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Axonal regeneration has been the research focus in the field of clinical treatment for spinal cord injury (SCI). The growth and
extension of neuronal axons is a dynamic biological process mediated by the cytoskeleton, and microtubule plays an important
role in axonal growth. Moderate stabilization of microtubule promotes axonal growth and eliminates various intra- and
extracellular mechanisms that impede axonal regeneration. After SCI, the damaged axons rapidly form a growth cone, wherein
the stability of tubulin decreases, impairing axonal regeneration. Taxol with proven clinical safety is commonly used as a
broad-spectrum antitumor drug. Importantly, Taxol can promote axonal extension by enhancing and stabilizing the
microtubule assembly. In our study, we systematically investigated the differentiation of neural stem cells (NSCs) in vitro and
functional recovery in injured rats in vivo following Taxol treatment. Low-dose Taxol promoted differentiation of NSCs to
neurons and significantly extended the axons in vitro. In vivo, Taxol promoted the expression of BIII-tubulin in the injured
areas and motor function recovery after SCI. Low-dose Taxol is a promising clinical agent to promote axonal regeneration

after SCIL.

1. Introduction

Axonal regeneration is a research hotspot in studies on
regenerative therapy for spinal cord injury (SCI) [1]. The
growth and extension of axons is a cytoskeleton-mediated
biological process. The dynamic assembly of the cytoskele-
ton and its transport function is the molecular basis of axon
growth [2]. Actin filaments and microtubules comprise the
main cytoskeleton framework of neurons, and the latter
plays an important role in axonal growth [3]. Axonal growth
occurs mainly within the growth cone, wherein the regula-
tion of the microtubule dynamics is crucial [4].
Microtubules guide the axonal extension and retraction
by polymerization and depolymerization. After SCI, axon
microtubules are depolymerized, making it difficult to
provide the necessary pressure for the outward growth of
axons and the damaged axons rapidly form growth cones,
whereby the stability of microtubules is related to axonal
regeneration after nerve injury [5]. Moderate stabilization
of microtubule prevents the axonal retraction and enlarge-

ment of apical axons after injury, thus overcoming the
growth inhibitory effects of myelin in the central nervous
system [6]. The moderate stabilization of microtubules also
eliminates various intracellular mechanisms that impair axo-
nal regeneration. Taxol, a microtubule stabilizer, increases
the level of tubulin and results in tight binding of microtu-
bules to Kinesin-1, thereby altering intracellular transport
of Kinesin-1 and Dynein and promoting microtubule poly-
merization [7, 8]. Taxol is commonly used as a broad-
spectrum antitumor drug, and its clinical safety has been
confirmed. Currently, Taxol is the only drug that promotes
and stabilizes microtubule assembly. In recent years, studies
have reported that Taxol can promote axonal extension by
stabilizing microtubules, which has drawn the attention of
many researchers as it provides a new perspective for asses-
sing axonal regeneration after SCI. However, the application
of Taxol in promoting axonal regeneration after SCI remains
in the preliminary stages.

Herein, we investigated the roles of Taxol on neural stem
cells (NSCs) differentiation into neurons and axonal
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elongation in vitro and in vivo. Taxol promoted neuronal
differentiation from NSCs and axonal elongation, making
it promising for the clinical treatment of SCI in the future.

2. Materials and Methods

2.1. Culture of Primary Brain-Derived Neural Stem Cells. All
of the animals were purchased from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd., Beijing, China. Brain-
derived neural stem cells (BNSCs) from neonatal SD rats
within 24 hours were isolated according to a previously
reported protocol [9-12] and the experiments were approved
by the ethics committee of Xuanwu Hospital Capital Medical
University. The neural stem cell (NSC) proliferation medium
comprising DMEM/F12 (Invitrogen) + N2 (Invitrogen) + B27
(Invitrogen) + GlutaMAX (Gibco) + NEAA (Gibco) + Penicil-
lin-Streptomycin ~ (Gibco) +20ng/mL  bFGF  (Pepro-
Tech) +20ng/mL EGF (PeproTech) was daily replaced by
fresh medium. The primary BNSCs were cultured for 7 days.

2.2. Identification and Differentiation of BNSCs. The BNSCs
spheres with diameters of approximately 100-150 ym were
dissociated into single cells, 5x 10 cells/well were seeded
evenly on a circular PDL/Laminin-coated coverslip of
12mm diameter, and the NSC adherent culture medium
comprising DMEM (Invitrogen) +10% FBS (Invitrogen) + -
GlutaMAX (Gibco) + NEAA (Gibco) + Penicillin-Streptomy-
cin (Gibco) was added. Subsequently, the cells were grown at
37°C in a CO, incubator for 24 hours and allowed to adhere.
The cells were fixed with 4% paraformaldehyde and stained
for immunofluorescence assays with NSC-specific antibodies
against Nestin (1:500, Sigma) and Vimentin (1:500, Sigma).

