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Objective(s): To investigate the effect of topical administration of alpha-lipoic acid into chitosan 
conduit on peripheral nerve regeneration using a rat sciatic nerve transection model. 
Materials and Methods: Forty five Wistar rats were divided into three experimental groups 
randomly. A 10-mm gap of sciatic nerve was bridged with a chitosan conduit following surgical 
preparation and anesthesia. In treatment group, the conduit was filled with 30 µl alpha-lipoic acid 
(10 mg/kg/bw).It was filled with 30 µl phosphate buffered saline solution in control group. In 
Sham group sciatic nerve was just exposed. 
Results: The recovery of nerve function was faster in treatment group than in control, at 4 and 8 
weeks after surgery (P-value<0.05). Conduction velocity was better in treatment group than in 
control group at 4 and 12 weeks (P-value<0.05). Recovery index was higher in treatment group 
than the control group, 8 weeks after surgery (P-value <0.05). Greater nerve fiber diameter, axon 
diameter, and myelin sheath thickness were observed in treatment group compared to control 
group at 8 and 12 weeks after surgery (P-value<0.05). The immunoreactivity of regenerated axons 
and myelin sheath in treatment group were far more similar to sham group.  
Conclusion: Alpha-lipoic acid when loaded in a chitosan conduit could improve transected sciatic 
nerve regeneration in rat. 
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Introduction  
Return to normal function of peripheral nerve 

injuries is one of the most important aims in 
neurosurgery. Numerous surgical methods such as 
nerve graft and conduits filled with neurotrophic 
substances and cells have been successfully used for 
improvement of peripheral nerve regeneration (1). 
Trauma to peripheral nerve leads to acute 
myelinoaxonal degeneration in the distal area of the 
damaged nerve, macrophage infiltration, Schwann 
cell proliferation, and axonal regrowth (2).  

It is known that nerve injury is associated with 
enhanced oxidative stress. Increase of the free oxygen 
radical levels and reduced activities of antioxidant 
enzymes are observed after nerve trauma (2-4). The 
positive effects of local administration of vitamin E            
and pyrroloquinoline quinone on peripheral nerve 
regeneration in rat sciatic nerve transection model have 
been reported (5). Also, the neuroprotective and 
neurotrophic effects of intraperitoneal injection of 
ubiquinone (CoQ10) and Crocin on nerve regeneration 
in rat sciatic crush model have been shown (6, 7).  

Antioxidants such as acetyl-L-carnitine, vitamin E, 
and alpha-lipoic acid (LA) are used successfully in 
treatment of experimentally nerve crush injuries              
(4, 8, 9). 

LA (1,2-dithiolane-3-pentanoic acid), a disulphide 
derivative of octanoic acid, is known to act as an 
efficient anti-oxidant (10). Several studies demons-
trated that LA can decrease ischemia-reperfusion 
injuries in the cerebral cortex (11), heart (12), and 
peripheral nerve (13). Also, Senoglu et al showed the 
positive effects of intraperitoneal LA administration on 
sciatic nerve crush by measuring superoxide dismutase 
and catalase activities (4). However, the effect of LA on 
peripheral nerve regeneration in transection model of 
injury has not been clarified. 

The purpose of this study was to investigate the 
effect of topical administration of LA into chitosan 
conduit on peripheral nerve regeneration using a rat 
sciatic nerve transection model. Assessment of nerve 
regeneration was based on functional (walking track 
analysis), electrophysiological measurement, muscle 
mass, histomorphometric, and immunohistochemistry
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(Schwann-cell detection by S100 expression) criteria 
at 4, 8, and12 weeks after surgery. 
 

Materials and Methods  
Animals  

Forty five healthy adult male Wistar rats, 
weighing 220-250 g were randomized into three 
groups of 15 animals each. Each group was further 
subdivided into three subgroups of five animals each. 
Two weeks before and during the entire 
experiments, rats were maintained in groups of 5 per 
cage in a natural day/night cycle in a controlled 
ambient temperature (23±2°C) with ad libitum food 
and water. All procedures were carried out in 
accordance with the guidelines of the Ethics 
Committee (14) and were approved by the Urmia 
University Research Council, Urmia, Iran. 
 
