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Abstract

Introduction: This study assessed the collateral sprouting in avulsion of the ventral branches of the C5 and C6 spinal
nerves treated by coaptation of these nerves to the C7 spinal nerve on the brachial plexus of rabbits.

Material and methods: Thirty-six New Zealand rabbits were randomly divided into four groups: end-to-side coap-
tation (ESN) (n = 12), side-to-side coaptation (SSN) (n = 12), direct neurorrhaphy (end-to-end) (EEN) (n = 6) and no
coaptation (n = 6). The operations were performed on the left brachial plexus. The contralateral, non-operated right
brachial plexi were used as the control group. The groups were compared using morphological, electrophysiological
and behavioral methods. The follow-up duration was 20 weeks.

Results: Significant differences were observed in all parameters when the experimental groups were compared with
the control group and the no coaptation group. The histology of axonal regeneration after ESN, but not after SSN, was
comparable to that after EEN. There were no significant differences in the electrophysiological, behavioral assessment
or G-ratio parameters between the ESN and EEN groups. There were significant differences in the behavioral assess-
ment, G-ratio and the histomorphometric parameters between the SSN and EEN groups, which disagreed with the
electrophysiological results. Sensory axon collateral sprouting was more rapid than motor axon collateral sprouting.
Conclusions: The electrophysiological, histomorphometric and behavioral results obtained using end-to-side coapta-
tion of ventral branches of the C5 and C6 spinal nerves to the C7 spinal nerve in the brachial plexi of rabbits confirm
the occurrence of collateral sprouting at this level. After further research is performed to confirm the results of this
study, end-to-side coaptation might emerge as an alternative method in the treatment of brachial plexus avulsion.
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Introduction

The most commonly injured sites in the brachial
plexus include the ventral branches of the C5 and
C6 spinal nerves and the upper trunk [9,41]. Indeed,
most brachial plexus lesions are observed in the
supraclavicular area rather than the infraclavicular
area. Of these supraclavicular injuries, brachial plex-
us avulsions are present in 75% of cases [41].

This type of damage cannot be repaired by clas-
sical methods, such as “end-to-end” suture with the
use of autogenous nerve grafts. Currently, a neuroti-
zation procedure is performed [9], in which the inter-
costal nerve [16], accessory nerve [2], branches of the
ipsilateral cervical plexus [11,46], phrenic nerve [26],
contralateral C7 [14,26] nerve, selective ulnar nerve
to the musculocutaneous nerve [36] and hypoglossal
nerve [42] may be used as donor nerves. In such cas-
es, the distal stump of the damaged nerve is sutured
to the proximal stump of the donor nerve by direct
neurorrhaphy (end-to-end). Unfortunately, donor
function is lost when this procedure is performed.

A potential alternative procedure is nerve coap-
tation, in which the distal stump of the transect-
ed nerve is sutured to an undamaged donor nerve
via end-to-side coaptation. Efficacy of sensory and
motor collateral sprouting after end-to-side coapta-
tion has been confirmed by retrograde double label-
ing [10,35,37,47,58,59].

Studies have shown that coaptation is more
effective when motor axons are coapted to other
motor axons [48], when sensory axons are coapted
to other sensory axons [33] or when the donor and
recipient axons are derived from an identical region
of the spinal cord. The results are difficult to predict
when mixed nerves are used as donors [29,30,43].

Most previous studies of experimental coapta-
tion have been performed on rats, and these studies
have involved the use of long branches of the brachi-
al [47] and lumbar plexus of the peripheral nervous
system [34]. The tibial nerve is most often coapted
to the peroneal or sural nerve [18], and the ulnar
nerve is most frequently coapted to the musculocu-
taneous nerve [47].

In the rabbit brachial plexus, the ventral branches
of the C5 and C6 spinal nerves form the caudal trunk,
which creates the suprascapular nerve. The exclusive
innervation of the supraspinatus and infraspinatus
muscles by the suprascapular nerve and the easy
access to these muscles and dermatomes in rab-
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bits might indicate that these animals are a reliable
model to use for studying the functions of the C5-C6
spinal nerves. Such innervations provide us with an
opportunity to evaluate the recovery of nerve func-
tion after coaptation in high brachial plexus injuries.

Due to recent encouraging results coupled with
the overall lack of experimental studies examining
injuries to the ventral branches of the spinal nerves
and brachial plexus trunks, we aimed to evaluate
and confirm the treatment efficacies of end-to-side
and side-to-side coaptation of the ventral branches
of the C5 and C6 spinal nerves to the C7 spinal nerve
in brachial plexus avulsion using an experimental
rabbit model.

