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Abstract

Corticosteroids are widely used for the treatment of acute central nervous system injury. However, their bioactivity is limited by their short
half-life. Sustained release of glucocorticoids can prolong their efficacy and inhibit scar formation at the site of nerve injury. In the present
study, we wrapped the anastomotic ends of the rat sciatic nerve with a methylprednisolone sustained-release membrane. Compared with
methylprednisone alone or methylprednisone microspheres, the methylprednisolone microsphere sustained-release membrane reduced
tissue adhesion and inhibited scar tissue formation at the site of anastomosis. It also increased sciatic nerve function index and the thick-
ness of the myelin sheath. Our findings show that the methylprednisolone microsphere sustained-release membrane effectively inhibits
scar formation at the site of anastomosis of the peripheral nerve, thereby promoting nerve regeneration.
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Introduction ious drugs and techniques have been used to promote nerve
Scar formation at the site of nerve repair is a major factor ~ 8rowth, regeneration remains limited.
inhibiting recovery after peripheral nerve injury (Ngeow, Recently, the prevention of scar hyperplasia has become

2010; Yin et al., 2010). Scar tissue prevents nerve regenera- @ hot topic in neural regeneration research. However, out-
tion primarily by increasing nerve adhesion, which provides — comes have not been satisfactory in both basic and clinical
a direct physical block to the nerve, and by inhibiting angio- ~ studies (Silver and Miller, 2004). There have been two ma-
genesis (Abrams and Widenfalk, 2004). The scar grows into  jor strategies for reducing the impact of the scar on nerve
the site of the lesion, and hinders extension of the regenerat-  regeneration. The first approach has been to separate the
ing nerve fibers (Park et al., 2011). Therefore, although var-  nerve ends from the surrounding tissues to prevent tissue

835


http://orcid.org/0000-0001-7030-8009

Li Q, et al. / Neural Regeneration Research. 2016;11(5):835-841.

adhesion (Jeong and Gutowska, 2002). The second has
been the use of steroidal hormones to inhibit the inflam-
matory response. These hormones selectively inhibit fibro-
blast growth and granulocyte migration and phagocytosis,
but efficacy is limited because of rapid degradation and
absorption. Furthermore, continuous systemic application
of steroids produces severe side effects (Mukudai et al.,
2014).

Biomembranes with controlled-release function have
shown strong potential in anti-inflammatory and anti-neo-
plastic treatments, and have been used to improve nerve
regeneration (Ciardelli and Chiono, 2006; Stang et al., 2009;
Huang et al., 2012). Sustained-release microsphere mem-
brane is a new biodegradable material, and it not only has
the advantage of microspheres and collagen, but can also
reduce degradation of the drug.

In the present study, we assessed the inhibitory effect of
methylprednisolone microsphere sustained-release mem-
brane (MMSRM) on scar formation in the lesioned nerve.

Materials and Methods

Animals

A total of 120 Sprague-Dawley male rats, 3—4 months of age,
weighing 200-250 g, were provided by the Animal Laborato-
ry of the Affiliated Dongnan Hospital of Xiamen University,
Zhangzhou, China (license No. SCXK (Min) 2012-0001). All
rats were maintained and housed under controlled condi-
tions (22°C), with a 12-hour light/dark cycle, and were pro-
vided with food and water ad libitum. All efforts were made
to minimize the number of animals used and to reduce their
suffering. All procedures were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication No. 85-23, revised
1986).

