
Bridging a 14 mm gap of the sciatic nerve with modi!ed 
collagenous conduits in the rat

Up until today, the autologous nerve graft has 
remained the method of choice for periphe-
ral nerve reconstruction, when a direct suture 
is not feasible. With regard to the numerous 
disadvantages associated with autografting, 
like neuroma formation, intraneural !brosis, 
donor site morbidity, alternative methods for 
nerve reconstruction have been explored for 
several decades. Currently, a lot scienti!c 

Fig. 1: Phases of axonal rege-
neration through an arti!cial 
tubular nerve guide. (a) Neuro-
tomy (b) Surgical bridging of 
the nerve defect using an arti-
!cial conduit. (c) Liquid phase 
(1. day). (d) Matrix phase (2.-6. 
day). (e) Cellular phase (7.-14. 
day). (f ) Axonal phase (15.-18. 
day). modi!ed and  comple-
mented according to Williams 
et al. [3]
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e"ort is put into the development of arti!cial 
nerve conduits and there modi!cation by 
means of tissue engineering.
The collagenous tube is a biodegradable se-
mipermeable  arti!cial nerve guide suitable 
for peripheral nerve repair [1]. The distance of 
a nerve defect bridgable by an empty tube, 
however, is limited, comparable with other 
arti!cal conduits. 

On the basis of the successful experimental 
use of denatured autologous muscle tissue to 
enhance peripheral nerve healing [2], the ob-
jective of our study was to combine an o"-
the-shelf available collagen tube with dena-
tured musculature and to evaluate the capa-
city of this modi!ed conduit in an animal 
model.

In conclusion, the best neuronal regeneration
was observed with the autologous nerve trans-
plant. Compared with the autograft, results 
from arti!cial nerve guides were poor. Autolo-
gous denatured musculature was demonstra-
ted to be a suitable matrix material for regene-
rating nerve !bres [2]. However, despite strictly 
following Meek‘s protocol [2], the combination 
of collagen tube and denatured autologous 

muscle tissue did not enhance nerve regenera-
tion in our study. On the contrary, the matrix 
rather worked as a repellant for regrowing 
axons, leaving them only the narrow space bet-
ween matrix and inner tube wall for regenerati-
on. Considering these results, the use of 
muscle tissue treated in the described fashion 
can not be recommended for peripheral nerve 
reconstruction.

Striking inconsistencies between results from 
electrophysiological and histomorphometrical 
evaluations can be explained by spreading of 
the electric impulse [5]. We therefore strongly 
recommended that caution should be exer-
cised when interpreting recordings from the 
gastrocnemius muscle after stimulation of a re-
generating sciatic nerve in laboratory rodents. 
Discrepancies observed between functional 

(video gait analysis) and morphometric results 
might be attributable to a rodent‘s excellent 
ability to compensate for loss of function. To do 
justice to the complexity of peripheral nerve 
regeneration, we strongly advise researchers 
to use multiple di"erent approaches, including 
histomorphometrics, in order to avoid mislea-
ding statements based on a single test.

Conclusions and Discussion

Walking track analysis

Video gait analysis
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A signi!cant di"erence in ankle kinematics could only be seen between the 
autograft group and the empty collagen tube after three weeks. Apart from 
that, statistical analysis revealed no signi!cant di"erences between any of the 
study groups at any timepoint.

There were no complications during surgery and in the postoperative period 
in any of the rats.

In contrast to the autograft group, the Scia-
tic Functional Index (SFI) showed only 
minor motoric regeneration in both condu-
it groups. There was a signi!cant di"erence 
between autograft and modi!ed collagen 
conduit, favouring the autograft. 