Material and methods
Experimental model

The experiments were approved by the Second
Local Ethics Committee for Animals of the University
of Life Sciences in Wroclaw. All rabbits (22 weeks old
with an average weight of 3.6 kg) were treated using
the same anesthesia protocol. Premedication was
performed using medetomidine (Cepetor) at a dose
of 150 ug/kg body weight, butorphanol (Torbugesic)
at a dose of 0.2 mg/kg body weight and ketamine
(Bioketan) at a dose of 35 mg/kg body weight. Gen-
eral anesthesia was performed with propofol, which
was administered continuously at a dose of 0.1 mg/
kg/min. The analgesic effect was supported by fen-
tanyl at a dose of 2-3 pg/kg. After the procedure,
buprenorphine (Vetergesic) was used at a dose of
20 pg/kg im. every 8 h. The animals were admin-
istered meloxicam (Metacam) at 0.2 mg/kg body
weight for two days after surgery. They were operat-
ed on in the lateral position, and the mean duration
of surgery was approximately 26 min.

Adequate care was taken to minimize pain and
discomfort during and after the operations. The fol-
low-up duration was 20 weeks.

Experimental design

A total of 36 New Zealand rabbits were randomly
divided into the following four groups: end-to-side
coaptation (ESN) (n = 12), side-to-side coaptation
(SSN) (n = 12), direct neurorrhaphy (end-to-end)
(EEN) (n = 6) and no coaptation (n = 6). The oper-
ations were performed on the left brachial plexus.
The contralateral, non-operated right brachial plexi of
the rabbits were used as the control group. The groups
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were compared using morphological, electrophysio-
logical and behavioral methods. The follow-up dura-
tion was 20 weeks.

Surgical procedure

The experimental procedures were performed
on the left brachial plexus using a lateral approach
(Fig. 1). All of the collateral branches of the C5, C6/
caudal truncus and C7 spinal nerves were transected.

The ventral branches of the C5 and C6 nerves
were avulsed, and then the distal stumps were
incised. An epineural window was created on the
cranial side of the C7 spinal nerve for coaptation.
For side-to-side coaptation, supplemental epineu-
ral windows were created on the caudal sides of
the C5 and C6 spinal nerves. End-to-side or side-to-
side neurorrhaphy was then performed between the
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End-to-side nerve coaptation in C5-C6 avulsion

distal stumps of these nerves and the windows by
placing two stitches (Ethilon 10-0) in the C7 spinal
nerve. To perform direct neurorrhaphy (end-to-end),
we sutured two stitches (Ethilon 10-0). In the group
without coaptation, we resected 2 cm of the C5 and
C6 spinal nerves, and the distal stump was inserted
into soft tissue. Then, the skin was sutured with 4-0
sutures. After 20 weeks, the left and right brachial
plexi were exposed to obtain sample nerves. The ani-
mals were euthanized by pentobarbital intravenous
injection (Morbital).

Electrophysiological analysis

The animals were anesthetized by intramuscular
injections of medetomidine (dose: 0.5 mg/kg), butor-
phanol (0.1 mg/kg) and ketamine (25 mg/kg) for elec-
tromyographic examination.
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Fig. 1. Intraoperative image and schematic illustration of the surgical picture in each group. A) Schematic
illustration showing the macroscopic structure of the rabbit’s right brachial plexus. C5 — ventral branch of
the C5 spinal nerve, C6 — ventral branch of the C6 spinal nerve, C7 — ventral branch of the C7 spinal nerve,
C8 —ventral branch of the C8 spinal nerve, Th1 - ventral branch of the Th1 spinal nerve. B) Schematic illustra-
tion of end-to-side coaptation of C5 and C6 to C7. €) Schematic illustration of side-to-side coaptation of C5
and C6 to C7. D) Surgical photograph. Macroscopic structure of the rabbit’s right brachial plexus. C5, C6, C7,
C8, Th1 —ventral branches of the spinal nerves: C5-Th1, 1 —connection branches, 2 — cranial trunk, 3 — caudal
trunk. E) Surgical photograph. End-to-side coaptation of C5 and C6 to C7. Neurorrhaphy by the epineural
window. F) Surgical photograph. Side-to-side coaptation of C5 and C6 to C7. Neurorrhaphy by the epineural
window joining the lateral part of C5 and C6 with the medial part of C7. X — position of nerve sample.
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This examination was performed after 20 weeks
at an ambient temperature of 22°C using Nicolet
Viking Quest portable electrodiagnostic equipment,
version 11.0 (Nicolet Biomedical, Madison, WI, USA).
A standard electromyographic concentric needle
electrode (used as an active and recording electrode)
and a subdermal monopolar ground electrode were
used in this study. Electromyography (EMG) was
performed by intramuscular insertions of the elec-
trodes into the following muscles: the supraspina-
tus (innervated by the suprascapular nerve, C5-C6),
the infraspinatus (innervated by the suprascapular
nerve, C5-C6), the subscapularis (innervated by the
subscapular nerve, C6-C8), and the biceps brachii
(innervated by the musculocutaneous nerve, C5-C7).
During EMG, insertional activity was assessed.
Pathological discharge, if present, was recorded
and evaluated to determine the type, frequency,
duration and amplitude according to a semi-quan-
titative numerical scale modified by Kimura [31]
(Table 1). Higher values indicated a lower degree of
muscle innervation.