Grouping and surgical procedures

Twelve hours before surgery, all animals were deprived of
food and water. Before surgery, the animals were anesthe-
tized by intraperitoneal injection of 10% chloral hydrate
(300 mg/kg per day). The rats were randomly divided into
four groups (n = 30 per group) and underwent transection
of the proximal left sciatic nerve and subsequent end-to-
end suture under a microscope (Langone et al., 1995; Oz-
turk, 2015). After this procedure, the rats in the four groups
were treated with one of the following: (1) MMSRM (Affil-
iated Dongnan Hospital of Xiamen University, Zhangzhou,
China), with a drug release rate of 1 mg/kg per day, which
was used to wrap the nerve stump followed by suturing;
(2) blank control microsphere sustained-release membrane
(BMSRM group; Affiliated Dongnan Hospital of Xiamen
University); (3) local injection of methylprednisolone (15
mg/0.5 mL, purity > 99%, batch No. 041006, provided by
Zhejiang Hisun Pharmaceutical Co., Ltd., Taizhou, Zheji-
ang Province, China; methylprednisolone group); (4) local
injection of normal saline (0.5 mL, provided by Affiliated
Dongnan Hospital of Xiamen University; normal saline
group). Subsequently, the skin incision was sutured and
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disinfected using 75% alcohol following hemostasis. The
rats were fed the same diet under the same environmental
conditions.

Specimen collection

As previously reported (Sun et al., 2009), adhesive tissues
around the nerve stump were separated carefully to avoid
nerve injury at 4, 8 or 12 weeks post-operation. After elec-
tromyography testing, a nerve tissue sample, 1 cm distal
to the center of nerve anastomosis, was taken and subject-
ed to 10% formalin fixation and paraffin embedding for
histological analysis. Experimental data were recorded in
detail.

General observation

At 4, 8 or 12 weeks post-operation, 10 rats from each group
were taken for analysis. An incision was made layer by layer
after anesthesia to observe the healing of the skin and mus-
cle, and the degree of tissue adhesion between the nerve
anastomotic ends and adjacent muscular lacuna was evaluat-
ed as previously reported (Petersen et al., 1996).

Histological observation

A 1.5-cm-long nerve segment comprising the center of the
nerve anastomosis was excised and fixed with 4% parafor-
maldehyde for 24 hours, and then subjected to paraffin em-
bedding.

Masson staining
Masson staining was performed to stain collagen fibers blue
(Calvi et al., 2014).

Osmic acid staining

Osmic acid staining was used to evaluate peripheral nerve
myelin formation (Wolthers et al., 2005; Saceda et al., 2011)
and to assess nerve fiber diameter and the thickness of the
myelin sheath. Image analysis using computer scanning sys-
tem (Media Cybernetics, Rockville, MD, USA) was used for
quantitative analysis of myelin hyperplasia. Myelin tissues
were colored blue-brown or black.

Immunohistochemical staining for collagens
Immunohistochemical staining for type I and type III col-
lagen was performed using a kit according to the manufac-
turer’s instructions (Xi Tang Biological Technology Co., Ltd.,
Shanghai, China and Ao Xing Biological Technology Co.,
Ltd., Zhejiang, China). The relative expression levels of type
I and type III collagen fibers, which were stained brown-yel-
low, were analyzed with a computer.

Image analysis

Masson staining, osmic acid staining and type I and type III
collagen immunohistochemical staining were analyzed by
light microscopy (100x; Olympus, Tokyo, Japan). Five fields
of vision were chosen in each image followed by image anal-
ysis and processing using Image-Pro Plus 7.0 software (Media
Cybernetics) (Cheng et al., 2011).
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Neurological function evaluation

For neurological functional testing, we used a homemade
footprint walking box, 50 cm long, with white tracing paper
lining the bottom. The hind feet were dyed using carbon
ink, and the rat was placed in the box. Then, 3—4 clear hind
footprints were recorded. The bilateral footprints were
recorded every 2 weeks, 4—12 weeks postoperatively (nor-
mal group, N; experimental group, E). The following three
variables were measured (Figure 1): (1) Footprint length
(PL), the distance from the heel to the toe (the longest PL
was selected in this study); (2) Footprint width (TS), the
distance from the first toe to the fifth toe (the longest TS
was selected in this study); (3) Middle digit distance (IT),
the distance from the second toe to the fourth toe (the lon-
gest IT was selected in this study). All measurements were
accurate to the mm. These three variables were entered
into the Bain formula (de Medinaceli et al., 1982; Shen and
Zhu, 1993) to calculate the sciatic function index (SFI) for
each group. SFI = —38.3[(EPL-NPL)/NPL] + 109.5[(ETS—
NTS)/NTS] + 13.3[(EIT-NIT)/NIT] — 8.85. The SFI value
ranged from 0 (normal) to —100 (complete loss of nerve
function) (Azuma et al., 2007).

