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Evaluation of PVA biodegradable electric conductive membranes for nerve 

regeneration in axonotmesis injuries: the rat sciatic nerve animal model 
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Abstract: The therapeutic effect of three polyvinyl alcohol (PVA) membranes loaded with electrically 

conductive materials - car-bon nanotubes (PVA-CNTs) and polypyrrole (PVA-PPy) - were tested in vivo for 

neuro-muscular regeneration after an axo-notmesis injury in the rat sciatic nerve. The membranes electri-cal 

conductivity measured was 1.5 60.5 3 10
26

 S/m, 579 60.6 3 10
26

 S/m, and 1837.5 60.7 3 10
26

 S/m, 

respectively. At week-12, a residual motor and nociceptive deficit were present in all treated groups, but at 

week-12, a better recovery to normal gait pattern of the PVA-CNTs and PVA-PPy treated groups was 

observed. Morphometrical analysis demonstrated that PVA-CNTs group presented higher myelin thickness 

and lower g-ratio. The tibialis anterior muscle, in the PVA-PPy and PVA-CNTs groups showed a 9% and 

19% increase of average fiber size area and a 5% and 10% increase of the “minimal Feret’s diameter,” 

respectively. No inflammation, degeneration, fibrosis or necrosis were detected in lung, liver, kidneys, spleen, 

and regional lymph nodes and absence of carbon deposits was confirmed with Von Kossa and Masson-

Fontana stains. In conclusion, the mem-branes of PVA-CNTs and PVA-PPy are biocompatible and have 

electrical conductivity. The higher electrical conductivity meas-ured in PVA-CNTs membrane might be 

responsible for the posi-tive results on maturation of myelinated fibers. VC 2017 Wiley 
 
Periodicals, Inc. J Biomed Mater Res Part A: 105A: 1267–1280, 2017.  
 

Key Words: nerve regeneration, axonotmesis, polyvinyl alco-hol, nerve-guides, carbon nanotubes, 

polypyrrole, functional analysis, morphometric analysis, neurogenic atrophy 



 

 

INTRODUCTION  
Peripheral nerve injury has attracted public attention because of the societal and economic burden it has 

caused due to restriction of functional recovery of the individuals. Mechanical, thermal, chemical, or ischemic 

factors can be responsible for peripheral nerve injuries which include sec-ondary neurogenic muscle 

atrophy.
1,2

 The high costs associ-ated to individuals’ disability and morbidity motivated surgeons, clinicians, 

and scientists to improve the current therapy and even increase the neuro-muscular regeneration. For this 

purpose, the development of biomaterials and cell therapies are crucial to therapeutic success. 

 
The sciatic nerve in rats is commonly used as a model for the study of peripheral nerve regeneration. When 

full peripheral nerve transection injuries (neurotmesis) occur, reconstructive surgical procedures are always 

necessary
3
 but in case of axonotmesis injuries the surgical procedures are not necessary although the use of 

biomaterials or cellu-lar therapies may increase the regeneration rate and dimin-ish the neurogenic muscular 

atrophy responsible for functional disabilities.
1,4–6

 However, this injury model is  
often used in pre-clinical validations of biomaterials or cell-based therapies as it is a very well-studied 
model.

2,5,7–13
 

The use of electrically conductive biomaterials to produce  
tube-guides is a promising therapeutic, especially when the neurotmesis injuries

9,13,14
 have a gap which 

invalidates an  
end-to-end suture. The use of tube-guides will also allow the delivery of cell therapies in axonotmesis and 

neurotme-sis injuries. Polyvinyl alcohol (PVA) is a polymer used as a biomaterial due to its biocompatibility, 

non-toxic, non-carci-nogenic, swelling properties, and bio-adhesive characteris-tics and it can be used as host 

material to increase the solubility as well as the mechanical strength of conductive  
materials. It is also approved by Food and Drug Administra-tion.

15,16
 Poly(pyrrole) (PPy) and COOH-

functionalized mul-  
tiwall carbon nanotubes (MWCNTs) are two of the most studied electrical conductive materials for tissue 

engineer-ing, including the peripheral nerve regeneration. Both mate-rials have unique properties such as 

conductivity
17

 and can be incorporated in several synthetic biodegradable material, including the ones made of 

PVA matrix. In the present experimental work, the effect of three different PVA mem-branes in nerve 

regeneration after a standard axonotmesis lesion in the rat sciatic nerve was studied. The study included 

simple PVA membranes, and those produced with 
 
matrix of PVA loaded with MWCNTs (PVA-CNTs) and PPy (PVA-PPy).

17
 The use of the sciatic nerve 

axonotmesis injury model was chosen for validation of the best PVA composi-tion to be used in a more 
serious lesion of neurotmesis. The importance of those composites is based on the hypothesis that such 
composites can be used to host the growth of res-ident cells and that electrical stimulation can be applied  
directly to cells through the composite, which proved to be beneficial in many regenerative strategies.

18
 Many 

studies have demonstrated that the chemical composition of the  
local nerve injury environment is crucial for nerve regenera-tion including the presence of growth factors.

19
 

The associa-tion of biomaterials that not only have a positive effect on peripheral nerve regeneration but are 

also capable of carry-ing or supporting a cellular system responsible for orches-  
trating this environment, has been recently demonstrated by our research group.

1,5,7–9,11,13,20–23
 The 

morphological  
evaluation of the muscle tibialis anterior (TA) regeneration after the treatment of an axonotmesis injury with 

these three different membranes permitted the evaluation of neu-romuscular recovery (and the neurogenic 

atrophy), and to correlate with the functional and morphological recoveries of the injured sciatic nerves.
2
 The 

morphological assessment of the regenerated sciatic nerve and TA muscle was com-bined with functional 

evaluation during the healing period of 12 weeks which included the Withdrawal Reflex Latency (WRL) for 

the nociception function, the Extensor Postural Thrust (EPT) for determination of the motor deficit, the sci-

atic functional index (SFI) and the static sciatic index (SSI) and kinematic analysis of the ankle joint angle at 

the four selected instants of the stance phase: Initial Contact (IC), 

 
Opposite Toe Off (OT), Heel Rise (HR), and Toe-Off (TO).

