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Research Highlights

(1) Microspheres for sustained release of nerve growth factor were prepared by compound method,
and the sustained in vitro release of active nerve growth factor lasted for at least 90 days.

(2) Microspheres were implanted into chitosan conduits to repair 10-mm defects on the buccal
branches of the facial nerve in rabbits. Results showed that the muscular atrophy induced by facial
nerve defects was attenuated, and the nerve conduction velocity and amplitude were significantly
increased.

(3) Microspheres for sustained release of nerve growth factor in combination with chitosan conduits
can improve axon and myelin sheath regeneration of injured facial nerve.

(4) The combination of nerve growth factor-releasing microspheres and chitosan conduits exhibits
superior effects in repairing facial nerve injury compared with nerve growth factor alone.

Abstract

Microspheres containing nerve growth factor for sustained release were prepared by a compound
method, and implanted into chitosan conduits to repair 10-mm defects on the right buccal branches
of the facial nerve in rabbits. In addition, chitosan conduits combined with nerve growth factor or
normal saline, as well as autologous nerve, were used as controls. At 90 days post-surgery, the
muscular atrophy on the right upper lip was more evident in the nerve growth factor and normal sa-
line groups than in the nerve growth factor-microspheres and autologous nerve groups.
physiological analysis revealed that the nerve conduction velocity and amplitude were significantly
higher in the nerve growth factor-microspheres and autologous nerve groups than in the nerve
growth factor and normal saline groups. Moreover, histological observation illustrated that the di-
ameter, number, alignment and myelin sheath thickness of myelinated nerves derived from rabbits
were higher in the nerve growth factor-microspheres and autologous nerve groups than in the nerve
growth factor and normal saline groups. These findings indicate that chitosan nerve conduits
bined with microspheres for sustained release of nerve growth factor can significantly improve facial
nerve defect repair in rabbits.
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INTRODUCTION

The repair of facial nerve defects is difficult.
At present, because end-to-end anastomosis
is unable to repair facial nerve defects, au-
tologous nerve grafting remains the gold
standard™. However, nerve autografts exhibit
some drawbacks, such as the finiteness and

denervation of the donator'®.

For peripheral nerve repair, much effort has
been devoted to developing artificial nerve
grafts to replace traditional autograft tech-
niques®®. However, peripheral nerves do
have the potential to regenerate after injury.
Current strategies to repair damaged axonal
pathways in the peripheral nerve system
focus on developing bridging scaffolds that
guide axonal regeneration across the lesion
site. For example, guidance conduits are
used to direct regenerating axons towards
their targets, minimize the migration of con-
nective tissue into the conduits, and inhibit
the formation of axonal growth-inhibiting scar
tissue and neuroma®®. Different synthetic
materials, such as silicone, collagen, and
chitosan, have been used as nerve guides to
bridge nerve gaps’®'®. These materials are
mainly divided into two groups:
non-absorbable and absorbable artificial
nerve grafts™. Non-absorbable materials
can lead to scarring and fibrosis, and can
cause nerve dysfunction if they are main-
tained at the injury site for a long time;
therefore, a second surgical procedure is
needed to remove them™. In contrast, ab-
sorbable artificial nerve grafts potentially
prevent these problems!*?.

Chitosan nerve conduits are absorbable and
have some distinct properties when com-
pared with other absorbable conduits, such
as low cost, natural abundance, biocompati-
bility and low antigenicity™®. In addition, the
degradation velocity of chitosan conduits can
vary with molecular weight and the degree of
deacetylation™. The chitosan molecule has
free amino, hydroxyl and polylysine or gela-
tinum, and can promote nerve cell adherence
and growth along the surface of the materi-
al™. It can enhance the adherence and in-

flux of Schwann cells, thus encouraging the
growth of axons™®. However, physical nerve
guidance by a nerve conduit may not be suf-
ficient to foster optimal recovery™. Nerve
growth factor (NGF) promotes the survival of
cell bodies and supports the regeneration of
axons towards specific target organs™.
However, NGF levels decrease rapidly as it
degrades in aqueous media™. To combat
this, polymeric microspheres have been de-
veloped to encapsulate NGF for local sus-
tained delivery®®.

This study aimed to develop a chitosan
nerve conduit loaded with microspheres that
provide sustained release of bioactive NGF
and to evaluate whether the incorporation of
this sustained release system into nerve
conduits can improve the regeneration of
facial nerves.

