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Abstract  
In chronic phase of spinal cord injury, functional recovery is more untreatable compared with early 
intervention in acute phase of spinal cord injury. In the last decade, several combination therapies suc-
cessfully improved motor dysfunction in chronic spinal cord injury. However, their effectiveness is not 
sufficient. We previously found a new effective compound for spinal cord injury, matrine, which induced 
axonal growth and functional recovery in acute spinal cord injury mice via direct activation of extra-
cellular heat shock protein 90. Although our previous study clarified that matrine was an activator of 
extracellular heat shock protein 90, the potential of matrine for spinal cord injury in chronic phase has 
not been sufficiently evaluated. Thus, this study aimed to investigate whether matrine ameliorates chron-
ic spinal cord injury in mice. Once daily intragastric administration of matrine (100 μmol/kg per day) to 
spinal cord injury mice were starte at 28 days after injury, and continued for 154 days. Continuous mat
rine treatment improved hindlimb motor function in chronic spinal cord injury mice. In injured spinal 
cords of the matrine-treated mice, the density of neurofilament-H-positive axons was increased. More-
over, matrine treatment increased the density of bassoon-positive presynapses in contact with choline 
acetyltransferase-positive motor neurons in the lumbar spinal cord. These findings suggest that matrine 
promotes remodeling and reconnection of neural circuits to regulate hindlimb movement. All protocols 
were approved by the Committee for Animal Care and Use of the Sugitani Campus of the University of 
Toyama (approval No. A2013INM-1 and A2016INM-3) on May 7, 2013 and May 17, 2016, respectively.
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Introduction 
In spinal cord injury (SCI), traumatic damage and acute 
inflammation cause cell death and disruption of tissue struc-
ture, including neural tracts. Aberrant histological changes at 
the lesion site, such as formation of glial scar and deposition 
of chondroitin sulphate proteoglycans, limit spontaneous 
growth of axons and reconstruction of neural connection, 
leading to the long-lasting functional deficits (Cregg et al., 
2014). Although the promising treatments effective for SCI 
patients have not been established yet, various approaches 
succeed to enhance spontaneous recovery by early interven-
tion following injury on the animal model of SCI. In con-
trast, those interventions give no functional recovery in case 
of delayed treatment over long periods of time after injury. 
Successful treatments against acute SCI are not necessarily 
effective for chronic SCI, such as tamoxifen (Guptarak et 
al., 2014), Rho-associated protein kinase inhibitor (Nishio 
et al., 2006) and chondroitinase ABC (Bradbury et al., 2002; 
Karimi-Abdolrezaee et al., 2010; Wang et al., 2011). There-
fore chronic SCI is considered to be more refractory than 
acute SCI. In the last decade, several combination therapies 

have been reported to achieve improvement of motor func-
tion even in chronic SCI, such as chondroitinase ABC injec-
tion to lesion site for 7 or 10 days and continuous rehabilita-
tion (Wang et al., 2011; Shinozaki et al., 2016), neural stem/
progenitor cells transplantation and injection of chondroiti-
nase ABC and growth factor cocktail (epidermal growth 
factor, fibroblast growth factor, and plateletderived growth 
factor) to the lesion site for 7 days (Karimi-Abdolrezaee et 
al., 2010), neural stem/progenitor cells transplantation and 
continuous rehabilitation (Tashiro et al., 2016). However, the 
effectiveness of these therapies is not sufficient.

Matrine (molecular weight: 248) is a lupin alkaloid and 
abundantly contained in roots of Sophora flavescens Aiton 
(Li and Wang, 2004). Our previous study demonstrated that 
matrine promotes axonal growth of cultured cortical neu-
rons under an inhibitory circumstance (Tanabe et al., 2015). 
Matrine has been shown to enhance functional recovery and 
extension of 5-hydroxytryptamine-positive tracts beyond 
the lesion site in acute SCI mice (Tanabe et al., 2018). Fur-
thermore, we found that extracellular heat shock protein 90 
(HSP90) is the direct target molecule of matrine to induce 
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axonal growth and SCI amelioration (Tanabe et al., 2018), 
and matrine is an activator of chaperon function of HSP90.

Although our previous study clarified that matrine was an 
activator of extracellular HSP90, the potential of matrine for 
SCI in chronic phase has not been sufficiently evaluated.
  
Materials and Methods 
Ethics statement
All experiments were performed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals of 
the Sugitani Campus of the University of Toyama. All pro-
tocols were approved by the Committee for Animal Care 
and Use of the Sugitani Campus of the University of Toyama 
(approval No. A2013INM-1 and A2016INM-3) on May 7, 
2013 and May 17, 2016, respectively. All efforts were made to 
minimize the number of animals used.

