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ABSTRACT

PURPOSE: To evaluate the capacity of natural latex membrane to accelerate and improve the regeneration quality of the of rat sciatic
nerves.

METHODS: Forty male adult Wistar rats were used, anesthetized and operated to cut the sciatic nerve and receive an autograft or
a conduit made with a membrane derived from natural latex (Hevea brasiliensis). Four or eight weeks after surgery, to investigate
motor nerve recovery, we analyzed the neurological function by walking pattern (footprints analysis and computerized treadmill),
electrophysiological evaluation and histological analysis of regenerated nerve (autologous nerve graft or tissue cables between the nerve
stumps), and anterior tibial and gastrocnemius muscles.

RESULTS: All functional and morphological analysis showed that the rats transplanted with latex conduit had a better neurological
recovery than those operated with autologous nerve: quality of footprints, performance on treadmill (p<0.01), electrophysiological
response (p<0.05), and quality of histological aspects on neural regeneration.

CONCLUSION: The data reported showed behavioral and functional recovery in rats implanted with latex conduit for sciatic nerve
repair, supporting a complete morphological and physiological regeneration of the nerve.
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RESUMO

OBJETIVO: Avaliar a capacidade de uma membrana de latex natural em acelerar e melhorar a qualidade da regenera¢dao do nervo
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ciatico seccionado de ratos.

METODOS: Foram utilizados 40 ratos machos adultos da linhagem Wistar, anestesiados ¢ operados com autoenxerto ou com
interposicao de um tubo confeccionado com uma membrana derivada do latex natural (Havea brasiliensis). Quatro ou oito semanas
apos a cirurgia, para investigar a recuperagdo motora do nervo, foram analisadas a fungdo neuroldgica através do padrdo da marcha
(andlise das pegadas e esteira computadorizada), avaliagdo eletrofisiologica e analise histologica do nervo regenerado (enxerto de nervo
autologo ou formagdo de nervo novo entre os cotos nervosos) e musculos gastrocnémio e tibial anterior.

RESULTADOS: Todas as analises morfologicas e funcionais demonstraram que os ratos transplantados com o conduto de latex tiveram
recuperagdo melhor do que aqueles operados com nervo autdlogo: qualidade das pegadas impressas, desempenho em esteira (p<0,01),
resposta eletrofisiologica (p<0,05), e qualidade histologica da regeneracdo nervosa.

CONCLUSAO: Os dados apresentados demonstraram recuperagio comportamental e funcional nos ratos implantados com o conduto

de latex para a reparagdo do nervo ciatico por meio de uma completa regeneracdo morfologica e fisioldgica do nervo.

Descritores: Regeneracido Nervosa. Latex. Engenharia Tecidual. Ratos.

Introduction

Traumatic injury to peripheral nerves is not an uncommon
casualty and results from trauma due to vehicle accidents and less
commonly from penetrating trauma, falls, and industrial accidents.
It can lead to considerable disability and high financial costs across
the world'. Even with advances in repair techniques and new
technologies involved, the surgical results are often disappointing
especially when there is total transected nerve or when the nerve
injury resulted in substance loss between the two nerve stumps?.
These facts led to the development of techniques using nerve
grafts® or conduits that bridge the ends and guide the growth of
nerve fibers between the stumps, including the use of natural or
synthetic materials>**. A membrane engineered from natural latex
(extracted from Hevea brasiliensis), developed at the Department
of Biochemistry and Immunology, Faculty of Medicine of
Ribeirao Preto of University of Sao Paulo, was used initially in
an experimental study in dogs as a prosthesis for replacement of
cervical esophagus. It was observed that the new material was
able to induce the neoformation of esophageal wall. Later, other
studies such as femoral arterioplasty in dogs, replacement of the
pericardium in dogs, reconstruction of the ocular conjunctiva in
rabbits, treatment of chronic skin ulcers and regeneration of the
tympanic membrane in humans, demonstrated the effects of that
biomaterial to induce the neoformation of tissues, which provides
motivation for further research with other applications®’. Since the
latex membrane has a potential for regeneration of several tissues,
and a satisfactory conduit for guiding the repair of peripheral nerves
is not yet developed, the purpose of this study was to evaluate
the ability of a conduit engineer with a membrane derived from
natural latex to accelerate and improve the regeneration quality of