RESULTS

Quantitative analysis of experimental
animals

Thirty-six rabbits were used to establish
models of 10-mm defects in the right buccal
branch of the facial nerve. The model rabbits
were equally and randomly assigned to four
groups as follows: NGF-microspheres group,
chitosan conduits combined with NGF mi-
crospheres; NGF group, chitosan conduits
combined with NGF alone; normal saline
group, chitosan conduits combined with
normal saline; autologous nerve group, with
nerve autografting performed. All 36 rabbits
were involved in the final analysis.

Morphology, in vitro NGF release and
bioactivity of microspheres

Scanning electron microscopy showed that
the microspheres had uniform size and
smooth surface. At 90 days of in vitro re-
lease, a large number of pores appeared on
the surface of the microspheres and they
had partially degraded (Figure 1).

NGF release from the microspheres ex-
tended over the entire 90-day period of
testing, and the accumulated release ratio
achieved 91.2 + 2.2%. The microspheres
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showed an almost constant release after a minimal
burst during the first day of incubation. The release
curve was recorded (Figure 2).

Figure 1 Electron micrographs of nerve growth factor-
releasing microspheres (x 2 000).

(A) Before releasing nerve growth factor in vitro, the
microspheres present uniform size and smooth surface.

(B) After releasing nerve growth factor in vitro, a large
number of pores appeared on the surface of the
microspheres and the microspheres partially degraded.
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Figure 2 Accumulative release rate of nerve growth

factor in vitro.

The microspheres were cultured in PBS (pH 7.4, 37°C).
Data are expressed as mean (n = 3).

When PC12 cells were co-incubated with bioactive NGF,
the cells differentiated and extended neurite outgrowth.
At 90 days of co-incubation with the microspheres, al-
most 50% of the cells extended neurites, and some
cells grew over each other so that their individual mor-
phology became indistinguishable. This suggests that
bioactive NGF was continuously released over the pe-
riod of incubation.

NGF-releasing microspheres improved recovery of

neurological function in rats with facial nerve defects
All rabbits presented partial facial paralysis on the right
side after surgery and had difficulty in moving their up-
per lips. Beards on their lower jaw were sunken, and
their wink reflection was weakened. At 2 weeks
post-surgery, all of the rabbits displayed light muscular
atrophy on the right upper lip, which was still evident at
1 month post-surgery. Facial paralysis decreased with
time, but muscle movement remained worse than the

healthy side. In addition, the muscular atrophy in the
NGF and normal saline groups was more evident than
the NGF-microspheres and autologous nerve groups.
Meanwhile, the recovery of upper lip movement in the
NGF and normal saline groups occurred later than in
the NGF-microspheres and autologous nerve groups.
The wounds in all of the rabbits healed well without
infection.

Gross pathology indicated there was no tissue inflam-
mation. At 90 days after surgery, in the
NGF-microspheres, NGF and normal saline groups,
nerve defects were repaired by regenerated nerve;
chitosan conduits became thinner and were partially
absorbed; and the conduit wall was not intact and easy
to fracture. In addition, there was no neuroma formation
in the proximal end of regenerative nerve, and the ap-
pearance of nerves was similar to normal. In the auto-
logous nerve group, the nerve anastomosis also re-
covered well.

NGF-releasing microspheres improved facial nerve
conduction velocity

In electromyography, the prolongation of time-latency,
increase of current threshold and decrease of voltage
amplitude to stimuli may be attributed to an impairment of
neuromuscular function after injury®. When nerve injury
is recovering, a decrease of time-latency and threshold
and increase of amplitude should be observed. At 90
days post-surgery, latency period, amplitude and con-
duction of velocity in each group were recorded with
threshold stimulation. The latency period was significantly
shortened, conduction of velocity significantly faster and
amplitude significantly greater in the NGF-microspheres
and autologous nerve groups than in the NGF and normal
saline groups (P < 0.01), but there was no statistical dif-
ference between the NGF-microspheres and autologous
nerve groups (P > 0.05; Table 1).

NGF-releasing microspheres improved facial nerve
regeneration

Specimens were stained with hematoxylin-eosin and
anti-S-100 antibody for observation by light microscopy.
Normal nerves were composed of one to five fascicles
enveloped by epineuria with spindle shaped cells, and
axons were regularly arranged and had similar diame-
ters. Myelin was dense, with no deterioration. Schwann
cells were well distributed, with similarly sized and
shaped cell nuclei. The perineurium was a condensa-
tion of loose connective tissue. At 90 days post-surgery,
hematoxylin-eosin staining results indicated rich ves-
sels in the epineurium, bundled regenerative nerve
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fibers, and many neovessels in the nerve fiber bundles
in the NGF-microspheres group; fewer regenerative
axons with uneven distribution and poor development,
and a lot of fibrous connective tissue in the NGFand
normal saline groups; and nerve bundles with uniform
size and tissue similar to normal nerve in the autolog-
ous nerve group (Figure 3).