Histomorphometric analysis
of sampled nerves

The nerve specimens were immersion-fixed in
2.5% glutaraldehyde for 12 h at 4°C and were then
washed with cacodylate buffer (Serva, Heidelberg,
Germany). Next, the specimens were post-fixed for
1 hin 1% osmium tetroxide (dissolved in cacodylate
buffer), washed with cacodylate buffer, dehydrated
in alcohol and embedded in Epon (Chempur, Piekary
Slaskie, Poland). A Power Tome XL (RMC Products,
Tucson, AZ, USA) was used to cut the fixed nerve
specimens into 0.6-um-thick sections, which were
stained with toluidine blue (Serva) and mounted
using Euparal (Roth, Mannheim, Germany).

Table I. A modified semi-quantitative numerical
scale for the electromyographic evaluation of the
degree of muscle denervation

0  No pathological potentials

1 Very rare denervation potentials

2 Sporadic pathological activity, recorded in two or more
places

3 Frequent pathological activity, recorded regardless
of the position of the needle electrode

4 Abundant pathological activity, recorded regardless
of the position of the needle electrode
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The stained nerve cross sections were analyzed
under a BX41 light microscope equipped with the
CellD computer-assisted image analysis program
(Olympus, Tokyo, Japan). For analysis, photomicro-
graphs at x630 magnification were obtained manu-
ally without overlap of the microscopic fields. In each
nerve cross section, the minimal diameters of the
axons and nerve fibers (axon and adjacent myelin)
were measured. Only circular-shaped fibers were
measured, which allowed for calculation of the myelin
sheath thicknesses of the nerve fibers using the fol-
lowing formula: myelin sheath thickness = nerve fiber
diameter — axon diameter. The degree of myelination
was evaluated using the G-ratio (the ratio of the min-
imal diameters of the axon and fiber) [45]. Addition-
ally, the myelin sheath and myelinated fiber densities
were determined. At least 200 nerve fibers were ana-
lyzed per animal. The materials used for histological
examination were collected at identical heights of
2 cm per anastomosis in the experimental groups and
4 ¢cm from the spinal canal in the control group.

Skin pinch test

The skin pinch test was performed to determine
the return of sensory capacity by examining nocicep-
tion [33]. The skin of the animals was gently pinched
with forceps (in 3-mm intervals) until the first signs
of discomfort were noticed, including lifting of the
limbs, turning of the head or trembling of the skin.
The healthy limb and the limb with nerve coaptation
were examined to record a normal reaction to stim-
ulation. We focused on the dermatomes innervated
by nerves derived from C5, C6, and C7. This test was
performed at 1 day after surgery and at 4, 8, 12, 16,
and 20 weeks after surgery. For this study, we used
the following 4-point grading scale: O — no response;
1 — mild response, the animal presents a very weak
reaction; 2 — moderate response, the animal shows
a reaction in response to stimuli; and 3 — the animal
exhibits a significant response to stimuli.

Nerve pinch test

To assess the statuses of nociceptive axons, the
nerve pinch test was performed [33,37]. This test
was conducted before euthanasia, when the ani-
mals were lightly anesthetized. The EEN, ESN, and
SSN sites were carefully dissected from nearby tis-
sue. A series of pinches were then delivered to the
recipient caudal trunk/suprascapular nerve with fine-
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tipped forceps, proceeding in millimeter increments
in the distal-to-proximal direction. The area of the
suprascapular nerve stump at which a pinch first
elicited the animal’s reflexive withdrawal response
(a positive pinch test) was recorded, and its distance
from the site of the end-to-side or side-to-side coap-
tation was measured. The pinching of the recipient
caudal trunk/suprascapular nerve stump was always
stopped at least 15 mm distal from the site of coap-
tation, thus preserving the remainder of the caudal
trunk/suprascapular nerve for use as a histopatho-
logical sample.

Modified grooming test

A test for assessing the muscle power of rat
forelimbs [34], conducted to ascertain whether
and when a reconnected nerve became functional,
was adopted for use in rabbits. The test consisted
of spraying water over the animal’s face to provoke
grooming movements of the forepaws toward the
head. During normal grooming, the animals raise
both forelimbs, lick them and reach behind the ears.
The grooming response was graded from 0 to 5 as
follows: 0 —no response; 1 —flexion at the elbow, not
reaching the snout; 2 — flexion reaching the snout;
3 — flexion reaching below the eyes; 4 — flexion
reaching the eyes; and 5 — flexion reaching the ears
and beyond. The animals were tested at 4, 8, 12, 16,
and 20 weeks following surgery.