rat sciatic nerves.
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Methods

All animals were treated in accordance with guidelines
by the COBEA (Brazilian College of Animal Experimentation)
and protocols were approved by the local animal ethics committee
(CETEA - School of Medicine of Ribeirao Preto, University of Sao
Paulo — USP), protocol # 080/2005. We used adult male Wistar rats
that were bred locally. The rats were clinically healthy and weighed
250g (£ 20g). They were distributed in four experimental groups,
each group with an equal number of rats (n=10), anesthetized
and operated with transplantation of autograft or a conduit made
of a membrane derived from natural latex (Hevea brasiliensis).
The latex membrane was made with non-vulcanized rubber (cold
polymerization). The endpoints of experiments were four or eight
weeks after the transplantation surgery.

Surgical procedures

Animals were anesthetized with 10% Ketamine 90mg/
Kg (Ketamina® - Pfizer do Brasil Ltda) associated with Xylazine
10mg/Kg (Rompum® - Bayer do Brasil Ltda), administered via
intraperitoneal injection. The right hind legs were shaved, the skin
disinfected and aseptic techniques used to ensure sterility. After
skin incision and dissection of the muscle planes, the sciatic nerve
was identified, sectioned, and 10mm of nerve was removed. In
the autograft rats the nerve was excised, inverted, and reimplanted
between the proximal and distal stumps of the nerve and sutured to
the epineurium with 10-0 nylon. In the groups of latex conduit the
rats were transplanted with a 12mm conduit made of a membrane
derived from natural latex, interposed between the proximal and
distal stumps with 10-0 nylon. The conduit dressed the nerve
stumps, leaving a 10mm gap between nerve stumps. The muscle

layer was re-approximated with 4-0 nylon sutures, and the skin



closed with 4-0 sutures. Each rat received one implant that was
removed at different time points (four or eight weeks post surgery).
Additional five rats were transplanted with latex conduit

and had its content harvested to semi-thin sections.

Walking track and footprints analysis

The rats were allowed to walk up a small inclining
gangway lined with white paper after their both hind paws were
carefully pressed onto inkpads. The track built for walking®
consists of a long corridor with 120cm, 10cm wide and 15 tilt
in the horizontal plane. The animal was placed at the beginning
of the walking alley and usually walked to the dark goal box,
thereby leaving its footprints on the paper. The footprints of rats
were obtained (four or eight weeks) after the surgical procedure
(transplantation of autograft nerve or latex conduit), and the
footprints of the operated side were compared to those of the non

operated side.

Walking track by computerized treadmill

A computerized treadmill for small rodents was designed
and manufactured locally. The track surface was coated with a
stainless steel mesh capable of conducting electrical impulses. The
speed of the treadmill (12m/min) was controlled electronically
and its inclination adjusted 15 degrees to the horizontal plane.
Metallic electrodes were fixed to both rat hind feet. The animals
were then placed on the track, and during the march, each touch
of the electrode on the mesh belt corresponded to a contact (one
step). Computer software dedicated to the system was created in
an integrated environment to work with Windows XP® operating
system. The software was based on data acquisition from the
universal serial port (USB) which was connected to a wireless
mouse. The left and right feet of animals were connected to the left
and right mouse buttons, respectively. Thus, the electric signals
originated by circuit closure were filtered, instantly generating
the number of contacts (NC), the total contact time (TCT) and
time of each contact (DC), of left and right foot individually.
Functional impairment was defined as the deficiency presented
by the operated foot to contribute to the animal progress on the
treadmill for 5 minutes, and was expressed by functional capacity
index (FCI), calculated according to the formula:

FCI= (PLF/PRF) x100PLF= performance of the left foot
(NC x TCT)PRF= performance of the right foot (NC x TCT)

The quantification of functional capacity index of rats

was obtained and groups of autologous implant or latex conduit

Sciatic nerve regeneration in rats by a nerve conduit
engineering with a membrane derived from natural latex

implant were compared, four or 8 weeks post surgery.