Table 1 Latency period (ms) and amplitude (mV) of
neuromuscular action potentials and conduction of velocity
(m/s) of the facial nerve in each group 90 days post-
surgery.

Conduction of

Group Latency period Amplitude velosity
NGF-microspheres ~ 2.23+0.14*  2.17+0.32% 23.86+1.97%
Autologous nerve 2.29+0.15%  2.42+0.18% 25.74+2.39°
NGF 3.29+0.24 1.03+0.11  17.45+1.45
Normal saline 3.35+0.19 0.97+0.08 16.69+0.33

Data are expressed as mean + SD of nine rabbits from each group.
#P < 0.01, vs. nerve growth factor (NGF) and normal saline groups.
Differences between groups were compared using one-way
analysis of variance, with least significant difference test pairwise
comparisons applied as appropriate.

Figure 3 Influence of nerve growth factor (NGF)-
microspheres on the morphology of regenerated nerve
fibers of cross-sectioned injured facial nerve in rabbits at
90 days (hematoxylin-eosin staining, x 400)

(A) NGF-microspheres group; (B) NGF group; (C) normal
saline group; (D) autologous nerve group.

The myelinated nerve fibers were uniform and larger in
groups A and D than in groups B and C.

S-100 antibody immunohistochemistry confirms the
presence of nerve fibers®. At 90 days post-surgery,
S-100 staining revealed that nerve fibers were present
in all groups. A brown area represented positive ex-
pression, and dark brown indicated more developed
nerve fibers. Nerve fibers were more dense in the
NGF-microspheres and autologous nerve groups than
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in the NGF and normal saline groups (Figure 4).

Figure 4 Effect of nerve growth factor (NGF)-
microspheres on S-100 expression in the regenerated
facial nerves at 90 days post-surgery
(immunohistochemical staining, x 100).

In the NGF-microspheres group (A) and autologous nerve
group (D), there was higher S-100 positive expression
than in the NGF group (B) and normal saline group (C).
Arrows indicate S-100 positive expression.

Influence of NGF-microspheres on the ultrastructure
of regenerated facial nerves

Scanning electron microscopy revealed that the cross
section of the conduits became looser and porous
compared with the normal conduits at 90 days post-
surgery (Figure 5).

Figure 5 Electron micrographs of the cross section of
chitosan conduits (scanning electron microscope,
x 5 000).

(A) Normal conduit before in vivo implantation: the cross
section of the conduits was smooth and there were only a
few pores.

(B) Conduit implantation for 90 days: the cross section of
the conduits became looser and porous.

Transmission electron microscopy revealed many mye-
linated nerve fibers with clear myelin layer structure,
clearly visible Schwann cells, and rich organelles in the
axoplasm of the NGF-microspheres and autologous
nerve groups, while dysplasia of the myelin sheath,
disordered myelin layer structure and many fibrous
connective tissues were observed in the NGF and
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normal saline groups (Figure 6).

Figure 6 Ultrathin sections of regenerated nerve stained
with toluidine blue at 90 days post-surgery (transmission
electron microscope, x 15 000)

(A) Nerve growth factor (NGF)-microspheres group; (B)
NGF group, (C) normal saline group; (D) autologous nerve
group.

In A and D, myelinated nerve fibers had clear myelin layer
structure and uniform size; in B and C, myelinated nerve
fibers had disordered myelin layer structure and a lot of
fibrous connective tissue.

In line with light microscopy, transmission electron mi-
croscopy illustrated the diameter, alignment and myelin
sheath thickness of myelinated nerve derived from
rabbits were similar in the NGF-microspheres and au-
tologous nerve groups (P > 0.05), significantly greater
than in the NGF and normal saline groups (P <0.05;
Table 2).

Table 2 Number (n) and diameter (um) of myelinated
nerve fibers, and thickness of myelin sheath (um) of facial
nerve at 90 days post-surgery.

