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Abstract. In the present study, the effects of hyaluronic 
acid (HA) combined with chitosan conduit on peripheral nerve 
scarring and regeneration were investigated in a rat model of 
peripheral nerve crush injury. A total of 60 Sprague-Dawley 
rats were randomly distributed into four groups (15 rats in 
each group), in which the nerve was either not treated (control 
group) or treated with chitosan conduit, hyaluronic acid, or 
chitosan conduit coupled with hyaluronic acid following clamp 
injury to the sciatic nerve. The surgical sites were evaluated 
by assessing the sciatic functional index, the degree of scar 
adhesions, the numbers of myelinated nerve fibers, the average 
diameter of myelinated nerve fibers and the myelin sheath 
thickness. Larger epineurial scar thickness was observed in 
the control groups compared with the treatment groups at 4, 
8 and 12 weeks following surgery. There was no significant 
difference in scar adhesion among the four groups at 4 weeks 
following surgery. However, animals receiving chitosan 
coupled with HA demonstrated better neural recovery, as 
measured by reduced nerve adherence to surrounding tissues, 
less scar adhesion, increased number of axons, nerve fiber 
diameter and myelin thickness. In conclusion, the application 
of chitosan conduit combined with HA, to a certain extent, 
inhibited sciatic nerve extraneural scaring and adhesion, and 
promoted neural regeneration and recovery.

Introduction

Peripheral nerve injury is a common clinical problem, and 
severe nerve injury has a devastating impact on the quality 
of life of patients. Extraneural scarring and adhesion are 
detrimental side effects of nerve injury, which can prevent 
axonal regeneration and recovery of nerve function and can 
even cause additional nerve damage (1). Therefore, preventing 
extraneural scarring and adhesion is a key research focus in the 
field of peripheral nerve injury recovery. Previous studies on 
the structure and function of the nerve regeneration chamber 
have suggested that therapeutic interventions on the microen-
vironment of nerve regeneration may effectively prevent scar 
and adhesion formation (1,2).

Hyaluronic acid (HA) gel is a type of natural and trans-
parent polysaccharide composed of straight‑chain polymers, 
which exists widely in the body as an important component 
of extracellular matrix. Considering that HA does not exhibit 
species or tissue specificity, and exogenous HA is biodegrad-
able in vivo, HA is often applied to the study of peripheral nerve 
injury recovery as an ideal biomaterial. HA has been reported 
to effectively reduce scar formation following neurolysis (2). 
Smit  et  al  (3) revealed that HA gel significantly reduces 
nerve adhesions following different types of peripheral nerve 
damage. However, no further studies have investigated the 
effect of HA on nerve regeneration.

Chitosan, a macromolecular polysaccharide and a type of 
artificial extracellular matrix material, has attracted increasing 
attention because of its availability and non‑toxic biodegrad-
ability in  vivo. Rosales‑Cortes  et  al  (4) reported that no 
obvious immune rejection response was observed for chitosan 
in female dogs. Chitosan has good biocompatibility, and it 
has been demonstrated to support the growth of nerve cells 
and Schwann cells, to promote axonal extension of nerve cells 
and to inhibit the growth of fibroblasts (5,6). Patel et al (7), 
using a novel evaluation method for function, reported that 
chitosan conduit not only benefits the morphology recovery 
of regenerated nerves, but also promotes the recovery of 
nerve function. Several studies have reported that chitosan, 
as a vector combined with supplements, such as brain‑derived 
neurotropic factor and nerve growth factor, is important in 

Chitosan conduit combined with hyaluronic acid prevent sciatic 
nerve scar in a rat model of peripheral nerve crush injury

RUNXIN LI1*,  HUAWEI LIU1*,  HAITAO HUANG2,  WENTING BI3,  RONGZENG YAN1,  XINYING TAN1, 
WEISHENG WEN1,  CHAO WANG1,  WENLING SONG4,  YANHUA ZHANG4,  FENG ZHANG4  and  MIN HU1

1Department of Stomatology, Chinese PLA General Hospital, Beijing 100853; 2Department of Stomatology, 
The First Affiliated Hospital of Dalian Medical University, Dalian, Liaoning 116011; 3Department of 

Stomatology, Beijing First Hospital of Integrated Chinese and Western Medicine, Beijing 100026; 
4Beijing Yierkang Bioengineering Development Center, Beijing 102699, P.R. China