Electrophysiological assessment
Statistical analysis of the nerve conduction velocity showed no signi!cant dif-
ference between any of the groups. Because of the striking inconsistencies 
between the results of morphometric (see below) and electrophysiologic exa-

minations of the regenerating nerve  our 
study group decided to conduct another 
study to shed light on this dichotomy [5]. 
Seven further rats were subjected to perma-
nent sciatic nerve transection and assessed 
electrophysiologically, histologically and by 
retrograde axonal tracing.  The results of the 
histological examinations and retrograde tra-
cing revealed that in spite of the fact that 
compound muscle action potentials could
be recorded in the gastrocnemius muscle, no 

Histomorphometric evaluation of the nerve segments

Histomorphometric evaluation of the gastrocnemic muscle
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The absolute nerve !bre count at mid-transection level was signi!cantly 
higher in the autograft group compared with both conduit groups. There was 
also a signi!cant di"erence between empty and modi!ed collagen tube, with 
a higher !bre count in the empty collagen tube. Histologically, the growth 
pattern of regenerating axons was normal in the autograft group, whereas in 

Histologically, muscle cross sections showed an almost normal !ber structure in 
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Study Groups

Modi!cation of the collagen tube

Models of peripheral nerve injury were established by double transection of 
the sciatic nerve, removing a 14 mm nerve segment 0.5 cm distally to the piri-
form muscle (Fig 2). Twenty-four Lewis rats were randomly divided into three 
groups with di"erent reconstruction methods as follows: group A (n=8), auto-
graft; group B (n=8), collagenous conduit (bovine collagen type I); group C 

Fig. 2: (A-C) Exposure of the sciatic nerve (arrow) below 
the gluteus muscles (*) and dissection of a 14mm nerve 
segment. (D-F) Reconstruction of the nerve gap with 
(D) autograft, (E) collagenous tube or (F) modi!ed colla-
genous tube.

Fig. 3: (A) Approximate location of the latissimus dorsi muscle of the rat. (B) dissection of a 
small piece of autologous musculature. Macroscopic image of the denatured muscule tissue. 
(D) Precut and sized piece of muscle tissue right before insertion in the collagenous tube.

Fig. 9: p-values and boxplot of the Sciatic Functional Index 8 weeks postop.

Fig. 10: p-values and boxplots of the maxi-
mal and minimal tibia-calcaneus-foot angles 
after 3 (green) and 8 (yellow) weeks, respec-
tively. (Left) Maximal angles, (Right) Minimal 
angles. (Blue) preoperative control Fig. 13: p-values and boxplots of muscle !bre area size. (Blue) Operated side, 

(Green) Contralateral (control) side.

Fig. 12: p-values and boxplots of the absolute nerve !bre count. (Green) Opera-
ted side; (Blue) Contralateral (control) side. In group A, the higher nerve count com-
pared with the control side can be explained by axonal sprouting.

Fig. 11: p-values and boxplots of the nerve conduc-
tion velocity (NCV) at eight weeks postop

(n=8), collagenous conduit !lled with dena-
tured autologuous muscle tissue. In group A, 
the resected nerve segment was turned 
upside down and served as autologous 
nerve guide. The three groups were compa-
red with walking-track analysis, video gait 
analysis, electrophysiological and histomor-
phometrical assessment of the reconstruc-
ted sciatic nerve and the gastrocnemic 
muscle.

In group C, autologous muscle tissue (latissimus dorsi muscle) was harvested 
48 prior to the nerve resection.  Consequently, the harvested tissue was dena-
tured in a number of denature processes, following a protocol by Meek et al. [2]:

-20°C (24h)          +4°C demineralized water (24h)
         16% acetic acid (1h)          vakuum 10mbar (1h) 
         0,1M phosphate-bu"ered saline solution (PBS) (1h)  

Postoperatively, the three groups were compared with walking-track analysis, 
video gait analysis, electrophysiological and histomorphometrical assessment 
of the reconstructed sciatic nerve and the gastrocnemic muscle.

(PL) were measured as described by Varejao et al. [4] (Fig. 3). SFI scores of ap-
proximately -100 indicate total impairment, whereas scores around 0 can only 
be achieved in rats with complete function of the sciatic nerve [4]. Wilcoxons 
test was used to determine statistical di"erences between the three groups.