Statistical analyses

Data are expressed as the mean *+ SD and were analyzed us-
ing SPSS 17.0 software (SPSS, Chicago, IL, USA). Statistical
analysis was performed using homogeneity test of variance.
Rank sum test was used for ordered multi classification
data, and the Mann-Whitney U-test used for data process-
ing. Two-factor and two-level factorial design was used for
Masson staining and for type I and type III collagen analysis
(these comparisons were only made between the MMS-
RM group and the methylprednisolone group). The SFI,
the number of nerve fibers and the thickness of the myelin
sheath were analyzed using one-way analysis of variance and
Bonferroni analysis. P-values less than 0.05 were considered
statistically significant.

Results

General observation

Because of infection-induced death, nine rats from the
BMSRM group were taken at each time point after opera-
tion, and nine and eight rats from the methylprednisolone
group and normal saline group, respectively, were taken at
4 weeks after operation. Rank sum test analysis showed that
the healing of the skin and fascia muscle was good in the
four groups, and there was no significant difference among
them (P > 0.05). Compared with the BMSRM and normal
saline groups, tissue adhesion was milder in the MMSRM
group and methylprednisolone group 8 weeks after op-
eration (P < 0.05), but there was no significant difference
between the MMSRM group and the methylprednisolone
group or between the BMSRM group and the normal
saline group. Compared with the methylprednisolone
group, tissue adhesion was milder in the MMSRM group
12 weeks after operation (P < 0.05). The rank sum test
was used to evaluate differences in tissue adhesion (Table

1). Mann-Whitney U-test was performed to compare the
MMSRM and methylprednisolone groups, revealing a sig-
nificant difference between the two groups (P < 0.05). The
MMSRM group had milder tissue adhesion compared with
the methylprednisolone group (Figure 2).

Masson staining

The factorial design was used for statistical analysis. A signifi-
cant interaction between time and treatment (P = 0.032) was
found (Table 2). As shown in Table 2, the collagen content
increased significantly (P = 0.017) in the methylprednisolone
group at 12 weeks compared with 4 weeks. As shown in Table
3, there was no significant difference in collagen content be-
tween 4 and 12 weeks in the MMSRM group (P = 0.739). At 4
weeks, the collagen content in the MMSRM group increased
significantly compared with the methylprednisolone group (P
=0.020). However, at 12 weeks, there was no statistical differ-
ence in collagen content between the MMSRM group and the
methylprednisolone group (P = 0.463).

At 12 weeks, Masson staining in the MMSRM group
revealed the presence of nerve growth cones (Figure 3A).
Epineurial collagen was less, and the outer membrane was
thinner (Figure 3B). In the methylprednisolone group, a
disordered arrangement of nerve fibers was observed, with
no growth cone formation and much collagen deposition
(Figure 3C). There was much collagen deposition on the
epineurium, which was comparatively thicker (Figure 3D).

Morphological observation and axon regeneration
assessment using osmic acid staining

Because the data recorded at 4 and 8 weeks after surgery
were lost, only the data for week 12 were analyzed. The num-
ber of nerve fibers near the site of nerve anastomosis was
counted under a microscope using a 100x objective (Table 4).
The number of nerve fibers was much higher in the MMS-
RM group and local methylprednisolone group than in the
BMSRM group or the normal saline group (P < 0.05). There
was no significant difference between the MMSRM group
and the methylprednisolone group or between the BMSRM
group and the normal saline group (P > 0.05). These results
suggest that local applications of drug-loaded microsphere
sustained-release membrane and methylprednisolone both
increase the number of nerve fibers after nerve anastomosis.
There was no significant difference between the MMSRM
and methylprednisolone groups.