1,2,5,7–9,11,20–22
 The TA muscle morphometric 

analysis  
was appropriate for the evaluation of nerve regeneration and subsequent muscle’s reinnervation. The results 

obtained demonstrated the positive effect of using electrically con-ductive tube-guides, especially the PVA-



CNTs, to promote nerve regeneration and limit the neurogenic atrophy of the regional innervated muscles 

usually observed after serious nerve injuries and prolonged healing periods. 

 

MATERIAL AND METHODS  
Biomaterial membranes design and preparation Synthetic biodegradable membranes of PVA (Aldrich, 

Mowiol 10–98), PVA loaded with COOH-functionalized MWCNTs (Nanothinx, NTX5, MWCNTs 97% -

COOH) (PVA-CNTs 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1. Synthetic biodegradable tube-guides/membranes of PVA (1), PVA loaded with COOH-

functionalized MWCNTs (PVA-CNTs) (2), and PVA loaded with PPy (PVA-PPy) (3), used to enwrapped the 

sciatic nerve with a standardized axonotmesis injury (A). Schematic representation of the freezing/thawing 

process and the annealing treatment used for PVA, PVA-CNTs, and PVA-PPy membranes preparation (B). 

 

membranes), and PVA loaded with PPy (Aldrich, 10–40 S/cm  
of conductivity) (PVA-PPy membranes) were prepared accord-ing to Gonc¸alves et al. and Ribeiro et al..

13,24
 

Briefly, applying  
a casting technique using a silicone mould, a PVA aqueous solution 15% (w/v), a PVA aqueous solution 15% 

(w/v) sup-plemented with 0.05% of COOH-functionalized MWCNTs and a PVA aqueous solution 15% (w/v) 

supplemented with a 0.05% of PPy were prepared. The membranes were produced  
by freezing/thawing cycles as described in Ribeiro et al. and Gonc¸alves et al..

13,24
 Gamma-radiation was used 

as steriliza-  
tion method and the membranes were hydrated in a sterile saline solution during 2 h before microsurgical 

application in the rat axonotmesis injuries (Fig. 1). Membranes physical - chemical characterization included 

electrical conductivity assessment, Differential Scanning Calorimetry (DSC) and enthalpy determination 

(DH), Fourrier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning Elec-tronic 

Microscopy (SEM), and wettability determination, and the results were published elsewhere.
13,24

 
 
Surgical procedure  
All the animal testing procedures were in conformity with the Directive 2010/63/EU of the European 

Parliament and with the approval of the Veterinary Authorities of Portugal in accordance with the European 

Communities Council Directive of November 1986 (86/609/EEC). Humane endpoints were always followed 

in accordance to the OECD Guidance Docu-ment on the Recognition, Assessment and Use of Clinical Signs 

as Humane Endpoints for Experimental Animals Used in Safety Evaluation (2000). All surgeries were 

performed by a veterinary surgeon of the research team with Felasa – Cate-gory C accreditation for animal 

experimentation. Adult male Sasco Sprague Dawley rats (Charles River Laboratories, Bar-celona, Spain) 

weighing approximately 250–300 g, divided in four groups of seven animals each, were used. All animals 

were housed in a temperature and humidity controlled room with 12–12 h light/dark cycles, two animals per 

cage 



 

(Polycarbonate cage type 3), and were allowed normal cage activities under standard laboratory conditions. 

The animals were fed with standard chow and water ad libitum. The anes-  
thetic protocol used and the surgery techniques performed were the ones described previously elsewhere.

25–27
 

A stand-  
ardized crush injury was performed (axonotmesis) using a non-serrated clamp (manufactured by the Institute 

of Indus-trial Electronic and Material Sciences, University of technol-ogy, Vienna, Austria) exerting a 

constant force of 54 N, for a 30 s period to create a 3 mm long crush injury, 10 mm above the bifurcation into 

tibial and common peroneal nerves. The  
starting diameter of the sciatic nerve was about 1 mm, flatten-ing during the crush to 2 mm.

25–27
 (Fig. 2). Four 

experimental  
groups were studied. In groups 1 to 3, the sciatic nerve crush injury was wrapped by membranes: in group 1 

the crush nerve was wrapped with a PVA membrane (group 1, PVA), in group 2, the crushed nerve was 

wrapped with a PVA mem-brane loaded with 0.05% (% w/v) of COOH-functionalized MWCNTs (group 2, 

PVA-CNTs), in group 3 the crushed nerve was wrapped with a PVA membrane loaded with Ppy 0,05% (% 

w/v) (group 3, PVA-PPy) and in group 4 the axonotmesis was performed without any additional procedure 

(group 4, Control) (Fig. 2). 
 
Functional assessment  
After standardized axonotmesis injury and sciatic nerve microsurgical reconstruction using the developed 

scaffolds, a follow-up consisting of the measurement of functional parameters important to evaluate the 

regeneration process during the healing period was performed. Animals have been tested pre-operatively 

(week-0), every week until week-8, and then every 2 weeks until the end of follow-up time (12 weeks). The 

ankle kinematics analysis was carried out prior nerve injury, and at week-12 of follow-up time, in the 

following experimental groups: PVA, PVA-CNTs, PVA-PPy, and Control. Animals were gently handled, and 

tested in a quiet environment to minimize stress. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIGURE 2. Photographs of the surgery procedure. Incision in the skin from the greater trochanter to the mid-

half distally followed by a muscle splitting incision (A) and the right sciatic nerve was exposed (B). After 

sciatic nerve mobilization, a standardized crush injury was performed (axonotmesis) using a non-serrated 

clamp (C, D). The sciatic nerve crush injury was wrapped by different PVA electrical conductive materials 

(E). Skin suture (F). 



 
 
Motor performance and nociceptive function. Motor per-formance and nociceptive function were evaluated by 

meas-uring EPT and WRL, respectively. To assess the nociceptive WRL, the hotplate test was modified as 

described by Masters et al.
28

 The animal is wrapped in a surgical towel above its waist and then positioned to 

stand with the affected hind paw on a hot plate, at 568C, and with the other on a room tempera-ture plate. 

WRL is defined as the time elapsed from the onset of hotplate contact to withdrawal of the hind paw and 

meas-  
ured with a stopwatch. Normal animals withdraw their paws from the hotplate within 4.3 s or less.