Differentiation capacity was assessed as follows. BNSCs
spheres were dissociated into single cells using 0.25% Trypsin
(Invitrogen) at 37°C. After 24-hour adherent cell culture as
described above, the NSC differentiation medium comprising
DMEM/F12 (Invitrogen)+N2 (Invitrogen)+B27 (Invitro-
gen) + GlutaMAX  (Gibco) + NEAA  (Gibco) + Penicillin-
Streptomycin (Gibco) was added, and the cells were allowed
to differentiate at 37°C in a 5% CO, incubator for 7 days. Half
the amount of NSC differentiation medium was changed every
2 days. After 7 days, then the cells were fixed with 4% parafor-
maldehyde. Subsequently, these were stained for immunofluo-
rescence assays using the neuron-specific antibody, anti-Tuj1
(BII-tubulin, 1:500, Sigma), and the glial cell-specific anti-
body, anti-GFAP (1:800, Sigma).

2.3. Cytotoxicity Assay for Taxol. The Cell Counting Kit-8
(CCK-8, Dojindo Beijing Co., Ltd) was used to determine
the cytotoxicity of Taxol following the manufacturer’s
instructions. The BNSCs spheres were dissociated into single
cells, and 1 x 10" cells/well were seeded evenly into a PDL/
Laminin-coated 96-well plate. Taxol at concentrations of
Onmol/L, 1nmol/L, 2nmol/L, 3.5nmol/L, 5nmol/L,
7nmol/L, 10nmol/L, and 14nmol/L, was added to the
NSC differentiation medium in the eight groups, respec-
tively. The cells were incubated in a 5% CO, incubator at
37°C for 2 hours. The cytotoxicity assay was conducted fol-
lowing enzyme calibration with a 450 nm filter.
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2.4. BNSC:s Differentiation under Different Concentrations of
Taxol. We selected six concentrations of Taxol and designed
seven experimental groups as follows: 0nmol/L (control),
1nmol/L, 2nmol/L, 3.5nmol/L, 5nmol/L, 7nmol/L, and
10 nmol/L treatments. 5x 10* cells/well were seeded evenly
on a circular PDL/Laminin-coated coverslip of 12 mm diam-
eter, and the NSC adherent culture medium comprising
DMEM (Invitrogen) +10% FBS (Invitrogen)+ GlutaMAX
(Gibco) + NEAA (Gibco) + Penicillin-Streptomycin (Gibco)
was added. Cells were grown and allowed to adhere in a
CO, incubator at 37°C for 24 hours. Subsequently, the cul-
ture medium in the seven groups was replaced by the NSC
differentiation medium with Taxol at different concentra-
tions. The cells were then allowed to differentiate for 7 days
at 37°C in a CO, incubator. After 7 days, the immunofluo-
rescence staining assay was performed using anti-Tujl
(BIII-tubulin, 1:500, Sigma), anti-Map2 (1:500, Sigma),
and anti-GFAP (1:800, Sigma) antibodies. The cells were
incubated with the primary antibodies overnight at 4°C
followed by incubation with secondary antibodies at 26°C
for 2 hours. The cells were scanned using a confocal micro-
scope (Leica TCS SP5 CARS).

2.5. Taxol Treatment in the Rat Acute-Phase Spinal Cord
Transection Model. Female SD rats weighing 200-220 g were
selected as the experimental animals, and the rat T8-T9 spi-
nal cord transection model was used for in vivo experiments.
The experimental animals were purchased from Beijing Vital
River Laboratory Animal Technology Co. Ltd., Beijing,
China, and the animal experimental protocols were
approved by the ethics committee of the Xuanwu Hospital
Capital Medical University.

In this experiment, thrombin-fibrinogen materials with
different doses of Taxol were immediately implanted into
the lesion sites of rats with acute SCI. Thrombin-
fibrinogen materials were obtained following the mixing of
the same amount of human thrombin (final concentration
50 U/mL, solvent 0.1% BSA) and human fibrinogen (final
concentration 50 mg/mL, solvent 20 mmol/L CaCl,). We
injected Taxol into the thrombin-fibrinogen material and
immediately implanted it into the SCI lesion site. The
injured rats were assigned randomly into 4 groups according
to the doses of Taxol in the transplant material as follows:
0.05 pg/rat, 0.5pug/rat, 5ug/rat, and 0pug/rat treatments.
There were 10 rats in each group. To facilitate a more accu-
rate evaluation of the motor functions, 10 model rats with
SCI were randomly selected as a reference baseline. All
injured animals were raised in the Experimental Animal
Barrier Environment at 26°C with 50% humidity and artifi-
cially assisted urination twice a day.

