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Abstract: Traumatic injuries to the brain and spinal cord affect a large percentage of the world’s population. However,
there are currently no effective treatments for these central nervous system (CNS) injuries. In our study, we evalu-
ated the neuroprotective role of functionalized multi-walled carbon nanotubes (MWCNTs) carrying brain derived
neurotrophic factor (BNDF), nogo-66 receptor (NgR) and Ras homolog gene family member A (RhoA) in spinal cord
injury (SCI). Our results showed that transfection into rat cortical neurons with BDNF-DNA significantly elevated the
expression of BDNF both in vitro and in vivo. Meanwhile, transfection with NgR-siRNA and RhoA-siRNA resulted in
an obvious down-regulation of NgR and RhoA in neuron cells and in injured spinal cords. In addition, the functional-
ized MWCNTs carrying BDNF-DNA, NgR-siRNA and RhoA-siRNA exhibited remarkable therapeutic effects on injured
spinal cord. Taken together, our study demonstrates that functionalized MWCNTs have a potential therapeutic ap-

plication on repair and regeneration of the CNS.
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Introduction

Spinal cord injury (SCI) is one of the most com-
mon causes of long-term disability among
young adults worldwide [1]. Such nervous tis-
sue lesions pose a serious social concern, as
they associate with high sanitary costs and
affect an increasing number of people [2].
Unfortunately, there are currently no effective
treatments to improve functional outcomes
after SCI due to its functional and structural
complexity and the hematoencephalic barrier
[3, 4]. Thus, new treatment options are urgently
needed for effective treatment of SCI.

Nanoparticles (NP), the small objects with <
100 nanometers in diameter, exhibit an
extremely high surface to volume ratio [5].
These unique properties account for their abili-
ties to enter into organisms and attribute to the
carbon nanotubes (CNTs) with numerous appli-
cations including drug delivery systems [6-8].
Importantly, CNTs have demonstrated not to
interfere with neuronal functionality [9], sug-
gesting the potential application of CNTs on
traumatic injury in central nervous system
(CNS) and peripheral nervous system.

Gene therapies hold great promise for the treat-
ment of many traumatic injuries and neurode-
generative disorders in the CNS [10]. During
SClI, various signaling pathways affect the abili-
ty of axons to functionally regenerate in the spi-
nal cord and genetic regulation of these path-
ways has been proven to be a valuable tool for
clinical benefits [11, 12]. Three biomolecular
targets including brain derived neurotrophic
factor (BNDF), nogo-66 receptor, (NgR) and Ras
homolog gene family member A (RhoA) have
been identified to be involved in neuronal func-
tional recovery [13-15]. Herein, we combined
genetic manipulation of these three molecules
and multi-walled CNTs (MWCNTSs) to investigate
their potential neuroprotective effects using a
rat SCI model.

Materials and methods
Cell culture

Embryonic neural cells were obtained from
cerebral cortices of E16 SD rat embryos as pre-
viously described [16]. To be brief, cerebral cor-
tices were cleaned from meningeal membranes
and cut in small pieces (< 2 mm in diameter) in
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Table 1. Synthesized siRNA sequences

Anti-sense (5’-3’)

Gene name Sense (5’-3)

Ng R1 AAUCAGCUCACUGAUGAGGAGCCUGUCUC
Ng R2 AAAUGCACUCAAGGGACGUGUCCUGUCUC
Ng R3 AAUGACUCUCCAUUUGGGACUCCUGUCUC
Rho A1 AAGGCGGGAGUUAGCCAAAAUCCUGUCUC
Rho A2 AAUGAAGCAGGAGCCGGUAAACCUGUCUC
Rho A3 AAAGACCAAAGACGGAGUGAGCCUGUCUC

CUCCUCAUCAGUGAGCUGAUUCCUGUCUC
ACACGUCCCUUGAGUGCAUUUCCUGUCUC
AGUCCCAAAUGGAGAGUCAUUCCUGUCUC

AUUUUGGCUAACUCCCGCCUucCCcUGUCUC
UUUACCGGCUCCUGCUUCAuUCCUGUCUC
CUCACUCCGUCUUUGGUCUUUCCUGUCUC

Hank’s Balanced Salt Solution (HBSS). Then,
tissue pieces were digested with trypsin and
DNAse at 37°C for 30 min. After neutralization
with serum-containing media, cell suspension
was passed through Pasteur pipettes for fur-
ther tissue disaggregation. Isolated cells were
then centrifuged at 300 g for 4 min and con-
firmed for adequate cell viability by trypan blue
staining.