4,8,11,22,29,30
 

The affected  
limbs were tested 3 times, with an interval of 2 min between consecutive tests to prevent sensitization, and the 

three laten-cies were averaged to obtain a final result.
31

 If there was no paw withdrawal after 12 s, the heat 

stimulus was removed to  
prevent tissue damage, and the animal was assigned the maxi-mal WRL of 12 s.

25,32
  

The EPT was originally proposed by Tralhammer et al.
33,34

 as a part of the neurological recovery 
evaluation in  
the rat after sciatic nerve injury. For this test, the entire body of the animal, with exception of the hind-limbs, 

is wrapped in a surgical towel. EPT is induced by supporting the animal by the thorax and lowering the 

affected hind-limb toward the platform of a digital balance. As the animal is lowered to the platform, it 

extends the hind-limb, anticipating the contact made by the distal metatarsus and digits. The force in grams  
(g) applied to the digital platform balance is recorded. The same procedure is applied to the contra-lateral, 

unaffected limb. For the EPT test, the affected and normal limbs are tested three times, with an interval of 2 

min between consec-utive tests, and the three values are averaged to obtain a final result. The normal 

(unaffected limb) EPT (NEPT) and 



 
 
experimental EPT (EEPT) values are incorporated into an  
equation [Eq. (1)] to derive the percentage of functional defi-cit, as described in the literature.

4,8,21,30,33,34
 

 
% Motor deficit 5½ðNEPT 2 EEPTÞ=NEPT& 3 100 (1) 

 

Sciatic functional index and static sciatic index. For SFI, animals are usually tested in a confined walkway 

that they cross, measuring 42-cm long and 8.2-cm wide, with a dark shelter at the end. Several measurements 

must be taken from the footprints: (i) distance from the heel to the third toe, the print length (PL); (ii) distance 

from the first to the fifth toe, the toe spread (TS); and (iii) distance from the sec-ond to the fourth toe, the 

intermediary toe spread (ITS). In the SSI evaluation only the parameters TS and ITS, are measured. For SFI 

and SSI, all measurements are taken from the experimental (E) and normal (N) sides. Prints for meas-

urements are chosen at the time of walking based on pre-cise, clear, and completeness of footprints. The mean 

distances of three measurements are used to calculate the following factors (dynamic and static): SFI is 

calculated as described by Bain et al.
35

 according to the following Eq. (2): 
 
 

SFI 5 238:3ðEPL – NPLÞ=NPL 1 109:5ðETS – NTSÞ=NTS 
 

1 13:3 ðEIT – NITÞ=NIT – 8:85 ð238:3 3 PLFÞ 
 

1 ð109:5 3 TSFÞ 1ð13:3 3 ITSFÞ – 8:8 
 

5 ð238:3 3PLFÞ 1ð109:5 3 TSFÞ 1ð13:3 3 ITSFÞ – 8:8 
 

(2) 
 
SSI is calculated as described by Bervar et al.

36
 according to the following Eq. (3): 

 
SSI 5108:4 3 TSF 131:85 3 ITF – 

5:49 (3) 
 
For SFI and SSI, an index score of 0 is considered normal and an index of 2100 indicates total impairment. 

When no footprints are measurable, the index score of 2100 is given. In each walking track three footprints 

should be analyzed by a single observer, and the average of the measurements is used in SFI calculations. 
 
 

Kinematic analysis. Ankle kinematics analysis was carried out prior nerve injury, and at week-12 of follow-up 

time, in the following experimental groups: PVA, PVA-CNTs, PVA-PPy, and Control. Animals walked on a 

Perspex track with length, width and height of 120, 12, and 15 cm, respectively. To ensure locomotion in a 

straight line, the width of the appa-ratus was adjusted to the actual animal size during the experiments. The 

animals’ gait was video recorded at a rate of 300 Hz images per second (Casio Exilim PRO EX-F1, Japan). 

The camera was positioned at the track half-length where gait velocity was steady, and 1 m distant from the 

track obtaining a visualization field of 14 cm wide. The video images were stored in a computer hard disk for 

latter analysis using an appropriate software APASVR (Ariel Per-formance Analysis System, Ariel Dynamics, 

San Diego). Two-dimensional biomechanical analyses (sagittal plane) was carried out applying a two-segment 

model of the ankle joint, adopted from the model first developed by Refs. 37 and 
38

. The animals’ ankle angle 

was determined using the scalar product between a vector representing the foot and a vector representing the 

lower leg. With this model, positive and negative values of position of the ankle joint ( 8) indicate dorsiflexion 

and plantarflexion, respectively. For each step 

 
cycle, the following time points were identified: IC, OT, and HR and TO.

22,32,38
 and were time normalized for 

100% of  
step cycle. The normalized temporal parameters were aver-aged over all recorded trials. A total of six walking 

trials for each animal with stance phases lasting between 150 and  
400 ms were considered for analysis, as this corresponds to the animal’s normal walking velocity (20–60 
cm/s).

22,37,38
 

 
Morphological analysis and histopathology Morphological assessment of nerve. Nerve samples (10-mm-long 



sciatic nerve segments distal to the crush site and from un-operated controls) were processed for quantitative 

morphometry of myelinated nerve fibers. Fixation was car-ried out using 2.5% purified glutaraldehyde and 

0.5% sac-carose in 0.1 M Sorensen phosphate buffer for 6–8 h and resin embedding was obtained following 

Glauerts’ proce-dure. Series of 2-mm thick semi-thin transverse sections were cut using a Leica Ultracut UCT 

ultramicrotome (Leica Microsystems, Wetzlar, Germany) and stained by Toluidine blue. Stereology was 

carried out on a DM4000B microscope equipped with a DFC320 digital camera and an IM50 image manager 

system (Leica Microsystems, Wetzlar, Germany). Systematic random sampling and D-disector were adopted 

using a protocol previously described.
39,40

 Total number of myelinated fibers, axon size, myelin thickness, and 

g-ratio were evaluated. 

Morphological assessment of muscle. At termination of the functional testing performed in this study, TA 

muscles of all the axonotmesis and TA muscles without lesion (Pre crush group) were collected, and the tissue 

samples were fixed in 10% buffered formalin, routinely processed, dehydrated and embedded in paraffin wax. 