Motor return was evaluated by measuring traits of footprints and determining 
the Sciatic Functional Index (SFI). To make the prints, the soles of the rats’ hind 

paws were covered from the tip of their toes to the 
heel with non-toxic children’s paint. The rats were 
then placed on a balancing beam, which ended in a 
darkened shelter and was covered with a strip of 
paper. Three footprints for each hind limb were se-
lected for evaluation and the distances between 
toes 1 and 5 (toe spread (TS)) and toes 2 and 4 
(intermediate toe spread (ITS)) and the print length 

Walking track analysis

Electrophysiology

Video-gait analysis

Histomorphometrical assessment

Fig. 4: Footprint analysis. (A) footprint of  
contralateral (control) side and (B) operated 
side

After three and eight weeks post surgery, video gait analysis was perfomed to 
evaluate di"erences in  the walking pattern between the three study groups. 

After eight weeks animals were euthanized for histological assessment. The 
sciatic nerve plus its tibial successor as well as the gastrocnemius muscle were 
harvested. For morphometric evaluations semithin sections (0.5 mm) were 
cut, nerve segments and muscle segments were stained with p-phenylene di-
amine and H/E, respectively. Morphometry of nerve segments was performed 
on cross sections of the sciatic nerve on mid-level of the nerve conduit with a 
specially designed IDL (ITT Visual Information Solutions, Boulder, CO, USA) 
software routine (MT_O_P, K. Rodenacker, Helmholtz Zentrum München, Neu-
herberg) (Fig. 6). The ANOVA test was used to determine di"erences between 

the three study groups.
For histomorphometric assessment of the gast-
rocnemius muscle, 10 representative areas of 
each cross section were photographed and each 
muscle !bre was surcumscribed manually using 
a graphic tablet and pen (Fig. 7). Fibre Area was 
calculated using ImageJ (National Institutes of 
Health, MD, Bethesda, USA). Generalized estima-
tion equation models (GEE) were used to evalua-
te di"erences between treatment groups.

Animals were placed in a custom-made cage 
placed on a treadmill and were !lmed with a video-
camera (Fig. 5). Motion cycles of the tibia-
calcaneus-foot angle were analyzed using a special 
software (SIMI Motion, Reality Systems, Unter-
schleißheim, Germany). ANOVA  was used to deter-
mine signi!cant di"erences in the ankle kinematics 
Fig. 5: Video-gait anaylsis. (Above) Rats were placed into a custom-built cage (B) placed 
on a tradmill, that ended in a darkened corridor (A). (Below) Representative ankle kinema-
tics of a rat‘s hind limb. 

Fig. 8: Histomorphometric assessment of the muscle !bre area, representati-
ve cross sections. (A) Cross section of the gastrocnemic muscle on the contralate-
ral (control) side (B) operated side (group C)

Fig. 7: (A-F) Gradual segmentation and image 
analysis of a nerve segement for morphometric 
evaluation.

Fig. 6: Electrophysiology. Stimulation at the proximal stimulation points.

Eight weeks postoperatively, nerve conduction velocity was assessed under 
general anaesthesia by stimulation of the sciatic/tibial nerve with two mono-

polar needle electrodes positioned directly on the 
nerve. All stimulations and recordings were comple-
ted with a Viking Quest electrodiagnostic unit and 
associated software (Viasys Healthcare; Germany). 
Wilcoxons test was used for statistical analysis.

reinnervation of the gastrocnemius muscle, either physiological or aberrant, 
had actually taken place [5]. Moreover, it was established that the electrical ac-
tivity recorded in the gastrocnemius muscle after stimulation of the proximal 
or distal stump is generated by surrounding hind limb muscles una"ected by 
denervation. These are stimulated either directly, or indirectly due to sprea-
ding of the impulse.

both conduit groups, axons grew solitary or in 
small clusters. Notably, against our expectations, 
growing axons seemed to avoid the degenera-
ted muscle matrix in group C und used the 
narrow space between muscle tissue and inner 
tube wall for growth. No axon could be found 
inside the degenareted muscle tissue.

the autograft goup, whereas both conduit groups 
demonstrated all signs of denegeration (!bre 
shrinkage, cell detritus, fatty invulsion, etc.). Stati-
stics revealed a striking di"erence in muscle !ber 
area size between the autograft goup and both 
conduit groups, corroborating the histological 
!ndings. No di"erence could be seen between 
both conduit groups.
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