Received October 9, 2016;  Accepted June 2, 2017

DOI: 10.3892/mmr.2018.8388

Correspondence to: Dr Min Hu, Department of Stomatology, 
Chinese PLA General Hospital, 28  Fuxing Road, Beijing  100853, 
P.R. China
E‑mail: humin48@vip.163.com

*Contributed equally

Key words: chitosan, hyaluronic acid, sciatic nerve, regeneration, 
scar



LI et al:  CHITOSAN CONDUIT/HYALURONIC ACID PROMOTE SCIATIC NERVE REGENERATION 4361

bridging peripheral nerve defects and in enhancing the regen-
eration and functional recovery of peripheral nerves (8‑11).

As previously reported, HA has inhibitory effects on scar-
ring and adhesion and promotive effects on regeneration of 
injured nerves, while chitosan conduit enhances regeneration 
and restoration of injured peripheral nerves. Study from our 
group has demonstrated that chitosan conduit can prevent 
scarring, and promote the functional recovery of facial nerve 
in early stages (unpublished data). The purpose of the present 
study was to evaluate the effect of topical administration of 
HA around chitosan conduit on the formation of extraneural 
scarring, adhesion and regeneration and functional recovery 
of injured peripheral nerves using a rat sciatic nerve clamp 
injury model.

Materials and methods

Animals and surgical procedure. A total of 60 healthy adult 
Sprague‑Dawley (SD) rats weighing 180‑220 g and main-
tained under controlled lighting and temperature conditions 
were supplied by the Laboratory Animal Centre of Chinese 
PLA General Hospital (Beijing, China) in this experiment. 
All studies on rats were performed with approval from the 
Institutional Animal Care and Use Committee (IACUC) of the 
Laboratory Animal Centre of Chinese PLA General Hospital. 
Animals were housed in steel cages at room temperature 
22‑26˚C under a 12/12 h light/dark cycle and were fed with 
pelleted standard feed and water. The 8‑week-old rats (male 
or female) were randomly allocated to four groups, with 
15 animals in each group. They were all anesthetized with 10% 
chloral hydrate (0.3 ml/100 g). Then, the fur of the right hind 
limbs was shaved off. The rats were kept in prone position. 
Following local povidone‑iodine disinfection and covering 
with a paper towel, an oblique incision (3 cm) was performed 
on the right hind leg. The sciatic nerve was exposed through 
the spatium intermusculare prior to clamping the nerve (1 cm) 
with needle holders (J32220; Shanghai Medical Instruments 
Ltd., Shanghai, China) for 30 sec. In the present study, an 
identical needle clamp was used in all the animals, which, 
when fully closed, it generates the same length nerve clamp 
(1 cm) and during the same working time (30 sec) results in 
identical force injury in each group. The chitosan conduits 
were longitudinally split prior to immersing in physiological 
saline. The chitosan conduit was 1 mm long, 1 mm wide and 
0.05 mm thick.

The four experimental groups were as follows: Chitosan 
group, the injury sites of sciatic nerves were covered with 
chitosan conduits and 6‑0 sutures were used to anchor the 
conduits to the fascia around the nerves; chitosan/HA group, 
the animals were treated with the chitosan conduits which 
were fixed as described above, plus HA gel (0.2 ml; MW 
~200 million Dalton; Shanghai Medical Instruments Ltd. 
(Shanghai, China) which was injected evenly onto the surface 
of the injury nerve and chitosan conduits; control group, no 
additional treatment was performed following clamping the 
nerve; and HA group, HA gel (0.2 ml) was injected at the 
site of injury. Following the appropriate treatment establishing 
the animal models, the incision was sutured with 6‑0 sutures 
one layer simultaneously and appositionally. Finally, the skin 
was closed with subcuticular suture.

Sciatic functional index (SFI). At 4, 8 and 12 weeks following 
surgery, evaluation of SFI was performed based on a method 
described previously (12,13). Prior to the test, the rats were 
trained to walk through the channel (length x width x height: 
100x10x15 cm), from one end to the other. Following laying 
some white papers on the bottom of the walking channel 
and painting of hind paws of rats with ink, the rats walked 
through the channel once again, and at least 5 paw‑prints 
of every rat were recorded. The paw‑prints of every rat on 
the experimental operated side (E) and the contralateral 
normal side (N) were measured. PL is the length from the 
third toe to the heel, TS is the length from the first to the 
fifth toe, and IT is the length from the second to the fourth 
toe (Fig. 1). The SFI of each rat was then calculated by the 
following equation: SFI = ‑38.3 [(EPL‑NPL)/NPL] + 109.5  
[(ETS‑NTS)/NTS) + 13.3 [(EIT‑NIT)/NIT] ‑ 8.8.