Consecutive 3 lm transverse sec-tions from the mid-belly of each muscle were cut and stained with 

haematoxylin and eosin (HE) and kept for mor-phometry and determination of degree of atrophy. For the 

morphometric analysis, an unbiased sampling procedure was applied. The muscle fibers’ cross section area 

and “minimal Feret’s diameter” which is the minimum distance of parallel tangents at opposing borders of the 

muscle fiber, were evaluated from the cross sections using the ImageJVC software (NIH) which allowed to 

apply this set of individual fiber measurements. A minimum of 1000 skeletal muscle fibers was measured 

from each group. This assessment was performed by two independent operators. Each one of the operators 

blindly and randomly measured an average of 50 fibers in each section. Images were acquired using a 

NikonVR microscope connected to a Nikon
VR

 digital camera DXM1200, at low magnification (1003) under 

the same conditions that were used to acquire a reference ruler. 
 

 

Histology of internal organs. At the end of the study, all animals were subjected to a complete necropsy 

examination to evaluate the presence of possible internal anomalies and/ or injuries. Spleen, liver, kidney, 

lung, and lymph nodes were collected, weighed, and submitted to histological examination to identify 

putative related microscopic altera-tions such as inflammation, degeneration, or accumulation of biological 

material. Tissues were fixed in 10% neutral buffered formalin and embedded in paraffin wax. Three con-

secutive sections of 3 lm were made, one being stained with hematoxylin-eosin (HE) and the others were used 

for histochemical staining. Microscopically, massive carbon deposits generally appear as well-recognized 

anthracotic black pigment, especially in the lung. A recent report described that some types of CNTs may 

appear as small punctuated intracellular accumulations in the Kuepfer cells (liver) and in the intermediate 

zone of the spleen, when intravenously administered.
41

 Special stains such as Von Kossa (VK - method that 

demonstrates phosphates and car-bonates) and Masson-Fontana (MF - method used for distin-guish carbon 

deposits from melanin) were performed to exclude the presence of these substances in the different tis-sues 

under study concerning the experimental group of PVA-CNTs. 
 
Statistical analysis  
For sciatic nerve functional analysis, a mixed model repeated measures ANOVA was used to test for 

differences across time and sciatic nerve treatment. Sphericity was assessed by Mauchly’s test and 

Greenhouse-Geisser degrees of freedom correction was used in cases sphericity could not be assumed or 

when corrected p-values were below the accepted level of significance (p < 0.05). Tukey’s HSD test was used 

for pairwise comparisons. Ankle kinematics data 



  
TABLE I. Measurements of the In Vitro Electrical Conductiv-ity of the Three Membranes: PVA, PVA-PPy, 

and PVA-CNTs Used in the Rat Sciatic Nerve In Vivo Model   

Sample  

Conductivity (S/m) 3 

10
6
 

   

PVA 

15%  1.461/20.49 

PVA 

15% 1PPy 0.025% 5791/20.607 

PVA 

15% 

1CNTs 0.05% -

COOH 12501/20.707 

   

 

were analyzed with One-way ANOVA. All data are presented as mean and standard deviation (SD), unless 

otherwise stated. These statistical tests were carried out with IBM SPSS Statistics Version 19. For stereology, 

statistical compar-isons of quantitative data were subjected to one-way ANOVA test, followed by pairwise 

comparisons using Tukey’s HSD test. Statistical significance was established as p < 0.05. Ster-eological data 

were analyzed using the software using the SPSS version 19.0 (SPSS, Chicago, IL). For muscle morphom-

etry, statistical analysis was performed using the SPSS ver-sion 19.0 (SPSS, Chicago, IL). Results are 

presented as mean 6SEM. Multiple comparisons between groups were performed by one-way ANOVA 

supplemented with Tukey’s HSD post hoc test. Differences were considered statistically significant at p < 

0.05. 

 

RESULTS  
Biomaterial characterization  
The three different tube-guides of PVA were physicochemi-cal characterized (PVA, PVA-CNTs, and PVA-

PPY). All the results were in agreement with the findings previously reported.
13,24

 The electrical conductivity 

achieved for the three different membranes (PVA, PVA-CNTs, and PVA-PPy) was 1.5 6 0.5 3 10
26

 S/m, 579 

60.6 3 10
26

 S/m, and 1837.5 6 0.7 3 10
26

 S/m, respectively (Table I). In light of the conductivity results, the 

three membranes (simple PVA, PVA loaded with 0.05% (% w/v) of COOH-functionalized CNTs and PPy) 

compositions were chosen for in vivo appli-cation in the rat sciatic nerve axonotmesis and neurotmesis injury 

models.
13,24

 The thermal characteristics of simple PVA and loaded PVA materials (PVA-CNTs and PVA-

PPY) were examined by DSC and Enthalpy of Fusion (DH) was calculated, and the percentage of crystallinity 

was near 7.4% for all analyzed nerve membranes. FTIR analysis of the bands identified for PVA loaded with 

COOH-functionalized CNTs (PVA-CNTs) were similar to the bands detected for simple PVA. For PVA 

loaded with PPy (PVA-PPy), new bands appeared at 1313 cm
21

 (C-N stretching vibration in the ring) and 

1170 cm
21

 (C-H in-plane defor-mation). Compared with simple PVA, the other membranes showed inferior 

intensity of the peaks, especially between 2237 and 2380 cm
–1

.
13,24

 Considering the XRD analysis pre-  
viously performed, the broad peak observed at 208 corre-sponded to a typical diffraction peak of PVA, and it 

could be also observed in all membranes. Near 268 a broad scattering peak appeared for the tube loaded with 

PPy (PVA-PPy), and it was an indication of the presence of PPy as supported in literature.
13,42

 Both PVA and 

PVA loaded with PPy (PVA-PPy) when analyzed by SEM exhibited similar surface 



appearance. Conversely, the PVA loaded with COOH-functionalized CNTs (PVA-CNTs) showed a rougher 

surface as expected due to the presence of CNTs on PVA matrix, with oriented features.
13,24

 This 

characteristic was determi-nant on the choice of this biomaterial to be associated to the MSCs (PVA-CNTs-

MSCs group) in sciatic nerve neurotme-sis injury reconstruction with functional and morphologic positive 

regenerating outcomes.
13,24

 The wettability analysis showed a hydrophilic behavior for the three biomaterials 

used for tube-guide tested, also the three materials showed negative zeta potential being the PVA the most 

negative sur-face (24.97 mV)
13,24

 (Table I, Fig. 1). 
 