Gene synthesis and transfection

Rat BDNF coding sequence (gh|M61178.1)
was amplified with the primers as follows.
Forward 5-TCCAGGATCCATGACCATCCTTTTCCT-
T-3’; reverse 5-TCCAGAATTCCTATCTTCCCCTTT-
TAATGG-3'. Synthesized siRNA sequences of
NgR and RhoA are as shown in Table 1. These
synthetic genes were transfected into rat corti-
cal neurons with Lipofectamine 2000 accord-
ing to the manufacture’s protocol (Invitrogen,
USA).

Generation of MWCNTs

MWCNTs were dispersed in sulfuric acid/nitric
acid mixed solution, and ultrasonicated for 4 h,
8 h, and 16 h. Transmission electron microsco-
py (TEM) and fourier transform infrared spec-
trophotometer (FTIR) were used to determine
the length and morphology of MWCNTs. 0.5 mg
of carboxylated MWCNTs were added into 0.1%
polyethyleneimine (PEI) solution and ultrasoni-
cated for 15 min. After ultrosonication, MWCNTs
were filtered and thoroughly rinsed with double
distilled water, and the functionalized MWCNTs
were re-dispersed in water to a final concentra-
tion of 0.1 mg/mL. Then, 25 ul MWCNTs-PEI
was placed in 1.5 ml EP tube; and mixed with
three kinds of synthetic therapeutic gene for 3
h. Finally, MWCNTs combined with BDNF-DNA,
NgR-siRNA and RhoA-siRNA were synthesized
at the concentrations of 1.25 mg/L for
MWCNTs-PEI and 150 nM for genes.
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Real time PCR

Total RNA was extracted by using TRIzol reagent
(Invitrogen) and complementary DNA was syn-
thesized using reverse transcription Kit (Pro-
mega) according to the manufacturer’s proto-
col. The sequences of primers used were as fol-
lows: BDNF-F: 5-CACACCAAGTGGTGGGCGAT-
CC-3; BDNF-R: 5-AGGCCAAGTTGCCTTGTCC-
GTG-3’; NgR-F: 5-GGAGCTGGGGCCTGGCCTAT-
3’; NgR-R: 5-GCAAGCCACGGAAAGCGTGC-3;;
RhoA-F: 5-AAGTGGACGGGAAGCAGGTAGAGT-3’;
RhoA-R:5-CCCAACTAGGATGATGGGCACATTT-3’;
GAPDH-F:  5-GGGGCTCTCTGCTCCTCCCTG-3’;
GAPDH-R: 5’-CCAGGCGTCCGATACGGCCA-3..

PCR was performed according to the instruc-
tion by the manufacturer using the SYBR Green
PCR Master Mix (Toyobo, Japan). Amplification
protocols were followed: 95°C for 10 min; 40
cycles of 95°C/15 s, 55°C/60 s and 72°C/30
s. The transcript levels of interest genes were
normalized to the GAPDH and were calculated
with 244t method.

MTT assay

Cells were seeded in a 96-well plate at a con-
centration of 5x10* cells/well for 24 hours.
Then the cultured medium was replaced by
conditional medium, which was added with
indicated doses of MWCNTs. 12 h, 20 uyl MTT
was added and continually cultured for 4 h.
Then the optical density was determined the
values at 490 nm using microplate reader.

Western blot

Rat cortical neurons were harvested, washed
twice with PBS, and lysed in RIPA lysis buffer.
The cell lysates were centrifuged at 12,000xg
for 5 min at 4°C. Samples with equal amounts
of protein were separated by SDS-PAGE, and
then the proteins were transferred onto a nitro-
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cellulose membrane. The membrane was
blocked with 5% not-fat milk in TBST and incu-
bated with primary antibodies including BDNF,
NgR and RhoA. The membrane was washed
with TBST for three times and incubated with
secondary antibodies in TBST at room tempera-
ture for 1 h. The proteins were detected using
enhanced chemiluminescence (ECL) detection
reagents (Roche, Switzerland).

Statistical analysis

Data were expressed as mean + SD and statis-
tical comparisons were performed using one-
way analysis of variance (ANOVA). P < 0.05 was
considered statistically significant.