Statistical analysis

The data were analyzed using Prism statistical
software, version 5.0 (GraphPad, La Jolla, CA, USA).
Student’s t-test for independent samples was per-
formed to compare the significance of the chang-
es between the groups. The Mann-Whitney U test
was used for non-parametric values. The distribu-
tion of the data was tested by the Shapiro-Wilk
test. Dissimilarities between the groups were
examined using the non-parametric Kruskal-Wal-
lis test with Dunn’s post hoc analysis. Differences
were considered significant at a p < 0.05 for Stu-
dent’s t-test and at p < 0.01 for the Mann-Whitney
U test.

Results
Electromyographic analysis

Electromyographic examination revealed the pres-
ence of denervation potentials in the ESN, SSN, and
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EEN groups (A — experimental groups) and in the no
coaptation group (B) and did not reveal any patholog-
ical myoelectric activity in the control group (C).

Most of the changes in the ESN group were found
in the infraspinatus muscle, with a mean value of
2.08 + 0.64, followed by the supraspinatus (1.54 +
0.78), biceps (1.54 + 0.78) and subscapularis muscles
(1.38£0.77). The results were dominated by changes
in grades 1 and 2 denervation, as graded using the
Kimura scale.

The predominantly affected muscles in SSN neu-
rorrhaphy were the biceps brachii (1.86 + 0.77) and
infraspinatus (1.86 + 0.66) muscles, followed by the
subscapularis (1.71 + 0.83) and supraspinatus (1.57
+ 0.65) muscles. In most cases, the predominant
changes were grades 1 and 2.

In the EEN group, pathological changes were dis-
covered in the supraspinatus (1.67 + 1.53), biceps
brachii (1.0 + 1.0), infraspinatus (1.67 + 1.53) and
subscapularis muscles (1.67 + 0.58).

In the B group (no coaptation), the supraspinatus
(3.33 £ 0.58), biceps brachii (3.33 + 0.58), and infra-
spinatus (3.33 + 0.58) muscles demonstrated the
highest degrees of denervation. Minor changes were
also found in the subscapularis muscles (median val-
ue of 1.33 + 1.15).

The statistical analysis results for each group are
presented in Table II.

Histomorphometric analysis

The numbers of myelinated axons were markedly
reduced in the EEN, ESN and SSN groups compared
with that in the C group; however, the numbers of
myelinated axons were increased in the EEN, ESN
and SSN groups compared with that in the B group.
The largest axon diameters and myelin sheaths were
observed in group C, followed by the EEN, SSN, and
ESN groups. The ESN group had a higher G-ratio
compared with the SSN group (Table Ill). The study
groups showed statistically significant differences
(MW < 0.001, p < 0.01) in the following additional
parameters: axon diameter, fiber diameter, myelin
sheath thickness and the G-ratio, with the exception
of the G-ratio in the EEN group compared with that
in the ESN group (MW = 0.014, p < 0.01), the G-ratio
in the ESN group compared with that in the C group
(MW = 0.2368, p < 0.01), and the G-ratio in the EEN
group compared with that in the C group (MW =
0.016, p < 0.01).
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Table II. Electromyographic comparison among all the groups and the results of the reinnervation of the
muscles. C group — control group, EEN — direct neurorrhaphy (end-to-end) group, ESN — end-to-side coapta-
tion group, SSN — side-to-side coaptation group, B group — no coaptation

Supraspinatus muscle Infraspinatus muscle Subscapularis muscle Biceps brachii muscle

(C5-C6) (C5-C6) (C6-C8) (C5-C7)
ESN vs. EEN 0.831241 0.451858 0.563226 0.318075
ESN vs. B 0.002236 0.167138 0.924903 0.002236
ESN vs. C™ p < 0.001 p < 0.001 p < 0.001 p < 0.001
ESN vs. SSN” 0.905222 0.390024 0.29391 0.29479
SSN vs. EEN’ 0.857655 0.723947 0.926405 0.11482
SSN vs. B 0.000578 0.070006 0.504925 0.007256
SSN vs. C” p < 0.001 p < 0.001 p < 0.001 p < 0.001
EEN vs. B 0.151835 0.348641 0.677869 0.024896
EEN vs. C” 0.085 0.085 0.009 0.085
Bvs.C” p < 0.001 p < 0.001 p < 0.085 p < 0.001

