigations and
neurological function examinations can be carried out easily in dog (including histopathology
examination, MRI, evoked potentials, and functional outcome scores) (Jeffery et al. 2020). There are also
several potential disadvantages including ethical concerns and high operating costs. Therefore, we
strictly applied the principle of the 3Rs (replacement, reduction, re�nement) to reduce the number of
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animals used in experiments as far as possible, to re�ne the pain and distress to which animals are
exposed. We also explored some special methods suitable for beagle dogs postoperative care.

Previous studies have shown that CSPGs inhibit axonal regeneration. However, the importance of speci�c
sulfation patterns of CSs moieties to axon regeneration might have been overlooked in previous studies,
because some treatments, as represented by chondroitinase ABC, destroy all CSs moieties. Following
CNS injury, there is a large overall increase in CS moieties, many studies shown different changes in the
patterns of sulfation. Upregulation of CS-A, but not CS-C, is found in spinal cord tissue following SCI
(Properzi et al. 2005; Wang et al. 2008). In contrast, CS-C and C6ST-1 (key enzymes for CS-C Synthesis)
are upregulated following cortical-stab injury in the mouse cerebral cortex (Properzi et al. 2005; Yin et al.
2009; Yutsudo and Kitagawa 2015). The expression imbalance of CSs moieties around the lesion site
might be a determining factor for axonal regeneration. Previous studies showed that CS-A and CS-C have
different effects on plasticity, CS-C was bene�cial to axon regeneration, while CS-A was inhibitory
(Bhattacharyya et al. 2009; Yoo et al. 2013; Pearson et al. 2018). Our present results showed that, in
beagle dogs, CS-A and CS-C moieties increased at different time points. In our present study, CS-A
immediately increased, reached a peak at 14-days and still be observed at 60-days post-SCI. In contrast,
CS-C increased at 14-days and reached a peak at 60-days post-SCI. In addition, CS-A was mainly
expressed in astrocytes, while CS-C was expressed in neuron/axons and astrocytes following SCI. The
different temporal and spatial expressions of CSs in the CNS might offer promising therapeutic time
windows or targets.

Our study further demonstrated that, after LDI treatment, astrocytes associated CS-A dramatically
decreased proximal to the lesion, but this tendency was not shown in astrocytes associated CS-C,
neurons associated CS-A and neurons associated CS-C in the same place. Our early administration of LDI
(LDI treatment was performed beginning at 1-day post-SCI) largely inhibit the expression of astrocytes
associated CS-A following SCI, potentially decreased astrocyte activation and reduced release of
astrocyte associated cytokines. More important, continuous LDI intervention (the irradiation was
continuous performed for 14 days) induced a durable and speci�c elimination during the peak period of
astrocyte-associated CS-A expression. By contrast, transient intervention of CSPG often yields
undesirable effects. A recent study showed that single administration of chondroitinase ABC transient
increased pericontusional grey and white matter sprouting in the rat cortex, but no continuous motor
function recovery; the transient effects of CSPG cleavage also accompanied with the delayed CS moieties
upregulation and a decline in neuroplasticity (Harris et al. 2010). LDI could inhibited astrocytes and
microglia proliferation following SCI (Zhang et al. 2017). Moreover, early modulation cell-cycle of
astrocytes and microglia reduced the levels of inhibitory molecules for axonal regeneration (Zhang et al.
2009; Wang et al. 2009). Therefore, the possible reason why LDI speci�c inhibited the CS-A and had little
effect on CS-C was as follows: 1.LDI treatment inhibited astrocytes activation/proliferation following SCI,
the CS-A level decreased due to reducing the number and activity of astrocytes. 2. During CS-A
biosynthesis, GalNAc residues of the repeating disaccharide units are sulfated at C4 by C4ST-1, the key
synthesis enzyme of CS-A. In this study, LDI inhibited the expression of C4ST-1, which led to the decrease
of CS-A expression. 3. The inhibition of astrocyte activation block the secondary in�ammatory reaction
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(activation/migration of microglia and macrophages, and release of a large number of in�ammatory
factors), which reaction further enhanced astrocytes activation/proliferation.