2.6. Functional Recovery Assay. We used a subjective Basso
Beattie Bresnahan (BBB) score and an objective electrophys-
iological test to evaluate the recovery of motor functions of
experimental animals. The BBB rating was performed for
the rats after surgery in each group every 7 days in an open
field with a diameter of 2 m [13-16]. A continuous 5-minute
double-blind assessment of the motion characteristics of
each experimental animal was performed.
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F1GURE 1: Identification and differentiation assay for BNSCs. (a) The BNSCs neurospheres are shown. (b) Immunofluorescence staining for
BNSCs with antibodies against Nestin/Vimentin. (¢) CCK-8 assay for detecting the cytotoxicity of Taxol on BNSCs. (d) BNSCs
differentiation for 7 days under different concentrations of Taxol; Green, Tujl; Red, GFAP; Blue, DAPL Scale: 100 ym.
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F1GURE 2: BNSCs differentiation under different concentrations of Taxol in vitro. Low-dose Taxol significantly increases the number of Tujl-
positive cells and the average axonal length of neurons is extended. Green, Tujl; Blue, DAPI. Scale: 100 ym.

On the 120th postoperative day, the cortical motor evoked
potential (CMEP) and cortical somatosensory evoked poten-
tial (CSEP) of each rat was tested. The latency and amplitude
of each group of rats were collected using the Keypoint EMG/
evoked potential instruments and the Keypoint EMG/EP sys-
tem was employed for data processing (Dandy Company,

Denmark). The electrodes were placed according to the place-
ment of the International 10-20 system electrodes. The stimu-
lation intensity was 25mV and 3.5 mA.

2.7. Tissue Sampling, Fixation, Dehydration, Sectioning,
Staining and Observation. The rats were anesthetized. After
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FIGURE 3: Low-dose Taxol promotes neuronal differentiation from BNSCs and extension in vitro. (a) Low-dose Taxol significantly increases
the number of Tujl-positive cells; * p <0.05, ** p <0.01, *** p <0.001. (b) Low-dose Taxol significantly extends the average axonal length of
neurons, * p <0.05, ** p<0.01, *** p <0.001. (c) Effects of low-dose Taxol on BNSC differentiation in vitro; Green, Tujl; Red, Map2; Blue,
DAPL. Scale: 100 ym. (d) During BNSCs differentiation, the addition of Taxol at a low dose increases the number of Tujl and Map2 positive
co-stained cells. As compared to the no-Taxol group, Tujl and Map2 co-stained positive cells in the Taxol 3.5 nmol/L and 5 nmol/L groups
are higher, *** p <0.001, and in Taxol 7 nmol/L group, * p <0.05. (e) The filament-like neurites of GFAP-positive glial cells derived from
BNSCs are affected by the concentration of Taxol in the medium. With the increase in Taxol concentration, the filament-like neurites
gradually elongate, presenting the characteristics of a “track-like” parallel arrangement.

(d)
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FIGURE 4: (a)The spinal cord tissue of T8-T9 spinal cord transection injury model rat is obtained on 1th day after operation, and it shows an
obvious gap in T8-T9 spinal cord tissue. HE-staining shows an obvious gap in T8-T9 spinal cord, indicating successfully injured. Scale:
1000 ym. (b) In vivo experiment diagram of low-dose Taxol can directly reflect the effect of low-dose Taxol on neuronal axon extension
and limb motor functional recovery after SCI. The general idea of the diagram is that the addition of an appropriately low dose of Taxol
combined with biomaterials could effectively increase the number of neurons and axonal extension, compared with no intervention

group (with biomaterials), thus promoting the recovery of motor functions in rats after SCL

perfusion, the spinal cord tissues were dissected and fixed in
4% paraformaldehyde for 72 hours, followed by immersion
in 20% and 30% sucrose solutions for tissue dehydration,
successively for 24 hours each. The frozen tissue was cut into
20 pum thick sections (Leica CM1950).

Tissue sections were HE stained following the kit proto-
col (Beyotime C0105M). The images were captured using a
digital slide scanner (3DHISTECH Pannoramic).

For the immunofluorescence assay, the tissue sections
were treated with 0.3% PBST and blocked in 10% BSA for
1 hour. The sections were incubated with primary anti-
bodies, including anti-GFAP (1:800, Sigma) and anti-Tujl
(BIII-tubulin, 1:500, Sigma) overnight at 4°C followed by
secondary antibody incubation at 26°C for 2 hours. The tis-
sue sections were scanned using a confocal microscope
(Leica TCS SP5 CARS).

2.8. Statistical Analysis. 10 magnification fields each at 200x
were randomly selected per section for each group using the
Leica Acquire software (n=5/group). The GraphPrism 7.0
software was used for quantitative data mapping and pri-

mary statistical analysis. The SPSS 27.0 statistical analysis
software was used for all statistical analyses. p <0.05 indi-
cated a statistically significant difference.

