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Abstract: Recovery following nerve repair can be evaluated based on electrophysiological and morphological as-
sessments of biomechanical properties. This study compared the effects of topical hyaluronic acid (HA), tacrolimus 
(FK-506) or saline administration on the biomechanical properties of the sciatic nerve at 12 weeks after nerve 
repair. Materials and Methods: Eighteen male European rabbits (Oryctolagus cuniculus) (weight from 2.5 to 3 kg) 
were randomly assigned to one of the following experimental groups (six animals per group): Saline, HA, or FK-506. 
The non-transected left leg was used as a control group (eighteen sciatic nerves). Biomechanical assays were per-
formed and statistically analyzed. Results: The average maximal load, elastic limit load, maximal stress, and elastic 
limit strain of the control group were significantly different (P<0.001) from those of all three experimental groups. 
Moreover, the other examined parameters (i.e., maximal displacement, elastic limit stress, and maximal strain) were 
significantly different between the control group and all three experimental groups (P<0.0001). However, no signifi-
cant differences in any of the biomechanical parameters were observed between the experimental groups (P>0.05). 
At 12 weeks after nerve repair, Saline, HA, and FK-506 groups displayed average maximal stress values that were 
72.6%, 77.38%, and 73.8% of those in the control group (100%), respectively. Conclusion: The biomechanical prop-
erties of the HA and FK-506 groups were similar to those of the saline group at 12 weeks after nerve repair.
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Introduction

Peripheral nerve injuries are very common  
and cause significant clinical problems due  
to neurological deficits [1]. To reduce the con-
sequences of severe nerve injuries, such as 
nerve stretching, compression, crushing, and 
transection (neurotmesis), microsurgical nerve 
repair is necessary. Different surgical tech-
niques can be utilized depending on the type  
of nerve injury [2, 3]. However, despite the im- 
provements in operational techniques, nerve 
repair is often followed by the formation of  
scar tissue surrounding the damaged nerve  
[4]. Many experimental studies have focused 
on the application of different pharmacological 

substances at the site of nerve repair to pre-
vent scar tissue formation and improve nerve 
regeneration. Hyaluronic acid (HA) and tacroli-
mus (FK-506) are the compounds most com-
monly used for this purpose [5, 6]. These  
substances exert anti-inflammatory and immu-
nosuppressive effects and potentially prevent 
scar formation via several mechanisms [7,  
8]. Nerve damage due to scar formation alters 
the functional and morphologic properties of 
nerves (i.e., the nerve fascicles, the epineuri-
um, the perineurium, the endoneurium, and 
vessels) [9-11]. The success of nerve regenera-
tion can be evaluated using several functional 
(e.g., toe-spreading reflex test and electrophysi-
ological recording) [12, 13] and morphologic 
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methods (e.g., macroscopic, histomorphomet-
ric, and immunohistochemical analyses) [6, 
14]. In addition to these experimental examina-
tions, the biomechanical properties of nerves 
that were previously repaired following damage 
have recently been investigated in several stud-
ies [15]. Several biomechanical properties, 
such as maximal load, elastic limit load, maxi-
mal displacement, maximal stress, elastic limit 
stress, maximal strain, and elastic limit strain, 
can be assessed. These parameters can be 
recorded using universal tensile machines [16]. 
Many factors influence nerve healing and re- 
covery as indicated by these biomechanical 
parameters. These factors include the type of 
nerve injury, the method of nerve repair (i.e., 
direct end-to-end, end-to-site, epineural, peri-
neural, or inter-fascicular, as well as the use of 
conduits to repair nerve defects) [17], the tim-
ing of nerve repair and the use of topical phar-
macological agents [4].

This study investigated the biomechanical 
properties of the sciatic nerve at the site of 
repair, at which saline, HA, orFK-506 was topi-
cally applied.

Materials and methods

Eighteen adult male European rabbits (Orycto- 
lagus cuniculus) ranging in weight from 2.5 kg 
to 3 kg (average: 2.75 kg) were used for this 
study. The rabbits were placed in separate 
cages and were raised under conventional lab-
oratory conditions.