SCI and drug treatment
A mouse model of weight drop-induced contusive SCI was 
established, which is a major experimental model of SCI 
(Zhang et al., 2014). The model mice were produced using a 
stereotaxic instrument (Narishige, Tokyo, Japan) and several 
customized impact devices. ddY-strain was a closed-colony 
outbred mouse strain, and was established in Japan. ddY 
mice (female, 8 weeks old, 28–33 g) were purchased from 
Japan SLC (Hamamatsu, Japan) and housed in a constant 
environment (22 ± 2°C, 50 ± 5% humidity, 12-hour light 
cycle starting at 07:00) with free access to food and water. 
The mice were anesthetized with the mixture of three an-
esthetics 230–280 μL [75 μg/mL medetomidine (Nippon 
Zenyaku Kogyo, Koriyama, Japan), 400 μg/mL midazolam 
(Sandoz, Tokyo, Japan), 500 μg/mL butorphanol (Meiji Seika 
Pharma, Tokyo, Japan)], laminectomized and set on a stereo-
taxic instrument (Narishige, Tokyo, Japan). Exposed spinal 
cord at the T10–11 level was contused by dropping a 6.5-g rod 
(the tip diameter; 1 mm) through a vertical cylinder from a 
3-cm height. This method can control severity of injury by 
dropping height and weight of the rod. We set the condition 
of weight drop to produce severe SCI model (Basso Mouse 
Scale (BMS) (Basso et al., 2006) score is plateaued approx-
imately point 2 in chronic phase. During and after surgery, 
the mice were placed on a hotplate to maintain body tem-
perature. The locomotor function of hindlimbs of the SCI 
mice was assessed using the BMS (0 – 8 points) which eval-
uates hindlimb movement comprehensively and the Body 
Support Score (BSS) (Teshigawara et al., 2013) (0 – 4 points) 
which focuses on the ability of body support in an open field 
(black color box, 50.0 cm × 42.5 cm × 15.0 cm under 500-lux 
illumination at 1, 7, 14, 21 and 28 days after SCI. High scores 
of BMS and BSS indicate functional recovery of hindlimbs, 
such as hindlimb movement and the ability of body support, 
respectively. Sham-operated mice maintained full scores in 
BMS (8 points) and BSS (4 points) (data not shown).

At 28 days after injury, mice were allocated to two groups, 
vehicle (BMS = 2.50 ± 0.27, n = 5 mice, 10 hindlimbs) and 
matrine (BMS = 2.50 ± 0.23, n = 6 mice, 12 hindlimbs), by 
order of BMS scores (Figure 1). It was for equalization of 

motor function in two groups before matrine treatment. The 
average score of two groups was almost similar. Once daily 
administration of matrine (Figure 2) (100 μmol/kg per day; 
Tokyo Chemical Industry, Tokyo, Japan) or vehicle solution 
(saline) were started at 28 days after injury, and continued 
for 154 days. The dose of matrine was decided based on our 
previous study (Tanabe et al., 2018). The drugs were intra-
gastrically administered using a feeding tube (Cat# 20G-70, 
Natsume Seisakusho, Tokyo, Japan). The assessment of mo-
tor function using the BMS and BSS were performed once a 
week and before drug administration.