Functional assessments of re-innervation  
Immediately after axonotmesis, the crushed areas of all sci-atic nerves were flattened but nerve continuity was 

pre-served. Following crush injury, a complete sciatic nerve paralysis was observed in all experimental 

animals. All ani-mals survived without auto-mutilation and normal wound healing. All rats were evaluated 

pre-operatively (week-0) and every week during 8 weeks and then at week-10 and week-12, when the animals 

were sacrificed for morphologi-cal analysis of nerve and TA muscles. 
 
Motor deficit and nociceptive function. Motor deficit - extensor postural thrust (EPT). Values of percentage of 

functional deficit (%), were obtained by performing the EPT test, preoperatively (week-0), and every week 

during 8 weeks and then at weeks 10 and 12 (Fig. 3). In the week following sciatic nerve crush, motor deficit 

was severe and compatible with almost complete loss of postural extensor thrust response in the affected side 

(Fig. 3). The mixed two-way ANOVA results indicate a significant effect of time for motor deficit values 

[F(9,216) 5 22.379; p < 0.001] but no time versus group interaction or group effects. The simple contrasts 

showed that significant improvement in motor deficit could be noticed from week-3 post-injury onwards. 

One-way ANOVA showed that no differences between the groups existed in motor deficits scores before 

sciatic nerve crush. At week-12, the three experimental groups (PVA, PVA-CNTs, PVA-PPy) presented a 

residual motor deficit of 0.16 60.31, 0.10 6 0.41, and 0.16 6 0.59, respectively, The individual variability 

between animals of the same experi-mental group is evidenced due to the subjectivity of the test, but it can be 

concluded that no differences between the experimental groups existed in motor deficits scores at week-12 

sciatic nerve crush by one-way ANOVA (Fig. 3). 

 

Nociception function – withdrawal reflex latency (WRL). Values in seconds were obtained by performing the 

WRL test, preoperatively (week-0), and every week dur-ing 8 weeks and then at weeks 10 and 12. A severe 

loss of thermal sensitivity in the affected paw could be noticed immediately after sciatic nerve crush (Fig. 4). 

From such acute thermal and pain sensitivity loss, a steady recovery of the withdrawal response to thermal 

stimulus occurred throughout the following weeks such as mixed two-way ANOVA could found a significant 

effect of time [F(9.216) 5 6.072; p < 0.001] but no time versus group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3. Graphical representation of the mean values of Motor Deficit obtained performing EPT test. This 



test has been performed preopera-tively (week-0), and every week during 8 weeks and then at week-10 and 

week-12. Results are presented as mean and standard error of the mean (SEM). N corresponds to the number 

of rats within the experimental group (N 5 7). 
 
interaction or group effects. According to simple contrasts testing, significant improvement in the latency for 

paw with-drawal took place following week-4. One-way ANOVA showed that no differences between the 

groups existed in WRL times before sciatic nerve crush. At week-12, the three experimen-tal groups (PVA, 

PVA-CNTs, PVA-PPy) presented a withdrawal response to thermal stimulus near normal values of 4.3s (5.26 

6 0.15, 5.34 61.43, and 5.28 6 1.43, respectively). The individual variability between animals of the same 

experi-mental group is evidenced once again by the subjectivity of the test which emphasizes the need to 

perform kinematics analysis of the gait of the treated rats. It can be concluded that no differences between the 

experimental groups existed considering the nociceptive function scores at wek-12 sciatic nerve crush by one-

way ANOVA (Fig. 4). 

 
Sciatic functional index and static sciatic index. Scores of SSI drop severely immediately after sciatic nerve 

crush and thereafter showed a progressive recovery (Fig. 5). Therefore, two-way ANOVA found a significant 

time effect 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4. Graphical representation of the mean values in seconds (s) obtained performing WRL test to 

evaluate the nociceptive function. This test has been performed pre-operatively (week-0), and every week 

during 8 weeks and then at week-10 and week-12. Results are presented as mean and standard error of the 

mean (SEM). N corresponds to the number of rats within the experimental group (N 57). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIGURE 5. Graphical representation of the mean values of Static Sciatic Function (SSI) measured pre-

operatively (week-0), and every week dur-ing 8 weeks and then at week-10 and week-12. An index score of 0 

is considered normal and an index of 100 indicates total impairment. The measurements of the TS, and the 

ITS, were taken from the experimental (E) and normal (N) sides. Results are presented as mean and standard 

error of the mean (SEM). N corresponds to the number of rats within the experimental group (N 5 7). 
 
[F(9.189 519.218; p < 0.001] but once again without time versus group interaction and group effects. The 

recovery of SSI scores started to be consistently significant from week-  
5. One-way ANOVA showed that no differences between the groups existed in SSI scores before sciatic nerve 

crush. At week-12, the three experimental groups (PVA, PVA-CNTs, PVA-PPy) presented SSI scores of 

28.81 6 37.50, 214.79 6 20.65, and 219.80 6 12.39, respectively (Fig. 5). 
 Scores of SFI measured in the week following sciatic nerve crush reached very low values, indicating severe 
loss of sciatic nerve function (Fig. 6). From this time point, SFI scores showed a very robust recovery so that 
two-way ANOVA found a significant time effect [F(9.189 5 76.708; p < 0.001], with recovery starting as soon 
as week-2. Again, no time versus group and group effects existed. Likewise, no differences between the 
groups could be found before  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

FIGURE 6. Graphical representation of the mean values of Sciatic Function Index (SFI) measured pre-

operatively (week-0), and every week dur-ing 8 weeks and then at week-10 and week-12. An index score of 0 

is considered normal and an index of 100 indicates total impairment. The measurements of the PL, the toe 

spread (TS), and the ITS, were taken from the experimental (E) and normal (N) sides. Results are presented as 

mean and standard error of the mean (SEM). N corresponds to the number of rats within the experimental 

group (N 57). sciatic nerve crush. At week-12, the three experimental groups (PVA, PVA-CNTs, PVA-PPy) 

presented SFI scores of 214.01 610.40, 212.55 65.57, and 212.86 6 11.56, respectively (Fig. 6). 
 