Results

Up-regulation of BDNF and down-regulation of
NgR and RhoA

Firstly, we constructed the plasmid encoding
BDNF and synthesized NgR-siRNA and RhoA-
siRNA. As shown in Figure 1A, BDNF-DNA
transfection into neurons significantly in-
creased the mMRNA expression of BDNF.
Transfection with NgR-siRNA and RhoA-siRNA,
especially siRNA-3, inhibited the mRNA expres-
sion of NgR and RhoA in neurons (Figure 1B
and 1C).
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Figure 1. Up-regulation of BDNF and down-reg-
ulation of NgR and RhoA. Neurons were trans-
fected with BDNF-DNA (A), NgR-siRNA (B) and
RhoA-siRNA (C). Real time PCR was performed
to measure the mRNA expression of BDNF, NgR
and RhoA. *P < 0.05.

Characterization of MWCNTs

TEM and dynamic light scattering were used to
measure the structure and size distribution of
MWCNTs and functionalized MWCNTs. Results
showed that MWCNTs exhibited tubular nano-
structures with a length of 300-500 nm (Figure
2A and 2B). Particularly, there was a significant
difference in the electronic property on the
surface of functionalized MWCNTs and
MWCNTs. The Zeta potential changed from
-34.8 mV for MWCNTs to +43.6 mV for PEI-
modified MWCNTs (Figure 2C). UV-Vis spectra
MWCNTs-siRNA complex displayed characteris-
tic absorption peaks at 260 nm (Figure 2D).
Taken together, these results indicated that
BNDF and NgR-siRNA and RhoA-siRNA suc-
cessfully incorporated to the surface of func-
tionalized MWCNTSs.

Cytotoxic effect of MWCNTs

Nest we measured the cytotoxic effects of
MWCNTs by MTT assay. Neurons were incubat-
ed with different concentrations of MWCNTs for
48 h. Results showed that the cytotoxic effects
of functionalized MWCNTs decreased with
increasing dilution (100-5000) of MWCNTs
(Figure 3A-H).

Int J Clin Exp Pathol 2015;8(12):15769-15777



Neuroprotective effect of functionalized multi-walled carbon nanotubes

A B Size Distribution by Intensity
x10 4
o {
‘O- B St e i e e B I‘I‘ 5, .
:; 6 / \\
2 4 |
2 [ \
T 2 - g :
o ; \ e
0.1 1 10 100 1000 10000
Size(d.nm)
C D
7 0.4 —— CNTs-PEI
© —RNA
40 5 ~——CNT-PEI-RNA
E 304 20.3-
3 20 g
ch 104 §0.2'
e 0 <
o - 10+ 2 0.1
© o
N 207 %
-304] 5 0.0
-40 3 : : : ,
CNTs PEI-CNTs BDNF  QDs Complexes 200 300 400 500

Wavelength/nm

Figure 2. Characterization of MWCNTs. A. Electron microscope analysis for MWCNT and functionalized MWCNT.
B. Representative image of the size distribution of MWCNT. C. Zeta potentials of MWCNT, functionalized-MWCNT,
BNDF, and functionalized-MWCNT-BNDF complexes. D. Normalized UV-visible spectra of RNA, CNTs-PEI and CNTs-
PEI-RNA complex.

Figure 3. Cytotoxic effects of MW-
CNTs. Cytotoxicities of the differently
diluted solutions of the functional-
ized MWCNTs on neurons were de-
tected by MTT assay.

Expression of BDNF, NgR and
RhoA in vivo

After successful establishment
of functionalized MWCNTs com-
posite carrying BDNF-DNA, NgR-
siRNA and RhoA-siRNA, we fur-
ther evaluated the expression of
BDNF, NgR and RhoA in vivo
using a rat SCI model. Following
cortex injection with MWCNTs,
the expression of BDNF (Figure

4A-C) was significantly increased

0.4} compared with the control group.
Meanwhile, SCl-induced up-regu-

0.3k lation of NgR (Figure 4D-F) and
RhoA (Figure 4G-lI) was de-

0.2 creased in the spinal cord after
_— i I I treatment with functionalized
’ MWCNTs. In addition, real time
0 PCR and western blot analysis
control x100  x200 x300 x1000 x2000 x3000 x5000 also showed the up-regulation of
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Figure 4. Expression of BDNF, NgR
and RhoA in vivo. Immunohistochemi-
cal staining (A-l), real time PCR (J) and
western blot (K) analysis for the BDNF,
NgR and RhoA proteins in normal and
injured spinal cords after the treat-
ment.
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Figure 5. Neuroprotective effects of MWCNTs composite on SCI. HE staining
for the rat spinal cords (A-E, A: control, B: SCI, C: BDNF-DNA, D: NgR-siRNA,
E: RhoA-siRNA). Magnification x 200. (F) Time course of the BBB score

changes in different groups.