Assessment by electromyogram

Postsurgical recording of muscle activity was performed
four or eight weeks after surgical implants. Electrical stimuli were
applied to the sciatic nerve trunk at its proximal portion in a pre
section point and latency and amplitude were recorded in the
gastrocnemius muscle at the ipsilateral side. At the endpoints of
the experiments (four or eight weeks), animals were anesthetized
with intraperitoneal Ketamine/Xylazine (same doses used for
the surgical procedure), to perform the functional evaluation by
electromyography.

Both stimulation and recording were performed with
subdermal needle electrodes. The record was made in the
gastrocnemius muscle. The active recording electrode was placed
on the muscle motor point, while the reference was placed distally
on the same muscle tendon. Stimulation proximal to the suture site
was performed by stimulating (cathode) the trunk of the sciatic
nerve in the sciatic foramen, with the anode placed approximately
2cm lateral to that point. The following parameters were analyzed:
amplitude and latency of compound muscle action potential
(PAMC).

Histological processing and morphological analysis

Histopathological analysis was conducted on samples
corresponding to the regions proximal upper stump, distal lower
stump of the cut nerve, medial part (M1 and M2) of the latex
conduit content or autograft, and gastrocnemius and anterior tibial
muscles. At the endpoint of the experiments (four or eight weeks
post surgery), rats were euthanized by overdose of anesthesia and
exsanguination. The surgical incision was reopened; the implant
(latex conduit and its content or inverted nerve) removed with 3mm
margins of nerve before and after the implant limits. The segment
related to the implant was divided transversely into two halves
(M1 and M2) and all samples obtained (a nerve segment proximal
to the implant, M1 and M2 related to the implant, a nerve segment
distal to the implant, and fragments of gastrocnemius and anterior
tibial muscles) immersion fixed in 3% buffered paraformaldehyde,
dehydrated in a sequence of alcohols and xylene, and embedded in
paraffin. The embedded samples were oriented to transversal cross
section of the nerve and muscle fibers. Sections (Spum thickness)
were stained with 1% Toluidine Blue.

The nerve samples harvested from additional five rats

that received latex conduit implants were immersed in a fixative
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solution (2% paraformaldehyde and 1% glutaraldehyde in 0.1M
phosphate buffer). After the fixation, the samples were postfixed
in 0.5% osmium tetroxide, dehydrated, embedded in epoxy resin;
semi-thin sections were cut on an ultramicrotome, and stained
with 1% Toluidine Blue.

The histological slides were digitized using a Carl Zeiss
Axiophot microscope at 40x-magnification and Carl Zeiss Kontron
2.0 software. We evaluated the presence of regenerated nerve
within the conduit and in the autograft (M1 and M2), the conditions
of the nerve segment before de proximal point of surgery (P), the
presence of nerve regeneration in the distal portion of the implant
(D), degree of myelination and density of the regenerated nerve
fibers within M1 and M2, and presence of nerve fibers interspersed
within the muscle fibers.

All data are presented as mean =+ standard error of the
mean and were analyzed to confirm a normal distribution. Using
one-way ANOVA followed by a Tukey post test comparison, data
(mean + SEM) were considered to be statistically significant when
p-value was p<0.05. A non-parametric test was chosen when
data did not pass normality test. Software used was GraphPad
Software’s InStat, version 3.06 for Windows (San Diego, USA).

Results

We did evaluate the following regeneration parameters:
(1) macroscopic tissue regeneration; (2) electrodiagnostically
detectable muscle reinnervation at four or eight weeks after
surgery; (3) functional recovery four or eight weeks after surgery
by walking track and footprints analysis or computerized treadmill,
and (4) quality of regenerating nerve fibers four or eight weeks

after surgery under light microscopy.