 
Kinematic analysis. For kinematic analysis, measures of ankle joint angle at the four selected instants of the 

stance phase (IC, OT, HR, and TO) were collected before sciatic nerve injury and at the end of 12-weeks 

recovery period (N 5 7) (Table II, Fig. 7). At 12-weeks post-injury, ankle kinematics improved in every group 

approaching its pre-injury pattern. At this time point, ankle angle was similar at IC and it was similar for 

every group of animals. However, at OT and HR subtle differences between groups in ankle angle could be 

devised, with animals treated with conduc-tive membranes revealing slightly abnormal ankle kinemat-ics, 

comparing with the control and uninjured animals (p < 0.05). At TO normal ankle angle, values were 

registered for all groups with the relative exception of the PVA group for which the ankle seemed somewhat 

excessive at this instant of the gait cycle, particularly when comparing with uninjured animals (p 5 0.065). 
 
 

Morphological analysis and histopathology Histomorphometry of the regenerated sciatic nerve. Histological 

analysis on Toluidine Blue stained semi-thin sections showed that nerve fiber regeneration occurred in all 

repaired nerves 12 weeks after surgery [Fig. 8(A–C)] with a micro-fasciculation typical of regenerated nerve 

fibers. Morphometrical analysis [Fig. 8(D)] allowed to com-pare the three groups in terms of number of 

myelinated fibers, axon diameter and myelin thickness. Moreover, g-ratio was also calculated to better 

appreciate maturation of myelinated fibers. The PVA group (N 57), presented a total number of myelinated 

fibers of 16,596 61737, axon diame-ter (d) of 2.95 6 0.17, fiber diameter (D) of 3.56 6 0.21, myelin thickness 

(M) of 0.31 6 0.02, ratio axon diameter and fiber diameter (d/D, g-ratio) of 0.82 60.01. The PVA-CNTs 

regenerated nerves (N 57) presented a total number of myelinated fibers of 16,049 6 2442, axon diameter (d) 

of 2.98 60.18, fiber diameter (D) of 3.71 6 0.20, myelin thick-ness (M) of 0.37 60.02, ratio axon diameter and 

fiber diam-eter (d/D, g-ratio) of 0.79 6 0.01. The PVA-PPY regenerated nerves (N 5 7) presented a total 

number of myelinated fibers of 22,588 6 3596, axon diameter (d) of 3.03 60.10, fiber diameter (D) of 3.70 



60.12, myelin thickness (M) of 0.33 60.01, ratio axon diameter and fiber diameter (d/D, g-ratio) of 0.81 60.00 

[Fig. 8(D)]. The results described showed no differences in terms of number of myelinated fibers and axon 

diameter between the three groups, but it is possible to appreciate statistically significant differences between 

PVA and PVA-CNTs groups in the evaluation of mye-lin thickness (*p 0,05) and g-ratio (**p 0,01) and 

between PVA-PPY and PVA-CNTs as regards g-ratio (d/D) evaluation (*p 0,05). The decrease of g-ratio 

when axon diameter is similar, is an index of a better maturation of myelinated fibers [Fig. 8(D)]. 

 

TABLE II. Ankle Kinematics – Values Were Obtained Perform-ing Video Analysis at Week-12 of the 
Healing Period   
Temporal 

Events Group Result 

    

IC Group 1 - PVA 20.10 

612.8

6 

 Group 2 - PVA1Ppy 4.25 67.45 

 Group 3 - PVA1CNTs 6.12 65.46 

 Pre crush 5.82 61.33 

 

Group 4 - Control 

Group 4.68 62.25 

OT Group 1 - PVA 9.84 

614.6

7 

 Group 2 - PVA1Ppy 14.84 65.08 

 Group 3 - PVA1CNTs 11.11 64.64 

 Pre crush 8.92 64.93 

 

Group 4 - Control 

Group 7.40 63.15 

HR Group 1 - PVA 22.88 64.83 

 Group 2 - PVA1Ppy 22.57 

617.5

8 

 Group 3 - PVA1CNTs 16.97 68.45 

 Pre crush 16.39 65.86 

 

Group 4 - Control 

Group 11.92 65.61 

TO Group 1 - PVA 11.43 

612.7

9 

 Group 2 - PVA1Ppy 215.93 63.09 

 Group 3 - PVA1CNTs 21.62 68.04 

 Pre crush 23.20 

611.6

8 

 

Group 4 - Control 

Group 211.83 

612.8

4  
 

Results are presented as mean and standard deviation (SD) (N 5 7). For each step cycle, the following time 

points were identified: initial contact (IC), Opposite Toe off (OT), and Heel Rise (HR) and Toe-off (TO). 
 
 
Morphological analyses of the TA muscle. Following 12 weeks of sciatic nerve crush, it was possible to 

observe by muscle morphometry that there was a significant difference (p < 0.05) in terms of fiber size 

between sciatic nerve with-out lesion (Pre crush), sciatic nerve with axonotmesis injury without surgical 

reconstruction (Control) and the treatment (PVA, PVA-PPy, and PVA-CNTs) groups. In the PVA-PPy treat-

ment group, there was a 9% increase in terms of average fiber size area and a 5% increase in term of the 

“minimal Feret’s diameter,” when comparing to the untreated Control group (Fig. 9). In the PVA-CNTs 

treatment group, there was a 19% increase in terms of average fiber size area and a 10% increase in term of 

the “minimal Feret’s diameter,”  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7. Kinematic plots in the sagittal plane for the ankle angle (8) as it moves through the stance phase, 

during the transection injury study. The mean of each group is plotted. 
 
FIGURE 8. Histological appearance of regenerated nerve fiber in the different groups of axonotmesis: PVA 

(A); PVA-PPY (B); PVA-CNTs (C). Mag-nification: 10003; scale bar 520 mm. Stereological quantitative 

assessment - total number of myelinated fibers, axon diameter, myelin thickness, ratio axon diameter and 

fiber diameter (d/D, g-ratio) of regenerated sciatic nerve fibers at week-12 after surgery. Values are presented 

as mean 6 SEM.* p 0.05; ** p 0.01 (D). 