All procedures were performed at the Ex- 
perimental Animal Breeding and Research 
Center. Animal care was performed with the 
prior approval of the Animal Experimental 
Ethics Committee of the Medical Faculty of the 
University of Prishtina, Kosovo (No. 1551).

The animals were randomly divided into 3 equal 
experimental groups (6 per group). The non-
transected left leg was used as a control group 
(eighteen sciatic nerves).

In groups I, II, and III, following transection and 
repair of the sciatic nerve, the site of nerve 
repair was wrapped with an absorbable gelatin 
sponge soaked (AGSS) with 0.5 ml of saline 
(0.9% NaCl), 0.5 ml of HA (16 mg/2 ml Ortho- 
visc), or 15 μl of FK-506 (Prograf, Astellas Phar- 
ma), respectively. FK-506 was prepared from 

the original 5 mg/ml ampules, and the final 
concentration (10 ng/ml) was prepared via 2 
dilutions [6].

Surgical procedures

All of the rabbits (18) were anesthetized via 
intravenous injection of 30 g/l sodium pento-
barbital (1 mg/kg) into the ear vein. The rabbits 
were intravenously administered 20 mg/kg 
cefazolin prior to surgery to prevent postopera-
tive infections.

After the induction of anesthesia, the animals 
were shaved and placed in the lateral decubi-
tus position. All subsequent procedures were 
performed aseptically. First, a longitudinal inci-
sion was made in the lower 2/3 of the thigh. 
Next, the right sciatic nerve was exposed via 
the splitting procedure to separate the semi-
tendinosus and biceps femoris muscles [18]. 
The sciatic nerve was transversally cut using a 
surgical blade. After the nerve was transected, 
it was immediately repaired via end-to-end neu-
rorrhaphy using four equidistantly placed epi-
neural sutures (10-0 nylon suture; Ethicon Inc., 
Somerville, NJ, USA) that were positioned 1 mm 
from the site of transection. After neurorrha-
phy, the site of nerve repair was wrapped with 
AGSS (Spongostan®; Ethicon Inc., Somerville, 
NJ, USA) with 0.5 ml of saline (group I), HA 
(group II), or FK-506 (group III). Then, the fas-
cia, muscle and skin layers were separately 
closed. The rabbits were allowed unrestricted 
movement immediately after anesthesia. All of 
the surgical procedures were performed using 
microsurgical instruments under a loupe at 
3.5× magnification [5].

Nerve diameter

All of the experimental rabbits were sacrificed 
via overdose of intracardially administered 100 
mg/kg phenobarbital. The sciatic nerves were 
re-exposed, and the repaired and control ner- 
ves were harvested to examine their biome-
chanical properties. The sciatic nerve diameter 
(d) was measured using a digital micrometer 
[19]. In the repaired nerves, the measurements 
were obtained at the anastomosed sites, and 
the measurements were obtained at the equiv-
alent sites in the non-transected sciatic ner- 
ves (from the left hind leg). Longitudinal repre-
sentations of the sciatic nerves from the con-
trol and experimental groups are presented as 
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schematics in Figure 1, and images of rabbit 
legs that were exposed (control left sciatic 
nerve) or re-exposed (the right sciatic nerve  
in the experimental groups) are presented in 
Figure 2.

Biomechanical testing

The biomechanical assays were performed at 
the laboratory of the Faculty of Mechanical 
Engineering of the University of Prishtina using 
a universal tensile machine (Figure 3). To per-

form these experiments, the machine was 
modified to obtain electronically controlled and 
suitable measurements of the sciatic nerve 
load. The universal tensile machine produced 
adequate forces and jaw adjustment speeds  
to measure the biomechanical properties of 
the sciatic nerves. The prepared nerves of 35 
mm in length were fixed in the jaws of the ten-
sile machine. The nerves were then loaded 
under displacement control at 20 mm/min.  
The repaired site of the sciatic nerve, with an 

Figure 1. Simplified longitudinal representations of the sciatic nerves and their diameter.