CSPGs recruit adhesion molecules and growth factors to their cognate receptors (Leadbeater et al. 2006).
These co-receptor functions are important for axonal growth and guidance (Hacker et al. 2005), and these
co-receptors (Nogo receptors and LAR-RPTPs) show different a�nities to CS moieties of CSPGs. For
example, NgR1 and NgR3, the Nogo receptors, showed high-a�nity activity to CS-B, CS-D and CS-E
(Brown et al. 2012; Mironova and Giger 2013); and RPTPσ strongly bind with CS-D and CS-E (Yi et al.
2014). In our present study, the expression level of CSPGs receptors (Nogo-receptor, RPTPσ or LAR)
showed no signi�cant difference between SCI and LDI group. Another kind of receptors, 5-HT2c/a and 5-
HT7, showed increased levels in LDI treatment group. The increased 5-HT2c/a and 5-HT7 expression might
be an enhanced compensatory mechanism for serotonergic axon sprouting following LDI treatment.

The locomotion dysfunction following SCI can be attributed considerably to the loss of descending 5-HT
pathways. Previous studies have also demonstrated that increased sprouting of 5-HT �bers promoted
locomotor functional recovery (Tom et al. 2009; Warren et al. 2018). Promotion of 5-HT axonal
regeneration after spinal cord injury might be a promising treatment. In this study, the increased
expression of 5-HT axons and 5-HT receptors, in the LDI treatment group, might be the major positive
factor for locomotor recovery.

Our three-dimensional image acquisition and reconstruction also showed that there was a signi�cant
correlation between a reduction of CS-A-enriched PNNs and an increase of 5-HT axonal immunoreactivity,
but no correlation between change of CS-C-enriched PNNs and 5-HT axonal immunoreactivity. After SCI,
some residual axons attempted to reconstruct neuron circuit. However, due to lacking of guidance
mechanisms, these residual axons mostly connected to wrong targets and became dystrophic endbulbs,
resulted in poor limb motor function (Hill 2017; Young 2014). By eliminating PNNs, chondroitinase ABC
showed neuroplasticity and allows recovery of skilled paw-reaching functionality (Tom et al. 2009). If the
downregulation of CS-A-enriched PNNs leads to an increase in CNS plasticity, we would therefore expect
that LDI treatment would recover limb motor function after nerve repair. As expected, the LDI treatment
animals showed e�cacious recovery over the entire experimental period, indicating a high level of spinal
cord plasticity.

Taken together, our �ndings show that speci�c sulfation patterns along the carbohydrate backbone of
CSPGS and CSPG-enriched PNNs involved in carrying instructions for regulating axonal regeneration. LDI
provided a highway for axon regeneration while inducing reinnervation of axonal targets. Therefore, LDI
treatment may be an e�cacious strategy for treating SCI.
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  Manufacturer Clonality Product code
(Catalogue
number)

Dilution Reference

anti-
CS56

Invitrogen mouse
monoclonal
IgM

MA183055 1:200 Jeffrey et al. 2018

anti-
GFAP

R&D systems mouse
monoclonal
IgM

MAB2594 1:100 The speci�city validated
using knockout
validation

anti-
MAP-2

Invitrogen mouse
monoclonal
IgM

13-1500 1:300 Sharma et al. 2017

anti-
CS-A

Seikagaku mouse
monoclonal
IgM

LY111 1:1000 Simona et al. 2017

anti-
CS-C

Seikagaku mouse
monoclonal
IgM

MC21 1:1000 Simona et al. 2018

anti-5-
HT

ImmunoStar rabbit
polyclonal
IgM

1394 1:100 Jung-Yu et al. 2006

anti-5-
HT2c/a

Abcam rabbit
polyclonal
IgM

ab37293 1:100 Philippa et al. 2018

anti-5-
HT7

Abcam rabbit
polyclonal
IgM

ab61563 1:200  

anti-
RPTPσ

R&D systems goat
polyclonal
IgM

AF3430 1:100 Mattias et al. 2020

anti-
LAR

Abcam goat
polyclonal
IgM

ab118456 1:100  

anti-
C4ST-
1

Invitrogen rabbit
polyclonal
IgM

PA5-62697 1:200  
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Figure 1

The temporal expression and cellular localization of CS-A and CS-C proximal to the lesion following SCI.
(A) Immuno�uorescent staining showing that CSA expression was induced after SCI(n=5) and was
strongly attenuated by LDI (n=5) (*P < 0.05). (B) Although CS-C increased at 14-days post-SCI (n=5)and
reached a peak at 60-days post-SCI, LDI treatment(n=5) showed no inhibitory effect on CS-C expression.
Scale bar = 50 μm. (C) At 14-days post-SCI(n=5), colocalization of CS-A and GFAP was also apparent, but
rare expression of CS-A was observed in MAP-2 positive neurons/axons. At 60-days post-SCI(n=5), CS-C
was upregulated in both neuron/axons and astrocytes proximal to the lesion (*P < 0.05). Scale bar = 50
μm.
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Figure 2