 
 
when comparing to the untreated Control group. Opposite results were observed for the PVA group in which 

the mean fiber size area and “minimal Feret’s diameter” were signifi-cantly lower than the untreated group 

(17% and 9%, respectively) (Fig. 9). 
 
 

Histology of internal organs. At the histological examina-tion, no alterations compatible with images of 

inflammation, degeneration, fibrosis, or necrosis were detected in all ani-mals from the three experimental 

groups (PVA, PVA-PPy, and PVA-CNTs). The negative results obtained with both Von Kossa and Masson-

Fontana stains reinforced the absence of nanotubes and carbon deposits in all the organs in all ani-mals from 

the experimental group of PVA-CNTs (Fig. 10). 

 

DISCUSSION  
The peripheral nervous system (PNS) establishes the con-nection between the central nervous system (CNS) 

and the peripheral structures, including the innervating of regional skeletal muscles. Innervation regulates 

skeletal muscle mass and muscle phenotype and changes in the muscles may con-tribute to functional deficit 

after nerve injury.
2
 The neuro-muscular regeneration analysis is very important to evaluate new therapeutic 

approaches that will allow better functional recovery of the individuals, sometimes limited by the regional 

muscle atrophy and fibrosis. After injury, the functional recovery can be partially gained in the PNS because 

of the presence of Schwann cells (SCs), which are able to supply nutrient support, guide, and myelinate regen-

erating axons, and provide growth factors,
5
 where the Wal-lerian degeneration has a crucial role.

2,5
 After 

axonotmesis, spontaneous regeneration through the distal nerve stump can be expected but a total functional 

recovery is frequently not achieved. By reducing the healing period after axonotm-esis, using several 

therapeutic strategies, and promoting the peripheral nerve regeneration, the secondary neurogenic muscle 

atrophy can be diminished, with improvement of the functional outcome.
2,5

 Experiments on peripheral nerve 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIGURE 9. Graphical representation of the mean of area (A) and “minimal Feret’s diameter” (B) of Pre 

Crush, regenerated TA muscle fibers at week-12 after axonotmesis (untreated or Control) and axonotmesis 



with the sciatic nerve enwrapped in different PVA membranes (PVA, PVA-PPy, and PVA-CNTs). Values are 

presented as mean 6 SEM. 
 
regeneration

5,29
 are often performed on the rat sciatic nerve model

43
 and the axonotmesis injury, conversely, is 

the most widely used in vivo model to test several biomaterials for tube-guide nerve fabrication and more 
recently, for cellular therapies that are applied in more serious nerve injuries like the neurotmesis.

2,4,7–13,29,44
  

In the present experimental work, it was studied the effect of three different PVA membranes in nerve 

regeneration after a 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIGURE 10. Histological analysis of spleen, liver, kidney, lung, and lymph nodes collected at week-12, from 

animals of the experimental group PVA-CNTs. Magnification: 1003; scale bar 510 mm. HE: hematoxylin-

eosin; VK: Van-Kossa; MF: Masson Fontana staining.  

 

standard axonotmesis lesion in the rat sciatic nerve: simple PVA, and those produced with a matrix of PVA 

loaded with MWCNTs (PVA-CNTs) and PPy (PVA-PPy). These last two types of membranes presented 

increased electrical conductivity when compared with the PVA membrane, which was consid-ered as being an 

advantage for nerve regeneration.
17

 PVA is a biodegradable, water-soluble synthetic polymer that has been 

increasingly used in biomedical applications. PVA may mimic the regulatory characteristics of natural 

extracellular matrix (ECM) and ECM-bound growth factors.
9
 Its hemocompatibility and biocompatibility was 

previously confirmed when PVA was previously used by our research group in vascular grafting.
45

 PVA was 

also previously evaluated in association with human MSCs (hMSCs) isolated from the umbilical cord (UC) 

Wharton’s jelly. For this purpose, hMSCs were cultured on PVA mem-branes and it was proved the 

cytocompatibility and biointegra-tion of the developed biomaterial associated to this cellular system when 

used in vivo in pre-clinical trials in ovine animal model
45

 and rat neurotmesis sciatic nerve injury model.
13

 

The polymers with electrical conductivity have attracted interest because they simultaneously display the 

physical and chemical properties of organic polymers and the electrical characteris-tics of metals which might 

improve the neuromuscular regen-eration. The importance of those polymers is based on the hypothesis that 

such biomaterials can be used to host the growth of cells, and electrical stimulation can be applied directly to 

the cells, which proved to be beneficial in many  
regenerative strategies, where neuromuscular regeneration is the one of the most promising areas.

9,17,46
 The 

three different  
tube-guides/membranes of PVA (PVA, PVA-CNTs, and PVA-PPY) were physicochemical characterized 

prior to in vivo applica-tion. As a matter of fact, PVA with CNTs or PPy resulted in con-ductive biomaterials 

with higher electrical conductivity than the polymer matrix, and all the results were in agreement with the 

findings previously reported for such materials.
13,24

 The electrical conductivity achieved for the three different 

mem-branes (PVA, PVA-CNTs, and PVA-PPy) was 1.5 6 0.5 3 10
26

 S/ m, 579 6 0.6 3 10
26

 S/m, and 1837.5 

60.7 3 10
26

 S/m, respectively (Table I), demonstrating that the electrical conduc-tivity of PVA-PPy and PVA-

CNTs are around 500 and 2000 times greater than the one observed to PVA alone, respectively.
24

  
It is crucial to combine both neuromuscular functional and morphological assessment, which was 

performed in the present described in vivo trials. It is not generally agreed which type of evaluation tool is the 

most useful descriptor of functional recovery; for this reason, the use of different methods for an overall 

assessment of nerve function has been recommended by several investigators
47

 and it is applied in the present 

experimental work, including WRL and EPT functional tests, SFI, SSI, and kinematic analysis of the gait and 

morphometric analysis
5,29

 of the regenerated sciatic nerves and TA muscles. Among the wide range of 

available tests, EPT, SFI, SSI, and WRL, proved to be reliable, valid and efficient methods to determine 



functional recovery after sciatic nerve injury in previous studies but with some subjectivity in the results 

analysis,
5,30

 so it is important to include the gait kinematic analysis and quantitative morpho-logical evaluation 

of the regenerated nerve and TA muscle.
2,5

 Indeed, the use of biomechanical parameters has given valuable 

insight into the effects of the sciatic nerve denervation/reinnervation, and thus represents an integra-tion of the 

neural control acting on the ankle and foot  
muscles, which is very useful and accurate to evaluate dif-ferent therapeutic approaches.