3. Results

3.1. BNSCs Expresses Neural Stem Cell Markers and Have the
Ability to Differentiate into Neuronal Cells. We isolated the
BNSCs in vitro (Figure 1(a)). Following anti-Nestin and
anti-Vimentin staining, more than 95% of the BNSCs were
found to be double-positive (Figure 1(b)). After 7 days of
differentiation protocol, all BNSCs were found to differenti-
ate into nerve cells with protrusions. Anti-Tujl and anti-
GFAP staining were positive, indicating the ability of BNSCs
to differentiate into neurons and glial cells. Taken together,
we successfully obtained BNSCs.

3.2. Cytotoxicity Assay for Taxol at Different Concentrations.
We tested the cytotoxic effects of Taxol on neuronal cells
using the CCK-8 kit. A curve showing the continuous
decrease in the survival rate with increasing Taxol
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FiGgure 5: Continued.



8 Mediators of Inflammation

P-N peak-to-peak value

150 -

=

3 100 4

L

o

=]

h=1

=

g 50

<

0 -
o0 o0 1Y) o0 (9]
B B S S E’
L Lh [Te} (=) (5}
P — 3 3 b
(=] —_— > ™ =
3 g s < ~
g = = =
<
= 3
6]

FIGURE 5: Low-dose Taxol promotes functional recovery in SCI rats. (a) ‘A1: Experimental flow chart. ‘A2’: T8-T9 lamina is removed, and
the spinal cord tissue below the lamina is exposed. The exposed spinal cord tissue is shown by the arrow. ‘A3’: Spinal cord tissue with a
length of 4 mm is removed in the transverse section to establish the acute stage model for rat SCI. ‘A4’: Thrombin-fibrinogen materials
carrying different doses of Taxol are implanted immediately into the lesion sites of the injured rats. (b) BBB scores for motor function in
each group at 120 days after injury. * p<0.05, ** p<0.01, *** p<0.001. (c) Electrophysiological CMEP waveform. The stimulation
intensity is 25mV; the recording voltage is 1 mV/D; the recording current is 5 mS/D. (d) The latency of P and N peaks in the Taxol
0nmol/L group and Taxol 0.05, 0.5, and 5nmol/L groups show no significant differences between normal rats and injured rats. The
latent period of peaks P and N represent the nerve conduction ability in the injured area, and the Taxol-treated groups show significant
improvements. (e) The P-N peak-to-peak amplitude in each group decreases to more than 80% of the normal value, indicating a
conduction block during evoked potential conduction. (f) The P-N peak-to-peak amplitude of the Taxol 0.05nmol/L and 0.5nmol/L

groups show a more significant advantage as compared to the non-Taxol group.

concentration was obtained by calculating cell survival and
inhibition rates. The survival rates of neuronal cells were
all greater than 50% in the Taxol concentration range of
1-10nmol/L. In the Taxol concentration range of 3.5-
5nmol/L, the survival rates of cells reached 66%, and the
curve was horizontal (Figure 1(c)). Therefore, the survival
rate of neural cells in the Taxol concentration range of 1-
10nmol/L was appropriate. We designed experiments with
concentration revolving around the center range from 3.5-
5nmol/L to investigate the effects of Taxol on
differentiation.

3.3. Taxol Promotes the Differentiation of NSCs Cultured In
Vitro into Neurons with Long Axons. We assessed the effects
of Taxol on neurons during BNSCs differentiation. BNSCs
could differentiate into Tuj1" neurons and GFAP™ glial cells
when the Taxol concentration in the differentiation medium
was lower than 7nmol/L. Furthermore, BNSCs showed a
tendency to differentiate into neurons when the differentia-
tion medium contained low-dose Taxol (lower than
7nmol/L) (Figure 1(d)). Immunofluorescence showed an
increased number of neurons and significantly larger axonal
length in the Taxol-treated groups (Figure 2). Thus, the dif-
ferentiation of BNSCs following Taxol intervention yielded
more neurons (Figure 3(a)). Tujl and Map?2 positively co-
stained cells were found in all groups when the Taxol con-
centration in the differentiation medium was below
7nmol/L. When the Taxol concentration was 3.5 nmol/L or
5nmol/L, the ratio of Tujl and MAP2 co-stained positive
cells was the highest (Figure 3(c), 3(d)).

We also detected the extension of neurons after Taxol
treatment. In the control group without Taxol, the BNSCs dif-
ferentiated into Tujl-positive neurons and GFAP-positive
glial cells, with the average extension of neuronal axons being
75.9+4.8 ym (Figure 3(b)). The axon length showed signifi-
cant extension when Taxol concentration was below 7 nmol/
L. When the Taxol concentration was 3.5nmol/L and
5nmol/L, the average extension was the highest, at 390.4 +
5.5 um and 409.9 +10.5 yum (Figure 3(b)), respectively, differ-
ing significantly relative to other Taxol-treated groups. When
the Taxol concentration was 5nmol/L, the axonal extension
was the highest, and within the field of view, the extension
reached up to 550 um for a single neuron (Figure 3(b), 3(c)).
Taken together, if BNSCs were intervened using the microtu-
bule stabilizer, Taxol, with an appropriate concentration dur-
ing the differentiation, the obtained axons of functional
neurons showed exponential extension.