In general, SFI equal to 0 represents normal nerve func-
tion, whereas an SFI oscillating around‑100 indicates total 
dysfunction.

Scar adhesion analysis. After anesthetizing the rats with 
10% chloral hydrate at 4, 8, 12 weeks following surgery, the 
nerves sections were exposed by incising the scar along the 
original incisions. According to the classification standard 
by Petersen et al (14), the force size of separating the skin 
and muscles, fascia and nerves was graded: 1, no need of 
or just in need of blunt dissection slightly; 2, need of blunt 
separation using a lot of force; and 3, need of point‑sharp 
dissection.

Electrophysiological evaluation. At 12  weeks following 
surgery, all rats were subjected to electrophysiological measure-
ment. The sciatic nerve sections clamped were re‑exposed by 
surgical incision at the previous surgical site under general 
anesthesia. The stimulating electrodes were placed at the 
proximal and distal segments of the sciatic nerve section 
of clamping, while the recording electrodes were inserted 
into the gastrocnemius muscle. Then, electrophysiological 
instrument was used to test and record nerve‑muscle action 
potential. The amplitude and latency period of sciatic nerves 
was recorded for the rats in each group, the distance between 

Figure 1. Rat footprint for SFI measurement. SFI, sciatic functional index; 
PL, length from the third toe to the heel; TS, length from the first to the fifth 
toe; IT, length from the second to the fourth toe.
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two electrodes was measured and the conduction velocity of 
the nerves separately was calculated.

Histological staining. At 4, 8, 12 weeks following surgery, 
the conduits and nerves of the anesthetized rats were exposed 
by incision of the skin and excision of both. Each group had 
15 rats, with 5 rats for each time-point (4, 8 and 12 weeks), 
then tissues samples from each rat were divided into four 
blocks on average: Two middle parts were used in epoxy 
resin embedding [for toluidine blue staining and transmission 
electron microscopy (TEM)] and paraffin embedding [for 
hematoxylin and eosin (H&E) staining and Masson staining]. 
The epoxy resin‑embedded samples were first fixed in glutar-
aldehyde (2.5%; 24 h at 4˚C) and osmium (2%; 2 h at 4˚C) 
and dehydrated through a gradient of propyl alcohol. Toluidine 
blue staining and TEM investigations for each specimen 
were performed as described below. The paraffin‑embedded 
samples were first fixed in 4% formaldehyde solution for 8 h at 
room temperature prior to 4 µm sectioning for H&E staining 
and Masson staining.

Masson's trichrome stain was performed as previously 
described  (15), and the resulting images were used for 
semi‑quantitative analysis. Extraneural scars are composed 
primarily of collagen fibers. In the present research, the average 
thickness of collagen in the epineurium was determined in four 
random optical fields from 1 randomly selected section of each 
rat, using Image‑Pro 6.0 Plus software (Media Cybernetics, 
Inc., Rockville, MD, USA).

Toluidine blue staining. The experimental samples were 
embedded in Epon resin prior to 1.5 µm sectioning. Then, 
the sections were treated with toluidine blue stain to label the 
myelin sheath. The mean number of myelinated axons was 
calculated in six randomly selected fields from 1 randomly 
selected section of each rat using Image‑Pro 6.0 Plus software 
following observation using a light microscope.

TEM. The experimental samples were embedded in Epon resin 
prior to 70 nm ultrathin sections, saturated in uranyl acetate 
for 30 min at room temperature and stained with citric acid for 
15 min at room temperature. The myelin sheath morphology, 
the cellular construction and the regeneration situation of cell 

organelles was evaluated in six randomly selected fields from 1 
randomly selected section of each rat, observed using a trans-
mission electron microscope (JEM‑2000ex; JEOL, Ltd., Tokyo, 
Japan). The average diameter of myelinated fibers and myelin 
sheath thickness was calculated using Image‑Pro 6.0 Plus.