“Student’s t-test
“Mann-Whitney U test

Table IIl. Values of the following parameters in the experimental groups: nerve area (mm?), nerve diameter
(mm), number of axons, myelin fiber density (fiber/mm?), minimal diameter of myelin fibers (um), minimal
axon diameter (um), myelin area (um?), G-ratio axon/fiber diameter — axon diameter fiber. C group — control
group, EEN — direct neurorrhaphy (end-to-end) group, ESN — end-to-side coaptation group, SSN — side-to-

side coaptation group, B group — no coaptation

ESN SSN EEN B C
Number of axons/myelin fiber density 170.14 £ 3.71 130.32£4.6 209.96 + 3.6 23.85+1.6 362.14+2.83
(fiber/mm?2)
Myelin sheath (um) 1.325 £ 0.58 1.552 £ 0.72 1.993 + 0.50 1.390 + 0.49 2.267 +0.53
G-ratio axon/fiber diameter 0.6589+0.08 0.6318+0.09 0.6399+0.008 0.552+0.10  0.6559 +0.08
Axon diameter (um) 5.531+3.10 5.761+3.501  7.630+3.173 3.591+1.56 9.049 + 2.86
Fiber diameter (um) 8.180 + 4.033 8.864 +4.613 11.62 + 3.65 6.371+2.12 13.58 +3.19

In all of the groups, the axons within the nerves
were grouped into fascicles surrounded by perineural
connective tissue (Fig. 2). The small- and large-diam-
eter myelinated axons were evenly distributed in the
nerves in the EEN and C groups. Smaller and closely
packed myelinated axons were found in both the ESN
and SSN groups. The distribution of myelinated axons
in the ESN group was more similar to that in the EEN
group than to that in the SSN group (Fig. 3). The
differences in myelin sheath thickness were great-
er between the SSN and EEN groups than between
the ESN and EEN groups. The frequency distribution
of myelin sheath diameter revealed the presence of
larger numbers of very small axons in both the EEN
and ESN groups compared with the C group (Fig. 4).
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Regression analysis revealed that the extent of
axon remyelination was more advanced after EEN
than after ESN or SSN. The myelin was thicker, and
there was less individual scatter around the regres-
sion line, resulting in a decreased correlation coeffi-
cient and a decreased slope of the regression line of
best fit (Fig. 5). Regression analysis showed a decrease
in the myelin thickness of large-diameter fiber axons.
This decrease was reflected by a slight decrease in the
slope of the regression line of best fit (Fig. 6).

Skin pinch test

The spatial pattern of sensitivity recovery was
identical in all of the groups; however, the recovery
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time and end results were different. Significant dif-
ferences in these parameters were found between
the ESN and control groups (t < 0.01, p < 0.05),
whereas no significant difference was observed
between the ESN and EEN groups (t = 0.20, p > 0.05).
In addition, significant differences in these parame-
ters were observed between the SSN group and both
the EEN (t = 0.01, p < 0.05) and C groups (t < 0.01,
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Fig. 2. Microscopic image of the sampled nerves
(magnification x 630). Toluidine blue staining.
A) C group (control group). B) Direct neurorrha-
phy (end-to-end) (EEN) group. C) End-to-side
coaptation (ESN) group. D) Side-to-side coapta-
tion (SSN) group. E) B group (no coaptation).

p < 0.05) (Table IV). Sensation returned much faster
in the group in which innervation of C6-C7, rather
than of C5-C6, was performed. The greatest changes
occurred at 12 weeks.

Nerve pinch test

The nerve pinch test of the caudal trunk/supras-
capular muscle showed positive results in all of the
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rabbits in group C, in all except for 1 rabbit in the EEN
group, in all except for 1 rabbit in the ESN group, and
in 4 rabbits in the SSN group, and negative results
were obtained in all of the animals in the B group.
There were no significant differences between the
ESN and C groups (t = 0.08, p < 0.05) or between
the ESN and EEN groups (t = 0.62, p < 0.05); howev-
er, the results after ESN were more similar to those
after EEN.
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Fig. 3. Frequency distribution of the axon (um).
A) C group (control group). B) Direct neurorrha-
phy (end-to-end) (EEN) group. €) End-to-side
coaptation (ESN) group. D) Side-to-side coapta-
tion (SSN) group. E) B group (no coaptation).

Grooming test

The movement of the forepaw toward the head after
water spraying was analyzed, and the results indicated
that there were no significant differences between the
ESN and EEN groups (t = 0.12, p < 0.05) in contrast with
the significant differences observed between the ESN
and C groups (t < 0.01, p < 0.05). Statistical analysis also
revealed significant differences between the SSN and
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C groups (t < 0.01, p < 0.05) and between the SSN and
EEN groups (t = 0.04, p < 0.05). The EEN group showed
more rapid and better functional recovery compared
with the ESN and SSN groups (Table IV).

Discussion

Recent studies of coaptation have shown very
interesting results regarding synergistic motor nerve
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Fig. 4. Frequency distribution of the myelin
sheath (um). A) C group (control group).
B) Direct neurorrhaphy (end-to-end) (EEN) group.
C) End-to-side coaptation (ESN) group. D) Side-
to-side coaptation (SSN) group. E) B group (no
coaptation).

fiber transfer between different nerves [48], end-to-
side neurorrhaphy by autonomic nerves and somatic
nerves [19], and reverse end-to-side nerve transfer
[28]. Additionally, a new type of cortical neuroplasti-
city after nerve repair of brachial plexus lesions has
been described [6].