At 12 weeks after surgery, regenerated myelin sheaths had
an irregular shape, distribution and thicknesses, and there
were great differences in their shape, diameter and thickness.
The regenerated myelin sheath was significantly thicker in
the MMSRM and methylprednisolone groups compared
with the BMSRM group or the normal saline group (P <
0.05). Moreover, there was a significant difference between
the MMSRM group and the methylprednisolone group (P
= 0.022; Table 5). Nerve regeneration was the lowest in the
BMSRM and normal saline groups, and the regenerated my-
elin sheath was thin (P = 0.887). Overall, the thickness of the
regenerated myelin sheath was greater in the MMSRM group

837



Li Q, et al. / Neural Regeneration Research. 2016;11(5):835-841.

/TS
") [ Figure 1 Schematic diagram of SFI
R measurement (right footprints).
SFI: Sciatic function index; PL: foot-
print length; TS: footprint width; IT:
middle digit distance.

Table 1 Differences in tissue adhesion scores evaluated using the rank
sum test

Skin healing Muscular healing Tissue adhesion

4" wk 8" wk 12" wk 4" wk 8"wk 12"wk 4" wk 8" wk 12" wk

P>0.05 P>0.05 P<0.05

wk: Weeks.

Table 2 Two-factor two-level factorial design analysis of the collagen
content at the site of nerve anastomosis in the MMSRM group and
the methylprednisolone group

G Z Gz
F 7.038 1.398 5.289
P 0.017 0.220 0.032

There was an interaction between the two factors (P = 0.032). Z: Time
factor; G: treatment factor; MMSRM: methylprednisolone microsphere
sustained-release membrane.

Figure 2 Tissue adhesion at the site of nerve anastomosis (arrows) 12
weeks post-operation.

The methylprednisolone microsphere sustained-release membrane
group had no adhesion (A). In contrast, severe adhesion was found in
the methylprednisolone group (B).

Table 3 Single effect analysis of Masson staining for collagen content
at the site of nerve anastomosis in the MMSRM group and the
methylprednisolone group

Statistical description Statistical inference

Number G'Z meantSD  Contrast ¢ p

1 4" wk Group A 14.6042.21 1 vs.2 2.535 0.0197"
2 4" wk Group C  13.50+2.12 1vs.3 3.621 0.0017"
3 12" wk Group A 15.80+2.31 2 vs. 4 0.338 0.7388
4 12" wk Group C 15.60+2.30 3 vs.4  0.748 0.4633

*P < 0.05. A: Methylprednisolone microsphere sustained-release
membrane (MMSRM) group; C: local methylprednisolone group; wk:
weeks; Z: time factor; G: treatment factor.

,., (’ s -;,‘” 'r.'\-, A

"//

Figure 3 Masson staining of collagen fibers (x 100).

Arrows indicate a nerve growth cone in the MMSRM group (A), the epineurium in the MMSRM group (B), a nerve growth cone in the methyl-
prednisolone group (C), and the epineurium in the methylprednisolone group (D). MMSRM: Methylprednisolone microsphere sustained-release

membrane.

Table 4 Bonferroni analysis of the number of nerve fibers 12 weeks
after surgery

Table 7 Two-factor two-level factorial design analysis for type III
collagen at the site of nerve anastomosis in the MMSRM and

Intergroup comparison t P methylprednisolone groups

A-B 3.37 0.002" G Z Gz

A-C 223 0.619* F 5.205 25.838 1.362

AD 263 0013 P 0.026 0.000 0.042

B-C 2.51 0.015

B-D 0.72 0.867 There was no interaction between the two factors (P = 0.402). Z: Time
C-D 221 0.025" factor; G: treatment factor; MMSRM: methylprednisolone microsphere

*P < 0.05. A: Methylprednisolone microsphere sustained-release
membrane group; B: blank control microsphere sustained-release
membrane group; C: local methylprednisolone group; D: normal saline

group.

838

sustained-release membrane.



Li Q, et al. / Neural Regeneration Research. 2016;11(5):835-841.

..

Figure 4 Type I collagen immunohistochemical staining in the MMSRM and methylprednisolone groups 4 and 12 weeks after surgery (x 100).
(A, B) MMSRM and methylprednisolone groups at 4 weeks after surgery; (C, D) MMSRM and methylprednisolone groups at 12 weeks after sur-
gery. MMSRM: Methylprednisolone microsphere sustained-release membrane.

