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ABSTRACT

Aim: The aim of the study was to provide early muscular reinnervation to avoid muscle
atrophy and functional loss in an experimental model. Methods: Fifty rats were divided
into five groups. In group 0 (control group) only nerve dissection was performed. Total
peroneal nerve section was performed in the remaining groups. Immediate end-to-end
neurorrhaphy (EEN) was made in group 1. In group 2, an end-to-side neurorrhaphy (ESN)
was performed from the tibial nerve to the peroneal nerve. In group 3, a direct EEN, plus
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neurorrhaphy, was made without any type of reconstruction. Results: Neural diameters were similar

muscle reinnervation,

: in groups 0, 1, and 3 (38 £ 1 pum, 31 £ 6 um, 32 + 3 pum). Neural fibers in group 3 had
nerve repair

an 18% increase in the number of axons (P < 0.001) when compared to group 0. Group
2 (28 £ 1 um) and group 4 (19 + 3 um) had diminished diameters with a lower index of
muscle regeneration. Animals in group 4 presented with “clawed” lower extremities and
had difficulty with ambulation. Neural graft diameters was similar in groups 2 and 3 (33
+ 4 um, 31 £ 3 pm), but axon density was significantly higher in group 3 (53 + 6 um, 39
+ 8 um) (P < 0.001). Axon density was 36% higher when the combination of EEN and
ESN with a neural graft through an epineural window was performed. Conclusion: This
study revealed that the combination of EEN and ESN repairs with the addition of a neural
graft provides a lower index of muscle fiber destruction, and can be a reliable method for
reconstruction in high neural injuries.

@ (D)&)(@)| This is an open access article distributed under the terms of the Creative Commons Attribution- Quick Response Codet

NonCommercial-ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work
non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.

For reprints contact: service@oaepublish.com

m © 2017 OAE Publishing Inc. www.oaepublish.com ‘@-



Pérez et al.

End-to-side neurorrhaphy for early reinnervation

INTRODUCTION

End-to-end neurorrhaphy (EEN) is the conventional
reconstructive method for patients with peripheral
nerve injuries. In some cases, as in patients with
complex upper extremity trauma and/or extensive
oncologic resections, an end-to-side neurorrhaphy
(ESN) is considered to be a good alternative for neural
reconstruction.**! However, this technique (ESN) has
been abandoned by some surgeons secondary to
discouraging functional outcomes.*®! Viterbo et al.["®
has stated that ESN from a “healthy” nerve can “bridge”
a neurological deficit, and indeed the outcomes from
this type of surgery are better than those obtained from
end-to-end coaptation. End-to-side nerve coaptation
has also been used for patients with unilateral facial
paralysis with good results.[®* There are experimental
models in which the orbicularis occuli muscle has been
re-innervated with this technique.™™”

Patients with upper extremity proximal nerve
injuries may require more than one year to achieve
reinnervation in the distal extremity (during this time,
axonal growth takes place). However, full reinnervation
does not imply full recovery given the risk of often
irreversible and uncorrectable muscle contracture and
joint stiffness. In clinical studies, ESN has proven its
usefulness by improving sensation alone.!®
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The current study was conducted to evaluate the
provision of early muscular reinnervation to avoid
muscle atrophy and function loss.

METHODS

From January 2008 to November 2008, fifty male adult
Wistar rats were used for study. Their weight ranged
from 350 to 400 g and they were divided into 5 groups
of 10 rats each. Before and after surgery, the animals
were housed in plastic boxes, with a 12-h light/dark
cycle, and were given free access to food and water.

The measured criteria included anatomic changes of
the leg, difficulty with ambulation, and microscopic
neural and muscle morphology of the implied nerves
and muscles. All the study rats were analyzed 90 days
after the procedure.