Statistical analysis. Statistical analysis was performed using 
SPSS 19.0 (IBM Corp., Armonk, NY, USA). The data were 
presented as the mean ± standard deviation. One‑way analysis of 
variance was used to compare differences among groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

SFI outcome. At 4 weeks following surgery, the SFI of each 
group exhibited no statistically significant difference (P>0.05; 
Fig. 2). At 8 weeks following surgery, the SFI of the chitosan 
group and the chitosan/HA group was significantly higher 
compared with the control group (P<0.05; Fig. 2). However, 
no significant difference was observed between the SFI of 
the chitosan and the chitosan/HA groups, suggesting that 
the chitosan alone treatment was equally beneficial to nerve 
recovery as the combined treatment. In addition, HA treat-
ment alone exhibited no significant difference in SFI outcome 
compared with control at 8  weeks (Fig.  2). At 12  weeks 
following surgery, the results demonstrated that the recovery 
of the clamped nerves function in the control group was the 
worst in all four groups (P<0.05; Fig. 2).

Scar adhesions. Following anesthesia, the skin was incised 
along the original incision, and then the muscle, fascia and 
nerves were separated layer by layer (Fig. 3). At 4, 8 and 

Figure 2. Effect of treatments on the SFI index. *P<0.05 vs. control. SFI, 
sciatic functional index; HA, hyaluronic acid.

Figure 3. Gross observation of scar adhesion at 12 weeks following surgery. 
(A) Chitosan group. (B) Chitosan/HA group. (C) Control group. (D) HA 
group. HA, hyaluronic acid.
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12 weeks following surgery, test results revealed that the skin, 
muscle and fascia of all the rats healed well without wound 
disruption and infection (Table  I). At 4  weeks following 
surgery, the nerves in all four groups had only a mild adhesion 
with the surrounding muscle and fascia tissue, and were easy 
to separate from them. Statistically, there was no significant 
difference among the groups (P>0.05; Table I), as measured 
by the Petersen classification (14). At 8 and 12 weeks following 

surgery, the control group had a significantly heavier adhesion 
compared with the chitosan/HA group (P<0.05; Table I). No 
statistically significant differences were observed by either the 
chitosan alone group or the HA alone group when compared 
with the control group (P>0.05; Table I).

Histological findings. The status of extraneural scar hyperplasia 
was observed by Masson staining (Fig. 4A). At 4, 8, 12 weeks 
following surgery, the collagen of epineurium in the control 
group was noticeably thicker compared with the treatment 
groups. Quantification of the epineurium collagen thickness 
demonstrated that this was significantly higher in the control 
group compared with the treatment groups (P<0.05; Fig. 4B). 
At 12 weeks following surgery, the collagen of the epineurium 
in the HA group was significantly thicker compared with the 
chitosan group and the chitosan/HA group (P<0.05; Fig. 4B).

At 12 weeks following surgery, there were no significant 
inflammatory changes observed among the experimental 
groups (Fig.  5). H&E staining demonstrated that there 
were a large number of nerve fibers in each group, which 
grew in closely packed bundles, with the nerve fibers in the 
chitosan/HA group being the most compact (Fig. 5).

Toluidine blue staining results revealed that a number of 
myelinated nerve fibers in each group existed in the trauma area 
(Fig. 6). The myelinated nerve fibers in the chitosan/HA group 
displayed the most orderly arrangement (Fig. 6). The myelinated 
nerve fibers of the control group were arranged in an organized 
way but relatively sparse, and the morphology of the axons was 
the most irregular compared with the treatment groups (Fig. 6).

TEM findings. Using TEM, plenty of nerve fibers, myelinated 
nerve fibers and Schwann cells were observed in each group 
(Fig. 7). Microtubules, microfilaments and mitochondria were 
also abundant in the nerve axons. However, more nerve fibers 
were observed in the chitosan and the chitosan/HA groups 
compared with the other groups. Compared with the other 
three groups, the chitosan/HA group had the least connective 
tissue, the most myelinated nerve fibers and the most distinct 
morphology (Fig. 7). The control and HA groups exhibited 
less dense nerve fibers, irregular axon morphology, and a more 
dissolved myelin. The number of nerve fibers was calculated by 
counting the number of axons of slices stained with toluidine 
blue. The nerve fiber diameter and myelin sheath thickness 
were quantified using the images from the TEM analysis.