..

Figure 5 Type III collagen immunohistochemical staining in the MMSRM and methylprednisolone groups 4 and 12 weeks after surgery (x 100).
(A, B) MMSRM and methylprednisolone groups at 4 weeks after surgery; (C, D) MMSRM and methylprednisolone groups at 12 weeks after sur-
gery. MMSRM: Methylprednisolone microsphere sustained-release membrane.
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Figure 6 Comparison of sciatic function index (SFI) at different time
points after surgery.

The SFI value was significantly higher in the methylprednisolone micro-
sphere sustained-release membrane (MMSRM) group than in the other
three groups. A: MMSRM; B: blank control microsphere sustained-re-
lease membrane; C: local methylprednisolone; D: normal saline.

Table 6 Two-factor two-level factorial design analysis for type
I collagen at the site of nerve anastomosis in the MMSRM and
methylprednisolone groups

G Z Gz
F 18.021 5.031 0.013
p 0.003 0.034 0.906

There was no interaction between the two factors (P = 0.906). Z: Time
factor; G: treatment factor; MMSRM: methylprednisolone microsphere
sustained-release membrane.

Table 5 Bonferroni analysis used to compare the thickness of the
regenerated myelin sheath 12 weeks after surgery

Intergroup comparison t p

A-B 3.24 0.013
A-C 2.11 0.022"
A-D 2.65 0.024"
B-C 2.30 0.030"
B-D 0.74 0.887
C-D 2.05 0.020

*P < 0.05. A: Methylprednisolone microsphere sustained-release
membrane group; B: blank control microsphere sustained-release
membrane group; C: local methylprednisolone group; D: normal saline

group.

Table 8 Single effect analysis of Masson staining for III collagen
content at the site of nerve anastomosis in the MMSRM and
methylprednisolone groups

Statistical description Statistical inference

Number G'Z mean+SD Contrast P

1 4" wk Group A 0.2372£0.0251 1vs.2  4.469 0.0251"
2 4" wk Group C  0.2840£0.0367 1vs.3  3.518 0.0005
3 12" wk Group A 0.3228+0.0136 2vs.4  0.808 0.0125
4 12" wk Group C 0.3372+0.0378 3 vs.4 2759 0.4549°

*P < 0.05. A: Methylprednisolone microsphere sustained-release
membrane (MNSRM) group; B: blank control microsphere sustained-
release membrane group; C: local methylprednisolone group; D:
normal saline group; Z: time factor; G: treatment factor; wk: weeks.
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Table 9 Bonferroni analysis of the sciatic function index in the
various groups

Intergroup comparison t p

A-B 3.34 0.003"
A-C 2.13 0.019"
A-D 2.51 0.010"
B-C 2.31 0.015"
B-D 0.83 0.887
C-D 2.11 0.020"

*P < 0.05. A: Methylprednisolone microsphere sustained-release
membrane group; B: blank control microsphere sustained-release
membrane group; C: local methylprednisolone group; D: normal saline

group.

than in the other three groups.

Relative expression levels of type I and type III collagens
Type I collagen content analysis

As shown in Table 6, there was no interaction between the
two factors, time and treatment (P = 0.906). The effects of
these two factors were independent of each other, and it
was necessary to analyze their main effect independently.
As shown in Table 6 and Figure 4, type I collagen content
in the two groups was higher at 12 weeks compared with 4
weeks (P = 0.034). Type I collagen content was significantly
lower in the MMSRM group than in the methylprednisolone
group (P =0.003).

Type 111 collagen content analysis

As shown in Table 7, there was an interaction between the
two factors, time and treatment (P = 0.042). As shown in
Table 8 and Figure 5, type III collagen content in the MMS-
RM group was higher at 12 weeks than at 4 weeks (Figure
5A, C) (P = 0.0125). The type III collagen content in the
methylprednisolone group was higher at 12 weeks than at
4 weeks (Figure 5B, D) (P = 0.0005). At 4 weeks, the type
IIT collagen content was higher in the MMSRM group than
in the methylprednisolone group (P = 0.0251). However,
there was no difference between the two groups at 12 weeks
(P=0.4549).