Immunohistological analysis
At 182 days after SCI, the mice were anesthetized with the 
mixture of three anesthetics, and were transcardially per-
fused with ice-cold saline and 4% paraformaldehyde (PFA). 
Spinal columns were isolated and kept in 4% PFA at 4°C. 
Spinal cord tissues around the lesion were separated and 
fixed further with 4% PFA overnight. The spinal cords were 
immersed in 10, 20, and 30% sucrose-phosphate buffered 
saline (PBS) successively at 4°C, and embedded in Tis-
sue-Tek Optimal Cutting Temperature Compound (Sakura 
Finetek Japan, Tokyo, Japan). The spinal cords were cut into 
14-μm thick successive sagittal sections using a CM3050S 
cryostat (Leica, Heidelberg, Germany). The slices were post-
fixed with 4% PFA for 60 minutes at room temperature and 
immunostained with a chicken anti-neurofilament-H (NF-
H, a marker for axons) polyclonal antibody (1:1000; Merck, 
Kenilworth, NJ, USA; Cat#AB5539), a rabbit anti-glial fibril-
lary acidic protein (GFAP, a marker for reactive astrocytes) 
polyclonal antibody (1:1000; Merck; Cat#AB5804), a goat 
anti-choline acetyltransferase (ChAT, a marker for motor 
neurons) polyclonal antibody (1:200; Merck; Cat#AB144P), 
and/or a mouse anti-bassoon (a marker for presynapses) 
monoclonal antibody (clone# SAP7F407; 1:2000; abcam, 
Cambridge, UK; Cat#ab82958). As secondary antibodies, 
Alexa Fluor 568-conjugated goat anti-chicken IgY (1:400; 
Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 
350-conjugated goat anti-rabbit IgG (1:400; Thermo Fisher 
Scientific), Alexa Fluor 488-conjugated donkey anti-mouse 
IgG (1:400; Thermo Fisher Scientific), and/or Alexa Fluor 
594-conjugated donkey anti-goat IgG (1:400; Thermo Fisher 
Scientific) were used. The secondary antibodies were incu-
bated for 2 hours at room temperature. Counterstaining with 
4′,6-diamidino-2-phenylindole (DAPI, a nuclei marker; 0.1 
μg/mL; Enzo Life Science, Farmingdale, NY, USA) was also 
performed.

Image capture and analysis
Sagittal sections of injured spinal cord were immunostained 
for NF-H and GFAP. Fluorescence images were captured 
using an inverted microscope system (BZ-X710; Keyence, 
Osaka, Japan) with a 20 × NA 0.75 objective lens (CFI Plan 
Apo-λ; Nikon Instech, Tokyo, Japan). Successive images 
were obtained from lesion site to the rostral and caudal site, 
and were connected using BZ-X Analyzer (Keyence). The 
connected images were cleared by reducing haze using BZ-X 
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Analyzer. The lesion site was discerned by a GFAP-stained 
image, because reactive astrocytes form a glial scar on the 
lesion site. To detect NF-H-positive fibers, NF-H-positive 
areas were binarized and quantified using ImageJ software 
(NIH, Rockville, MD, USA). Ratio of NF-H-positive area to 
total analyzed area was quantified in gray mature 2–3 mm 
rostral and caudal from the lesion center. One section per 
mouse was selected and analyzed. The criterion of the slice 
selection was the lateral position (the closest to the central 
canal). Five vehicle-treated SCI mice and six matrine-treated 
SCI mice were analyzed.

Sagittal sections of injured spinal cord were immunos-
tained for bassoon and ChAT. Bassoon is a protein compos-
ing active zoon in presynapses, and used as a maker of pre-
synapses (Wootz et al., 2013; Jacobi et al., 2015; Yokota et al., 
2015). Fluorescence images were captured using an inverted 
microscope (BZ-X710) with a 40× NA 0.95 objective lens 
(CFI Plan Apo-λ). We obtained the images of motor neuron 
locating on L1-3 spinal cord and reduced haze of the images 
using BZ-X Analyzer to clear. Image analysis was performed 
using ImageJ software. The plasma membrane of motor neu-
ron’s cell body was traced with a thick line (2.3 μm width) 
one by one, and the area of bassoon-positive puncta overlaid 
on the line was measured. The bassoon-positive area per 
unit length of the plasma membrane in each motor neuron 
was calculated. One slice per mouse was selected and 18–27 
motor neurons located on one slice were analyzed. Five 
vehicle-treated SCI mice and five matrine-treated SCI mice 
were analyzed. Then presynaptic termination to motor neu-
rons in the lumbar spinal cord innervating hindlimbs was 
evaluated.

Statistical analysis
Statistical comparisons were performed using two-way re-
peated measures analysis of variance (ANOVA) with post hoc 
Bonferroni tests and unpaired two-tailed t-test using Graph-
Pad Prism 5 (GraphPad Software, San Diego, CA, USA). A 
P < 0.05 was considered statistically significant. The data are 
presented as the mean ± standard error of the mean (SE).