Figure 4. Effect of treatments on epineurium collagen thickness. 
(A) Representative images from Masson staining of tissue sections from 
the four experimental groups (magnification, x200); (a) chitosan group; 
(b) chitosan/HA group; (c) control group; and (d) HA group. (B) Quantification 
of epineurium collagen thickness at 4, 8 and 12 weeks following surgery. 
*P<0.05 vs. control; #P<0.05 vs. HA group. HA, hyaluronic acid.

Table I. Evaluation of scar adhesion according to the Petersen classification.

	 4 weeks	 8 weeks	 12 weeks
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
		  Muscle			   Muscle			   Muscle
	 Skin	 and fascia	 Neurons	 Skin	 and fascia	 Neurons	 Skin	 and fascia	 Neurons

Chitosan	 1	 1	 1.4±0.55	 1	 1.4±0.55	 1.6±0.55	 1	 1.4±0.55	 1.8±0.45
Chitosan/HA	 1	 1	 1.2±0.45	 1	 1.2±0.45a	 1.2±0.45a	 1	 1.2±0.45a	 1.6±0.55a

Control	 1	 1	 1.4±0.55	 1	 1.4±0.55	 2.0±0.00	 1	 1.6±0.55	 2.0±0.45
HA	 1	 1	 1.2±0.45	 1	 1.2±0.45	 1.6±0.55	 1	 1.4±0.55	 2.0±0.00

HA, hyaluronic acid; aP<0.05 compared with control group.
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Nerve fiber number. At 4 weeks following surgery, the number 
of nerve fibers per section in either group had no obvious differ-
ence (P>0.05; Fig. 8). At 8 and 12 weeks following surgery, the 
nerve fiber number in the chitosan/HA group was significantly 
larger compared with the control group (P<0.05; Fig. 8).

Myelinated nerve fiber diameter. At 4 weeks following surgery, 
the average diameter of myelinated nerve fibers in each group 
had no significant difference (P>0.05; Fig. 9). However, at 
8 and 12 weeks following surgery, the average diameter of 
myelinated nerve fibers in the control group was significantly 

smaller compared with the three treatment groups (Fig. 9). 
No significant difference was observed among the treatment 
groups (P>0.05; Fig. 9).

Myelin sheath thickness. At 4  weeks following surgery, 
the average myelin sheath thickness was similar in the 
four experimental groups (Fig. 10). At 8 weeks following 
surgery, the myelin sheath thickness in the chitosan/HA 
group was slightly but significantly larger compared with 
the control group (Fig. 10). Finally, at 12 weeks following 
surgery, the thickness of the myelin sheath was significantly 

Figure 5. Hematoxylin and eosin staining of tissue samples from the four experimental groups at 12 weeks following surgery. Representative images of 
(A) chitosan group, (B) chitosan/HA group, (C) control group and (D) HA group (magnification, x100). The chitosan conduit (red color) covering the surface 
of the nerves in panels A and B had partial degradation. At 12 weeks following surgery, a large number of nerve fibers existed in the trauma area in all groups 
and no significant inflammatory manifestations were observed. HA, hyaluronic acid. 

Figure 6. Toluidine blue staining of tissue samples from the four experimental groups at 12 weeks following surgery. Representative images of (A) chitosan 
group, (B) chitosan/HA group, (C) control group and (D) HA group (magnification, x400). The chitosan/HA group had more arranged and distinct axons 
compared with the other groups, as well as more bundled myelinated nerve fibers. HA, hyaluronic acid
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larger in all three treatment groups compared with the control 
(Fig. 10).

Electrophysiological measurement. At 12 weeks following 
surgery, nerve conduction velocity (NCV) and amplitude was 
measured in the experimental rats by electrophysiological 
assessment. As presented in Fig. 11, the results revealed that 
NCV in the control group was significantly slower compared 
with the treatment groups (P<0.05; Fig. 11A), and amplitude 
was significantly smaller compared with the treatment groups 
(P<0.05; Fig. 11B).

Discussion

Extraneural scarring results in tissue contracture around 
nerves and pressure on the nerve trunk, which may reduce 
the diameter of nerves by up to 80‑90% in the three months 
following nerve injury (13). In addition, extraneural scarring 
may mechanically compress and then interrupt blood flow in 
the injury area, leading to hypoxic nerves and inhibiting nerve 
functional recovery (16,17).