Although many coaptation studies have been
performed, none have examined coaptation of the
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ventral branches of the spinal nerves or the trunks
at the brachial plexus level. This lack of research
might have resulted from differing views regard-
ing the proximal or distal coaptation procedure
or exploitation of the intraplexus or extraplexus
nerves. This topic is controversial, and it has been
difficult to find a research model that enables reli-
able nerve assessment after a coaptation proce-

336

20
15 H
E
3
- 10 1
S
3
<
5
O T T T T
0 1 2 3 4
Myelin sheath (um)
30

Axon (um)

Myelin sheath (um)

Fig. 5. Regression analysis of the relationship
between the axon diameter (um) and the myelin
sheath (um). R —regression coefficient. A) C group
(control group). B) Direct neurorrhaphy (end-
to-end) (EEN) group. C) End-to-side coaptation
(ESN) group. D) Side-to-side coaptation (SSN)
group. E) B group (no coaptation).

dure. Additionally, the examination results have not
been encouraging in cases in which the peripher-
al nerves correspond to different segments of the
spinal cord or in which mixed nerves are used as
donors.

We selected a central coaptation model for use
in our study, similar to Bentolia [7]. Our results indi-
cated that a better outcome could be attained by
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coapting grafts distal to the lateral or posterior cord
to achieve more distal coaptation near the distal
objective (i.e., the musculocutaneous nerve). On the
other hand, Alnot [3] and Terzis [55] have reported
that the use of nerve grafts is more successful when
coapting nerve grafts distal to the peripheral nerve
rather than distal to the proximal plexus elements
(i.e., the cords). At this point most of the nerve fibers
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Fig. 6. Regression analysis of the relationship
between the fiber diameter (um) and the myelin
sheath (um).R—regression coefficient. A) Cgroup
(control group). B) Direct neurorrhaphy (end-
to-end) (EEN) group. C) End-to-side coaptation
(ESN) group. D) Side-to-side coaptation (SSN)
group. E) B group (no coaptation).

would not be lost in fortuitous reinnervation, which
would result in achievement of the desired goal.
When a donor is used, many authors [2,42] have
preferred to apply intraplexus motor donors for neu-
rotization when they are available because doing so
yields better results. In our study, we applied intra-
plexus motor donors because we agree that intra-
plexus donors have a greater number of axons than
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Table IV. Assessment of the return of sensation (skin pinch test) to the dermatomes and results of
the grooming test. EEN — direct neurorrhaphy (end-to-end) group, ESN — end-to-side coaptation group,
SSN — side-to-side coaptation group. C5, C6, C7 — ventral branches of spinal nerves C5, C6, C7

4 weeks 8 weeks 12 weeks 16 weeks 20 weeks 24 weeks

Dermatomes EEN 0.5+0.5 0.8+0.4 21+04 25+05 25+05 2.7+0.5
C5-Cé

ESN 02+04 0.2+04 0.8+0.4 1.4+0.5 21+04 23+0.5

SSN 0.1+0.2 0.1+0.2 0.6+0.5 13+0.5 1.7+04 1.9+0.5
Dermatomes EEN 1.7+0.5 25+0.5 2.8+04 3 3 3
C6-C7

ESN 1.5+0.5 1.9+03 21+04 25+05 28+04 3

SSN 1.4+0.5 1.6 +0.5 19+03 21+04 22+04 22+04
Dermatomes EEN 23+0.5 2.7+0.5 3 3 3 3
C7-C8-Th1

ESN 1.4+0.5 1.9+0.3 3 3 3 3

SSN 0.7+0.4 1.1+0.3 3 3 3 3
Grooming test EEN 23+05 33+05 3.7+0.5 39+04 41+04 43+0.5

ESN 1.4+0.5 1.9+03 26+0.5 32+04 3.6+0.5 39+05

SSN 0.7+04 1.1+0.3 1.8+04 24+04 3.0+03 3.7+04

extraplexus donors; thus, the likelihood of success-
ful neurotization is greater. The use of extraplexus
nerves was reserved for specific uses for particular
targets (e.g., the shoulder and elbow).

The indications for the C7 spinal nerve, which is
characterized as a mixed nerve, are controversial,
and the surgical results might be difficult to predict
[29,30,43]. However, new coaptation strategies have
been developed [6,19,28,48].