Functional recovery

Walking track and footprints analysis
The implanted animals (with autografts or latex conduits)

showed a tendency for auto-mutilation of their digits in the operated
limb, making this analysis extremely difficult. Some animals
from the autotransplanted nerve group dragged their paws of the
operated side. So, only the qualitative appearance of footprints was
evaluated. The records showed better function of paw in groups
of four or eight weeks with use of the latex membrane than the
groups of autotransplanted nerves. Even greater benefit was seen
in the group of eight weeks that received latex membrane, noted
by the best quality of footprints (Figure 1).
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FIGURE 1 - Representative footprints analysis performed on autograft
and latex conduit implanted rats. At four weeks after surgery (B), latex
conduit rats show better gait trail than autograft operated rats (A), with
right dragging feet (operated leg). At eight weeks p.s. gait in latex conduit
operated (D) is even better than that of autograft (C) rats.

Walking track by computerized treadmill

The results are represented by mean + SEM and
summarized in Figure 2. The rats of latex group four weeks after
surgery presented better results (102.29 + 6.697) than rats of four
weeks autotransplanted group (52.44 + 9.055) (p<0.01). The rats
of latex group eight weeks after surgery had already better results
(127.38 £ 9.916) than rats of eight weeks autotransplanted group
(77.35+7.71) (p<0.01).

Walking track by computerized

treadmill
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FIGURE 2 - Histogram showing the results of computerized treadmill
analysis. FCI (functional capacity index) around 100 is considered a
good performance. Rats transplanted with latex conduits presented higher
FCI of operated hind leg than rats transplanted with autologous nerve
(p<0.01).



Electrophysiological evaluation

Such results can be best observed in Figure 3. Latency
and amplitude results are represented by mean (£ SEM). After
four weeks of surgery, the autograft group presented latency of
1.967 (+ 0.205), and the group of latex membrane obtained 1.248
(£ 0.111). Groups of eight weeks of post-operative care that
received autografts had latency of 1.655 (& 0.122), and the group
that received latex biomembrane had 1.218 (£ 0.082). The group
of latex conduit had minor latency than group of autotransplanted
graft (p<0.05), for both four or eight weeks after surgery. The
amplitude in the group of four weeks after receiving the autograft
implant was 0.1095 (£ 0.031) and the group that used the latex
biomembrane obtained 0.40175 (£ 0.045). The groups of 8 weeks
of post-operative care which used the autograft obtained 0.27775
(= 0.039), while the group that used the latex biomembrane
obtained amplitude of 0.549 (£ 0.55). Both four or eight weeks
after surgery, groups of latex conduit had higher amplitude than
the group of autotransplanted graft (p<0.05).
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FIGURE 3 - Histograms of (A) latency (milliseconds) and (B)
amplitude (millivolts) obtained by electromyogram. Sciatic nerves of rats
transplanted with latex conduits presented higher amplitude and minor
latency than those of rats transplanted with autologous nerve, indicating
a better functional neurological recovery of animals operated with latex
transplants (p<0.05).

Improvement of sciatic nerve repair and local environment

No adverse inflammatory reactions were observed in the
site of the implants, both autotransplanted nerve and latex conduit.
All the implanted latex conduits were intact with no swelling,
deformation or rupture of their walls in the site of suture. Still, the
regenerated nerve could be seen through the semitransparent latex
conduits. No nerve dislocation was noted in the rats that received

autotransplanted nerves.
Morphological analysis
Histological aspects of nerve and gastrocnemius muscle

samples, with the use of latex conduit or autotransplanted nerve,

four or eight weeks after surgery, are represented in Figures 4 and

Sciatic nerve regeneration in rats by a nerve conduit
engineering with a membrane derived from natural latex

5. There was greater neural regeneration in latex conduit groups
than in autotransplanted nerve group, in both four or eight weeks
after surgery. Muscles of latex conduit groups (four or eight
weeks after surgery), show better quality of muscle fibers, with
presence of vessels and reinnervated motor units. The muscles of
autotransplanted groups usually had muscular cells atrophy and
fibrosis surrounding them. The quality of nerve fibers and motor
units in muscles is even better in latex conduit group with eight

weeks of surgery than in group with four weeks of surgery.