The rats were anesthetized with an intraperitoneal
injection of a 1:10 pentobarbital solution (60 mg/mL) at
a conventional dosage. During the procedure, a dose
of 0.1-0.2 mL of the same solution was administered
as needed. The procedure was performed on the
peroneal and tibial nerves of the right lower extremity.
In group 0, nerves were dissected and exposed without
sectioning. In the remaining groups, a neurotomy of
the peroneal nerve was made 20 mm proximal to its

Figure 1: Surgical procedures. G1: Group 1PN neurotomy and repair with EEN; G2: group 2, ESN without end-to-end repair; G3: group
3, both EEN and ESN using a nerve graft; G4: group 4, no repair done. EEN: end-to-end neurorrhaphy; ESN: end-to-side neurorrhaphy;
PN: peroneal nerve; TN: tibial nerve. Optical lenses original magnification x400
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Figure 2: Zones used for microscopic analysis (tibial, peroneal
and graft). Optical lenses original magnification x400

entrance to the muscle. The injury was repaired with
an EEN in group 1. In group 2, an ESN was performed
from the tibial to the peroneal nerve. In group 3, a
direct EEN plus an ESN neurorrhaphy from the donor
nerve (tibial) was used. In both groups 2 and 3, a nerve
graft to bridge the gap between the tibial and peroneal
nerves was used. In group 4, only a neurotomy was
performed without reconstruction [Figure 1].

Morphological analysis

Ninety days after neurotomy and repair, the animals
were sacrificed with an anesthetic overdose. Nerve
fragments from several zones, as well as the
corresponding muscles, were identified and marked
(z1to z9) [Figure 2]. These were fixed in a combination
of 4% paraformaldehyde and 2.5% glutaraldehyde in
a saline phosphate buffer solution (0.1 mol/L, pH 7.4).
Following fixation they were treated with 2% OsO,,
dehydrated with ethanol in increasing graduation,
and finally placed in epoxic resin (Epon). Axonal
diameter and myelin density were determined in 1-um
cross sections dyed with toluidine blue in zones 1 to
9. Axon and muscle ultrastructural analysis was also

Figure 3: Peroneal nerve cross section in zone 9. A: Group O,
myelinated axons; B: group 3, axonal groups in regenerative process;
their size and form are variable, with zones of disorganized myelin
(arrows); C: axons in degenerative process were predominant in
group 4. Bar = 25 um

performed. Muscle cross sections were 60 nm thick,
and viewed with uranyl acetate and lead citrate contrast
(Reynolds, 1963) (EM 109 Carl Zeiss). Observations
and diameter measurements were made with an
Axioscop 2 plus microscope (Carl Zeiss) connected
to a system of image analysis. Axiovision 4.0 software
was used. All axons on the edges of the cut specimens
were excluded from the count.

Statistical analysis was performed using analysis of
variance (ANOVA), and an averages comparative
analysis (Tukey’s method) using Micro Cal Origin
software.

RESULTS

Muscle/nerve morphology, and thickness of
the myelin band

The morphology of nerves and muscles was different
in all groups. Three morphological conditions were
found: normal in group O; regeneration in groups 1, 2,
and 3; and degeneration in groups 1, 2, and 4.

The peripheral region of the nerve displayed large
amounts of connective and fatty tissue. In group O,
the myelinated axons were situated in a semi-circular
form, arranged one after another [Figure 3A]; myelin
band thickness ranged from 80 to 470 nm, with
the diameter of the fiber directly proportional to the
thickness of the myelin band [Figure 4A]. In group 3,
the main types of fibers were regenerative with a
well-defined myelin band, with irregular and grouped
dispositions [Figure 3B]. Abundant connective tissue
was found among these groups. The thickness of the
myelin band varied according to the diameter of the
fiber and ranged from 40 to 280 nm [Figure 4B]. In
groups 1 and 2, small regenerative axon fibers were
found together with lost myelin architecture or only the