Grafting procedure and animal grouping  

Under ketamine-xylazine (intra-peritoneal, 
ketamine hydrochloride 5%; 90 mg/kg and xylazine 
hydrochloride 2%; 5 mg/kg) anesthesia, surgical 
technique was done according to standard procedures 
(15). Briefly, in sham group, after exposing of the left 
sciatic nerve through a gluteal muscle incision, the 
muscle was sutured with absorbable 4-0 vicryl sutures, 
and the skin with 3-0 nylon. In control and treatment 
groups, following sciatic exposure the nerve was 
transected proximal to the tibio-peroneal bifurcation 
where an 8 mm segment was excised, leaving a gap 
about 10 mm due to retraction of the nerve ends. 

The transected proximal and distal stumps were 
each inserted 2 mm into the 12 mm chitosan conduit 
and two 10-0 nylon sutures were placed at each end 
of the cuff to fix the tube in place. In treatment group 
the chitosan conduit was filled with LA solution (10 
mg/kg/bw; prepared up to 30 µl with PBS solution, 
Sigma-Aldrich Chemie, Munich, Germany) and in 
control group the chitosan conduit was filled with 30 
µl PBS solution (4). Sterile Vaseline was used to seal 
the ends of the tubes to avoid leakage. The surgical 
incision was closed as mentioned above. 

The preparation and the efficacy of chitosan 
conduit on peripheral nerve regeneration in rat 
model have been described in our pervious study 
(16). Briefly, chitosan solution was prepared by 
dissolving medium molecular weight, crab shell 
chitosan (~400 kDa, 85% deacetylated) (Fluka, 
Sigma-Aldrich St. Louis, MO, USA) in an aqueous 
solution (1% v/v) of glacial acetic acid (Merck, 
Darmstadt, Germany) to a concentration of 2% (w/v) 
while stirring on a magnetic stirrer-hot plate. The 
solution was stirred with low heat (at 50°C) for 3 hr. 
The resultant chitosan was filtered through a 
Whatman No. 3 filter paper. Again, to remove any un-
dissolved particles the solution was filtrated through 
vacuum filtration. To overcome the undesired fragile 
character, glycerol (Sigma Chemical Co., St. Louis, 

MO, USA) was added as 30% (w/w) of the total solid 
weight in solution (17). Chitosan conduit was made 
by gentle injection of the prepared solution into a 
home-made mold. The conduit was 2 mm in internal 
diameter and 12 mm in length (16). 

No drugs were administered during the 
postoperative period. The animals were anesthetized 
(described above) and euthanized by transcardial 
perfusion of a fixative containing 2% paraformaldehyde 
and 1% glutaraldehyde buffer (pH 7.4) at 4 (n= 5), 8 
(n= 5), and 12 weeks (n= 5) after surgery. 
 
Sciatic functional index (SFI)  

Evaluation of SFI was done on one day before 
surgery and on 4, 8, and 12 weeks following surgery 
based on the work of Bain et al (18). After painting of 
hind paws with water soluble blue ink, rats 
immediately walked along an 8 × 80 cm corridor lined 
with white paper. The paw-prints were collected. Paw 
length and toe spread were measured. SFI was 
calculated for each animal by the following formula: 

 

SFI= -38.3[(EPL-NPL)/NPL]+109.5[(ETS-NTS)/NTS] 
+ 13.3[(EIT-NIT)/NIT] - 8.8 

 

PL is the distance from the third toe to its heel, TS is 
the distance from the first to the fifth toe, and IT is the 
distance from the second toe to the fourth toe on the 
experimental side (E) and the contralateral normal side 
(N) in each rat. SFI equal to -100 indicates significant 
impairment, whereas an SFI oscillating around 0 is 
considered to reflect normal function. 
 