Results
Matrine improves motor function of hindlimbs in chronic 
SCI mice
There were no significant differences in spontaneous recov-
ery before drug treatment between groups (at 28 days after 
SCI, vehicle-treated group: BMS = 2.50 ± 0.27, BSS = 0.70 
± 0.15; matrine-treated group: BMS = 2.50 ± 0.23, BSS = 
0.67 ± 0.14) (Figure 3A and B). At 28 days after SCI, F and 
P values of the two-way repeated measures ANOVA were 
as follows: the drug × day interaction: F(4, 80) = 0.9208, P = 
0.4561 in BMS; F(4, 80) = 0.3688, P = 0.8302 in BSS. Continu-
ous administrations of vehicle solution for 154 days did not 
improve hindlimbs movement (at 128 days, BMS = 2.00 ± 
0.33, BSS = 0.50 ± 0.17). In contrast, matrine-treated group 
gradually improved locomotor ability (at 128 days after SCI, 
BMS = 3.83 ± 0.39, BSS = 1.41 ± 0.19). During 28–182 days 
after SCI, F and P values of the two-way repeated measures 

ANOVA were as follows: the drug × day interaction between 
both groups: F(19, 380) = 4.525, P < 0.0001 in BMS; F(19, 380) = 
2.738, P = 0.0001 in BSS. At the end of observation (182 
days after SCI), vehicle-treated mice hardly placed their paw 
on the ground, and could not lift up their trunk (Figure 4A 
and Additional Video 1). In contrast, matrine-treated mice 
walked with paw placing and occasional trunk support (Fig-
ure 4B and Additional Video 2). Matrine-treated SCI mice 
showed no side effects such as obvious abnormal behaviors, 
body weight loss (Figure 3C), or death.

Matrine increases the density of total axons and synapses 
on motor neurons in injured spinal cord of chronic SCI 
mice
At 182 days after SCI, axonal densities were measured in-
side of glial scar and rostral and caudal sites 2 mm apart 
from the lesion center. Glial scar was defined as the area 
surrounded by GFAP-positive reactive astrocyte. Axons 
were stained with an anti-NF-H antibody to detect all types 
of axons. Since spinal cord tissue inside the glial scar was 
cavity in both groups by severe damage (Additional Figure 
1), analysis of axon inside the glial scar was impossible. In 
the rostral and caudal sites, tissue loss was not observed. Ve-
hicle-treated group showed dot-like axon structure (Figure 
5A). In contrast, fiber-like axon structures were observed 
in matrine-treated group (Figure 5A). Matrine treatment 
increased NF-H-positive area in both rostral and caudal sites 
compared with vehicle treatment (Figure 5C and D). 

Bassoon-positive puncta were densely located on cell sur-
face of ChAT-positive motor neurons, and matrine treatment 
increased the presynaptic density on the plasma membrane 
of motor neurons (Figure 6). 

Discussion
Our previous study demonstrated that matrine directly 
activated the chaperone function of HSP90, and enhanced 
axonal growth and functional recovery in acute SCI mice via 
extracellular HSP90 (Tanabe et al., 2018). In this study, the 
effectiveness of matrine in chronic SCI was proved, which is 
more refractory than acute SCI. Continuous administrations 
of matrine could improve motor function in chronic SCI 
mice. Matrine increased axonal density in the spinal cord 
and presynaptic density on motor neurons in the lumbar 
spinal cords. These findings suggest that matrine remodels 
spinal circuits including connection to motor neurons, re-
sulting in improvement of locomotor function in chronic 
SCI mice. Oral bioavailability of matrine is 17.1 ± 5.4% in 
rats (Yang et al., 2010). Matrine was detected in the brain af-
ter oral administration in rats (Gao and Law, 2009).

Spinal motor neurons receive neural projections from 
brainstem nuclei (Esposito et al., 2014), propriospinal neu-
rons (Levine et al., 2014), and spindle proprioceptive sensory 
neurons (Shneider et al., 2009; Imai and Yoshida, 2018) in 
rodents, resulting that activity of motor neurons is controlled 
complicatedly. SCI decreases the number of synapses on mo-
tor neurons locating below the lesion site, and the synaptic 
loss is gradually recovered but partially remains in chronic 
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Figure 1 Experiment flow chart.
Matrine (100 μmol/kg) or vehicle solution (saline) was constitutively 
administered orally for 154 days from 28 days post-injury.

Figure 2 Chemical structure of matrine.

Figure 3 Matrine improves motor function of hindlimbs in chronic 
spinal cord injury mice. 
The Basso Mouse Scale (BMS, A), Body Support Score (BSS, B), and 
body weight (C) were measured. #P < 0.05, vs. vehicle, drug × day in-
teraction analyzed by two-way repeated measures analysis of variance. 
*P < 0.05, vs. vehicle, post hoc Bonferroni test. n = 10 and 12 hindlimbs 
in the vehicle and matrine groups, respectively.