Number of

. Diameter of  Thickness of
Group myelinated ) )
. nerve fibers myelin sheath
nerve fibers
NGF-microspheres 2 739+356%  3.97+0.32°  0.92+0.07%
NGF 2 0324205 3.30+0.27 0.70+0.06
Normal saline 2 120+339 3.18+0.23 0.77+0.06
Autologous nerve 2 941+432%  4.15+0.45%  1.01+0.08%

Data are expressed as mean + SD of nine rabbits from each group.
%P < 0.05, vs. nerve growth factor (NGF) and normal saline groups.
Differences between groups were compared using one-way
analysis of variance, with least significant difference test applied as
appropriate.

DISCUSSION

Previous studies using various nerve conduits in combi-
nation with a single administration of NGF in different
animal models demonstrated that NGF may promote
sensory and motor nerve regeneration between 3 and
7 weeks. After that period, no improvement in overall
histological appearance could be seen, probably be-
cause of a failure in maintaining sufficient NGF concen-
trations over the long duration of nerve regeneration.
This study aimed to integrate a microsphere NGF deli-
very system into chitosan conduits to supply sustained
release of NGF. The major result of this investigation
was improved nerve regeneration for 90 days after ap-
plying this new tissue engineering approach. Under-
standing the features associated with our method and its
application may help develop more effective therapeutic
approaches that promote functional recovery of injured
nerves.

Artificial nerve grafts have beneficial biocompatibility,
hydrophilic activity, non-immunogenic property, and in-
ertness in mediating scarring and fibrosis?*?. Chitosan,
a predominant absorbable material, has received much
attention because of its physicochemical and mechanical
properties. In a previous study, chitosan conduits were
shown to be effective in inducing nerve tissue regenera-
tion®?. Chitosan conduits create a barrier between the
regenerating axons and the surrounding environment.
This environment promotes axon extension from the
proximal stump across a 10-mm gap where it directly
contacted with the distal stump. Chitosan conduits pro-
vide directional guidance to regenerating axons, leading
to an increase in axon diameter®,

However, chitosan conduits do not function as well as
nerve autografts in most cases®®. Just as in our expe-
riment, the use of normal saline within chitosan conduits
could not achieve the same effect in facial nerve rege-
neration as autografting. Several tissue engineering ap-
proaches have been developed to improve the perfor-
mance of conduits®’?%, including the delivery of neuro-
tropic factors within these hollow tubes.

NGF is an important neurotrophic factor that can provide
a beneficial microenvironment to promote nerve rege-
neration. NGF delivered within conduits may significantly
increase the morphological and/or functional recovery of
transected and repaired nerves®®*. Furthermore, it was
found that the duration of NGF administration subse-
quently dictates the degree of behavioral recovery fol-
lowing peripheral nerve injury®. However, while the
delivery of NGF promoted nerve regeneration when ad-
ministered at the early stage, the promoting effect did not
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last very long®®. NGF has a short half-life and degrades
easily in aqueous media at 37°CP%. Therefore, methods
for achieving sustained protein release and protection
against degradation are more appealing for implantation
than applying naked proteins. To this end, polymeric
microspheres have been developed for the encapsula-
tion of NGF®®.. In this study, we fabricated NGF micro-
spheres by oil-oil emulsion/solvent evaporation com-
bined with polymer-alloys. NGF was analyzed by enzyme
linked immunosorbent assay for sensitivity and conveni-
ence as concentrations in the nanogram range had to be
quantified according to the intended and clinically relevant
release rate. The loading level achieved for NGF was
0.578 pg/mg, and bioactive NGF release from the micro-
spheres extended over the entire 90-day period of testing,

as demonstrated by neurite outgrowth assay of PC12 cells.

Furthermore, in the in vivo experiment, chitosan conduits
combined with NGF-microspheres, which supply local
sustained delivery of NGF, improved the regeneration of
facial nerves. This was in accordance with another study™”
where NGF enhanced sensory and motor nerve regene-
ration only between 3 and 7 weeks, while applying a new
tissue engineering approach incorporating a microsphere
NGF delivery system into nerve conduits to greatly en-
hance peripheral nerve regeneration.

At present, the evaluation methods used in artificial nerve
research include qualitative histology, immunohistoche-
mistry, quantitative histology (density and diameter of
axons, thickness of myelin sheath, and number and di-
ameter of nerve fibers), electrophysiology, and functional
assessment of the terminal organ connection®®.