Figure 4: Micrography of myelinated axons. A: Group 0, axons with
great diameter with a thick myelin band. A: normal muscle appareance;
M: normal pattern; Am: intersticium; C: disorganization level; B: group
3, axons organized in small groups showing regenerative process;
C: group 4, disorganized myelin and some myelin remains. Arrows:
striated pattern lost and myofibril remains. Bar = 1 um
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Figure 5: Muscle micrography. A: Represents findings in groups 0 and 3; normal muscle appearance, with normal-appearing
transverse striation pattern. Z = Z line, S = sarcomere and | = band. Bar = 500 um; B: section showed in the image on the left,
zoomed of this normally looking muscle; C: groups 1, 2, and 4 showed different levels of disorganization, striated pattern lost and

myofibril remains. Bar = 200 um

myelin remains. Animals in group 4 developed a “claw
leg” and difficulty with ambulation.

The peroneal nerve lost its form in group 4; through a
light microscope, amorphous masses corresponding
to be myelinated degenerating axons were observed
[Figure 3C]. Atan ultrastructural level, it was confirmed
that these amorphous masses corresponded to myelin
with lost architecture [Figure 4C]. The morphology of
the gastrocnemius muscle was normal in all groups.
In the tibialis anterior muscle from rats in groups 1
and 2, zones with muscular fiber disorganization were
mixed with others of normal appearance. This muscle
was normal in group 3; this group displayed fibers
with peripheral nuclei, myofibrils with homologic
bands, and fibers which differed from the normal
striated pattern [Figure 5A]. In group 4, there was
total atrophy of the muscular structure with retained
myofibrils [Figure 5B and CJ.

Nerve diameter and axon density

Adifference in the diameter of the peroneal nerve, zone
9, was detected. In addition, decreases in diameter
were found in groups 2 (28 + 1 um) and 4 (19 £ 3 um);
in groups 0 (38 £ 1 um), 1 (31 + 6 um), and 3 (32
3 um), the diameter was similar, as also found in the
grafts in groups 2 and 3 (33 £ 4 um and 31 + 3 um,
respectively).

Axonal fibers were found in the regenerating phase in
zones 4, 5, 6, 7, 8, and 9. However, there was only
a difference in zone 9 of the peroneal nerve in group
3 in which there was an 18% increase in comparison
with group 0, 47 £ 5 um vs. 39 + 4 um (P < 0.001).
Nonetheless, a decrease was noted in the diameters
of fibers in groups 2 and 4 (28 + 4 um and 13 + 4 um,
respectively), which was statistically significant (P <
0.001). The regenerated axon density in the nerve graft
was 36% greater in group 3 than in group 2 (53 £ 6 um

and 39 + 8 um, respectively) (P < 0.001).

DISCUSSION

EEN is the most common method used for nerve injury
repair, however, in recent years, ESN has become more
established as an alternative method for repair of these
injuries.*? According to Battal et al.,'**®! this is clinically
useful when it is performed through an epineural
window. It has been proposed that axons may grow
through an epineural window in a damaged recipient
nerve by means, for instance, of a reversed end-to-side
neurorraphy.**1% Other studies have demonstrated that
operative injury to the donor nerve during ESN is the
main prerequisite for motor reinnervation of the recipient
nerve.*¥! A recent study revealed that performing end-
to-side coaptation with a 40% neurectomy showed
superior recovery both in axonal regeneration and
electrophysiologic parameters.*”) Results are optimized
at the microscopic and histopathological levels when a
“window” has been performed.*®

In the current study, EEN was combined as a primary
method for nerve injury repair with a distal nerve graft
used in an ESN manner. As Viterbo et al.’®! has shown
previously, the absence of an incision in the donor
nerve was not a significant factor that altered the
regenerative capacity, neural growth, or transmission
of electrical stimuli through the nerve. As a result,
animals in groups 1, 2, and 3 had a favorable clinical
recovery because they did not show alterations during
motion, whereas those in group 4 (neurotomy without
repair) developed a “clawed” leg without signs of
clinical recovery.

In studies performed by Cederna et al.,!! a decrease
in metabolically active muscular cells was observed
in the muscle innervated by the donor nerve after the
epineural window had been made. In his experience,

i Plastic and Aesthetic Research | Volume 4 | February 22, 2017




Pérez et al.