Electrophysiolog ical measurements  
At 4, 8, and 12 weeks after surgery, the electro-

physiological studies were performed under general 
anesthesia (as described above) with Nacro bio 
system 320-3760 A trace 80 (Austin, Texas, USA). 
After exposing of sciatic nerve (both the operated 
side and non-operated side), single electrical pulses 
(at supramaximal intensity) were delivered via 
bipolar electrodes placed in turn at the proximal and 
distal trunk of the regenerated nerve cable and 
electromyography (EMG) was recorded by inserting 
an electrode into the belly of gastrocnemius muscle. 
After recording of EMG, differences in latency of 
EMG, the amplitude and the distance between the 
proximal and distal sites of stimulation were 
measured to calculate the conduction velocity (19). 
To remove variations between animals, the 
conduction velocity of the bridged nerve was 
expressed as a percentage of that on the intact side of 
each animal (% CVR) (20). The recovery index of 
EMG amplitude in all groups was calculated by the 
formula: recovery index = peak amplitude of the 
operated side/peak amplitude of the intact side (21). 
 
Muscle weight measurement  

Following electrophysiological assessments, the 
animals were euthanized and the gastrocnemius 
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Table 1. Electromyography results of the each experimental group: values are given as mean±SD  
 
 
 
 
 
 
 
 

* P-value <0.05 versus control group 
 

muscles were collected and weighed. The muscle wet 
weight ratio was determined by the following equation: 
experiment site muscle wet weight/contralateral 
normal site muscle wet weight x 100%.  
 
Histological preparation and morphometric studies  

Graft middle cable of sham, treatment, and control 
groups was harvested and immediately fixed in 2.5% 
glutaraldehyde. The grafts were then embedded in 
paraplast paraffin, cut in 5μm, and then stained with 
toluidine blue. Morphometric analysis was performed 
using an image analyzing software (Image-Pro Express, 
version 6.0.0.319; Media Cybernetics, Silver Springs, 
MD). Equal opportunity, systematic random sampling, 
and two-dimensional dissector rules were followed to 
cope with sampling- related, fiber-location-related, and 
fiber-size related biases. 
 
Immunohistochemical analysis  

Anti-S-100 (1:200, DAKO, North America, Inc. 
6392, Via Real, Carpinteria, CA) was used as marker 
for myelin sheath. Specimens prior to immunohisto-
chemistry were fixed with 4% paraformaldehyde for 
two hr and embedded in paraffin. After blocking non-
specific immunoreactions, sections were incubated 
in S-100 protein antibody solution for one hr at room 
temperature. They were washed three times with 
PBS and incubated in biotynilated anti-mouse            
rabbit IgG solution for one hr. Secondary antibody 
conjugated to horseradish peroxidase was developed 
by the diaminobenzidine method. The results of 
Immunohistochemistry were examined under a light 
microscope. The immunohistochemical results were 
stratified as positive, more positive, and clearly more 
positive terms (22). 
 
Statistical analysis  

Experimental results were expressed as means ± 
SD. All data were analyzed by one-way ANOVA to 
assess differences between experimental groups (SPSS 
17.0 for Windows, Chicago, IL, USA). Dunnett's test for 
pair wise comparisons was used to examine the effect 
of time and treatments. The differences were 
considered significant when P-value <0.05. 
 

Results 
Figure 1 shows the mean SFI values in the three 

experimental groups at 4, 8, and 12 weeks after 
surgery. Prior to the surgery, the SFI values in all 

groups were near zero. The mean SFI value decreased 
to -100 due to the complete loss of sciatic nerve 
function in control and treatment groups. All groups 
indicated tendencies to improve in SFI with time. 
Statistical analysis revealed that the recovery of nerve 
function was significantly faster in the treatment group 
than in the control group (P-value< 0.05) at 4 and 8 
weeks after surgery. The mean SFI values in the 
treatment group were -34.4 ± -3.21, -26.8 ± -2.32, -21.3 
± -1.7 at 4, 8, and 12 weeks after surgery, respectively. 
The mean SFI value in the control group at 4, 8, and 12 
weeks after surgery was -56.3 ± -3.39, -38.6 ± -2.18, and 
-23.7 ± -3.51, respectively.  