Interestingly, coaptation involving extension of
the probable epineurium or perineurial opening has
been performed by many authors. Regarding the
surgical technique, we elected to open the epineuri-
um of the donor to expose it to the coapted recipient
nerve, as previously described by Viterbo [58] and
Lundborg [37]. Although terminolateral nerve regen-
eration could occur without any surface lesions on
the donor nerve [27], experimental research has
shown that regeneration is superior when a window
is opened in the donor nerve [23,37]. It is widely
accepted that resection of a small part of the epi-
neurium improves the efficacy of end-to-side coap-
tation. Other research has demonstrated that resec-
tion of the deeper connective layers of the nerve (the
perineurium) further increases the efficacy of termi-
nolateral reconstruction [25,35,61].

We found statistically significant differences in all
parameters except for the G-ratio in a comparison of
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the ESN group with the control group. These similar
G-ratios might indicate the possibility of regenera-
tion of myelinated fibers; however, the much smaller
amount of these fibers did not allow for conduction
to occur, as observed in the control group. This failure
might have been the result of scar tissue compres-
sion, leading to smaller axons. On the other hand,
nerve regeneration was observed in the ESN group,
confirming the significant differences compared with
the no coaptation group. The ESN and EEN groups
did not significantly differ in the EMG examination
results (t = 0.39, p < 0.05), with respect to the G-ratio
(MW =0.014, p < 0.01), the grooming test results (t =
0.12, p < 0.05), the nerve pinch test results (t = 0.62,
p < 0.05) or the skin pinch test results (t = 0.20, p <
0.05). These findings indicate that similar functional
results were obtained for both methods; however,
these findings were not found to be correlated with
the histomorphometric measurements.

The electrophysiological data for end-to-side
coaptation indicated that the axons in the coapted
nerves displayed different characteristics from those
of intact nerves; however, they were able to induce
good functional reinnervation. This phenomenon
was most likely caused by the relatively large num-
bers of thicker axons and thin myelin sheaths.

The SSN group showed statistically significant
differences in all parameters compared with both
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the control and no coaptation groups. These results
were interpreted as much worse outcomes com-
pared with those observed in the C group; however,
they indicated the possibility of nerve regeneration.
In addition, the lack of statistically significant differ-
ences (t = 0.85, p < 0.05) in the EMG examination
results and the statistically significant differences
in the G-ratio and histomorphometric measure-
ments in the SSN group compared with the EEN
group showed that the SSN method was less effec-
tive than the EEN method. The lower G-ratio and
the decreased number of myelinated fibers in the
SSN group might indicate a very small possibility of
regeneration by collateral sprouting.

In our study, we used the end-to-side and side-
to-side methods. The anatomical conditions (short
spinal nerves and wide perimeters) in some cases
(after confirmation of the efficiency of the method
in consecutive experimental examinations) necessi-
tated side-to-side coaptation.

In addition, encouraging results on the applica-
tion of side-to-side coaptation as a complementary
technique have been presented by Arm [4] and Shea
[50], who observed reduced muscle atrophy with
a side-to-side nerve bridge combined with tradition-
al end-to-end neurorrhaphy.

The lack of significant findings for the subscapu-
laris muscle could be explained by the fact that this
muscle was also innervated by the ventral branches
of the C7 and C8 spinal nerves, which induced partial
function. In the biceps brachii muscle, the significant
differences in the maintenance of lower amplitudes
could be explained by the fact that the connected
branches between C5/C6 and C7 were cut and the
biceps muscle was deprived of stimulation from the
ventral branches of the C5 and C6 spinal nerves.

The number of myelinated axons in the ESN
group was 47% of that in the control group. This find-
ing is similar to that of Fogotti, who reported that the
mean number of nerve fibers was significantly high-
er in a control group compared with an ESN group
[21]. This finding is also comparable to those of other
studies describing end-to-side coaptation. For exam-
ple, approximately 50-65% of the original axons have
been reported to be retained in the recipient nerve by
coaptation between the peroneal and tibial nerves
[34,47,62]. The results of this study showed that the
number of myelinated axons present in recipient
nerves in the ESN group was 81% of that in the EEN

group.
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Similar results have been reported by Gao, who
performed a clinical trial, finding that end-to-side
coaptation resulted in a significant decrease in
myelinated axons by 53% compared with a control
group [22].

As previously reported [15,45], the G-ratio in the
central nerves of rats is near 0.7, and it is more than
0.6 in the peripheral nerves. For rabbits, this ratio
is 0.59-0.63 at the root level, 0.62-0.65 at the trunk
level, and 0.63 in the suprascapular nerve [44]. Com-
parison of these results with those obtained using
healthy limbs appears to be sufficient to assess
conduction ability. The G-ratio indicates the possi-
bility of conduction; however, the presence of few-
er myelinated axons was responsible for the weak-
er final results. More rapid and better functional
recovery occurred in the EEN group because EEN is
involved in the regeneration of axotomized nerves,
whereas ESN is involved in the collateral sprouting
of intact nerves [1,34].