Nerves adhered to peripheral tissue cannot slide normally, 
and this effect may disturb the recovery of nerves or lead to 

Figure 7. Transmission electron microscopy analysis of tissue samples from the four experimental groups. Representative images of (A) chitosan group, 
(B) chitosan/HA group, (C) control group and (D) HA group (magnification, x4,000). Arrow heads indicate the representative axons in each group. The 
diameter of axons and the thickness of myelin sheath in the control group appeared decreased compared with the treatment groups. Plenty of myelinated nerve 
fibers and Schwann cells were observed in each group. Axons contained a large number of neuronal microtubules, microfilaments, mitochondria. Compared 
with the other groups, the chitosan/HA group exhibited less connective tissue, the myelinated nerve fibers were arranged more tightly, the myelinated nerve 
fibers were more regular and uniform in diameter, and the shapes of axons were more equal and regular. HA, hyaluronic acid.

Figure 8. Chitosin/HA treatment increases the number of myelinated nerve 
fibers. Quantification of the number of myelinated nerve fibers per section 
at 4, 8 and 12 weeks following surgery following Toluidine blue staining. 
*P<0.05 vs. control. HA, hyaluronic acid.

Figure 9. Effect of treatments on nerve fiber myelination. Quantification of 
the diameter of myelinated axons at 4, 8 and 12 weeks following surgery 
following transmission electron microscopy analysis. *P<0.05 vs. control. 
HA, hyaluronic acid.
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stretch injury at the proximal ends of nerves. If nerves are 
adhered to hard bone tissue, it can even cause new stretch 
injury to the nerve segments already repaired (1). Therefore, 
extraneural scarring and adhesion directly influences the func-
tional recovery of peripheral nerves. To date, many methods 
have been explored in order to prevent extraneural scarring 
and adhesion, mainly involving drug intervention and physical 
barriers using autologous tissue flap or synthetic material to 
coat the injured nerves.

While many pharmaceutical agents have been used to 
prevent nerve scarring and adhesion in experimental studies, 
results have been poor. Doxorubicin (DXR), an anthracy-
cline anticancer agent, is mainly used in treating lymphoma 
and soft‑tissue sarcoma in clinical practice  (18,19). 
Albayrak et al  (20) reported that when DXR was placed 
around nerves that had complete epineurium for 5 min, the 
formation of extraneural scar and adhesion was reduced 
after 12 weeks. However, other experimental studies have 
reported that DXR may lead to neurotoxic effects due to 
anterograde axonal transport, even if it is administered by 
intraneural microinjection into the nerves (21,22). Methyl 
prednisolone acetate, an anti‑inflammatory drug, has also 
been used in the surgical site following neurolysis, in order 
to reduce adhesion, however, Ikeda et al (2) reported that 
less intraneural and extraneural scar tissue existed in the 
HA treatment group compared with the methyl prednisolone 
acetate group, and the tensile strength needed to strip the 
sciatic nerve from surrounding tissue in the HA group was 
less compared with the other groups, suggesting that methyl 
prednisolone acetate did not significantly improve nerve 
scarring and adhesion.

HA‑carboxymethylcellulose (HA‑CMC), also known as 
Seprafilm, is a type of degradable biomembrane, which is a 
mixture of HA with carboxymethylcellulose (23,24). Several 
clinical studies have claimed that HA‑CMC can effectively 
reduce adhesion following abdominal and pelvic surgeries. 
According to Magill et al (25), when Seprafilm was placed in 
proximity to nerves or used following nerve injury, no obvious 
deleterious effect was observed, while it markedly reduced 
extraneural scarring and increased the diameter of axonal 
fibers. However, results from walking track analysis revealed 
no improvement in nerve regeneration by seprafilm  (25). 
Park et al (26) have also reported that HA‑CMC can effec-
tively reduce extraneural scarring and adhesion. Another 
study, however, reported that, under bacterial peritonitis condi-
tions, Seprafilm may increase the inflammatory reaction and 
fibrosis and lead to increased adhesion (27). Hence, further 
study and validation is needed in order to fully understand 
whether HA‑CMC is beneficial for nerve regeneration and its 
potential disadvantages.