At 90 days post-surgery, the myelin sheath thickness,
number of myelinated fibers and conduction motor nerve
velocity in the NGF-microspheres and autologous nerve
groups were significantly higher than in the NGF and
normal saline groups, but there was no significant dif-
ference between the NGF-microspheres and autologous
nerve groups, and the NGF and normal saline groups.
This illustrates that chitosan conduits alone are unable to
achieve the same effects as autografts in facial nerve
regeneration. Furthermore, NGF assures the survival of
cell bodies and supports the regeneration of axons to-
ward specific target organs. NGF microspheres were
also superior to NGF alone in promoting facial nerve
regeneration. This result illustrates that the duration of
NGF release is critical for enhanced regeneration.

In conclusion, this study proves the feasibility of chitosan
conduits loaded with NGF-microspheres for promoting
nerve regeneration, and raises new possibilities of al-
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ternatives to autografting for nerve repair.

MATERIALS AND METHODS

Design
A randomized, controlled, animal study.

Time and setting
The experiments were conducted in the Chinese PLA
General Hospital, China from March to September 2010.

Materials

Thirty-six male healthy New Zealand rabbits, aged
6 months, weighing 2.5-3.0 kg, were provided by the
Experimental Animal Laboratories of Chinese PLA Gen-
eral Hospital (license No. SCXK (Jing) 2007-0003). An-
imal procedures were conducted in accordance with the
Guidance Suggestions for the Care and Use of Labora-
tory Animals, formulated by the Ministry of Science and
Technology of China®®*".,

Methods

Preparation of NGF-microspheres

NGF (Xiamen Bioway Biotech Co., Ltd., Xiamen, Fujian
Province, China) microspheres, 256.7 mg, were pre-
pared by oil-oil emulsion/solvent evaporation combined
with polymer-alloys®®, and stored in a 4°C desiccative
environment. The method involved the use of two phases:
(1) the micronization of NGF: 300 pg depurated NGF
solution, mixed with 0.5 mL bovine serum albumin solu-
tion, containing 10 mg bovine serum albumin. The mix-
ture was freeze-dried to obtain NGF medicine powder
that was nicely distributed in bovine serum albumin base
material; (2) microencapsulation of NGF: the copolymer
of polylactic acid and polylactic acid-glycolic acid,
300 mg (polylactic acid: polylactic acid-glycolic acid = 1:3;
Shandong Medical Equipment Institute, Shandong
Province, China), was mixed with freeze-dried NGF
powder and 2 mL dichloromethane (CH,Cl,) to obtain an
oil phase; the aqueous phase was 10 mL polyvinyl al-
cohol solution (2%). This water phase was mixed into the
oil phase at high speed for 30 seconds to form an oil-oil
emulsion/solvent evaporation emulsion. The emulsion
was added to deionized water (400 mL) containing NacCl
(10% wi/v) to extract the organic solvent. This obtained
the NGF-microspheres.

Characteristics of NGF-microspheres

The outline form of the microspheres was observed by
scanning electron microscopy (Shimadzu ss-550, Tokyo,
Japan). The size of microspheres ranged from 15 ym to
50 ym, and the mean diameter was 22.47 pm. The
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loading level achieved for NGF was 0.578 ug/mg. In vitro
release of NGF was measured by dissolving NGF mi-
crospheres in PBS (pH 7.4) buffer solution. The samples
were incubated at 37°C in an overhead shaker, and the
dilution was exchanged by buffer solution at 6 and
12 hours, as wellas 1, 4, 7, 14, 21, 30, 40, 50, 60, 70, 80,
and 90 days. NGF samples were stored at —20°C until
further analysis by enzyme linked immunosorbent assay
(R&D Systems, Minneapolis, MN, USA). PC12 cells (In-
stitute of Biochemistry and Cell Biology, CAS, Shanghai,
China) differentiated in response to NGF into a neuronal
phenotype observed by neurite extension. The ratio of
positive PC12 cells reflected the bioactivity of released
NGF. For quantification, cells were considered fully dif-
ferentiated when the outgrowth of the exposed neurites
exceeded double the size of their cellular body.

Preparation of chitosan nerve conduits

Chitosan conduits were prepared by Beijing Yierkang
Biological Engineering Development Center, China ac-
cording to previously described method™. The chitosan
conduits was 1.8 mm in inside diameter, 2 mm in outside
diameter, and 0.1 mm in wall thickness. The conduits
were irradiated with ®°Co for sterilization and sealed in a
package. The conduits were soaked in 75% ethanol for
30 minutes prior to implantation.