Figure 2. Photographic image of (A) non-transected exposed left sciatic nerve [control group]), and (B-D) right sciatic 
re-exposed transected nerve from experimental groups (I, II, and III, respectively). (S: sciatic nerve, AS: anastomosed 
site).
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approximate length of 3-4 mm, was also exam-
ined via high-resolution video recording during 
the assay. The video data were analyzed on a 
computer and were correlated with the data 
from the tensile machine every 3 seconds, 
which corresponds to a 1-mm elongation of the 
sciatic nerve. The sciatic nerves were incre-
mentally loaded until each repaired or control 
nerve failed. 

After experimentation, the stress-strain curves, 
force-displacement curves, maximum load, ma- 
ximum displacement, maximum stress, maxi-
mum strain, elastic limit load, and elastic limit 
stress were computed. The schematic approach 
of the load applied to the sciatic nerve and the 
functions used to calculate the stress and 
strain values are presented in Figure 4. Stress 
represents the applied force over the cross-
sectional area of the nerve, whereas strain 
refers to the amount of elongation in the direc-
tion of the applied force divided by the initial 
length of the nerve.

Statistical analysis

The data were analyzed using SPSS Statistics 
21.00 software (IBM, Chicago, IL, USA). Des- 
criptive statistics (means and standard devia-
tions [SDs]) and Student’s t-tests were used to 
analyze the biomechanical parameters. P<0.05 
was considered significant.

Results

In the three experimental groups (6 samples 
per group), 12 weeks following transection and 
repair of the right sciatic nerve, the diameter 
and the biomechanical properties of the nerves 
were measured. As shown in Table 1, the mean 
nerve diameter of the control group was small-
er than that of all experimental groups. Addi- 
tionally, significant differences (P<0.05) in the 
mean nerve diameter were observed between 
the saline and HA groups and between the 
saline and FK-506 groups. In contrast, the dif-
ference in the mean nerve diameter between 

Figure 3. Schematic of the universal tensile machine used for the biomechanical assessment of sciatic nerves.
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the HA and FK-506 groups was not significant 
(P>0.05).

The average values and SDs of the biomechani-
cal properties, including maximal load, elastic 
limit load, maximal displacement, maximal 
stress, elastic limit stress, maximal strain and 
elastic limit strain, which were recorded using 
the universal tensile machine, are presented  
in Table 2. Differences in the means of pairs  
of independent samples (i.e., the control group 

group and all three experimental groups. How- 
ever, the mean values of the biomechanical 
parameters did not significantly differ between 
the three experimental groups (P>0.05).

The stress-strain curves and the force-dis-
placement curves for experimental groups I, II 
and III are presented in Figure 5. As shown in 
this figure, stress and strain initially increased 
linearly. This linear increase corresponds to  
the linear-elastic portion of the curve. Within 

Figure 4. Schematic of the sciatic nerve and definitions of stress and strain.

Table 1. Nerve diameters of the experimental and control 
groups

Experimental groups Non-operated group
Group I-Saline

dI [mm]
Group II-HA

dII [mm]
Group III-FK-506

dIII [mm]
Control
dC [mm] P valuea

<0.051

4.21±0.28 3.7±0.43 3.66±0.44 2.52±0.20 <0.052

>0.053

Nerve diameters: 1P value for the control group compared to all three experi-
mental groups; 2P value for the saline group compared to both the HA and 
FK-506 groups; 3P value for the HA group compared to the FK-506 group. A 
P value <0.05 (a) was considered statistically significant.

and groups I, II, and III) were assess- 
ed based on the t-test. Comparisons 
of the average maximal load, elastic 
limit load, maximal stress, and elas-
tic limit strain values revealed highly 
significant differences between the 
control group and all three experi-
mental groups (P<0.001). Extremely 
significant differences (P<0.0001) 
in the average values of other bio-
mechanical parameters, including 
the maximal displacement, elastic 
limit stress, and maximal strain, 
were observed between the control 
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this linear portion, no permanent elongation 
occurred. In this region, the sciatic nerve re- 
turns to its original shape once the stress  
is removed. However, when stress and strain 
reach a specific threshold, permanent defor-
mation and failure of the sciatic nerve occur.