araft muscle

distal stump

autograft
4 weeks

latex
4 weeks

autograft
8 weeks

latex :
8 weeks [

FIGURE 4 - Photomicrographs showing harvested nerve related with
implant (left column), distal to implant (middle column), and muscle
(right column), after embedding in paraffin. Rat implanted with autograft,
after four weeks (A, B and C); rat implanted with latex conduit, after four
weeks (D, E and F); rat implanted with autograft, after eight weeks (G,
H and I); rat implanted with latex conduit, after eight weeks (J, K and
L). Rats implanted with latex conduit show better quality of regenerated
nerve. Rats implanted with autograft show muscle with atrophy and
fibrosis. Toluidine Blue stain. Objective magnification: 40x.

FIGURE 5 - Photomicrographs showing harvested nerve after eight
weeks of surgery. The samples were embedded in resin and named:
related to implant M1 (A), related to implant M2 (B), and distal to implant
(C). There is a great number of myelinated fibers within the nerve related
to implant, just like the distal to implant. Toluidine Blue stain. Objective
magnification: 100x.

Discussion

Different techniques and materials have been tested with
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the intent to promote, accelerate or optimize the regeneration of
injured peripheral nerves*'®. Although numerous conduits for
bridging nerve gaps have been developed, nerve autograft remains
as the gold standard for treating peripheral nerves lesions'®. The
sural nerve is commonly used as autologous nerve graft, but the
technique is limited by complications, such as donor site morbidity
and muscle atrophy prior to complete regeneration.

Considering the already demonstrated potential of a
membrane derived from natural latex in facilitating or even
speeding up the regeneration process of several tissues, such as
skin, eardrum, cornea, esophagus®”!, its use in the regeneration
of rat’s sectioned sciatic nerve was tested. Rats were transplanted
with autograft nerve or conduit engineered from natural latex
membrane, after surgically sectioning the sciatic nerve.

Four or eight weeks post surgery it was observed the
functional recovery of gait and the presence of regenerated nerve
within the latex conduit and in autotransplanted nerve. Functional
recovery was assessed by electromyogram evaluation and walking
gait by impression of footprints and computerized treadmill.
Functional recovery was correlated with histopathological
analysis. Both showed a better performance in animal groups that
were transplanted with the latex conduit. Although the quality of
footprints did not allow a quantitative comparison, the hind foot of
operated side of rats transplanted with latex conduit impressed a
footprint with spread toes, while the footprints of autotransplanted
nerve group were blurred, sometimes with only heel print well
distinguished. In the evaluation of walking gait by treadmill rats
that received latex conduit showed results of functional capacity
index (FCI) closer to 100, while rats transplanted with autograft
nerve had FCI of less than 80. By electrophysiological analysis,
rats transplanted with latex conduit showed minor latency and
bigger amplitude than rats transplanted with autograft nerve.
Therefore, the results of all functional tests used come in proving
that the performance of the operated side foot is better in animals
that have been transplanted with latex conduits than in animals
who have received the autotransplanted nerves. It was also
observed that, in animal groups that received latex conduit, the
quality of regeneration was also slightly better, with higher density
of myelinated nerve fibers, as well as with reduced atrophy and
fibrosis of muscles.

Several authors have tested different materials with the
same objective of promoting nerve fibers growth. However, the
differences between the groups that have received these materials
and those submitted to conventional surgery with autograft, were
not promising and the functional recovery of damaged human

nerves remains a clinical challenge. On the other hand, this work
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and recent studies analyzing fractions of non-vulcanized latex

show the potential of latex conduit in regenerating injured nerves.

Conclusions

Up to now, membrane derived from latex conduit
has never been employed as alternative for surgical implant in
nerve regeneration. The data reported here showed behavioral
and functional recovery in rats implanted with latex conduit for
sciatic nerve repair, supporting a complete morphological and
physiological regeneration of the nerve. Thus, a conduit engineered
from the latex membrane can be considered as a potential conduit
for the regeneration of injured peripheral nerves in cases of

traumatic damages.
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