Model establishment and repair treatment

Surgery was conducted on the four groups of rabbits
under general anesthesia with intramuscular injection of
sodium pentobarbital (50 mg/kg) in sterile conditions. A
horizontal incision was made to expose the main stem of
the right facial nerve. The upper buccal branch was dis-
sected from surrounding tissue and transected 8 mm
away from its origin, and then a nerve gap defect of ap-
proximately 10 mm was made after contraction. A conduit
of 12 mm in length was implanted into the defect in the
NGF-microspheres, NGF and normal saline groups. The
two ends of the conduits were sutured to the epineurium
of the facial nerve using 9-0 nylon stitching. Each nerve
end was sutured into the conduits about 1 mm. In the
NGF-microspheres group, 20 pL normal saline suspen-
sion of microspheres containing 10 mg
NGF-microspheres (5 ug NGF) was injected into the
chitosan conduits with a micropipette. In the NGF group,
20 pL of normal saline solution with 5 yg NGF was in-
jected into the chitosan conduits with a micropipette. In
the normal saline group, 20 pL of normal saline was in-
jected into the chitosan conduits with a micropipette. In
the autologous nerve group, the removed facial nerve
was reversed, and sutured back in place via a single 9-0
nylon suture. The muscle layers and the skin were

closed with 4-0 silk sutures. Animals were housed in
isolator cages without any immunosuppression.

Gross observation

Beard movement and muscle atrophy on the right face
was observed and compared with the left side after im-
plantation. During the period, we also observed the
weight, appetite and the wound recovery of the rabbits.

Neuroelectrophysiological examination

At 90 days post-surgery, the rabbits were anesthetized
and the previous incision was cut to re-expose the chi-
tosan conduits and facial nerve. The normal facial nerve
on the left side was also exposed. The neuromuscular
action potentials were examined using an electrophysi-
ological tester (Keypoint, Frederiksberg, Denmark). A
stimulating needle was placed on the facial nerve prox-
imal to the conduits. A recording needle was placed in
the orbicularis oris. Compound muscle action potential
was measured and the latency period and peak ampli-
tude were recorded on the normal and regenerated
nerve. The stimulating intensity was 2.0 mA, the stimu-
lating frequency was 1 Hz, the sensitivity was 5 ms/D,
the scanner speed was 5 ms/D and the stimulating time
was 0.1 ms.

Histological observation

After electrophysiological examination, the regenerative
facial nerves with chitosan conduits and the control
nerves were removed. The rabbits were sacrificed by an
overdose of pentobarbital. The chitosan conduits and the
regeneration nerves were examined.

A systematic random sampling procedure was used for
histomorphometric analysis. The total nerve section area
was divided into three sampling fields from the distal end
to proximal end to prevent over- or under-estimation of
data values. Each field was divided into two subfields.
One subfield of each field was randomly selected for
examination by light microscopy, while the other was
used for electron microscopy.

For the light microscopy examination, the nerve sections
were fixed in 10% buffered formalin for 24 hours, dehy-
drated, and embedded in paraffin blocks. Five-micron
sections in each subfield were cut across the transverse
axis. The sections were de-waxed and stained with he-
matoxylin and eosin or anti-S-100 alpha 6 (JCACY-100];
Abcam, Cambridge, MA, USA) immunohistochemistry.
The stained sections were examined via a light micro-
scope (H-7650; Hitachi, Tokyo, Japan) at 100 x magnifi-
cation. The observer was blinded to the identity of the
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groups.
For the electron microscopy examination, the chitosan
conduits were separated from the regenerated facial
nerves and were fixed in glutaraldehyde (2.5%) buffered
in cacodylate (0.025 mol/L) overnight, and then the spe-
cimens were dried and gold-coated. A scanning electron
microscope was used to observe the microstructure of
the cross section of the chitosan conduits. The nerve
sections were fixed in glutaraldehyde (2.5%) buffered in
cacodylate (0.025 mol/L) overnight, washed, and then
stored in cacodylate buffer (0.15 mol/L). Samples were
subsequently fixed in osmium tetroxide (2%), washed in
a graded alcohol series, and then embedded in Epon.
Sections of 100 nm in each subfield were cut across the
transverse axis. The sections were stained with toluidine
blue (Yuanye Biological, Shanghai, China) and used for
observation on a transmission electron microscope
(Olympus, Tokyo, Japan). Five randomly selected fields
of view at 3 600 x magnification were used to calculate
the total number, fiber diameter, and myelin sheath
thickness.

Statistical analysis

Data were expressed as mean = SD, and one-way
analysis of variance followed by least significant differ-
ence test was performed. A level of P < 0.05 was consi-
dered statistically significant. Statistical analysis and
treatment were performed with SPSS software (version
10.0; SPSS, Chicago, IL, USA).
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