During the differentiation of BNSCs into neurons and glial
cells, the concentration of the microtubule stabilizer, Taxol,
influenced the type and polarity of neuronal cells. When the
Taxol concentration was below 3.5 nmol/L, Tujl-positive cells
were mostly pseudounipolar or bipolar neurons. When Taxol
concentration was in the range of 3.5-7 nmol/L, Tujl-positive
cells were mainly multipolar neurons. When the Taxol con-
centration was lower than 10 nmol/L, with an increasing con-
centration, the filamentous protrusions of GFAP-stained
positive glial cells gradually elongated and thickened and
exhibited a parallel arrangement. Tujl-positive axons
extended along the cellular scaffold formed by the filamentous
protrusions of parallel glial cells (Figure 3(e)).
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FiGure 6: Tujl™ cells in the injury areas following SCI after a low-dose Taxol treatment. (a) The low-dose Taxol group shows significant
advantages as compared to the non-Taxol group in terms of the number of Tujl-stained positive cells and axonal extension. Red, Tujl;
Green, GFAP; Blue, DAPI. Scale: 100 ym. (b) Statistics for neurons in injury areas in the 3 groups. * p <0.05, ** p<0.01, *** p <0.001. (c)
Statistics of axonal length in the injury areas in the 3 groups. * p <0.05, ** p<0.01, *** p <0.001.

3.4. HE Staining Shows the Success of the Rat T8-T9 Spinal
Cord Transection Model. We first established the rat SCI
model with T8-T9 spinal cord transection and performed
HE staining to verify the success of SCI. HE results showed
an obvious gap in T8-T9 spinal cord, indicating successfully
injuried (Figure 4(a)).

3.5. Taxol Promotes Motor Function Recovery and PIII-
Tubulin Expression in Injured Areas in Rats with SCL In
vitro experiments showed that low-dose Taxol could pro-
mote BNSCs differentiation into neurons and extend the
axonal length. We further conducted in vivo experiments
in rats to check whether low-dose Taxol was effective for
the recovery of motor functions. The results show that the
addition of the appropriately low-dose of Taxol to the SCI
microenvironment in injured areas in rats could effectively
increase the number of neurons and axonal length, thus pro-
moting the recovery of motor functions in rats after SCI
(Figure 4(b)).

We administered rats with acute SCI with low doses of
Taxol to detect recovery of function (Figure 5(a)). Joint
movement degree of the rats in different groups varied, at
1-2 weeks post-surgery, with animals in the 0.05pug/rat
Taxol and 0.5 pg/rat Taxol groups showing a significantly
higher degree of hindlimb motor function recovery relative
to the other groups. In particular, most rats in the 0.05 ug/
rat Taxol group showed extensive movement in hip and
knee joints. Two weeks after surgery, the BBB score of rats
in each group continued to increase. Two-to-eight weeks
after surgery, the BBB score of rats in each group showed
the most significant increase. The increase in the 0.05 pug/
rat Taxol and 0.5 ug/rat Taxol groups was the most signifi-
cant (Figure 5(b)), while that in the 5 ug/rat Taxol group
was negligible. In the 0 ug/rat Taxol group the increase was
moderate. Ninety days after surgery, the BBB score in each

group suggested that the hindlimb motor function recovery
of rats plateaued (Figure 5(b)). The baseline group entered
the plateau phase the earliest. In this phase, extensive move-
ments in the three joints of the hindlimb were found. There
was no weight-bearing movement of the palmar surface of
the paw or coordinated movements of the front and hind
limbs. These hindlimb movements were considered to be
entirely spontaneous; neurological functional recovery in
the injury area was thus not achieved [17-19]. The BBB
score in the 0.05 ug/rat Taxol and 0.5 ug/rat Taxol groups
during the plateau phase was 11-13, which was significantly
higher relative to other groups (Figure 5(b)). Some of the
rats entering the plateau phase gradually changed foot
dorsum-ground contact to the plantar surface-ground con-
tact and recovered weight-bearing movement. A small num-
ber of rats showed frequent coordinated movements of the
front and hind limbs.