The percentage conduction velocity rate (CVR) and 
recovery index of EMG amplitude of experimental 
groups are given in Table 1. In all experimental groups, 
data showed that nerve regeneration improves with 
time. Electrophysiological parameters of treatment 
group were better than control group, particularly; 
there were significant difference at 4 and 12 weeks 
after surgery for %CVR and at 8 week after surgery for 
recovery index. 

In sciatic nerve transection, lack of neural 
innervation to gastrocnemius muscle resulted in 
decrease in the muscle mass. The mean weight of 
gastrocnemius muscle in left operated limb was 
significantly (P-value< 0.05) higher in treatment group 
(0.8±0.05 g) compared to control group (0.63±0.03 g). 
The muscle wet weight ratio was in favor of treatment 
group however, this difference was not statistically 
significant between treatment (%36.5±%2.5) and 
control groups (%32.8±%1.4) (P-value> 0.05). In 
general, these measurements showed weight loss of the 
gastrocnemius muscle made better using LA. 
 

 
 

Figure 1. Diagrammatic representation of effects on sciatic functional 
index. Treatment with alpha-lipoic acid gave better results in 
functional recovery of the sciatic nerve. Data were presented as mean 
± SD. *P-value <0.05, compared with control group 

 % Conduction velocity rate (%CVR)  Recovery index  

Weeks 4 8 12  4 8 12  

Group         
Sham %96±1.8 %95 ± 1.4 %97 ± 1.9  0.84±0.03 0.86±0.02 0.89±0.01  
Treatment %16 ± 2* %29 ± 1.4 %39 ± 1.8*  0.13 ± 0.03 0.26 ± 0.02* 0.29 ± 0.02  
Control %6.9 ± 1.2 %24.6 ± 2.3 %26.5 ± 1.5  0.1 ± 0.02 0.16 ± 0.02 0.25 ± 0.03  
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Figure 2. Photomicrographs showing results of immunohistochemical analysis of the regenerated nerves at 12 weeks after surgery in mid-
graft sections obtained from the sham-surgery (A), treatment (B), and control (C) groups. There is clearly more positive staining of the 
myelin sheath–associated protein S-100 (arrow) within the nerve periphery, indicating well-organized structural nerve reconstruction, in 
the LA-treated nerve. Scale bar: 10 μm, LA: alpha lipoic acid 
 

Quantitative morphometric analyses showed that 
there were regenerated axons and fibers into the 
chitosan conduit in both treatment and control groups 
(Table 2). Morphological parameters of the treatment 
group were significantly better than the control group 
(P-value< 0.05) at 4 weeks after surgery. Furthermore, 
treatment group showed significantly greater nerve 
fibers diameter, axon diameter, and myelin sheath 
thickness than of control group (P-value< 0.05) at 8 and 
12 weeks after surgery. The number of fibers was 
higher in the treatment group compared to the control 
group, however, this difference was not significant 
between two groups at 8 and 12 weeks after surgery.  

Immunoreactivity to S-100 protein was extensively 
observed in the cross-sections of regenerated nerve 
segments. The expression of S-100 protein signal was 
located mainly in the myelin sheath. The axon also 
showed a weak expression indicating that a Schwann 
cell-like phenotype was existed around the myelinated 
axons (Figure 2). The immunoreactivity of regenerated 
axons and myelin sheath in treatment group was far 
more similar to sham group. In both treatment and 
control groups, the expression of S-100 corresponded 
with the results of the morphometric analyses. 
 

Discussion  
The results of present study showed when LA 

loaded in a bridge of chitosan conduit is able to enhance 
sciatic nerve regeneration. To establish a favor 
technique in peripheral nerve repair, experimental and 
clinical trials have been implemented through 
entubulization and/or using trophic or tropic factors. 

Severed axon may result in degeneration through 
Wallerian degeneration (23). After axonal injury, 

oxidative stress is considered to be one of the main 
causes of neural damage. It has been reported that 
antioxidant molecules including catalase, superoxide 
dismutase, and glutathione-S-transferase play an 
important role in peripheral nerve injury and 
regeneration (24).  

In the present study, to promote sciatic nerve 
regeneration we applied LA topically into a chitosan 
conduit. The results showed beneficial effects of LA 
through faster and significant improvement of the 
nerve functional recovery in walking track analysis 
(SFI). This appropriate method is a coordinated 
activity involving sensory input, motor response, and 
cortical integration (25).  