In the case of end-to-side coaptation, regen-
erated axons appear from the Ranvier nodes of
the donor nerve most proximal to the coaptation
site, and it is guided into the epineurium of the
donor nerve [27, 61]. Before axonal development,
Schwann cells are organized into columns at the
coaptation site [52]. Then, these cells invade the
epineurial layer of the recipient nerve [38]. This is
the most important stage in the phenomenon of
collateral sprouting [38]. Axons appear from Ran-
vier nodes of the donor nerve proximal to the site
of coaptation [53]. Schwann cells stimulate axonal
regeneration from both the distal nerve stump and
the nodes of Ranvier of the donor nerve [54, 56].
This mechanism is indirectly controlled by neuro-
tropic factors [61]. After these factors are released
from Schwann cells by diffusion, they penetrate
through the epineurium into the perineurium. In
this way, directed collateral sprouting from the
region closest to the injury site occurs at the Ranvi-
er nodes of the donor nerve [61].

Axotomy results in injury to the motor neurons
and quickly triggers axonal regeneration; however,
in the case of ESN, humoral factors released by dam-
aged or degenerating recipient nerves are likely to
play roles in the sprouting of intact donor axons [8].

A linear relationship exists between myelin
sheath thickness and axon diameters in nerves at
maturity; however, this relationship deviates from
the norm in regenerated nerves, depending on the
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axonal myelination pattern [15]. The slope of the
regression line for regenerated nerves has been
demonstrated to be lower than normal because of
the myelin-axonal disproportion that persists for
a period of time after intervention of regenerated
axons that have failed to reinnervate a target [15].

The axon diameter and myelin thickness of the
suprascapular nerve after repair and the regression
analysis results suggested that the axons were not
maximally myelinated. The slightly better parame-
ters observed with EEN and ESN might have result-
ed from faster regeneration and more advanced
myelination of axons; however, long-term studies
are needed to determine whether these factors
result in a better outcome.

The histological results differed from the behav-
joral results [48]. Morphological and functional
examinations revealed that a limited number of
motor axons were capable of producing adequate
functional reinnervation of muscles.

The presented results indicate that sensory rein-
nervation is more effective than motor reinnerva-
tion. It has been suggested that it is easier to accom-
plish sensory reinnervation compared with motor
reinnervation after end-to-side nerve repair [35,54].
It is possible that the earlier completion of sensory
reinnervation compared with motor reinnervation
observed in our study occurred because sensory
axons are more prone to sprouting into end-to-side
coapted nerves [10,54] and they sprout at a faster
rate compared with motor axons [29].

Although consecutive analyses have emphasized
the efficacy of coaptation in practice, the underlying
mechanism remains to be elucidated. This mech-
anism is the outcome of the coaptation technique
and complex molecular processes.

The most important molecule involved in this
process is neurotrophin-3 (NT-3) [53], which acts
through its receptor Trk C, followed by growth-asso-
ciated protein-43 (GAP-43), a marker of growth cone
formation, brain-derived neurotrophic factor (BDNF)
and Trk B (BDNF receptor) [60]. Another important
factor affecting collateral sprouting is nerve growth
factor (NGF) [5,51]. NGF is produced in end organs
following nerve injury. It is taken up by axon termi-
nals and transported retrogradely to the nerve cell
body, stimulating a secondary response. NGF and
ciliary neurotrophic factor (CNTF) facilitate axonal
regeneration after end-to-side neurorrhaphy [39].
The regulation of matrix metalloproteinase (MMP)
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expression and activity [20] as well as neurotrophic
factors (TIMPs and IGF) [12,40] might also have very
important roles in this process. Recent experimen-
tal studies have shown that physical and chemical
agents stimulate nerve regeneration after end-to-
side coaptation, including phototherapy, FK506, and
acetyl-L-carnitine [13,24,32,571].

Our results demonstrate the effectiveness of ESN;
however, they should be confirmed by retrograde
labeling. The main limitation lies in the translation
of laboratory results to the clinical setting, which
represents a critical step in biomedical research.
Unfortunately, promising basic science and preclini-
cal results sometimes fail to meet expectations when
they are applied clinically [17,23].

We believe that our results could aid in the devel-
opment of a differential approach to nerve injury,
depending on the nerve trunks involved, the loca-
tion of the injury, and the methods of repair and
reconstruction. We hope that the described method
of coaptation, in addition to the neurotropic factors
that have been identified, might be used to develop
an alternative treatment to surgery of the brachial
plexus.

Conclusions

The electrophysiological, histomorphometric and
behavioral results obtained using end-to-side coap-
tation of ventral branches of the C5 and C6 spinal
nerves to the C7 spinal nerve in the brachial plexi of
rabbits confirm the occurrence of collateral sprout-
ing at this level. After further research is performed
to confirm the results of this study, end-to-side
coaptation might emerge as an alternative method
in the treatment of brachial plexus avulsion.
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