Discussion

Compared to the central nervous system, which 
is naturally very well protected, the peripheral 
nervous system is more vulnerable to different 
types of trauma [20]. The treatment of periph-

Table 2. Biomechanical nerve properties of each tested group

Groups Maximal 
load [N]

Elastic limit 
load [N]

Maximal dis-
placement [mm]

Maximal stress 
[N/mm2]

Elastic limit 
stress [%]

Maximal strain 
[%]

Elastic limit 
strain [%]

Control group 12.09±0.87 7.40±0.64 19.01±1.40 0.84±0.1 0.50±0.08 60.20±2.48 23.20±0.34

Group I 9.10±1.0* 5.50±0.87* 15.53±0.83** 0.61±0.09* 0.30±0.05** 49.10±2.8** 22.10±0.59*

Group II 9.81±0.9* 5.62±0.98* 15.68±0.86** 0.65±0.01* 0.33±0.04** 48.99±2.4** 21.90±0.33*

Group III 9.22±1.0* 5.59±0.99* 15.72±0.97** 0.62±0.18* 0.31±0.05** 49.12±2.36** 22.03±0.28*
NOTE: *P value <0.001, **P value <0.0001 vs. Control group. A P value <0.05 was considered statistically significant.

Figure 5. Diagram of the stress-strain and force-displacement relationships in the sciatic nerves of the experimental 
and control groups.
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eral nerve injuries continues to represent a sur-
gical challenge. Despite utilizing the best oper-
ating techniques, it is impossible to achieve 
complete recovery following nerve repair. How- 
ever, the results of nerve repair depend on the 
age of the patient, the location and type of 
nerve injury (i.e., the presence or absence of 
nerve defects) and the method and timing of 
nerve repair [17, 19]. Consequently, full func-
tional and morphological recovery of the re- 
paired nerve rarely occur due to scar format- 
ion, which results in neurological deficits [1]. 
The topical application of specific pharmaco-
logical agents at the site of nerve repair can 
prevent scar tissue formation and may incre- 
ase nerve regeneration. HA and FK-506 are  
the most commonly used agents in experi- 
mental studies [5-8]. HA prevents scar forma-
tion via several mechanisms. HA exerts anti-
inflammatory effects, including the suppres-
sion of lymphocyte proliferation, the reduction 
of granulocyte and macrophage chemotaxis, 
and the inhibition of granulocyte and macro-
phage motility and phagocytosis [7]. Accord- 
ing to Konofaos et al. [21] and Que et al. [22], 
FK-506 reduces scar formation via its neuro-
trophic activities, which mediate neurite elon-
gation and the enhancement of nerve regener-
ation; both of these activities have been dem-
onstrated in vitro and in vivo. These pharmaco-
logical agents have been assessed in research 
animals undergoing various types of surgery 
(e.g., ophthalmological, cardiovascular, and 
dermatological surgeries) and particularly for 
their ability to prevent failed back surgery syn-
drome [23]. This study investigated the biome-
chanical properties of the sciatic nerve at the 
site of nerve repair following topical application 
of saline, HA, or FK-506. These properties will 
be compared to the functional and morpho- 
logical characteristics of nerve regeneration  
in these animals (these results are the subject 
of additional, as-yet unpublished, studies). Im- 
mediately after the animals were sacrificed, we 
measured the nerve diameter at the site of 
nerve repair in the experimental groups and at 
similar sites in the control group of non-tran-
sected sciatic nerves (Table 1 and Figure 1). 
The average nerve diameter of the control 
group was smaller than that of all experimental 
groups (P<0.05). Moreover, the average nerve 
diameter of the saline group was significantly 
different from that of both the HA and FK-506 
groups (P<0.05). However, the average nerve 
diameter was not significantly different bet- 