25,37,47
 It is important 

to real-  
ize that the number of kinematic variables (positions, velocities, and accelerations) required to describe one-

step cycle is very high. Therefore, it is only through high speed digital cameras that we can achieve a full 

kinematic descrip-tion during gait.
48

 Significant improvement in motor deficit could be noticed from week-3 

post-injury onwards and at week-12, a residual motor and nociceptive deficit were pres-ent in the three treated 

groups, with no statistic differences. Also, the SSI and SFI scores were not different between the three 

experimental groups, showing a more pronounced recovery at week-5 and week-2, respectively. At 12 weeks 

post-injury ankle kinematics improved in every group and at TO, normal ankle angle values were registered 

for all groups with the relative exception of the PVA group, demon-strating a better recovery to normal gait 

pattern in animals treated with PVA-CNTs and PVA-PPy. Anyway, one should bear in mind that individual 

joint kinematics either in con-trol or nerve-injured animals is characterized by high vari-ability, with notable 

differences between different animals and even from step to step.
49

 Such high level of variability, which 

seems to be an intrinsic property of normal quadru-ped walking, might affect in some degree the precision of 

joint kinematic measures of functional recovery after nerve injury.
21

 
 
 

The regenerated nerves and TA muscles were processed for morphology studies after the healing period of 

12 weeks that included quantitative morphometry of myelinated nerve fibers and muscle fibers’ cross section 

area and “minimal Feret’s diameter” quantifications. Considering the morpho-metric evaluation of the TA 

muscle, in the PVA-PPy and PVA-CNTs treatment groups there were a 9% and 19% increase in terms of 

average fiber size area and a 5% and 10% increase in term of the “minimal Feret’s diameter,” respec-tively, 

when comparing to the untreated Control group.
1
 It is also interesting to observe that not only the two most 

promising treatment groups (PVA-PPy and PVA-CNTs), but also the sham (Control) exhibited better scores 

than Pre crush (no lesion) group. These results should be explained by the increased nerve sprouting in the 

nerves submitted to the crush lesion which might have produced a significant effect in terms of promotion of 

the muscle’ re-innervation. Similar results were also described in a previous work on tibial nerve crush injury, 

in which hyper-innervations of neuromuscular junctions (NMJs) were observed after injury and reverted back 

to the normal level at the same time as the functional recovery.
50

 The recent published article by di Summa et 

al.,
51

 where collagen nerve tube-guides (Neuro-gen
VR

) were used in vivo to promote peripheral nerve regen-

eration, combined with SCs, it was possible to demonstrate an improved distal stump sprouting. The sprouting 

was more pronounced in the experimental group where the SCs were derived from bone marrow 

mesenchymal stem cells (BM-MSCs) when compared to SCs derived from adipose tis-sue mesenchymal stem 

cells (AT-MSCs). Conversely, no sig-nificant differences were observed in proximal regeneration among all 

the experimental groups. BM-MSCs and AT-MSCs - loaded conduits showed a diffuse sprouting pattern, 

while loaded SCs showed an enhanced cone pattern and a typical sprouting along the conduits walls, 

suggesting an increased affinity for the collagen type I fibrillar structure. This obser-vation is important and 

should be related to results obtained from the innervated muscle morphometry analysis. It should be kept in 

mind that the sprouting is also eval-uated and a constant observation in the histomorphometry analysis of the 

regenerated peripheral nerve after axonotme-sis and neurotmesis lesions, where different reconstruction  
strategies were tested in vivo in the rat sciatic nerve model by our research group for the past years.

2,4,7–

13,24,29,30
 Mor-  

phometrical analysis of the regenerated nerves showed no differences in terms of number of myelinated fibers 

and axon diameter between the three treated groups, but it is possible to appreciate statistically significant 

differences between PVA and PVA-CNTs groups in the evaluation of mye-lin thickness and g-ratio, and 

between PVA-PPY and PVA-CNTs as regards g-ratio evaluation. The PVA-CNTs group pre-sented higher 

myelin thickness and lower g-ratio which proves a better maturation of myelinated fibers.  
The histopathology of lung, liver, kidneys, and regional lymph nodes was performed to ensure the 



biocompatibility of these biomaterials, mostly what concerns the possible con-centration of CNTs in these 

organs after biodegradation. No alterations compatible with images of inflammation, degener-ation, fibrosis or 

necrosis were detected and the negative results obtained with both Von Kossa and Masson-Fontana stains 

reinforced the absence of nanotubes and carbon depos-its in all the analyzed organs. These results were in 

agreement with previous in vitro experiments using hMSCs from the umbilical cord matrix that proved the 

cytocompatibility of these three biomaterials.
13,24

 Also the biocompatibility of  
these biomaterials was already previously proven in the ovine model when it was used as a vascular 
prosthesis,

45
 but also in the rat sciatic nerve neurotmesis injury model.

13
  

In conclusion, the membranes of PVA-CNTs and PVA-PPy are biocompatible and have electrical 

conductivity, which was benefit to nerve regeneration in terms of neuromuscu-lar morphological regeneration 

but also from functional recovery point of view. The higher electrical conductivity measured in PVA-CNTs 

membrane might be responsible for the best results obtained in terms of peripheral nerve regeneration, 

demonstrating higher myelin thickness and lower g-ratio which proves a better maturation of myelin-ated 

fibers and it is also in line with the trend observed in results of kinematics analysis. Also, the neurogenic 

atrophy of the TA muscle was less significant in the rats where the crushed sciatic nerve was enwrapped in 

PVA-CNTs mem-branes, as better results in terms of average fiber size area and “minimal Feret’s diameter” 

was observed. The results obtained sustain that PVA-CNTs membranes promote neuro-muscular regeneration, 

by improving functional recovery and myelination of the regenerated nerve fibers. In this way,  the neurogenic 

atrophy of the TA muscle is not so pro-nounced due to the associated reduced healing period. 
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