LDI decreases astrocyte-associated CS-A expression after SCI. (A) Representative GFAP (green)/CSA (red)
double-staining images. Immuno�uorescent staining showing that GFAP and CSA expression were
induced after SCI(n=5) and were strongly attenuated by LDI(n=5) (*P < 0.05). Scale bar = 50 μm. (B)
Representative MAP-2 (green)/CSA (red) double-staining images. Immuno�uorescent staining showing
that LDI(n=5) had no effect on neuron-associated CS-A expression (*P < 0.05). Scale bar = 50 μm. (C)
Representative GFAP (green)/C4ST-1 (red) double-staining images. Immuno�uorescent staining showing
that LDI treatment (n=5)signi�cantly inhibited C4ST-1 expression in astrocytes (*P < 0.05). Scale bar = 50
μm. (D) Immunoblotting results of C4ST-1 in sham-operated, SCI, and LDI groups at 14- and 60-days post-
SCI (*P < 0.05).
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Figure 3

LDI promotes 5-HT axons expression accompanied with decrease of CS-A-enriched PNNs. In the SCI
group(n=5), 5-HT axons were repelled in a comparable manner to CS-A-enriched PNNs (A) and CS-C-
enriched PNNs (B) proximal to the lesion. LDI(n=5) signi�cantly reversed CS-A-enriched PNN
accumulation and and promoted 5-HT-positive axonal regeneration (*P < 0.05), but no inhibitory effect on
CS-C-enriched PNN accumulation. Scale bar = 50 μm. (C-F) The percentage of WFA positive PNNs and 5-
HT axon at 14-days and 60days post-SCI(n=5). (G,H) There was a signi�cant correlation between a
reduction of CS-A-enriched PNNs and an increase of 5-HT axonal immunoreactivity. (I-L) The percentage
of CS56 positive PNNs and 5-HT axon at 14-days(n=5) and 60days(n=5) post-SCI. (M,N) There was no
signi�cant correlation between a reduction of CS-C-enriched PNNs and an increase of 5-HT axonal
immunoreactivity.
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Figure 4

LDI increases 5-HT receptor expression after SCI. (A) Representative MAP-2 (green)/5-HT2c/a (red, A) and
5-HT7 (red, B) double-staining images. Immuno�uorescent staining showed that LDI(n=5) increased 5-HT
receptor expression in neurons. Scale bar = 50 μm. (B) The 5-HT2c/a expression levels in sham-
operated(n=5), SCI(n=5) and LDI(n=5) groups (*P < 0.05). (C) The 5-HT7 expression levels in sham-
operated(n=5), SCI(n=5) and LDI(n=5) group (*P < 0.05).



Page 26/28

Figure 5

LDI has no effect on NgR, RPTPσ or LAR receptors after SCI. (A, C) Representative MAP-2 (green)/NgR
(red) double-staining images. There was no signi�cant difference in the expression of NgR1 or NgR3
between the SCI group(n=5) and LDI(n=5) group. Scale bar = 50 μm. (B, D) Representative MAP-2
(green)/RPTPσ and LAR receptor (red) double-staining images. There was no signi�cant difference in the
expression of RPTPσ or LAR between the SCI group(n=5) and LDI group(n=5). Scale bar = 50 μm.
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Figure 6

LDI promotes motor-function recovery after SCI. Enhanced motor recovery occurred in the LDI-treated
animals compared with the SCI-treated animals. The modi�ed-Tarlov scores of sham-operated (n = 5),
SCI (n = 5), and LDI (n = 5) groups at 1-, 3-, 7-, 14-, 30- and 60-days post-SCI are shown (*P < 0.05).
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