We performed the CMEP and CSEP tests for each group
of rats. The CMEP amplitude indicated the integrity of the
functional status of the central motor pathway and directly
reflected the repair condition after nervous system injury;
no wave was detected in the CSEP test (Figure 5(c)). There
were no significant differences in the latency of CMEP
among all groups (Figure 5(d)). A decrease in the CMEP
amplitude greater than 80% of the normal group suggested
neurological damage symptoms and the difference was sta-
tistically significant (Figure 5(e)). The P-N peak-to-peak
amplitude differed significantly between groups. The P-N
peak-to-peak amplitude in the 0.05pug/rat Taxol group
increased by a large margin, followed by the 0.5 ug/rat Taxol
and O pug/rat Taxol groups, suggesting that Taxol in these
groups also exerted a positive effect on post-injury repair
(Figure 5(f)). In contrast, the P-N peak-to-peak amplitude
in the 5pug/rat Taxol group was not significantly different,
indicating no recovery in motor functions of rats in this
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group (Figure 5(f)). These electrophysiological findings indi-
cate that the objective indices of in vivo electrophysiological
detection and the subjective indices of the BBB score are
consistent. Tissue materials containing 0.05-0.5 ug/rat of
Taxol promoted recovery of motor functions after SCI.

Tissue samples from all study groups were assayed by
immunofluorescence staining. Immunofluorescence images
indicated that the number of neurons and axons increased
significantly in the 0.5 pg/rat and 0.05 pg/rat Taxol groups
(Figure 6(a)). We statistically analyzed the results of Tujl"
cells in each group and found that the 0.05 ug/rat Taxol
group exhibited the highest number of Tujl" cells in the
injury area, followed by the 0.5ug/rat Taxol group
(Figure 6(b)). The 0 pug/rat Taxol group had fewer Tujl-
positive cells (Figure 6(b)). The axons in the injury area
showed good extension in the 0.05ug/rat group, with the
longest axons among the three groups (Figure 6(c)). There
were a few Tujl-positive cells in the 5 pg/rat Taxol group.
Therefore, high-concentration Taxol inhibited the survival
of neuronal cells in the injury area, thereby limiting the
recovery of rat motor functions. The addition of an appro-
priately low dose of Taxol to the SCI microenvironment
could effectively increase the number of neurons and axonal
length, thus promoting the recovery of motor functions in
rats after SCL

4. Discussion

Microtubules in neurons are more stable than those in non-
neuronal cells and effectively support cellular transport and
maintain the normal structure of neurons [20]. After an
injury, moderate microtubule stabilization prevents axonal
retraction and the enlargement of the apical axon after
injury which overcomes the growth inhibitory effects of
myelin in the central nervous system [6]. The severed axons
gradually retract to a spherical growth cone whose surface
area increases over time for one month and the ratio of the
stable detyrosinated microtubules to dynamic tyrosinated
microtubules increases in the center of the growth cones
[5]. Microtubules are disorganized and accumulated in the
growth cones, whereby they establish and maintain neuronal
polarity and regulate neuronal morphology, cell division, cell
motility, and intracellular transport [21]. Axonal growth
occurs mainly within the growth cones, and dynamic micro-
tubules within the growth cones play an important role in
the structural adjustment and growth of axons [22].
Microtubules are exceptionally sensitive to low tempera-
tures, impact forces, and drugs, which cause instability and
depolymerization [23]. Both cellular signaling pathways
and exogenous drug interventions affect axonal growth
through microtubules in the growth cones [3, 24]. Taxol
affects the dynamic equilibrium between the dimer form of
a-tubulin and S-tubulin and polymerized microtubules.
Conversion of GTP/GDP is the main regulatory mechanism
underlying the increase or decrease of microtubule stability
[25]. Taxol promotes the assembly of tubulin into microtu-
bules and stabilizes them by binding to GTP [26].
Although the total number of cells decreased after low-
dose Taxol application, the number of neurons obtained in
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each group remained constant. Glial cells reduced following
Taxol treatment, which may be due to the preference of
NSCs differentiation toward neurons. In recent years, studies
on spinal cord scar removal to promote spinal nerve regen-
eration have shown that a reduction in glial cells is condu-
cive to the recovery of motor functions [27]. Therefore, the
recovery of motor functions in rats in vivo is due to the com-
bined effect of the increased neurons, extended axons, and
decreased glial cells after the application of Taxol. The appli-
cation of thrombin-fibrinogen materials, a replacement for
spinal cord tissue, also plays a positive role.

Low-dose Taxol effectively extended axonal length,
resulting in nearly 5-fold longer axons than those in the
non-intervention state. Moreover, the Taxol concentration
range may influence neuron type and contribute to the for-
mation of more mature neurons at a higher concentration.
We reasonably speculate that the moderate stabilization of
microtubules during early neuronal polarization affected
neuronal polarity and enhanced tubulin stability [28]. Our
in vivo experiment also corroborated that low-dose Taxol
treatment could promote the expression of SIII-tubulin in
the injured area and improve motor functions in rats in
the acute phase of spinal cord transection. Taxol has been
commonly used as a broad-spectrum antitumor drug for
more than 20 years and its clinical safety is proven [29].
The discovery and evaluation of new pharmacological effects
of Taxol can provide a good option for the clinical treatment
of SCL

5. Conclusions

Low-dose Taxol promoted efficient differentiation of NSCs
to functional neurons; significantly extended neuronal axons
in vitro, and promoted the expression of SIII-tubulin in the
injured area in vivo, thereby improving motor functions in
rats in the acute phase of spinal cord transection. These
findings are expected to advance the clinical application
prospects of the microtubule stabilizer, Taxol, in the treat-
ment of SCL

Data Availability

The data used to support the findings of this study are
included within the article.