EMG has a determining power when evaluating 
nerve regeneration and electrical functionality of the 
regenerated nerves (26). The results of EMG 
assessment in the present study showed that better 
improvement of conduction velocity indicated the 
greater extent of myelin sheath formation in 
treatment group which is in agreement with other 
findings (27). Also, better recovery index in 
treatment group could result from better innervating 
of the regenerated nerve fibers to the muscle in 
treatment group. Meanwhile the amplitude of EMG is 
directly comparative to the number of nerve fibers 
innervating the muscle that allows the conduction 
velocity of the motor nerve to be calculated (28).  

In the present study, both experimental groups 
showed reduction in gastrocnemius muscle mass in 
the left (injured) limb relative to the right 
(uninjured) limb at 12 weeks after surgery. The 
mean muscle weight ratios were greater in treatment 
group compared to control group indicating indirect  

 
Table 2. Morphometric analyses of the sciatic regenerated nerves for each of the experimental group 
 

 

N: number of fibers, D: diameter of fibers (µm), d: diameter of axon (µm), T: thickness of myelin sheath (µm). †results were significantly 
different at P-value <0.05 

 Sham Treatment (alpha-lipoic acid) Control 
Weeks 4 8 12 4 8 12 4 8 12 

N 8024±404 8379 ± 446 8124 ± 385 2511 ± 183 2733±231 3255± 189 1378 ± 176À 2673 ± 215 3024 ± 198 

D 12.01±0.01 11.93±0.17 12.06±0.23 7.34± 0.49 9.88± 0.33 10.54± 0.42 2.83 ± 0.18À 4.51± 0.24À 4.86 ± 0.19À 

d 7.03 ± 0.02 6.97 ± 0.39 7.06 ± 0.46 3.44 ± 0.39 5.37± 0.27 6.22 ± 0.18 2.12 ± 0.22À 3.74± 0.23À 3.77±0.21† 

T 2.56 ± 0.01 2.48 ± 0.02 2.53 ± 0.01 2.14± 0.32 2.21 ± 0.26 2.29 ± 0.29 0.41± 0.02À 0.43 ± 0.03À 0.63 ± 0.03À 
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evidence of successful end-organ reinnervation by 
topical application of LA. As the posterior tibial 
branch of the sciatic nerve regenerates into the 
muscle, it will regain its mass proportional to the 
amount of axonal reinnervation (29).  

In the present study, alongside with the SFI               
and electrophysiological assessments, extensive 
morphological analysis of the regenerated nerves 
showed the distinct positive effect of LA on multiple 
parameters such as axonal and fiber diameters and 
myelinated surfaces in treatment group compared to 
control group.  

In immunohistochemistry, the location of positive 
reactions to S-100 in treatment group were clearly 
more positive than control group further implying that 
those regenerated axon and Schwann cell-like cells 
existed and were accompanied by the process of 
myelination and the structural recovery of regenerated 
nerve fibers. 

Evaluated parameters of our study showed that 
using of LA has positive greatest effect on sciatic nerve 
regeneration at 4 week after surgery and this effect is 
persevered until the end of the experimental period. 
Although, the exact mechanism of LA in peripheral 
nerve regeneration remains unclear, this effect may be 
resulted from its antioxidant property. The 
neuroprotective effect of LA after sciatic nerve crush 
injury by measuring of superoxide dismutase (SOD), 
catalase (CAT) activities, and malondialdehyde (MDA) 
levels have been reported (4). The neuroprotective and 
neurotrophic effects of antioxidants on peripheral 
nerve regeneration have been shown. Systemic 
administration of vitamin E in crush injury (10) and 
local administration of vitamin E and pyrroloquinoline 
quinone in transection model (5) have been 
demonstrated. The neuroprotective effects of LA and 
vitamin E on neuropathies associated with diabetes has 
been also reported (11, 30).  

 
Conclusion   

The results of the present study showed that LA 
when loaded in a chitosan conduit could improve 
transected sciatic nerve regeneration in rat.  
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