BDNF and down-regulation of NgR and RhoA in
the spinal cord in MWCNTSs treated rats (Figure
4) and 4K).

Neuroprotective effects of MWCNTs composite
on SCI

Finally we assessed the neuroprotective effects
of functionalized MWCNTSs carrying BDNF-DNA,
NgR-siRNA and RhoA-siRNA, HE staining
showed that SCI was alleviated in the therapeu-
tic group (Figure 5A-E). Functional scores dem-
onstrated that the BBB scores is therapeutic
group was significantly elevated compared with
the control (Figure 5F). These results revealed
the neuroprotective role of MWCNTs composite
in SCI.

Discussion

Nervous tissue lesions such as SCI are an
important social concern with serious conse-
quences. Nevertheless, treatment strategy for
CNS injury still limited due to its complex struc-
ture and hematoencephalic barrier [3]. In the
current study, we demonstrated that function-
alized MWCNTSs incorporated with therapeutic
genes including BNDF, NgR and RhoA has obvi-
ous neuroprotective effects in injured spinal
cords.
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The repair and regeneration of
CNS is a complex process
which is involved with signaling
transduction, protein trans-
port, cytoskeleton synthesis
and cell adhesion [17]. Among
them, nerve growth factor defi-
ciency, neurite growth inhibito-
ry microenvironment and glial
scar formation greatly inhibits
the CNS repair and regenera-
tion [18]. BDNF, widely distrib-
uted in CNS, plays diverse roles

~8— BDNF in neuron growth, develop-
—&NgR ment, differentiation under
RhoA physiological conditions, and

contributes to injured neurons
repair and regeneration in
pathological conditions [19]. In
addition, BDNF production alle-
viates inflammatory response
and promotes the functional
recovery in acute spinal cord
injury [20]. On the other hand,
some factors have been identi-
fied to inhibit nerve regeneration such as Nogo,
Ompg and MAG. Nogo is one of the most impor-
tant neurite outgrowth inhibitory proteins with
three isoforms Nogo A, B, C. Nogo receptor
mediates axonal growth inhibition and plays a
role in regulating axonal regeneration and plas-
ticity in the adult central nervous system [21,
22]. RhoA is a small GTPase protein known to
regulate the actin cytoskeleton, transcription,
cell cycle progression and cell transformation
[23]. Recent study suggest that Nogo, Ompg
and MAG. exhibit the neurite inhibitory function
through regulation of RhoA, indicating the key
role of RhoA in nerve system [24]. In our study,
BDNF-DNA, NgR-siRNA and RhoA-siRNA trans-
fection into neurons significantly increased the
expression of BDNF and inhibited the expres-
sion of NgR and RhoA.

CNTs are being extensively in nerve regenera-
tion, drug delivery, gene therapy and tumor tar-
geted medicine for their unique properties
including electrical conductivity, mechanical
reinforcement, and high stability in biological
environments [25, 26]. However, there are sev-
eral studies indicating that CNTs could induce
undesirable effects on human health including
cell apoptosis, DNA damage, and oxidative
stress [27, 28]. We established the functional-
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ized MWCNTs by incorporating BDNF-DNA,
NgR-siRNA and RhoA-siRNA into the surface of
MWCNTs. The BDNF level was obviously
increased while the expression of NgR and
RhoA was decreased in the cerebral cortex in
the therapeutic group. Although the slight cyto-
toxicity of MWCNTs in neurons, we observed
that treatment with functionalized MWCNTs
alleviated the spinal cord injury and promoted
the functional recover in SCI mice.

In conclusion, the present study demonstrates
the functionalized MWCNTs-delivered BDNF-
DNA, NgR-siRNA, and RhoA-siRNA has a neuro-
protective effect on spinal cord injury in rats.
These findings provide that MWCNTs-gene
compound may serve as a potential therapeu-
tic tool in CNS injury.
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