Ozgenel et al  (28) applied human amniotic membrane 
wrapping to the injury section of sciatic nerve and injected HA 
into nerves, and they reported that this treatment method was 
safe and effective in preventing extraneural scarring and adhe-
sion (29,30). However, limited sources of amniotic membrane 
exist. Therefore, in the present study, chitosan, which is widely 
available, was used in combination with HA. Previous studies 
regarding application of chitosan in peripheral nerve injury 
repair, chitosan was used only as a physical channel for nerve 
regeneration, and other substances, such as growth factors, 
cells and hydrogels, were used in order to promote the regen-
eration of peripheral nerve defects (8,9). In the present study, 
however, we focused on the role of chitosan and HA gel in 
promoting neural regeneration during nerve repair. Chitosan 
was used to cover the sciatic nerve following the sciatic nerve 
clamp, and the HA gel was applied to cover the surface of the 
scaffold. Then the potential preventive effects of chitosan or 
HA or their combination were evaluated on extraneural scar-
ring and adhesion, and on the regeneration and functional 

Figure 11. Effect of treatments on nerve function. Electrophysiological evalu-
ation of nerve function was performed at 12 weeks following surgery in the 
four experimental groups. (A) Nerve conduction velocity. (B) Amplitude. 
*P<0.05 vs. control. HA, hyaluronic acid.

Figure 10. Chitosan/HA treatment increases the thickness of myelin sheath. 
Quantification of the thickness of myelin sheath at 4, 8 and 12  weeks 
following surgery following transmission electron microscopy analysis. 
*P<0.05 vs. control. HA, hyaluronic acid.
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recovery of nerves following nerve injury using a rat sciatic 
nerve clamp injury model.

The present results demonstrated that the extraneural scar-
ring was reduced by treatment with chitosan or HA or their 
combination. At 12 weeks following surgery, the chitosan 
group and the chitosan/HA group displayed better results 
compared with the HA group and the control group. Scar 
adhesion analysis revealed that chitosan combined with HA 
effectively reduced the sciatic nerve adhesion with surrounding 
tissue. Another study has also reported that HA can inhibit the 
formation of scar and reduce adhesion by histological exami-
nation and measuring the tensile strength that is needed to peel 
the sciatic nerve away from surrounding tissue (2). Assessment 
of the SFI revealed that, at 8 weeks following surgery, func-
tional recovery of sciatic nerves in the chitosan group and the 
chitosan/HA group was obviously better compared with the 
control group. At 12 weeks following surgery, SFI analysis and 
electrophysiological measurement revealed that all three treat-
ment groups recovered sciatic nerve function and increased 
their nerve conduction velocity compared with control. Due 
to the scar formation, the progress of nerve regeneration was 
most likely inhibited in the control group at this later stage. The 
present data demonstrated that both chitosan and HA had a 
role in nerve regeneration. Ishikawa et al (31) applied chitosan 
conduit to bridge a sciatic nerve gap in rats, and observed 
an increased number of regenerated axons using electron 
microscopy. The present experimental results of the combi-
nation treatment indicated that chitosan and HA might have 
a synergistic effect, including a stronger inhibition of neural 
scar and adhesion formation, and promotion of nerve regenera-
tion. It should be noted that the effects from the combination 
group were not significantly better than the chitosan or HA 
alone groups in several of the functions tested, and this may 
be due to the small sample sizes in the present study. However, 
the chitosan/HA combination treatment exhibited markedly 
decreased scar adhesion compared with the chitosan or HA 
alone groups, which thus may provide a more favorable micro-
environment for nerve regeneration. Since HA and chitosan 
both have roles in promoting nerve regeneration (29,30), using 
a combination treatment for nerve clamp injury may synergis-
tically promote never regeneration.

In conclusion, both chitosan and HA inhibited extraneural 
scarring, promoted nerve regeneration, increased the nerve 
conduction velocity and improved the recovery of nerve func-
tion. Chitosan exhibited a more significant effect on inhibiting 
extraneural scarring compared with HA in the later phase of 
neural repair. In addition, chitosan conduit combined with 
HA may be more effective than either chitosan or HA alone 
to reduce extraneural scarring and adhesion, and to promote 
neural regeneration and repair. Further studies will be 
required in the future in order to fully investigate the mecha-
nisms and effects of a chitosan conduit and HA combination in 
preventing nerve scarring and adhesion and promoting nerve 
regeneration.
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