End-to-side neurorrhaphy for early reinnervation

this decrease was not significant. This was not observed
in the current study. It is possible that neurotomy
of the donor nerve, by itself may in fact enhance
reinnervation of the recipient nerve, perhaps due to
a normal inflammatory response with recruitment of
neurotrophic factors.*9

After repair of the neurotomy of the peroneal nerve
by means of EEN, and connection to the tibial nerve
with an ESN using a neural graft with removal of an
epineural window, an 18% extra-axonal density was
obtained closer to the muscle in the group O, partially
avoiding muscular atrophy and therefore improving the
motor and sensory functions.

A novel experimental model using the common
peroneal nerve demonstrated that muscle mass
preservation was better achieved with sensory
reinnervation rather than with motor reinnervation. No
differences were found in this model when comparison
was made between surgical techniques, whether they
were end-to-side or end-to-end.?”

When the group treated with Viterbo’s principles (group
2) was compared with our study group (group 3), a similar
nerve graft diameter was found, but with a 36% increase
in axonal density in our proposed treatment group.

As a corrective procedure, EEN was combined with a
nervous graft coapting the peroneal and tibial nerves
through an epineural window by means of an ESN.
The number of new neural fibers exceeded those
present prior to section of the nerve, indicating a clearly
beneficial sensory and motor effect. A significant
decrease in axonal size, including the thickness of
myelin bands, was accompanied by a regenerative
process (sprouting); it is possible that when axons
regain their normal size and myelin bands reaches
their normal thickness, that the number of axons be
equal to the number of axons in the group 0. Although
the current study protocol required that study subjects
be sacrificed to obtain muscle and nerve samples, it
would be interesting to measure this parameter in a
later study. It is now accepted that collateral sprouting
is the main mechanism of nerve regeneration following
end-to-side neurorrhaphies.! Haninec et al.l?!
conducted a study to determine the utility of ESN
from C5 to the ulnar nerve for motor and sensory
reinnervation. More collateral branches were found
in the group in which a perineural window had been
performed. Although direct implantation of fibers into
the target muscle has been recently performed, it can
be avoided by performing an end-to-side procedure as
proposed by Poppler et al.?

The current study demonstrates the clinical importance
of limiting muscular damage by using a “babysitter” to
preserve motor function after proximal nerve injuries in
the upper extremity before muscle atrophy is completely
established. Several factors may alter the result. First,
both the injury mechanism and the experimental model
are crucial. Crush injury distal to the coaptation site
has been found to increase the rate of myelin formation
in regenerating axons.!?® Further research is required
to determine the role of pre-injury, as deliberate donor
nerve axotomy is critical for optimization of motor neural
regeneration as demonstrated in several studies.[*58
Recent research suggests that the number of axonal
sprouts correlate with the degree of donor nerve
manipulation secondary to liberation of neurotrophic
factors, rather than the extent of the axotomy per se.[?¥

The results of the current study suggest that the same
surgical principals can be applied to clinical practice
with patients. Clinical recovery is potentially faster
and more efficient as the distance for nerve growth
is shortened with the nerve graft placed near to the
muscle rather than waiting for normal axonal growth
from the injury’s site of origin. With the proposed
treatment, irreversible muscular atrophy was avoided
by supplying the target muscles with a constant neural
impulse by means of this babysitter procedure.*
Several applications for the ESN are currently being
studied.?*2% The authors of the current study intend to
study the usefulness of this procedure in the scenario
of acute trauma of the upper limb by creating nerve
bridges at the wrist crease in order to ameliorate ulnar
nerve injury, as it has been found that intrinsic muscle
function tends to be compromised despite the efforts of
a primary end-to-end repair.

In conclusion, this study revealed a lower index of
muscle fiber destruction, and can be a reliable method
for reconstruction in high neural injuries. These results
may assist surgeons in the treatment of high neural
injuries in humans by performing nerve bridges at the
level of the wrist.
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