Ethical Approval

The experimental protocol was approved by the Ethics Com-
mittee of Xuanwu Hospital Capital Medical University
[XW-20210423-2].

Conflicts of Interest

The authors declare that they have no competing interest.

Acknowledgments

Thanks are due to the guidance of rat electrophysiology in
Functional Laboratory of China Academy of Chinese Medi-
cal Sciences. This work was supported by the National



12

Science Foundation for Young Scientists of China [grant
number 31900740].

References

(1]

(5]

(6]

(10]

(11]

(12]

(13]

(14]

A. Ibarra and S. Martifén, “Pharmacological approaches to
induce neuroregeneration in spinal cord injury: an overview,”
Current Drug Discovery Technologies, vol. 6, no. 2, pp. 82-90,
2009.

T. Yoshimura, N. Arimura, and K. Kaibuchi, “Molecular
mechanisms of axon specification and neuronal disorders,”
Annals of the New York Academy of Sciences, vol. 1086, no. 1,
pp. 116-125, 2006.

K. M. Yamada, B. S. Spooner, and N. K. Wessells, “Axon
growth: roles of microfilaments and microtubules,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 66, no. 4, pp. 1206-1212, 1970.

D. Bentley and A. Toroian-Raymond, “Disoriented pathfind-
ing by pioneer neurone growth cones deprived of filopodia
by cytochalasin treatment,” Nature, vol. 323, no. 6090,
pp. 712-715, 1986.

A. Ertirk, F. Hellal, J. Enes, and F. Bradke, “Disorganized
microtubules underlie the formation of retraction bulbs and
the failure of axonal regeneration,” The Journal of Neurosci-
ence, vol. 27, no. 34, pp. 9169-9180, 2007.

J. R. Bamburg, D. Bray, and K. Chapman, “Assembly of micro-
tubules at the tip of growing axons,” Nature, vol. 321, no. 6072,
pp. 788-790, 1986.

S. Dunn, E. E. Morrison, T. B. Liverpool et al., “Differential
trafficking of Kif5c on tyrosinated and detyrosinated microtu-
bules in live cells,” Journal of Cell Science, vol. 121, no. 7,
pp. 1085-1095, 2008.

L. C. Kapitein, M. A. Schlager, W. A. Van der Zwan, P. S.
Wulf, N. Keijzer, and C. C. Hoogenraad, “Probing intracel-
lular motor protein activity using an inducible cargo traf-
ficking assay,” Biophysical Journal, vol. 99, mno. 7,
pp. 2143-2152, 2010.

C. Soldati, P. Caramanica, M. J. Burney et al., “RE1 silencing
transcription factor/neuron-restrictive silencing factor regu-
lates expansion of adult mouse subventricular zone-derived
neural stem/progenitor cells in vitro,” Journal of Neuroscience
Research, vol. 93, no. 8, pp. 1203-1214, 2015.

A. A. Cera, E. Cacci, C. Toselli et al., “Egr-1 maintains NSC
proliferation and its overexpression counteracts cell cycle
exit triggered by the withdrawal of epidermal growth fac-
tor,” Developmental Neuroscience, vol. 40, no. 3, pp. 223-
233, 2018.

E. Stronati, R. Conti, E. Cacci, S. Cardarelli, S. Biagioni, and
G. Poiana, “Extracellular vesicle-induced differentiation of
neural stem progenitor cells,” International Journal of Molecu-
lar Sciences, vol. 20, no. 15, p. 3691, 2019.

E. Cattaneo and R. McKay, “Proliferation and differentiation
of neuronal stem cells regulated by nerve growth factor,”
Nature, vol. 347, no. 6295, pp. 762-765, 1990.

D. M. Basso, M. S. Beattie, and J. C. Bresnahan, “A sensitive
and reliable locomotor rating scale for open field testing in
rats,” Journal of Neurotrauma, vol. 12, no. 1, pp. 1-21, 1995.
D. M. Basso, M. S. Beattie, J. C. Bresnahan et al., “MASCIS
evaluation of open field locomotor scores: effects of experience
and teamwork on reliability. Multicenter animal spinal cord

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

(29]

Mediators of Inflammation

injury study,” Journal of Neurotrauma, vol. 13, no. 7,
pp. 343-359, 1996.

D. M. Basso, M. S. Beattie, and J. C. Bresnahan, “Graded histo-
logical and locomotor outcomes after spinal cord contusion
using the NYU weight-drop device versus transection,” Exper-
imental Neurology, vol. 139, no. 2, pp. 244-256, 1996.