Figure 4 Matrine improves motor 
function of hindlimbs in chronic spinal 
cord injury (SCI) mice. 
The movement of a representative SCI 
mouse treated with vehicle (A) or matrine 
(B) was captured at 182 days after injury. 
The images are sequential for 0.7 seconds. 
Vehicle-treated mouse hardly touched 
soles on the floor, whereas matrine-treated 
mouse walked with touching soles on the 
floor.
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Figure  5 Matrine increases 
neurofilament-H (NF-H)-positive 
axons in injured spinal cord. 
Sagittal sections of the spinal cords of 
vehicle-treated or matrine-treated were 
immunostained for NF-H. (A) Repre-
sentative images at rostral and caudal 
sits are shown. Scale bar: 25 μm. (B) 
The diagram of analyzed area is shown. 
The measured areas in rostral and cau-
dal sites were defined as the area 2.0–3.0 
mm apart from the lesion center. (C, 
D) Ratio of NF-H-positive area to mea-
sured area was quantified at the rostral 
(C) and the caudal site (D). *P < 0.05, 
unpaired t-test (two-tailed). n = 5 mice 
(vehicle) or 6 mice (matrine). 

Figure 6 Matrine increases 
presynaptic density on motor 
neurons in injured spinal cord. 
Sagittal sections of the spinal cords of 
vehicle-treated or matrine-treated were 
immunostained for choline acetyltrans-
ferase (ChAT) and bassoon. (A) Repre-
sentative stains of single motor neuron 
on lumbar spinal cord are shown. 
Immunohistological images for ChAT 
(red) and bassoon (green) are merged. 
Scale bar: 20 μm. (B) The diagram of 
analyzed area. Motor neurons in L1–3 
segments of the spinal cord were ana-
lyzed. (C) Density of bassoon-positive 
presynapses was quantified on the 
contour of motor neurons. *P < 0.05, 
unpaired t-test (two-tailed). n = 5 mice 
(vehicle) or 5 mice (matrine).
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stage (Satkunendrarajah et al., 2016; Freria et al., 2017). Sev-
eral effective treatments for SCI models increase presynaptic 
density around the motor neurons, which is accompanied by 
functional recovery in acute and chronic phases (Satkunen-
drarajah et al., 2016; Tashiro et al., 2016; Freria et al., 2017). 
Thus, increase in presynapses on the lumbar motor neurons 
by matrine treatment should be an important histological 
change that contributes to improvement of hindlimbs motor 
function.

Axonal extension is essential to reconstruct neural relay 
regulating motor function after SCI. The signals are trans-
mitted from brain to muscles through descending tracts, 
propriospinal neurons and motor neurons. Raphespinal tract 
(Liu and Jordan, 2005) and corticospinal tract (Whishaw et 
al., 1998) are descending tracts regulating motor function. 
Extension of these tracts is considered to contribute to func-
tional recovery in acute SCI (Bradbury et al., 2002; Ruschel 
et al., 2015) and chronic SCI (Wang et al., 2011; Tashiro et 
al., 2016). Raphespinal tracts is known to project to pro-
priospinal neurons that compose central pattern generator, 
which regulate coordination of locomotor movements (Slaw-
inska et al., 2013; Gackiere and Vinay, 2014). Corticospinal 
tract also transmits a signal to motor neurons indirectly, 
via propriospinal neurons (Alstermark et al., 2004). When 
spontaneous recovery after SCI, both corticospinal tracts 
and propriospinal neurons sprout and construct new neural 
circuits that contribute functional recovery (Bareyre et al., 
2004). Matrine extended NF-H-positive axons in the spinal 
cord of chronic SCI mice, in which these descending tracts 
and the propriospinal neurons may be contained. As indicat-
ed in the previous report, matrine enhanced axonal growth 
via extracellular HSP90 activation (Tanabe et al., 2018). The 
expression property of extracellular HSP90 in the spinal cord 
of chronic SCI should be investigated in the future.

In conclusion, this study demonstrated that matrine 
promoted neural circuit remodeling, resulting in improve-
ment of motor function in chronic SCI mice. Matrine has 
high-potential as anti-SCI agent, and is a promising drug 
against chronic SCI. Although matrine-induced functional 
recovery in chronic SCI is still insufficient, the therapeutic 
effect of matrine may be enhanced by combination with oth-
er therapies, such as rehabilitation and cell transplantation.
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Additional Figure 1 Representative images at lesion center in injured spinal cords.
Sagittal sections of the spinal cords of vehicle-treated (A) or matrine-treated (B) were immunostained for
neurofilament-H (NF-H) and glial fibrillary acidic protein (GFAP). Left side of the images is rostral, and right side
is caudal. Scale bars: 1 mm.