ween the HA and FK-506 groups (P>0.05). 
Biomechanical assays were performed using 
universal tensile machines to record maximal 
load, elastic limit load, maximal displacement, 
maximal stress, elastic limit stress, maximal 
strain and elastic limit strain. These results are 
presented in Table 2. The stress-strain curves 
and the force-displacement curves for the  
control and experimental groups (I, II and III) 
are presented in Figure 5. Comparisons of  
the means of selected biomechanical parame-
ters (i.e., maximal load, elastic limit load, maxi-
mal stress, and elastic limit strain) revealed 
highly significant differences between the con-
trol group and all three experimental groups 
(P<0.001). The differences in several other bio-
mechanical parameters (i.e., maximal displace-
ment, elastic limit stress, and maximal strain) 
were extremely significant between the con- 
trol group and all three experimental groups 
(P<0.0001). At 12 weeks after nerve repair, 
experimental groups I, II, and III displayed aver-
age maximal stress values that were 72.6%, 
77.38%, and 73.8% of those in the control 
group, respectively. Additionally, as indicated 
by these percentages, no significant differenc-
es in maximal stress were observed between 
the experimental groups (P>0.05). These val-
ues are greater than the maximal stress values 
reported by Temple et al. [19] at 8 weeks after 
neurorrhaphy (63% of the control group). In 
contrast to our nerve diameter results, in which 
significant differences were observed between 
the saline group and both the HA and FK-506 
groups, no significant differences in any of the 
biomechanical parameters were found betw- 
een the experimental groups (P>0.05). These 
results can be explained by the delayed mea-
surements of the biomechanical parameters; 
at 12 weeks, the nerve had almost completely 
healed. According to Ma et al. [24], biomechani-
cal testing revealed that certain chemical sub-
stances disrupted the biomechanical proper-
ties of nerves relative to the properties of nor-
mal control nerves. However, these authors  
did not report significant differences (P>0.05). 
There have been many studies of the biome-
chanical properties of nerves; however, most of 
these studies differed from each other regard-
ing the surgical techniques and pharmacologi-
cal agents utilized.

To our knowledge, the effects of HA and FK-506 
on scar formation, nerve regeneration, and the 
biomechanical properties of nerves have not 
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previously been compared. Therefore, we are 
unable to compare our results to other pub-
lished studies. Nevertheless, certain studies in 
which biomechanical testing was performed 
should be mentioned, although these studies 
utilized different materials during nerve repair. 
Isaacs et al. [25] examined fifty-seven fresh-
frozen cadaveric nerve specimens following 
transection and repair consisting of two epi- 
neural sutures. In four of the five intervention 
groups, nerve repair involved the local applica-
tion of different glues, i.e., fibrin glue, Tisseel 
fibrin glue, Evicel fibrin glue or the polyethy- 
lene glycol-based hydrogel sealant Duraseal;  
in the fifth group, no glue was applied. These 
authors reported no significant differences in 
the peak loads at failure between the glue-
treated groups and the non-glue-treated group. 
Temple at al. [26] used fibrin glue for nerve 
repair utilizing five different surgical tech-
niques, and fibrin glue repair was weaker than 
all other repair techniques. Additionally, similar 
biomechanical resistance results were report-
ed by Nishimura et al., who studied peripheral 
nerve repair using glue at different postopera-
tive time points [27]. Peng et al. [16] reported 
tensile test results, which indicated that maxi-
mal load, displacement, stress and strain in the 
sciatic nerve injury models (in which amniotic 
membranes were used for neurorrhaphy) were 
greater than those in autologous nerve anasto-
mosis models. In another study that involved 
two groups of rabbits, in which immediate or 
delayed sciatic nerve repair was performed,  
no significant difference in the biomechanical 
results between the two groups was observed 
[28].

Conclusions

Based on our results, we conclude that neither 
topical HA nor FK-506 application influences 
the biomechanical properties of the sciatic 
nerve at 12 weeks after nerve repair. We 
observed no significant differences in biome-
chanical properties in the HA and FK-506 
groups compared to the saline group. However, 
several authors have reported improved biome-
chanical function during the initial weeks fol-
lowing nerve repair, although these authors 
used different pharmacological agents and dis-
tinct microsurgical techniques. Additionally, it 
should be mentioned that our biomechanical 
results differ from the unpublished results of 
our functional and morphological examina-
tions. Future studies are needed to evaluate 

the biomechanical properties of the sciatic 
nerve at 12 weeks after nerve repair as well  
as the effects of topical HA and FK-506 appli- 
cation.
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