Evaluation of SFI

At 8 weeks after surgery, the SFI value was —11.08 in the
normal saline group, —5.02 in the MMSRM group, —16.36
in the BMSRM group and —5.24 in the methylprednisolone
groups (Table 9). There were significant differences between
the BMSRM and MMSRM groups and between the BMSRM
and methylprednisolone groups (P < 0.05). The BMSRM
group exhibited lower neurological recovery compared with
the MMSRM group or the methylprednisolone group. At 10
and 12 weeks after surgery, there was a significant difference
between the MMSRM and methylprednisolone groups (Ta-
ble 9), indicating that neurological recovery was greater in
the MMSRM group than in the methylprednisolone group.
The overall mean analysis showed that the MMSRM group
showed better neurological recovery than the other three
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groups, especially during long-term postoperative observa-
tion (Figure 6).

Discussion

Methylprednisolone dosage used in this study
Methylprednisolone treatment for acute spinal cord injury
(Pfister et al., 2007) is recommended within 8 hours of in-
jury (Hanks et al., 1996; Francis et al., 2007; de Ruiter et al.,
2008). The first dosage is 30 mg/kg, and the maintenance
dose is 5.4 mg/kg per hour. The dose conversion coefficient
used to convert the human dose to the rat dose is W = 6.25.
Therefore, the first dose of methylprednisolone for the rat is
30 mg/kg X 6.25, i.e. 187 mg/kg, and the maintenance dose is
33 mg/kg per hour. In this study, intramuscular injection in-
stead of continuous intravenous infusion was used in rats. As
the average weight of the rats was approximately 250 g, W =
5 was used as the dose conversion coefficient. Previous stud-
ies have shown that rats given a high dose, but less than the
human-rat converted volume (15-30 mg/kg), develop psy-
chiatric symptoms and local severe infection. The negative
impact of infection was largely offset by the enhanced nerve
regeneration and by the cytoprotective effect of the drug. Be-
cause the dose used in the present study was 5-10 times less
than the doses used in most studies, the hormone had no
negative effects. Therefore, systemic application of moderate
doses of methylprednisolone, i.e. 15-30 mg/kg, effectively
promotes the regeneration of peripheral nerves in rats. The
SFI value was significantly better than in the normal saline
group, showing that the drug promotes the regeneration of
peripheral nerves. The local administration of the drug can
have the same positive effects of systemic administration
while reducing systemic side effects.

Intravenous delivery of high-dose methylprednisolone
in patients with peripheral nerve injury is problematic be-
cause of systemic side effects. Thus, it has limited clinical
potential. Our present findings show that local application
of methylprednisolone effectively promotes peripheral nerve
repair and regeneration after injury in the rat. The high local
methylprednisolone concentration during the acute phase of
injury, allowed by the MMSRN, likely inhibits inflammatory
reactions and protects cells after injury. Furthermore, local
drug application likely avoids serious side effects, especially
infections, caused by the systemic application of high-dose
methylprednisolone. Future clinical studies should examine
whether localized application can promote nerve regenera-
tion, similar to systemic administration.

MMSRM versus local methylprednisolone

The local application of the MMSRM showed anti-inflam-
matory and sustained-release effects, and promoted periph-
eral nerve functional recovery in rats compared with a single
local injection of methylprednisolone. Although the SFI is
not a fully objective scoring method, it can reflect neurologi-
cal functional status. Our next goal is to evaluate whether the
MMSRM can improve nerve fiber conduction and enhance
systemic functional recovery.
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Conclusion

In this study, the degree of tissue adhesion was significantly
lower in the MMSRM group than in the other groups. Fur-
thermore, other indices, including nerve functional recovery,
collagen content, thickness of the myelin sheath and the
number of nerve fibers, were significantly ameliorated com-
pared with the other groups. Our results demonstrate that
MMSRM promotes nerve regeneration. Our findings lay the
foundation for future studies on peripheral nerve regenera-
tion and repair.
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