D. M. Basso, M. S. Beattie, and J. C. Bresnahan, “Descending
systems contributing to locomotor recovery after mild or mod-
erate spinal cord injury in rats: experimental evidence and a
review of literature,” Restorative Neurology and Neuroscience,
vol. 20, no. 5, pp- 189-218, 2002.

S. W. You, B. Y. Chen, H. L. Liu et al., “Spontaneous recovery
of locomotion induced by remaining fibers after spinal cord
transection in adult rats,” Restorative Neurology and Neurosci-
ence, vol. 21, no. 1-2, pp. 39-45, 2003.

A. E. Fournier, B. T. Takizawa, and S. M. Strittmatter, “Rho kinase
inhibition enhances axonal regeneration in the injured CNS,” The
Journal of Neuroscience, vol. 23, no. 4, pp. 1416-1423, 2003.

O. Kiehn and S. J. Butt, “Physiological, anatomical and genetic
identification of CPG neurons in the developing mammalian
spinal cord,” Progress in Neurobiology, vol. 70, no. 4,
pp. 347-361, 2003.

S. Maday, A. E. Twelvetrees, A. J. Moughamian, and E. L. F.
Holzbaur, “Axonal transport: cargo-specific mechanisms of
motility and regulation,” Neuron, vol. 84, no. 2, pp. 292-309,
2014.

P. R. Gordon-Weeks, “Microtubules and growth cone func-
tion,” Journal of Neurobiology, vol. 58, no. 1, pp. 70-83, 2004.

H. Witte, D. Neukirchen, and F. Bradke, “Microtubule stabili-
zation specifies initial neuronal polarization,” The Journal of
Cell Biology, vol. 180, no. 3, pp. 619-632, 2008.

A. W. Schaefer, N. Kabir, and P. Forscher, “Filopodia and actin
arcs guide the assembly and transport of two populations of
microtubules with unique dynamic parameters in neuronal
growth cones,” The Journal of Cell Biology, vol. 158, no. 1,
pp. 139-152, 2002.

S. Okabe and N. Hirokawa, “Microtubule dynamics in nerve
cells: analysis using microinjection of biotinylated tubulin into
PC12 cells,” The Journal of Cell Biology, vol. 107, no. 2,
pp. 651-664, 1988.

K. A. Myers, Y. He, T. P. Hasaka, and P. W. Baas, “Microtubule
transport in the axon: re-thinking a potential role for the actin
cytoskeleton,” The Neuroscientist, vol. 12, no. 2, pp. 107-118,
2006.

X. Liu, S. Zhu, T. Wang et al., “Paclitaxel modulates TGFbeta
signaling in scleroderma skin grafts in immunodeficient mice,”
PLoS Medicine, vol. 2, no. 12, article €354, 2005.

Y. Li, X. He, R. Kawaguchi et al., “Microglia-organized scar-
free spinal cord repair in neonatal mice,” Nature, vol. 587,
no. 7835, pp. 613-618, 2020.

R. P. Tas, A. Chazeau, B. M. C. Cloin, M. L. A. Lambers, C. C.
Hoogenraad, and L. C. Kapitein, “Differentiation between
oppositely oriented microtubules controls polarized neuronal
transport,” Neuron, vol. 96, no. 6, pp. 1264-1271.e5, 2017.

J. Gallego-Jara, G. Lozano-Terol, R. A. Sola-Martinez,
M. Cénovas-Diaz, and T. de Diego Puente, “A Compressive
Review about Taxol®: History and Future Challenges,” Mole-
cules, vol. 25, no. 24, p. 5986, 2020.



	Low-Dose Taxol Promotes Neuronal Axons Extension and Functional Recovery after Spinal Cord Injury
	1. Introduction
	2. Materials and Methods
	2.1. Culture of Primary Brain-Derived Neural Stem Cells
	2.2. Identification and Differentiation of BNSCs
	2.3. Cytotoxicity Assay for Taxol
	2.4. BNSCs Differentiation under Different Concentrations of Taxol
	2.5. Taxol Treatment in the Rat Acute-Phase Spinal Cord Transection Model
	2.6. Functional Recovery Assay
	2.7. Tissue Sampling, Fixation, Dehydration, Sectioning, Staining and Observation
	2.8. Statistical Analysis

	3. Results
	3.1. BNSCs Expresses Neural Stem Cell Markers and Have the Ability to Differentiate into Neuronal Cells
	3.2. Cytotoxicity Assay for Taxol at Different Concentrations
	3.3. Taxol Promotes the Differentiation of NSCs Cultured In Vitro into Neurons with Long Axons
	3.4. HE Staining Shows the Success of the Rat T8-T9 Spinal Cord Transection Model
	3.5. Taxol Promotes Motor Function Recovery and βIII-Tubulin Expression in Injured Areas in Rats with SCI

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments



