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Peface

All over the world research is being undertaken to
improve the treatment outcome of peripheral nerve le-
sions. Questions over questions arise. Is autologous nerve
grafting still the gold standard for bridging defects? Have
alternative techniques for overcoming defects of periph-
eral nerves reached a level to replace autografting? To
which length are they effective? What is the role of allo-
grafting? Are there still indications for vascularized nerve
grafts? What can be expected from end-to-side coapta-
tion? Does it exist at all? In what conditions can useful

recoveries be achieved? Are there new developments in
physical medicine and physiotherapy? Can the quality of
recovery be influenced by surgery on muscles to provide a
better equilibrium of forces? To what extent may cerebral
plasticity be exploited to improve functional results?

If you want an answer to all these questions, look into
this book. You will find comprehensive and well found-
ed arguments to make up your own mind.

Hanno Millesi and Robert Schmidhammer
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The potential of electrical stimulation to promote functional recovery
after peripheral nerve injury — comparisons between rats and humans

T. Gordon', T. M. Brushart?, N. Amirjani', K. M. Chan!

! Division of Physical Medicine & Rehabilitation, Centre for Neuroscience, Faculty of Medicine, University of Alberta, Alberta, Canada
2 Department of Orthopaedics Neurology, Johns Hopkins School of Medicine, Baltimore, Maryland, USA

Summary

The declining capacity for injured peripheral nerves to regenerate their
axons with time and distance is accounted for, at least in part, by the
chronic axotomy of the neurons and Schwann cell denervation prior to
target reinnervation. A largely unrecognized site of delay is the surgical
suture site where, in rats, 4 weeks is required for all neurons to regen-
erate their axons across the site. Low frequency stimulation for just 1 h
after surgery accelerates this axon crossing in association with upregula-
tion of neurotrophic factors in the neurons. We translated these findings
to human patients by examining the number of reinnervated motor units
in the median nerve-innervated thenar muscles before and after carpel
tunnel release surgery in a randomized controlled trial. Motor unit
number estimates (MUNE) in patients with moderate and severe carpal
tunnel syndrome were significantly lower than normal. This number
increased significantly by 6-8 months after surgery and reached normal
values by 12 months in contrast to a non-significant increase in the
control unstimulated group. Tests including the Purdue Pegboard Test
verified the more rapid functional recovery after stimulation. The data
indicate a feasible strategy to promote axonal regeneration in humans
that has the potential to improve functional outcomes, especially in
combination with strategies to sustain the regenerative capacity of neu-
rons and the support of Schwann cells over distance and time.

Keywords: Electric stimulation; peripheral nerve injury; regenera-
tion; reinnervation.

Introduction

Recovery of function is frequently poor despite the con-
siderable technical improvements in surgical repair of
nerve injuries and our enhanced understanding of the
biology of axon regeneration [40, 63, 64]. A common
mistake frequently made by investigators of nerve regen-
eration in animal models is that all injured peripheral
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nerve regenerate successfully. Recovery of both sensory
and motor function in the animal models may be very
good but the injuries generally require regeneration of
axons over relatively small distances to make functional
connections with target muscles and sense organs [30,
38, 68]. However, the situation is more complex for
transection injuries of larger nerve trunks where func-
tional recovery may be compromised by misdirection of
regenerating axons to inappropriate targets including
motor axons reinnervating muscles with antagonistic
functions [12]. The inability of axons to navigate selec-
tively into their original Schwann cell tubes is a key
component that is responsible for the considerable mis-
direction of regenerating axons and, in turn, generation
of inappropriate movements, synkinesias, and abnormal
and/or loss of sensations [18, 38]; this problem may be
exacerbated by central changes of cortical representation
that may or may not be reversible [42].

The problems of misdirection of regenerated axons
are readily discernable in humans after surgical repair
of large peripheral nerves. In the case of the ulnar or
median nerves at the wrist, random reinnervation of the
muscles across the hand has been documented [41, 67].
Misdirection after more proximal nerve injuries that
include brachial and lumbar plexi nerve injuries, are
well recognised [28, 40]. For the latter injuries in hu-
mans, the problems of the distance and the time re-
quired for axons to regenerate at rates of 1 mm/day
or lower [62] culminate in very poor functional recov-
eries. This is so particularly for the more distally placed
muscles and sense organs. These poor outcomes have
been attributed to the progressive denervation atrophy
of target muscles and their replacement by fat [5, 63].



However, our experiments in an animal model of pro-
longed axon regeneration provided strong evidence that
it is the long durations over which first the injured
neurons remain without target connections (chronic
axotomy), and second denervated Schwann cells in the
distal nerve stumps lack axon contact (chronic Schwann
cell denervation), that account for the progressive fail-
ure of neurons to regenerate their axons over time and
distance [26, 27, 32-34, 57, 60]. These experiments
elucidated the relatively narrow window of opportunity
for successful regeneration of axons in the peripheral
nervous system [27].

Normally motoneurons and sensory neurons mount
a strong regenerative response to injury: regeneration
associated genes including tubulin, GAP-43 and neuro-
trophins are expressed in association with regeneration
of axons within the endoneurial tubes of the denervated
distal nerve stump that are lined by Schwann cells [3, 7,
11, 65]. The growth response of the axotomized neurons
is not sustained, expression of the regeneration asso-
ciated genes declining with time [66]. This explains
the progressive failure in regenerative success whether
or not the axon growth of the neurons is frustrated by
physical block or the axon growth proceeds over long
distances without target contact (Furey ez al., 2007). The
deterioration of the growth response of the chronically
axotomized neurons can be reversed by administration
of exogenous neurotrophic factors suggesting that the
growth program of the injured neurons is sustained in
part by neurotrophic factors which are provided by the
Schwann cells in the growth pathway in the distal nerve
stumps [9, 10, 11, 33].

The Schwann cells that normally myelinate the intact
axons, undergo cell division during Wallerian degenera-
tion of the isolated axons in the nerve stump distal to
the injury site [6, 16, 19, 27]. Schwann cells respond to
neuregulin and other axon-derived components, dividing
and guiding the regenerating axons which they myeli-
nate as the axons increase in diameter in direct propor-
tion to their parent axons in the proximal nerve stump [6,
16, 17, 36]. Schwann cell expression of growth-asso-
ciated proteins that include glial-derived and brain-
derived neurotrophic factors [7, 11, 27], is not sustained
if denervation of the distal nerve stump is prolonged [16,
36, 37, 49] and the cells progressively undergo atrophy
and attrition by cell death [20, 29, 36, 39, 58, 71, 72].
These processes parallel the progressive reduction in
numbers of neurons that succeed in regenerating their
axons even though the Schwann cells that remain are
reactivated by regenerating axons and successfully
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remyelinate the axons [36, 57]. Importantly, the small
percentage of axons that do regenerate through chroni-
cally denervated Schwann cell tubes make functional
connections with the chronically denervated skeletal
muscle fibers and form enlarged reinnervated motor
units [26]. Therefore, it is the chronic denervation of
the Schwann cells and not the chronic denervation of
skeletal muscle that is a major determinant of the pro-
gressive failure of regeneration through the Schwann
cell tubes. The challenge is to sustain the population
of Schwann cells and their capacity to support axonal
regeneration: these include the use of cytokines to pro-
mote cell division and reexpression of the growth
supportive phenotype of the Schwann cell as well as
surgical methods to attenuate the atrophy and loss of
Schwann cells [25, 33, 34, 47, 58, 59-61].

A latent period of hours to a few days has been repeat-
edly described for the crossing of regenerating axons
into the distal nerve stump. Latent periods and regenera-
tion rates were calculated from measurements of the
distance from the crush site where nerve crush elicited
an inspiratory reflex contraction [8]. Rate of regen-
eration is 3 mm/day for the most rapidly regenerating
axons and there is a latent period of hours to a few days
prior to onset of regeneration [25, 35, 72]. A more direct
method of determining the time course of the axon out-
growth across the suture site is to apply a retrograde dye
just distal to the site of section and repair [13, 14]. Using
this technique, we noted that indeed there was a latent
period of a few days before few motor axons had crossed
the suture site of the cut and surgically repaired femoral
nerve in the rat. It was very dramatic to observe a sur-
prisingly long period of 28 days for all the motoneurons
to regenerate their axons across the suture site and 1.5 mm
into the distal nerve stump [13]. Hence the regeneration
of axons across the suture site is a rate-limiting process.
It is only after which the axons regenerate within the dis-
tal nerve stumps at rates of 3 mm/day or less. We have
recently confirmed this rate-limiting step in the hindlimb
after common peroneal nerve section and surgical repair
(unpublished data). Brushart et al. [70] have just recent-
ly visualized yellow florescent protein labelled motor
axons as regenerating axons traverse the surgical site
to confirm the “staggering” of regenerating axons across
the surgical gap and their multiple branching to pene-
trate several endoneurial tubes in the distal nerve stump.
The beautiful silver-stained regenerating fibers visu-
alized by Cajal as “wandering” across the suture site
predated these findings [54]. The extensive collateral
branching of the regenerating axons results in the pas-
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sage of up to 20 regenerated axons in the distal nerve
stumps for every parent axon in the nerve proximal to
the injury site [1, 43].

Many attempts have been made to accelerate axonal
regeneration. It is only the conditioning lesion which
precedes the section of the nerve and resuture that has
been shown to accelerate rate of regeneration in concert
with acceleration of slow transport of cytoskeletal pro-
teins [8, 45]. Despite a long history of the clinical use of
electrical stimulation after nerve injuries to sustain
denervated muscle bulk and/or to circumvent contrac-
tures that are deleterious to joint movement, scientific
investigations of the effects of the stimulation on either
axon regeneration or muscle bulk were relatively scarce.
In fact, there remain few studies that provide convincing
evidence that electrical stimulation prevents denervation
muscle atrophy [2, 15, 48, 50, 51, 69]. The research
that pursued the question of the role of muscle fiber
electrical activity in reducing extrajunctional acetyl-
choline receptor distribution has established the role
of the activity in suppressing the synthesis of the recep-
tors by the nuclei outside of the neuromuscular junction
[46, 55]. Only a few studies pursued the question of
a role of electrical stimulation of the proximal stump
of injured nerves in promoting axon regeneration.
These provided enticing evidence of positive effects of
electrical stimulation immediately after crush injuries
accelerating both the recovery of reflexes and of nerve-
elicited muscle contractions in vivo [13, 23, 24, 52] and
increasing neurite outgrowth in vitro [56]. In order to
determine whether electrical stimulation accelerates
axon outgrowth and/or rate of axon regeneration and
slow axonal transport after nerve section and repair,
we undertook a series of experiments to evaluate the
effects of low frequency electrical stimulation on the
number of motor and sensory neurons that regenerate
their axons into and along the distal nerve stumps. We
used a rat model of femoral nerve section and resuture
and application of retrograde dyes to count the num-
ber of motoneurons that regenerated their axons across
the suture site and through the distal nerve stump. On
the basis of our dramatic findings of accelerated out-
growth of regenerating axons in the animal model
[3, 13, 14, 34], we undertook a randomized clinical
trial of application of a one hour period of low fre-
quency stimulation after carpal tunnel syndrome re-
lease. We used electromyographical methods to evaluate
the time course and extent of muscle and sense organ
reinnervation by motor and sensory regenerating axons,
respectively.

Methods

Animal studies

Surgeries, electrical stimulation, and neuronal backlabelling
for counting of neurons that regenerate their axons

Sprague-Dawley rats of 220-260 gm body weight were anesthetized
with somnotol (30 mg/kg.i.p.) for exposure of the femoral nerve bilat-
erally. The nerve was sectioned 20 mm from the bifurcation into the
sensory and motor branches for microsurgical repair using 10-0 silk.
Silver wires were bared at the tips and positioned proximal to the
surgical site for either 20 Hz supramaximal stimulation at 200 us and
3V in the experimental group and, for sham stimulation (electrodes
connected to the stimulator but not turned on) for 1 h. The skin incisions
were sutured closed with 4-0 silk and the rats recovered consciousness a
heat lamp.

At time periods of 4d, 1, 2, 3, and 4 weeks after nerve section and
resuture, either the femoral nerve or its motor and sensory branches were
exposed for application of retrograde dyes, fluorogold (FG) and/or
fluororuby (FR). The nerve was crushed 1.5mm from the suture site
for microinjection of 0.5 ul FR to backlabel motor and sensory neurons
that regenerated their axons just across the suture site. The nerve
branches were cut in the other set of rats, 5mm from the branch point,
for application of FG and RR via Vaseline pools that isolated the dyes to
the cut end of the motor and sensory nerves.

Three to 5 days later, the rats were perfused with 4% paraformalde-
hyde under surgical anesthesia. The fixed spinal cord at levels of
Thoracic 11 to lumbar L1, and the L2-14 dorsal root ganglia were
removed and frozen at —70°C prior to sectioning at 40 pm to count
the number of backlabelled neurons that had regenerated their axons.

Human subjects

Selection, surgery and electrical stimulation

Human subjects were recruited from a university hospital electromyo-
graphy clinic for a randomized controlled trial of the application of
electrical stimulation after carpal tunnel syndrome release, complying
with the guidelines of and approved by the Human Research Ethics
Board at the University of Alberta. Diagnosis of carpal tunnel syndrome
(CTS) and the classification into mild, medium or severe was made
based on nerve conduction studies [34]. If the conduction speeds of
the median sensory and motor nerve fibers were both abnormal but
the action potentials were still present, subjects were categorized as
having moderate CTS; if the median sensory nerve action potential
was absent, the patients were classified as severe. Patients with moderate
and severe CTS who had not responded to conservative treatments were
recruited for this study. Presence of other neurological conditions,
trauma to wrist or arm and previous carpal tunnel release, were used as
exclusion criteria.

Open carpal tunnel release was performed under local anesthesia and
below a forearm inflated cuff. Via a 3 cm long longitudinal skin incision,
the transverse carpal ligament was divided with a scalpel along the ulnar
side of the incision. In the randomly assigned patients of the stimulation
group, 2 sterile 30 gauge Cooner wires insulated except for 1 cm at the
tip, were placed over the medial nerve above the site of compression.
The wire electrodes were attached to a Grass (C9) stimulator for 1h
electrical stimulation at maximum tolerance level for 1 h at 20 Hz limit
(4-6V, 0.1-0.8ms duration), which was initiated 30 min following
closure of the incision with 5-0 nylon. Two surface electrodes (TECA,
Oxford Instruments), were placed to record compound muscle action
potential (CMAP) during the post-surgical electrical stimulation, one
over the motor point on the thenar eminence muscles and the other over
the dorsal aspect of the first metacarpophalangeal joint. The site was
covered by a soft dressing and the hand was elevated above heart level



for 24 h after surgery to prevent subsequent swelling and discomfort.
Finger movement and gentle use of hand after surgery was encouraged.
The dressing over the incision site was removed a week later, the sutures
were removed 2 weeks after the surgery, and patients were allowed to
return back to work 2—4 weeks later.

Outcome measures

In 2 pre-operative recording sessions, 1 week apart prior to surgery, and 3
post-operative time periods of 3, 6—8 and 12 months, median motor and
sensory nerve conduction studies and motor unit number estimates
(MUNE) were carried out. The third month was selected for the first
assessment based on the assumptions that the most optimal axons growth
rate is 1 mm/day and the distance between the compression site and the
thenar muscles is approximately 70-80 mm depending on the size of the
hand.

Disposable, self-adhesive surface strip silver/silver chloride surface
electrodes (Nicolet VIASYS Healthcare), measuring 1 x2.5cm were
used to record surface-detected potentials. For sensory conduction mea-
surements, the recording electrode was placed on the proximal inter-
phalangeal joint and the reference electrode was placed on the distal
interphalangeal joint of the third digit. The median nerve was stimulated
in mid-palm and also just proximal to the distal wrist crease to record the
sensory nerve action potentials (SNAP). Maximum M-wave and surface-
detected motor unit potentials (S-MUAP) were recorded from a record-
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ing electrode placed over the motor point on the thenar eminence
muscles and a reference electrode placed over the dorsal aspect of the
first metacarpophalangeal joint. A 3 x 3 cm metal plate on the back of
the hand served as a ground. The bandpass filter was set at 5-2000 Hz.
The position of the thumb was standardized by taping it to the side of the
palm in an adducted position. For measurement of motor conduction,
a maximum M-wave was elicited by supramaximal stimulation of the
median nerve (10% above maximal intensity with a duration of 0.01 ms)
at the wrist 8cm proximal to the recording electrode. A hand-held
constant-current bipolar surface bar stimulator was used for surface
stimulation of the nerves.

The motor unit number estimation (MUNE) used the multiple point
stimulation technique to determine the number of motoneurons that
regenerate their axons and innervate thenar muscles, as described by
Doherty et al. [68]. S-MUAPs with the lowest stimulus thresholds were
elicited by stimulating the median nerve at multiple sites at the wrist and
between the elbow and the axilla (Fig. 1). The nerve was stimulated at
1 Hz with gradually increasing intensity until the first reproducible, “all-
or-none” S-MUAP was evoked. Using the template subtraction method,
the lowest threshold S-MUAP was obtained by subtracting the “all”
response from the baseline. To increase the yield, the next higher thresh-
old S-MUAP could sometimes be obtained through template subtraction.
A collected sample of at least 12 S-MUAPs was stored in computer mem-
ory. The mean peak-to-peak amplitude of this sample of S-MUAPs was
calculated using ““datapoint-by-datapoint” summation. All S-MAUPs

Stimulus

b
1 2 3 I
300 mv
N—ﬂ\ﬂ o
4 5 6
7 8 9

e

__,/_"\\/

S R

Fig. 1. (a) Figurative illustration of the electromyographic recording from the thenar muscles of the median eminence in response to stimulation of
the median nerve at progressively more proximal sites along the nerve in the forearm. (b) Examples of the electromyographic signals elicited in an
all-or-none fashion at the in response to progressive increase in stimulus voltage
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were temporally aligned at the same onset latency before they were
averaged. The MUNE was obtained using the following equation:

Peak-to-peak amplitude of the maximum M-wave

= MUNE
Peak-to-peak amplitude of the average S-MUAP

Results

Stimulation-induced acceleration of staggered axon
regeneration across a suture site in rats

A 1h period of low frequency electrical stimulation
(20Hz) of the proximal nerve stump of the cut and
resutured femoral nerve in the rat accelerated axon re-
generation across the repair site. The time taken for all
the axotomized motoneurons to regenerate their axons
across the surgical site was accelerated by a week, the
motoneurons requiring 28 and 21 days in the unstimulat-
ed control and electrically stimulated groups of nerves,
respectively (Fig. 2). The number of motoneurons that
regenerated axons across the repair site was significantly
higher for the stimulated neurons within 4 days after
nerve repair and stimulation and continued to be signifi-
cantly higher for the next 3 weeks at which point in time,
all motoneurons have regenerated their axons. The ac-
celerated outgrowth of axons across the surgical site was
seen both for motor and sensory neurons. Stimulation
significantly increased the number of motor and sensory
neurons that regenerated their axons across the suture
line: at 4 days after surgery, a mean of 460 sensory
neurons and of 40 motoneurons regenerated their axons
across the suture line and were backlabeled with FR
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Fig. 2. The mean number (£ S.E.) of axotomized femoral motoneurons
that regenerated their axons 1.5 mm into the distal nerve stump across
the suture line of the transected and surgically repaired nerve. The
number was significantly elevated at all times measured from 4 to 21
days after the surgical repair when the proximal nerve stump was
electrically stimulated at 20 Hz for 1h after the surgical repair. The
motoneurons were backlabeled with the retrograde dye, fluororuby
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Fig. 3. A 1h period of 20Hz stimulation of the nerve immediately
after surgical repair of the transected and repaired femoral nerve
significantly elevated the number of (a) sensory and motor neurons that
regenerated their axons 1.5 mm into the distal nerve stump across the
surgical repair site in 4 days, and (b) the motoneurons that regen-
erated their axons a distance of 25 mm into the saphenous and quad-
riceps nerve branches of the femoral nerve 2 and 3 weeks after
surgical repair

applied 1.5 mm distal to the suture line (Fig. 3a). Elec-
trical stimulation accelerated the axon outgrowth across
the suture line with mean values of 760 and 13 sensory
and motor neurons regenerating their axons, an increase
of 1.7 for the sensory neurons and 3.1 times for the
motoneurons due to the electrical stimulation. Stimula-
tion dramatically increased the number of sensory and
motor neurons that regenerated their axons a distance
of 25mm by 3 weeks after the surgical repair of the
femoral nerve: the number of motoneurons that had
regenerated their axons corresponding to the entire mo-
toneuron pool of the intact femoral nerve (Fig. 3b).
Since the stimulation did not alter the rate of slow axon
transport [13], we conclude that the increased number of
neurons that regenerated their axons 25 mm from the
suture line after stimulation likely reflects this acceler-
ated axon outgrowth across the suture site (Fig. 2). We
did not record the force of contraction of the reinner-



vated quadriceps muscle but we observed the evoked
muscle contraction 3 weeks after nerve repair, the con-
traction being visibly stronger in the stimulation group
of rats.

Stimulation-induced acceleration of axon regeneration
and muscle reinnervation in a human model of nerve
crush injury and surgical release of pressure

We then asked whether electrical stimulation could ac-
celerate axon regeneration after crush injury in human
subjects. Patients diagnosed with moderate and severe
carpal tunnel syndrome, based on nerve conduction stu-
dies [53] were divided into stimulation and no stimula-
tion groups. The mean & SE age of the patients in the
two groups was not significantly different, being 53 & 18
year and 61 % 16 years, respectively. Motor unit number
estimates were made from the ratio of the maximum M
wave, evoked by median nerve stimulation at the wrist,
and the averaged S-MUAP, obtained through ‘‘data-
point-by-datapoint summation”of S-MUAPs that were
evoked in an all-or-none manner by stimulation at multi-
ple sites at the wrist and between the elbow and the
axilla. Presurgical MUNEs are the motor axons that have
not been injured by the compression at the wrist and
retain their connection with muscle fibers in the median
eminence. The mean number was significantly lower than
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Fig. 4. A 1h period of 20Hz stimulation of the median nerve im-
mediately after carpal tunnel release surgery in human patients with
moderate and severe carpal tunnel syndrome effectively increased the
number of motoneurons that regenerated and reinnervated the muscles
of the thenar eminence. The motor unit number estimate (MUNE)
(£S.E) was similar in the stimulation and the control groups of
patients prior to surgery. After surgery, the trend for the MUNE to rise
over a period of a year after the surgery was not significant in contrast
to the significant increase in the number of motor units counted in the
thenar eminence after electrical stimulation following the surgery

T. Gordon et al.

288 £ 95 (mean + SD), the normal number of intact motor
units in healthy individuals [21].

There was a trend for the mean number of motor units
(MUNE) to increase at 3, 6—8 and 12 months after car-
pal tunnel release without stimulation (Fig. 4). However,
this increase was not statistically significant. The upward
trend progressed more rapidly in the patients in which
electrical stimulation was carried out immediately after
the carpal tunnel release surgery. The number of intact
motor units increased significantly compared to the
numbers at baseline within the same subjects in the stim-
ulation group and was significantly higher than the num-
ber of motor units in the non-stimulation group. By 12
months, MUNE had increased to a level that was not
significantly different from the MUNE of 288 £ 95
intact motor units in the normal hand [21]. Hence, carpal
tunnel release surgery did not afford a recovery of nor-
mal numbers of motor units in the median eminence
within a year. In combination with electrical stimulation
however, the release surgery resulted in an increase of
2.1 from mean values of 140 to 290 motor units after
stimulation. This increase compares with an increase of
1.4 in the number of motoneurons that regenerate their
axons a distance of 25 mm towards the denervated tar-
gets after femoral nerve section and surgical repair in rats
(Fig. 3b). In both cases, electrical stimulation promoted
the regeneration of all motor axons, the regenerating
axons effectively reinnervating the median eminence
within one year over a distance of about 60—70 mm in
the human patients.

Discussion

With the conventional assumptions of a latent period of
hours to days and a regeneration rate of 3 mm/day, one
would predict that all the axotomized rat femoral moto-
neurons would only require less than 3 weeks to regen-
erate their axons a distance of 25mm into the distal
nerve stump. However, our findings that all the moto-
neurons required ~8 weeks to regenerate their axons
over this distance suggested to us that the outgrowth
of sprouts and their passage across the site of surgical
suture of the proximal and distal stumps may be regard-
ed as staggered axon regeneration [4]. Cajal had reported
the “wandering” of regenerating axons across the suture
site [54], a finding that has been supported and extended
by the analysis of single fluorescent axon outgrowth at
the site and the penetration of the distal Schwann cell
tubes [70]. Indeed, our analysis of the number of moto-
neurons that regenerated their axons just 1.5 mm into the
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distal nerve stump, using retrograde FR uptake, demon-
strated that the number was less than 20, ~10% of the
total number of axotomized motoneurons 4 days after
the surgical repair and electrical stimulation. The num-
ber increased progressively over a period of 4 weeks, a
period of time that was quite consistent with the sug-
gested staggering of regeneration across the suture site
(Fig. 2). The 4 week period of time necessary for regen-
erating axons to cross the surgical gap includes the pre-
viously measured latent periods. Once the axons cross
the suture line, a regeneration rate of 3 mm/day predicts
that all femoral motoneurons would regenerate the dis-
tance of 25 mm from the suture site within 6—7 weeks, a
reasonable correspondence with the time that was ob-
served by Al-Majed et al. [4].

A period of just 1 h electrical stimulation at 20 Hz was
effective in accelerating the regeneration of axons across
the surgical gap. The acceleration across the surgical gap
was a little less than expected from the findings that all
motoneurons had regenerated their axons 25 mm into the
distal nerve stump by 3—4 weeks after surgical repair and
the stimulation immediately after the repair. Some of the
discrepancy could be accounted for by variations in the
time of application of the retrograde dyes. Nonetheless,
the effect of the electrical stimulation clearly accelerated
the crossing of regenerating axons. In light of the findings
that the slow rate of axon transport was not altered by
electrical stimulation [13], the effectiveness of the stimu-
lation is clearly localized at the suture site. We are pres-
ently visualizing the coursing of the regenerating axons
across the suture line in fluorescent motoneurons in trans-
genic mice with the expectation that the electrical stim-
ulation should be associated with less “wondering” of
the regenerating axons across the surgical site. To observe
the crossing of regenerating axons across the suture site,
Brushart er al. [70] has used this transgenic mouse to
clarify and extend Cajal’s original observations of the
complex course that the regenerating axons traverse in
the suture line before they enter into the endoneurial
sheaths of the distal nerve stump.

We have extended these very promising findings in rats
to human patients who underwent a carpal tunnel release
surgery to promote axon regeneration after compression
injury. The trend for a progressive increase in reinner-
vated motor units up to 1 year after the release was not
significant. In contrast, a 1h period of 20Hz electrical
stimulation of the median nerve some 15min after the
surgical release of the median nerve from the carpal tun-
nel, led to a dramatic and significant progressive increase
in the number of reinnervated motor units (Fig. 4).

Compare and contrast between the animal
and human models

In the human, electrical stimulation affected the same
proportional increase in reinnervated motor units within
26 and 52 weeks of stimulation while electrical stimula-
tion in the rat had affected the regeneration of all motor
axons within 3—4 weeks of stimulation [4]. In the human
case, median nerve axons regenerate over a distance of
60—70 mm to reinnervate the thenar muscles in the me-
dian eminence. In the rats, femoral motor axons re-
generate over a distance of ~30 mm to reinnervate the
quadriceps muscle. The data obtained in the human and
rats compares well, the principle delay of outgrowth of
axons and their crossing the surgical site to enter the
distal nerve stumps being longer in the human. In addi-
tion, the rate of regeneration is known to be 3 times
slower in the human than in the rat. Taken in the light
of the animal findings of the stimulation-induced axon
outgrowth from the proximal nerve stump across a
suture site, this positive finding for the effectiveness of
electrical stimulation to promote axon regeneration after
a compression injury in human subjects, indicates that
the electrical stimulation is effective in accelerating
axon outgrowth whether or not the continuity of the
nerve sheath is sustained prior to surgery. Hence at a
regeneration rate of 1 mm/day for the fastest regenerat-
ing axons, our finding of a 6 month period before there
were significantly more reinnervated motor units in the
stimulation group is consistent with our findings in ani-
mals of the substantial delay that normally occurs at the
injury site and the effectiveness of the stimulation in ac-
celerating the axon outgrowth across this site. In humans
where the movement of the Schwann cells is recognized
to be more sluggish, a longer delay in axon outgrowth
across the suture site would not be unexpected.

Clinical implications

Carpal tunnel syndrome is one of the most common nerve
injuries. Surgical decompression is currently the treatment
of choice for moderate and severe cases. However, even
with surgery, axonal regeneration in severe cases remains
poor. Even though a great number of carpal tunnel release
operations are carried out in Canada annually, more direct
methods of assessing their success in inducing motor axo-
nal regeneration have generally been extremely limited. In
this longitudinal study, we used quantitative methods of
motor unit number estimation by electromyographic re-
cordings developed originally by McComas and extended
here to recruit motor units selectively [44]. The develop-
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ment of the selective recruitment by progressively moving
the stimulating electrodes along the arm from the wrist to
the shoulder allows for a more accurate counting of single
motor units, providing a strong quantitative measure of
regenerative success. An advantage over the method used
in the animal experiments to count the number of neurons
that regenerated their axons into the distal stump, the enu-
meration of reinnervated motor units provided the first
measure of functional recovery.

In this study, we demonstrated the feasibility of apply-
ing electrical stimulation post-surgically to patients to
accelerate axon regeneration. The procedure was well
tolerated with no acute or long term complications. There
is a narrow window of opportunity for axon regeneration
after nerve injury afforded by the failure of axotomized
neurons to sustain their growth potential and for the
denervated Schwann cells to provide support for regener-
ating axons. Hence, the very significant improvement in
the number of motoneurons that regenerated their axons
to reinnervate denervated target muscles provides exciting
possibilities to further explore this method of accelerating
axon regeneration after new injuries in humans.
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Summary

C5 and C6 root avulsion is generally treated by neurotization of muscu-
locutaneous (M.C.) nerve by spinal accessory (S.A.) or intercostal nerve,
and neurotization of supra-scapular nerve by spinal accessory. For the
last few years, permanent paralysis of C5 and C6 root has been treated
by neurotization of musculocutaneous nerve by one or two fascicles of
the ulnar or median nerve, and axillary nerve by a few fascicles of the
radial nerve.

Eighteen patients with M.C. nerve paralysis were treated by end-to-
end suture of one or two fascicles of the ulnar nerve. Patients were
followed for 4 years.

Neurotization of M.C. nerve by a few fascicles of ulnar or median
nerve, and axillary nerve by two fascicles of radial nerve were performed
by end-to-end suture. The operative technique is easy and results are
good. However, with previous procedures, neurotization of the men-
tioned nerves usually requires a 6—8 cm nerve graft. With this length of
graft, the recovery period is longer than with end-to-end suture.
Furthermore, if more than 9 months have passed since the onset of
paralysis, especially for axillary nerve, usually good functional results
are not obtained. Also, both axillary and radial nerves are the branches
of posterior cord, and hence CNS adaptation is more easily attained.
Therefore, we recommend the use of this new technique for the treat-
ment of C5 and C6 root avulsion, since the operative time is shorter
and procedure is easier for the surgeon. Also recovery period is shorter.

Keywords: Brachial plexus plasy; C5 and C6 root avulsion; M.C.
nerve neurotization.

Introduction

The usual treatment of C5 and C6 root avulsion has been
neurotization of musculocutaneous (M.C.) nerve by spi-
nal accessory (S.A.) or intercostal nerve, and neurotiza-
tion of supra-scapular nerve by spinal accessory. For the
last few years, permanent paralysis of C5 and C6 root
has been treated by neurotization of musculocutaneous
nerve by one or two fascicles of the ulnar or median
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nerve, and axillary nerve by a few fascicles of the radial
nerve.

Material and method

Eighteen patients with M.C. nerve paralysis were treated by end-to-end
suture of one or two fascicles of the ulnar nerve. We chose the fascicles
of the ulnar nerve specialized for flexi carpi ulnaris muscle by electro-
stimulation.

Five M.C. nerve paralyses were treated by neurotization by two
fascicles of the median nerve, and four axillary nerve paralyses were
treated by two fascicles of the radial nerve. All these procedures were
performed by end-to-end suture.

All the patients were male, with an average age of 25, ranging from
18 to 35 years.

Results

Patients were followed for 4 years. Elbow flexion usu-
ally clearly recovered after 9 months, and reached M4.
Even in cases treated 11 months after the onset of paral-
ysis, recovery took place, and we had no failed cases.

Shoulder joint stability was recovered in all patients
with axillary nerve paralysis, and in one case, a profes-
sional athlete and body builder, the deltoid muscle
became very strong and reached nearly normal levels.
For the remaining three axillary paralysis cases, abduc-
tion movement reached 60 degrees.

Conclusion

Neurotization of M.C. nerve by a few fascicles of ulnar
or median nerve, and axillary nerve by two fascicles of
radial nerve were performed by end-to-end suture. The
operative technique is easy, and the obtained results are
good. However, with the previous procedures, neurotiza-
tion of the mentioned nerves usually requires a 6—8 cm
nerve graft. With this length of graft, the recovery pe-
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riod is longer than with end-to-end suture. Moreover, if
more than 9 months have passed since the onset of
paralysis, especially for axillary nerve, usually good
functional results are not obtained. Also, both axillary
and radial nerves are the branches of posterior cord,

and hence CNS adaptation is more easily attained.
Therefore, we recommend the use of this new techni-
que for the treatment of C5 and C6 root avulsion, since
the operative time is shorter and procedure is easier for
the surgeon. Also the recovery period is shorter.
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Summary

Background. Aim of the present study was to analyse the main causes of
lumbosacral plexus lesions together with the best diagnostic and ther-
apeutic options for better patient outcome.

Methods. We report our surgical experience with eight patients in
whom lesion mechanisms consisted of high-energy trauma (4 pts), fire-
arm injuries (2pts), spontaneous retroperitoneal haematoma in antico-
agulant therapy (1 pt) and schwannoma (1 pt).

The diagnosis was not straightforward and included clinical aspects,
electrophysiological studies, magnetic resonance and CT myelography.

Surgery was performed by lateral extraperitoneal approach for the
lumbar plexus, transperitoneal approach on the midline to reach the
sacral plexus, and neuronavigation was used in the schwannoma case.

Conclusions. Lumbosacral plexus lesions require a challenging multi-
disciplinary approach to diagnose and treat; the outcome, even if
delayed, was very encouraging. In all our patients pain was controlled,
and six patients returned to unaided walking.

Keywords: Lumbosacral plexus injury; retroperitoneal haematoma;
lumbosacral plexus schwannoma; nerve transfer.

Introduction

Among all nervous lesions, most devastating are those
affecting the lumbosacral plexus both for the patients,
who face severe pain and impaired deambulation, and
for the physicians, who are involved in a challenging
multidisciplinary approach for diagnosis and treatment.

Lesions of the lumbosacral plexus, being anatomi-
cally protected in the retroperitoneal area and lacking
rigid anatomic narrowings, are far rarer than those in
the brachial district.

Giulio Casserio was the first to picture the lumbosa-
cral plexus in his work in 1632, describing the anatom-
ic structure of the plexus given by the confluence and
mingling of the nervous fibres springing from the roots
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of D12-S3 [4], while the first description of lumbosacral
plexus lesions only appeared in 1960 [8].

Radicular composition of the lumbosacral plexus as
well as of the brachial plexus may vary in its pre or post
fixation; both areas consist of anterior flexor and posteri-
or extensor layers of fibres.

The former is composed of the anterior fibres of
L4-S2 and originates in the internal popliteal sciatic,
while the latter, formed by the posterior fibre of the same
roots, leads to the external popliteal sciatic.

The two plans may at times be distinct in the pelvis,
and the two nerves that constitute the sciatic are separate
at the origin [16].

In the aetiology of plexus lesions, high-energy traumas
are frequent and may lead to pelvis or sacrum fracture
with consequent roots or plexus avulsion [10].

Neurodiastasis may often be associated with nerves
tight and adherent to the bone plan, while simultaneous
vascular lesions can result in retroperitoneal or psoas
haematoma.

In firearm lesions, having perforated the abdominal
wall and internal organs, bullets may hit the retroperito-
neal nerve structure.

Neurogenic lesions, single or multiple as in Von
Recklinghausen’s disease and located in the lumbosacral
plexus, may become quite extensive with moderate clin-
ical symptomatology.

Retroperitoneal haematoma during anticoagulant ther-
apy is an additional cause of plexus lesions [5, 7].

To diagnose such lesions an analysis of pain, sensitive
disorders and motor deficits (grading 0-5), as well as an
electrophysiological examination is fundamental, giving
answers to questions with regard to partial or total dener-
vations of gluteal muscles when paravertebral muscula-
ture and sphincter function are spared.
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In traumatic lesions, X-rays may reveal pelvic, spine
or coxofemoral fractures, and CT myelography may help
diagnose possible pseudomengoceles or interruption of
roots in the cauda equina, while MR is useful in detect-
ing retroperitoneal haematoma and fibrosis or other
expansive lesions [18].

Surgery of the lumbosacral plexus is managed with
four different approaches: the lateral retroperitoneal
approach for the lumbar plexus; the transperitoneal
approach on the midline to reach the sacral plexus;
the posterior approach through laminectomy for inter-
ruptions of roots in the cauda equina; the trans-sacral
approach [11].

Surgical outcome requires a protracted period of time
in view of the huge distance to be covered by nerve
regeneration.

Our work is meant to underline how challenging the
diagnosis and treatment of lumbosacral plexus lesions
are. Moreover, besides emphasising the need for a multi-
disciplinary approach, we would like to encourage such
surgery in which positive results may be achieved.

Methods and material

Patient population

We report on our surgical experience in eight male patients, aged
between 19 and 39 years. Four cases (4—7 of table) had experienced
high-energy traumas in car accidents, one of these patients suffered
from bilateral plexus lesion, two cases (1-2) of firearm injuries, one
case of spontaneous retroperitoneal haematoma in anticoagulant therapy
(case 3) and one case of schwannoma of the obturator (case 8).

Diagnosis

Clinical assessment of all patients comprised analysis of pain, sensitive
disorders and motor deficit (grading 0-5). Diagnostic tools included
electrophysiology, X-ray, CT myelography and MR imaging. Neurophys-
iology distinguished selective damage in the lumbar sacral plexus rather
than at the level of the lumbosacral roots. In fact, when the plexus
is compromised at either level, post-ganglionic impairment occurs and
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nerve conduction studies (NCS) show reduced or absent sensory action
potentials (SAP); in sacral root injury, on the contrary, we are dealing
with preganglionic lesion and only compound motor action potentials
(cMAP) are reduced or impaired. In traumatic lesions, X-ray revealed
spine, pelvic or hip fractures; CT myelography and MR imaging ex-
cluded traumatic meningoceles or interruption of roots in the cauda
equina [18]. MR imaging detected retroperitoneal haematoma, fibrosis
and schwannoma lesion.

Surgical techniques

The lumbar plexus was accessed through lateral retroperitoneal ap-
proach, the sacral plexus through transperitoneal approach on the mid-
line and laminectomy was performed to reach the sacral roots.

Neurophysiologic intraoperative monitoring was performed using the
PHASIS ESAOTE apparatus. Muscular activity was recorded by means
of monopolar electrodes upon rectus femoris, gastrocnemius medialis
and tibialis anterior (filter 20—2k, gain 200-500 pV); bipolar stimulation
was accomplished with a train of 5 square-wave pulses of 0.2 msec
duration at 5 Hz; stimulus intensities did not exceed 5 mA.

In four patients neurolysis only was performed (Cases 3, 4, 6 and 7)
[12], while the patient with neurogenic tumor (Case 8) required employ-
ment of a neuronavigator to limit and target the psoas section; the lesion,
localized in the medial portion of the obturator, was easily excised under
preservation of nerve and lumbosacral trunk.

The surgical management of injured patients (Cases 1 and 5) com-
prised reconstruction of the sectioned nerve trunk by sural grafting. In
one patient (Case 2) ventral roots were connected by nerve graft to the
sciatic nerve through dorsal approach and laminectomy.

Results

As confirmed by the literature [2, 3, 9, 10], the first
result obtained in our set of patients was the drastic re-
duction of pain with subsequent interruption of phar-
macological treatment which offered both practical and
psychological advantages as patients were promptly and
enthusiastically ready to start a rather lengthy rehabilita-
tion period.

Follow-up evaluation was set at 6, 12 and 24 months
following surgery.

Recovery of proximal motility was achieved between
6—12 months, whereas distal motility was regained rather

Table 1. Characteristics, surgical treatment and outcome of 8 patients with lumbosacral plexus lesions

No. Age Sex Etiology Deficit

Procedure Outcome (12-24 months)

1 26 M fire arms injuries femoral, obturator
2 32 M fire arms injuries sciatic
3 39 M spontaneous retroperitoneal femoral, obturator
haematoma peroneal
4 25 M pelvic, femoral and hip sciatic
fractures, bilateral
5 19 M femoral and hip fractures femoral, peroneal
6 36 M injuries retroperitoneal femoral obturator,
haematoma peroneal
7 23 M retroperitoneal fibrosis femoral, obturator
8 39 M schwannoma obturator

walk unaided

improved foot
function (3/5)

walk; return quadriceps,
3/5 foot dorsi

stand and walk
with support

walk unaided

walk unaided

extraperitoneal, Graft L3, L4

transperitoneal, graft L5-S1
roots/sciatic

transperitoneal neurolysis

transperitoneal neurolysis

transperitoneal end to end graft
extraperitoneal neurolysis

extraperitoneal neurolysis
transperitoneal, complete exercise

pain relief
walk unaided, pain relief
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late, i.e. at 12-24 months follow-up. Sciatic recovery
was never completely achieved.

Nevertheless, in six patients deambulation is unaided,
whereas Case 4 requires a walking aid for load-bearing
after replacement surgery of the right hip as a con-
sequence of the car accident. Follow-up is limited to
6 months only for Case 7.

Case presentation

Case 3

In spring 2004, a 39-year-old man was taken to the
Cardiology Unit of our institution following a heart
attack. He immediately underwent angioplasty and an-
ticoagulant therapy with good results.

A few days later, he presented a serious paresis of the
lower limb with pain in L2-L4 and LS5 roots together
with dysesthesia and allodynia. Abdomen CT and MR
(2004/05/19) (Fig. 1) showed a huge spontaneous
haematoma at the right ileopsoas muscle in its medial
portion extending to the pelvis with subsequent com-
pression of the homolateral lumbosacral plexus.

An electromyographic study (2004/05/29) revealed
the complete denervation of the muscles innervated by
the right obturator and femoral nerves indicating neuro-
tmesis at the lumbosacral plexus; furthermore, the exam
showed a partial denervation of the muscles in the
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antero-external region of the leg, indicating a medium-
level axonotmesis of the right sacral plexus.

Having spent a couple of months in the Rehabilitation
Department without any improvement of neurologic
deficiency, the patient was transferred to our Department
for neurosurgical treatment of plexus decompression
(2004, July).

Preoperative clinical evaluation of the right leg showed
complete deficiency of the obturator and external sciatic
popliteal nerve; severe deficiency of the psoas and
femoral quadriceps muscles; a slight weakness of the
posterior tibial muscle; anaesthesia at the internal side of
the thigh; hypoesthesia in L2-L4 and L5 roots and the
absence of the patellar reflex.

Prior to surgery, the patient had repeated abdomen MR
that revealed dimensional reduction of the haematoma,
whereas a second electromyographic study showed no
relevant change.

The patient was surgically treated with a median
laparotomy and subsequent complete removal of the hae-
matoma in the right pelvis and neurolysis at the homo-
lateral lumbosacral plexus.

The patient benefited from immediate pain relief, and
clinical follow-up at 6, 12 and 18 months after surgery
and physical therapy showed excellent strength improve-
ment at the psoas, femoral quadriceps and adductor mus-
cles; on the other hand, the peroneal nerve function did
not improve at all.

Fig. 1. Lumbosacral plexus MR, demonstrating a huge spontaneous retroperitoneal haematoma (coronal view left), (sagittal view right), long T R
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Case 8

A 49-year-old male patient was brought to our attention
after a 24-month period of recurring right lumbar pain.
Lumbar X-ray was positive for grade I listhesis and
confirmed by MR, which also revealed a suspected ex-
pansive lesion right paravertebrally. In November 2005
the patient was admitted to our hospital, and clinical
examinations of the lower right limb showed positive
Lasegue sign at 45°, algo-dysesthesia and areas of
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allodynia in L4, L5 and S1; moderate hypostenia in the
dorsal flexion of foot; symmetric and effective reflexes
of lower limbs. Further investigations were required, so
that CT and MR (Fig. 2) examinations were planned
which revealed solid bulky oviform abdominal mass
of a max. longitudinal diameter of 5.2 cm, located right
paravertebrally between the vertebral plan and psoas
medial profile.

Electrophysiological study of the lower limbs showed
a significant asymmetry in the amplitude of the super-

Fig. 3. Intraoperative photographs: (left) initial dissection and removal of the schwannoma; (right) complete exercise
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ficial peroneal nerve (being wider on the left) and no
other relevant neuro-muscular deficit. The patient was
surgically managed by median laparotomy and radical
excision of the mass (Fig. 3) that was confirmed by
histological examination as benign schwannoma.

After an uneventful postoperative period, the patient
experienced quick and prompt remission of pain and
retrieved right foot dorsal flexion; however, hypoesthesia
of the median internal thigh, corresponding to the ob-
turator nerve distribution, was still present.

Evaluation of the clinical follow-up at 6 and 12 months
after surgery showed complete remission of painful lower
limb dysesthesia, while obturator hypoesthesia persisted.

Discussion

Literature on lumbosacral plexus lesions and their
treatment [2, 3, 9, 10, 12, 13, 18] is rather scarce due
to the low incidence of this peculiar trauma on the one
hand and the difficulty in reaching a precise diagnosis
and the complex surgical approach on the other hand.
This has encouraged our team to approach post-mortem
studies which proved useful for better understanding
of the plexus anatomy and the adjacent structures. Also
it has given us confidence and practice in surgical
management.

The best technique of post-mortem dissection of the
plexus implies sectioning the psoas muscle adjacent to
the spine, thus detecting roots at their beginning [16].

Interesting anatomic variations emerged during our
study: around 18-23% in the plexus structure of the same
subject, between 8—15% for the different origin of the
obturator and the presence of accessory obturator (25%),
which is far higher than usually reported in the literature
8%) [1, 6, 15, 16].

For the surgical management of our cases we chose
the traditional lateral extraperitoneal approach to tackle
lumbar lesions, on the midline through the peritoneum
for lumbosacral plexus lesions. Other authors report dif-
ferent surgical procedures that we are not familiar with,
particularly Sedel’s transileal approach or dorsal trans-
sacral approach as described by Linarte [11], where
however early mobilization is hindered and consequent-
ly patient’s neuro-rehabilitation is delayed.

For the management of the schwannoma case we used
a neuro-navigator, thus limiting the psoas section to
expose the lesion. Although not strictly necessary in
our case, this technique could prove extremely useful
for minimally invasive approaches such as Rousseau’s
[14] excision of benign schwannoma in a young woman.
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In our experience patient’s outcome was successful
as far as pain management and proximal musculature
recovery were concerned. Unfortunately, peroneal inju-
ries could only partially be solved.

Conclusions

Lumbosacral plexus lesions are rather rare events.
Diagnosis and treatment of such lesions are demanding
and imply industrious multidisciplinary cooperation. We
tend to prefer surgical approaches that favour early
mobilization, and, as in brachial plexus reconstruction
techniques, palliative graft may be used for the treatment
of roots avulsion.

In neurogenic lesions the use of a neuro-navigator
may help minimize the surgical impact. In our experi-
ence, patients’outcomes, even if delayed, were very
encouraging.
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Summary

Background and methods. Clinical and electrophysiological motor func-
tion data were compared before and after microsurgical repair of pene-
trating peripheral nerve injuries. Sixty-four patients totaling 74 injured
nerves (25 gunshot wounds, 49 stab wounds) were treated with external
and interfascicular neurolysis and/or interfascicular nerve grafts. Mi-
crosurgery was performed 2—12 months after the injury (Group 1,
33 patients,) and 12 months—60 years after the injury (Group 2, 31
patients). The postoperative clinical and electrophysiological follow-up
period ranged between 1 and 5 years.

Results. A statistically significant improvement in muscle strength
occurred after the microsurgery, compared to before repair, gunshot
wounds (p <0.001), stab wounds (p <0.001). Intraoperative and post-
operative electrophysiological analysis showed statistically significant
improvement. Timing of surgery: No statistically significant difference
in muscle strength occurred between the 2 groups after the surgery, each
showing statistically significant improvement, Group 1 (p <0.001),
Group 2 (p<0.001). Patients above and below age of 40 showed an
improvement in muscle strength after microsurgery, (p <0.001) and
(p <0.001), respectively.

Conclusion. Microsurgery can progressively improve nerve function
in penetrating peripheral nerve injuries and lead to significant functional
improvement, even when it is delayed for more than one year after the
injury.

Keywords: Penetrating peripheral nerve injury; microsurgery; timing.

Introduction

Penetrating injuries to peripheral nerves cause motor and
sensory loss, as well as severe pain and disability. These
injuries are often inflicted by gunshot wounds (GSW)
and stab wounds (SW), many of which do not improve
spontaneously over time and, therefore, become candi-
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dates for surgical repair [2-5, 9-12]. Rochkind and
Alon [1, 8] suggested that even old injured peripheral
nerves survive for an extended period of time, and
microsurgical treatment of them results in a functional
improvement of patients. The present study analyzes the
pre-, intra- and postoperative clinical and electrophysio-
logical changes in penetrating injuries of the peripheral
nerve in order to show that a functional improvement is
possible after surgery, even in cases where the surgery is
performed more than one year after the injury.

Material and methods

This prospective study evaluated the functional recovery of 64 patients
suffering from penetrating peripheral nerve injury (from 2 months to
60 years after the injury), who underwent microsurgical repair of the
injured nerve at Tel Aviv Sourasky Medical Center between October
1993 and April 1999. The patients’ ages ranged between 4.5 and 86 years
old, with an average of 34.6 years of age. Ten percent of the in-
jured patients were female. The 64 patients had 74 injured nerves. In
25 (33.7%) of the injured nerves the injury was made by a gunshot
wound, the remaining 49 (66.3%) were stab injuries. Fifteen (31%) of 49
stab-injured nerves were iatrogenic injuries.

The distribution of patterns of nerve injury in the 64 patients is
presented in Table 1.

Preoperative and postoperative clinical evaluations

The patients were clinically evaluated using the Medical Research
Council’s Grading System [6]. The postoperative clinical follow-up pe-
riod ranged between 1 and 5 years. The average follow up period after
the operation was 19.1 months.

Preoperative and postoperative electrophysiological evaluation

Standard electromyographic test (needle EMG and nerve conduction
study — NCS) was used preoperatively, and for postoperative follow-ups
that were done 1-5 years after the surgery. Statistical analysis of latency,
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Table 1. Patterns of peripheral nerve injury in the 64 patients

Nerve No. of cases %
Ulnar nerve 13 17.6
Median nerve 11 15
Radial nerve 4 54
Sciatic nerve 12 16
Tibial nerve 11 15
Peroneal nerve 19 26
Accessory nerve 4 5

compound muscle action potential (CMAP) amplitude, unit action
potentials (MUAPs) recruitment or voluntary muscle activity were used
to compare results before the surgery and postoperatively.

Timing of surgery

The 64 patients underwent a microsurgical repair ranging between
2 months and 60 years after the injury, with an average of 48 months
and a median of 8 months. The patients were divided into two groups:

Group 1 (33 patients) was operated on between 2 and 12 months after
the injury.

Group 2 (31 patients) was operated on between 12 months and 60 years
after the injury.

Surgery

The procedures were performed under general anesthesia. During exter-
nal and interfascicular neurolysis, compound muscle action potentials
(CMAP) were recorded from corresponding muscles during stimulation
of the peripheral nerve.

Surgical methods

I-Neurolysis — Using high microscopic magnification, combined exter-
nal and interfascicular procedures were performed under intraoperative
electrophysiological control. The degree of nerve injury is often best
determined during interfascicular neurolysis [7]. When fibrosis is ex-
treme and/or a hard neuroma in continuity was present, with minimal or
no intraoperative electrophysiological responses, removal of the neu-
roma and interfascicular nerve grafts were done using a sural nerve.
In six patients, the bioabsorbable polyglycolic acid neurotubes were used
for grafts. Table 2 shows the frequency of surgical techniques.

Postoperative clinical evaluation

The comparative analysis was performed on the mean grade of all
muscles tested corresponding to the injured nerve before and after

surgery.

Table 2. Frequency of surgical techniques

Surgical technique No. of nerves (74) %

External neurolysis alone 12 16.2
External and interfascicular neurolysis 24 324
End to end suture 6 8.1
Nerve grafts 26 35.1
Neurotube grafting 6 8.1

S. Rochkind et al.

Statistical analysis

Clinical and electrophysiological data of each patient at baseline was
compared to the patient’s data at follow-up examinations after the
surgery. Statistical analyses were performed using univariate analysis,
parametric or nonparametric, as needed.

Results

Functional motor improvement

The comparative analysis of muscle strength of the in-
jured nerve population as a whole, prior to surgery and
between 1 and 5 years after surgery, showed a statistically
significant improvement in muscle strength after a micro-
surgical repair from mean grade 1.66 to 3.52 (p <0.001).

Muscle function and etiology factor

Statistical analysis of muscle strength was compared sep-
arately in GSW and SW patients before and after the
surgery and showed a statistically significant improve-
ment in muscle strength after the microsurgical repair
from mean grade 1.32 to 3.15 (p<0.001) and 1.84 to
3.71 (p<0.001), respectively (Fig. 1).

Muscle function and timing of surgery

The patients in Group 1 (33 patients) who were operated
on between 2 and 12 months after injury (average 4.75
months after injury) and Group 2 (31 patients) who were
operated on between 12 months and 60 years after injury
(average of 10.1 years after the injury) showed a statis-
tically significant improvement in muscle strength after
a microsurgical repair, from mean grade 1.62 to 3.51
(»<0.001) and 1.73 to 3.52 (p<0.001), respectively.
The comparative analysis of muscle functional improve-
ment in both groups showed no statistically significant
differences in the results (Fig. 2).
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Fig. 1. Muscle strength before and after surgery, according to etiology
factor (p <0.001)
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Fig. 2. Muscle strength before and after surgery according to timing of
surgery (p <0.001). Analysis of 74 injured nerves of 64 patients

Muscle function and age factor

Both the patients, who were under the age of 40 and
those who were above the age of 40 when operated on,
showed a statistically significant improvement in muscle
strength after a microsurgical repair from mean grade
2.12 to 3.25 (p<0.001) and 1.43 to 3.66 (p<0.001),
respectively. The comparative analysis of muscle func-
tional improvement, done prior to the surgery and after
surgery in both groups, showed no statistically signifi-
cant difference in the results of patients under the age of
40 and those above the age of 40.

Muscle function and surgical techniques

A statistical analysis of muscle strength, which was
done before and after surgery for each surgical tech-
nique, showed a statistically significant improvement
in muscle strength after grafts, from mean grade 1.38
to 3.23 (p<0.001); after neurolysis from 2.07 to 3.74
(»<0.002), and after end-to-end suture from 0.79 to
3.74 (p<0.001), respectively.

Electrophysiological improvement

Intraoperative evaluation of compound muscle
action potential (CMAP)

A statistical electrophysiological analysis was done to
compare latency and amplitude of CMAP at the begin-
ning and at the end of the operation. The amplitude of
intraoperative CMAP was low at the beginning of the
operations and significantly increased at the end of
the operations (p =0.009). At the same time, latency of
CMAP was reduced at the end of the operations, com-
pared to the latency at the beginning of the operations
(p=0.019). These amplitude and latency changes were
found in 21 patients who underwent only a neurolysis
procedure.
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Pre- and postoperative evaluations of CMAP

Statistical analysis of latency and amplitude of CMAP
was done prior to surgery and during the last observation
on 35 patients which was between 1 and 5 years after
surgery. These 35 patients showed a statistically signifi-
cant improvement in amplitude (p = 0.008), and a reduc-
tion in latency (p <0.001).

Evaluation of recruitment (voluntary muscle activity)
of motor unit action potentials (MUAPs)

Statistical analysis of the recruitment of MUAPs in 35
patients (11 GSW and 24 SW patients) was compared
prior to surgery and during the last observation, which
was between 1 and 5 years after the surgery. After surgery
all 35 patients showed a significant improvement in the
muscle voluntary activity (p <0.001) in GSW (p =0.001)
and SW (p<0.001), respectively.

Discussion

In this study, a statistically significant improvement of
intraoperative electrophysiological activity after neuro-
lysis was found in both groups of patients. This data
supports our previous clinical and electrophysiological
studies [1, 8] which suggested that old injured peripheral
nerves survive for an extended period of time and
decompression of the fascicles by interfascicular neu-
rolysis improves nerve conductivity of the surviving
fascicles. The pre- and postoperative comparative study
of CMAP showed a statistically significant improve-
ment in amplitude and a reduction in latency during
the follow-up period. The same was true for recruitment
(voluntary muscle activity) compared to the preoperative
evaluation. The postoperative clinical analysis showed a
statistically significant improvement in motor functional
activity, not only in patients who underwent microsurgi-
cal treatment up to one year after injury, but also in pa-
tients that were operated on from one year and upwards
after the injury. The statistical improvement of muscle
strength was found not only in neurolysis cases but also
in the patients who underwent nerve graft reconstruction
procedures.

Conclusion

This data suggests that viability of nerve tissue or pre-
servation of fascicules is longer than previously con-
sidered. Microsurgery can progressively improve nerve
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function in penetrating peripheral nerve injuries, and
lead to a significant functional improvement, even when
it is delayed for more than one year after the injury.
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An evaluation using techniques to assess muscle and nerve
regeneration of a flexible glass wrap in the repair of peripheral nerves

L. Jeans, D. Healy, T. Gilchrist

Department of Clinical Neurosciences, University of Edinburgh, Western General Hospital, Edinburgh, UK

Summary

In this study a flexible biodegradable wrap is compared with micro-
surgical epineurial suturing in the repair of cleanly divided peripheral
nerves. Five groups of twelve sheep were used; one control group and
four neurotmesis and repair groups. The four repair groups were;

1. Epineurial suture repair using a microscope and 9/0 polyamide;
2. Wrap secured by Tisseel glue; 3. Wrap secured by polycaprolactone
glue; 4. Wrap secured by suturing.

Regeneration of the median nerve was assessed by electromyo-
graphy, nerve conduction studies, wet muscle mass measurements,
and morphometry.

The results suggested that nerve regeneration in the wrap + Tisseel
glue group was as good as that in the epineurial repair group. The use of
polycaprolactone glue is not recommended in nerve repair. Placement of
the wrap was easy to learn and quick to carry out under direct vision.
The wrap used in this study could prove to be a useful alternative to
epineurial suturing to repair peripheral nerves and may have a particu-
larly unique role in the developing world and battlefield.

Keywords: Muscle and nerve regeneration; peripheral nerve; release
glass; peripheral nerve.

Introduction

The current standard surgical technique to repair a
cleanly divided peripheral nerve is microsurgical epi-
neurial suture. Fascicular repair may be considered in
distal lesions of mixed peripheral nerves. These tech-
niques are best carried out using an operating microscope
[1] and microsurgical instruments. Fibrosis around the
site of repair is thought to be caused by the sutures even
if these have been confined to the epineurium [14].
Most trainees in plastic surgery in the United Kingdom
receive training in microsurgery, however, microsurgical
training and instruments may not be available to sur-
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geons operating in remote areas in developing countries
and operating theatres in the battlefield are often very
busy making any time saving techniques useful.

The wrap used in the present study is made from
Corglaes (Giltech Ltd, 12 North Harbour Estate, Ayr,
Scotland, UK), a biodegradable, biocompatable glass,
which when used in the form of a solid tube, was shown
to support the regeneration of divided facial nerves in
sheep [5].

Transcutaneous stimulated jitter (TSJ) is an electro-
myographic technique which measures the variability in
the latency between the stimulation of a motor axon and
the contraction of the supplied muscle fibre. TSJ has
been previously shown to be a useful measurement to
determine the efficacy of different types of nerve repair
[9—11]. The higher the value of jitter the less mature the
motor end plates of the muscle fibre tested.

Maximum nerve conduction velocity (CV,.y) is one of
the most commonly used and best methods to assess the
success of nerve regeneration [3, 12].

Wet muscle mass of flexor carpi radialis (FCR) was
used to assess the success of muscle regeneration [2].
The FCR muscle is supplied only by the median nerve.

Morphometric measurements of axon diameter, fibre
diameter, myelin thickness and g-ratio were used. As
fibre diameter increases during regeneration of a neu-
rone, there is initially a proportionately greater thickness
of the myelin sheath compared to the axon diameter
[16]. As regeneration continues, there is a gradual re-
duction in the myelin sheath thickness in proportion
to the diameter of the axon itself [1]. The g-ratio,
(axondiamter /fibrediameter), has been used by many
previous authors and has been found to be a good mea-
sure of the maturity of reinnervation of nerves [4, 6].
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All tests were carried out on both the operated and
normal forelimbs in each sheep (the right and left sides
in the control group). The ratios of the measured values
in the operated side to the normal side were then used in
all the statistical analyses to correct for within-groups’
variation.

Methods

The sheep was anaesthetized and monitored throughout the operation.
Using sterile technique, the median nerve was exposed in the upper
forelimb and divided using a Meyer neurotome.

Epineurial repair

An operating microscope (Wild Heerbrugge M600), microsurgical in-
struments and 10/0 polyamide (Nylon, Ethilon, Ethicon Ltd, Edinburgh,
UK) were used in epineurial repairs. The fascicular pattern of the
proximal and distal stumps was matched as accurately as possible.

Wrap secured with glue

‘When using glue, the divided ends of the nerve were positioned on the
top of the wrap with no gap between their ends and a small amount of
glue applied to each nerve stump, the wrap folded and then glue applied
down the lateral edge of the wrap as shown in Fig. 1.

Wrap secured with sutures

The wrap was applied with the sutures as shown in Fig. 2.

Nerve regeneration was assessed at seven months to allow full recov-
ery [7]. Each sheep was anaesthetized again using and underwent elec-
trophysiological testing.

Glue

Median

Nerve
N oo R

Fig. 1. Diagram of wrap placed around divided median nerve and
secured with glue

6/0 polyamide

Median nerve
| §utures

1%
|

| | |

CRG wrap

Fig. 2. Diagram of the technique used to secure the wrap with poly-
glactin sutures

L. Jeans et al.

TSJ was measured with a concentric monopolar needle using a tech-
nique described by Lenihan [9—11]. The median nerve was exposed as in
the original operation and the ulnar nerve was divided. To measure
maximum conduction velocity the median nerve was stimulated prox-
imal and distal to the repair site and the compound motor action poten-
tials produced in the FCR muscle recorded by the electromyograph
(Medelec, Oxford Instruments, Manor Way, Old Woking, Surrey, GU22
9JU, England).

The mass of the muscle bellies of FCR was measured on a scientific
balance (Mettler AE 163). A 1-2cm length of nerve was excised 2cm
distal to the site of repair, stained using osmium tetroxide, fixed in
Araldite and cut into 1 pm ultrathin sections and mounted on slides [8].
Sections of each nerve were chosen by a random sampling method [13]
and photographed at 1000 x magnification. At least 200 neurones from
each nerve were measured (Analytical Image Station (AIS), Imaging
research Inc., Brock University, St. Catherine’s, Ontario, Canada,
L2S 3A1).

One way ANOVA and Scheffé’s test were applied respectively to
determine whether any significant difference existed between the means
and variances of any of the groups and if so, the groups between which
the difference existed.

Results

No sheep developed a wound infection during the seven
month recovery period. Macroscopically, there was no
evidence of the wrap in the wrap + Tisseel or wrap +
suture groups. In the wrap + polycaprolactone group
however, the wrap was often still present and there
was more fibrosis.

Two repairs in the epineurial suture group dehisced
completely and one repair in the wrap and polycapro-
lactone group. The microsurgical epineurial repairs took
around 25 min to complete whereas insertion of the wrap
using Tisseel or polycaprolactone glue took around 3 min
and placement of the wrap with 6/0 polyglactin took
around 10 min.

TSJ in the wrap + polycaprolactone and wrap + poly-
glactin sutures was significantly higher than in the con-
trol group. This suggested that the motor end plates were
not as mature in these repair groups as in the normal
muscle cells but that the motor end plates had reached a
normal level of maturity in the epineurial repair group
and the wrap + Tisseel groups (see Fig. 3).

There was no significant difference in the results of
maximum conduction velocity among the repair groups
(see Fig. 3). The regenerated motorneurones in the repair
groups conducted significantly more slowly than the
fastest motorneurones in a normal nerve but the motor-
neurones in each repair group conducted at a similar
maximum velocity.

There was no significant difference in the wet muscle
mass of FCR among the repair groups but it was sig-
nificantly smaller in all the repair groups compared with
the control group (p <0.001).
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Fig. 4. Plot of means and 95% confidence intervals for morphometric variables according to experimental group

There was no significant difference between the mean
axon diameter, fibre diameter, myelin thickness and g-
ratio among the repair groups. The mean axon diameter,
fibre diameter, myelin thickness in all the repair groups
was significantly lower than in the control group. There
was however no significant difference in the mean g-ratio
of the repair groups compared with the control group.
This suggested that myelination was complete in the re-
pair groups. The results are shown in Fig. 4.

Discussion

The results of this study have demonstrated that a mixed
peripheral nerve will regenerate to the same extent
whether repaired by microsurgical epineurial suturing
or wrap + Tisseel glue. We do not recommend the use
of polycaprolactone glue in nerve repair.

The benefits of using the wrap in comparison with
epineurial suturing are: decreased time to complete the
repairs, no requirement for microsurgical instruments or
skills; decreased potential for damage to the nerve fas-
cicles by fibrosis caused by epineurial suturing [15]. The
wrap maintains its structure when damp and does not
collapse when folded. It has the nine ideal properties
for a nerve conduit for clinical use: biocompatibility; low
antegenicity'; minimal inflammatory stimulus; allows
axon regeneration along its length; biodegradability;
no potential for entrapment or compression; easily man-
ufactured; economically available; has easy technical

! Although this has not been demonstrated in this study, the observa-
tion that no more fibrous tissue formation was seen at the sites of repair
in the CRG-wrap + Tisseel and CRG-wrap + polyglactin groups was
taken as an indication of this
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handling characteristics [17]. A further benefit is that it
is porous to macromolecules allowing these molecules
access to the site of repair. Only basic surgical knowl-
edge and technique is required to repair the nerve using
the wrap therefore operating times and the number of
primary repairs carried out in remote healthcare situa-
tions could be improved by the use of the wrap.
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Summary

Background. N-Acetylcysteine (NAC) is a safe pharmaceutical agent
known to protect cells from oxidative damage. Following peripheral
nerve transection, NAC has been found to eliminate sensory neuronal
loss. This study examines the dose-response relationship of NAC in
preventing neuronal death.

Methods and Findings. The rat sciatic nerve transection model was
used, and stereological quantification of sensory neuron survival carried
out at two weeks post-axotomy. NAC was administered systemically as
an intraperitoneal injection to five groups of rats at a range of doses
(1-300mg/kg/day). Significant neuronal loss was observed in the
1 mg/kg/day dosage group (18.5% loss, p=0.067 vs. sham treatment).
A degree of neuroprotection occurred with 10 mg/kg/day (9.1% loss,
p<0.005 vs. control), whilst there was no significant loss with either
150 or 300 mg/kg/day.

Conclusions. The prevention of sensory neuronal loss with NAC is
dose dependent and effective over a wide therapeutic range. This anal-
ysis confirms the efficacy of systemic administration and provides a dose
framework with which NAC has clinical potential to improve outcome
after peripheral nerve trauma.

Keywords: N-Acetylcysteine; nerve injury; axotomy; neuroprotec-
tion; optical fractionator; dorsal root ganglia.

Introduction

The loss of up to 50% of the sensory neuronal population
demonstrated in experimental models of nerve injury [12,
16] is a likely major factor explaining poor sensory func-
tional outcome after peripheral nerve trauma [18], which
is particularly evident when there is a delay before repair
[7]. Quality of sensation regained depends on innervation
density attained upon completion of regeneration [18],

Correspondence: Giorgio Terenghi, Blond Mclndoe Research
Laboratories, 3.102 Stopford Building, University of Manchester,
Oxford Road, Manchester M13 9PT, UK, e-mail: giorgio.terenghi@
manchester.ac.uk

and the survival of sufficient numbers of sensory neurons
remains a prerequisite for adequate reinnervation [4, 8].

N-Acetylcysteine (NAC) is a safe pharmacological
treatment which maintains intracellular glutathione lev-
els to protect hepatocytes from oxidative damage [1].
Initial studies demonstrated that administration of NAC
after nerve transection improves the cellular morphology
of axotomised sensory neurons, significantly reduces the
rate of cell death, and virtually eliminates neuronal loss
[5]. The aim of this present work is to determine the
lowest dose of NAC that is optimally effective, using
stereological counts of sensory neurons in the dorsal root
ganglia (DRG).

Materials and methods

All work was performed in accordance with the terms of the Animals
(Scientific Procedures) Act 1986. The experimental design is similar to
previously published studies employing an established rat sciatic nerve
transection model of nerve injury [5]. Under halothane anaesthesia adult
rats underwent unilateral sciatic nerve division, and proximal and distal
nerve stumps were ligated and secured into silicone caps to prevent
spontaneous regeneration. Treatment with N-acetylcysteine at doses of
300, 150, 10 and 1 mg/kg (n =5/group) commenced immediately post-
operatively and was administered as a daily 1ml intraperitoneal in-
jection. A ‘sham treatment’ group (n=135) received an equal volume of
saline (0.9% NaCl). The weight of the animals was assessed every three
days and the dose adjusted accordingly.

Two weeks following axotomy the L4 and LS dorsal root ganglia were
harvested bilaterally and fixed in 4% paraformaldehyde. Each entire
ganglion was cut into 30 um serial cryosections which were stained with
1 pg/ml solutions of Hoechst (Bisbenzimide H33342, BioChemika) and
propidium iodide (BioChemika), to allow fluorescence microscopic ex-
amination of nuclear and cytoplasmic morphology, respectively.

The large number of primary sensory neurons in each ganglion pre-
cludes the absolute determination of their total number. Therefore the op-
tical fractionator was employed to efficiently obtain an estimate of the
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Table 1. Effect of two-week NAC treatment on neuron survival after axotony
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Treatment group Neuron counts

Percentage neuronal

loss (L4 +L5)

Statisitical significance

Axotomised Control ganglia Axotomy Dosage group
ganglia (L4 4+ L5) (L4 +L5) vs. control vs. sham
Mean SD Mean SD Mean SD p value p value
Sham 33281 1532 39470 4139 15.10 7.68 0.016* -
1 mg/kg 32764 5089 40442 2042 18.51 15.30 0.059 0.668
10mg/kg 37011 1110 40605 1700 8.78 3.08 0.004** 0.126
150 mg/kg 37217 2142 37268 6459 —1.96 15.94 0.983 0.063
300mg/kg 35031 3230 37662 1929 7.00 7.05 0.087 0.121

Neuron counts are expressed as the mean and SD of the combined L4 plus L5 counts for dorsal root ganglia in each dosage group. Neuronal loss is
calculated as the reduction in neuronal count of axotomised ganglia compared to their contralateral controls, expressed as a percentage and SD for each

group, *p <0.05, **p<0.01.

number of surviving L4 and L5 DRG neurons as previously described
[5, 6]. The mean neuron count for each group is expressed as the combined
figure for L4 plus L5 DRG, both for the axotomised and the contralateral
non-axotomised control sides. Neuronal loss was calculated by subtracting
the neuron count in the axotomised L4 plus L5 ganglia from that in the
contralateral control ganglia for each animal, and expressed as a percentage
of the number of neurons in the control ganglion pair. From these figures
the mean percentage neuronal loss for each dosage group was calculated.

Statistical analysis was performed using the GraphPad Prism® software
package. Pair-wise comparisons were performed using Student’s #-test
and comparison between dosage groups by ANOVA one-way analysis of
variance, or Kruskal-Wallis test where data was non-normally distributed.

Results

No adverse reactions or change in animal behaviour were
observed as a result of NAC treatment. There was no sig-
nificant difference in the rate of weight gain between sham
and treatment groups. Table 1 reports the mean number of
neurons present within the axotomised and contralateral
control L4 plus L5 ganglia in each group at 2 weeks post-
axotomy. The number of neurons present within control
ganglia was consistent in all groups (one-way ANOVA
p=0.5025). Axotomised ganglia in the sham treatment
group contained significantly fewer neurons than their
contralateral control ganglia (mean difference, 6188 neu-
rons, p<0.05), representing a 15.0% loss of neurons.
Neuron loss was similar in the 1 mg/kg/day dosage group
(mean loss, 7677 neurons [18.5%], p=0.67 vs. sham
treatment), but a degree of neuroprotection was found with
adose of 10 mg/kg/day (mean loss, 3595 neurons [9.1%],
p<0.005 vs. contralateral ganglia). Neuronal counts after
axotomy in both the 150 mg/kg group (mean loss, 51 neu-
rons) and 300 mg/kg groups (mean loss, 2632 neurons)
were not significantly different from their contralateral
controls. In summary, a progressive increase in neuro-
protection was evident, with a dose of 150 mg/kg/day
NAC providing complete neuroprotection.

Discussion

The results of this study demonstrate a dose-dependent
effect of NAC on the prevention of sensory neuronal loss
after peripheral nerve injury. The two-week time point
used in this study coincides with the peak rate of neuro-
nal death, when the majority of neurons that are destined
to die have already been lost, or reached an unsalvage-
able point in the cell death cycle [12]. This time point
was selected as the neuroprotective effect has previously
been demonstrated to persist throughout a more extended
timeframe during which neurons otherwise continue to
die [5].

The neuroprotective effect improves with an increas-
ing dose, a partial response being evident at a dose of
10mg/kg. In initial studies almost complete preserva-
tion of the neuronal population was demonstrated with
30mg/kg NAC (1% neuron loss) [5] and this effect
plateaus, with no significant difference between the re-
sponses seen at 150 and 300 mg/kg/day. The complete
elimination of neuronal loss observed at 150 mg/kg/day
was not merely an artefact of the way in which loss is
calculated, since there was no significant difference in
the non-axotomised contralateral ganglion counts between
groups, and this consistency confirms that NAC treatment
did not affect the non-axotomised ganglia. The minor loss
calculated in the highest dose group lies within the vari-
ability of the counting technique and random sampling,
since it is reported for other models of peripheral nerve
injury that NAC did not lose efficacy at systemic doses up
to 750 mg/kg/day, and also with intrathecal administra-
tion at even higher concentrations [20].

NAC undergoes considerable first-pass metabolism [2],
hence the importance of parenteral administration in this
study. Once in circulation NAC is quickly delivered to
neurons due to the absence of a blood-nerve barrier with-
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in the neuron-containing region of the DRG. Although
the plasma half-life of NAC is reportedly 5.6h for in-
travenous administration in human adults [15], it is in-
tracellular levels that are most relevant and once daily
intraperitoneal dosing has been previously found to be ef-
ficacious in terms of neuroprotection in rat models. In
clinical practice this would translate to intravenous ad-
ministration with the aim of achieving peak tissue levels
as soon as possible after injury. The time it takes for a
patient to present to hospital is unlikely to be of detriment
to outcome, since neuronal loss only begins to develop a
number of days after the injury [12]. Acetyl-L-carnitine
has previously been observed to maintain complete sen-
sory neuroprotection if therapy is initiated 24 h after axot-
omy [19], whilst a one-week delay in NAC treatment after
ventral root avulsion is reported to have no impact on the
degree of motor neuron loss [20].

Neuronal cell death is an active process, and the prin-
cipal trigger in peripheral nerve injury is the loss of target
derived neurotrophic support [4, 17]. The precise neuro-
protective mechanism of NAC remains unclear, but is
thought likely to involve redox regulation of cell sig-
nalling, or an antioxidant effect, most probably mediated
by its role as a glutathione substrate [5]. Whilst other
pharmaceutical agents and exogenous neurotrophic fac-
tors have previously shown promising experimental re-
sults with regard to neuronal rescue [17], none has yet
achieved clinical application due to complex interactions
[13, 14], side effects and practical difficulties with admin-
istration [3, 10, 11]. In contrast, NAC has proven to be a
clinically safe and effective pharmaceutical, eliciting few
side effects in humans other than minor hypersensitivity
reactions at an incidence estimated to be between 0.2—-3%
for intravenous dosage [9]. Although immediate nerve
repair partially reduces neuronal loss by reconnecting
neurons with distal nerve stump neurotrophic factors [12],
this is a very incomplete protective effect, and is only
clinically relevant for primary repair. So the potential
benefit of NAC administration lies not just in keeping
neurons alive until the time of surgery, but also in max-
imising survival even after repair.
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Summary

Objective. Within the last decade contralateral C7-transfer has become a
new source of axon donor in complete brachial plexus lesions.

Methods. Ten adult patients with a complete posttraumatic brachial
plexus lesion and a follow-up of more than 5 years are analyzed. As
shown by GU we are using a two stage procedure with exploration and
extraplexuel neurotization of the suprascapular nerve using 1/2 spinal
acessory nerve. Depending on the intraoperative findings, the musculo-
cutaneous nerve is neurotized by the phrenic nerve at the time of primary
operation or secondarily neurotized by the contralateral C7 root. If the
musculocutaneous nerve could be neurotized by the phrenic nerve, C7-
transfer is used to reinnervate the median nerve. If ever possible, the
vascularized ulnar nerve graft or if not availabe two sural nerves are
used. Neurotization of the musculocutaneous nerve was carried out in 6,
and of the median nerve in 4 patients. There are 6 patients in the MC
group and 4 patients in the Median group. Criterias for evaluation used
are: donor site (morbidity, classification), time for recovery, time for
autonomization, and functional result. Successful elbow flexion is
achieved if muscle power >M3, successful median nerve motor function
is achieved if a primitive power grip pattern is achieved.

Results. All patients were complaining of temporary paresthesia in
the dorsal part of P3 of the thumb, index and middle finger. There was
complete sensory at the 3-month postoperative examination. There was
no evident clinical motor loss at the donor extremity.

A successful elbow flexion, i.e. muscle power >M3 was achieved in
all 6 patients after 9—15 months. 4 of 6 patients are able to use this
function individually. In the other two patients a start command must be
given voluntarily from the contralateral side (contraction of the contral-
ateral latissimus dorsi muscle).

A functional primitive grip pattern could be achieved in 1 out of 4
patients after 18 months. In three patients, although there is movement,
this mouvement must be judged ‘“‘academic™ at the present state.

Conclusions. The C7-transfer proved to be a safe transfer if at the time
of operation no fascicles innervating wrist and finger extension are
taken. Provided adequate biceps muscle organ function, active elbow
flexion can be reconstructed in most of the patients. However, for
median nerve reinnervation motor results are moderate up to now.
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Introduction

Within the last decade contralateral C7-transfer has
become a new source of axon donor in complete brachial
plexus lesions.

Patients and methods

Ten adult patients with a complete posttraumatic brachial plexus lesion
and a follow-up of more than 5 years are analyzed. As shown by GU
we are using a two stage procedure with exploration and extraplexuel
neurotization of the suprascapular nerve using 1/2 spinal acessory nerve.
Depending on the intraoperative findings, the musculocutaneous nerve is
neurotized by the phrenic nerve at the time of primary operation, or
secondarily neurotized by the contralateral C7 root. If the musculocuta-
neous nerve could be neurotized by the phrenic nerve, C7-transfer is

Table 1. Results donor site morbidity

Uneventful wound healing 10/10
Paresthesia P3 DL ILIII 10/10 (6-52 weeks)
Motor deficits on clinical examination 0/10
EMG denervation signs (10/10)

Table 2. Functional results after C7 transfer for elbow flexion

Epidemiology:

N=6 (5m, 1f)

Delay: 4-7m

Nerve graft: vasc. ulnar nerve 6/6
Recovery:

HT-progession: 6/6

1** contraction: 10—16 months
Recovery plateau: 18—24 months

Functional result: 5/6
(EF >90° 4 1,5kg at wrist)
Autonomization.: 3/6
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used to reinnervate the median nerve. If ever possible, the vascularized
ulnar nerve graft or — if not availabe — two sural nerves are used.
Neurotization of the musculocutaneous nerve was carried out in 6, and
of the median nerve in 4 patients. There were 6 patients in the MC group
and 4 patients in the Median group. Criteria for evaluation used are:
donor site (morbidity, classification), time of recovery, time of autono-
mization, and functional result. Successful elbow flexion is achieved if
muscle power is >M3, successful median nerve motor function is
achieved if a primitive power grip pattern is achieved.

b

Fig. 1. Functional results 18 months after partial contralateral C7
transfer to reinnervate the musculocutaneous nerve. (a) Clinical aspect
after 10 months: to contract the elbow flexors it is necessary to
voluntarily start the movement at the contralateral side. (b) Clinical
aspect after 24 months: elbow flexion can be done without contralateral
start command (positive autonomization)

R. Hierner, A. K. Berger

Fig. 2. Functional results 24 months after partial contralateral C7
transfer to reinnervate: (a) intraoperative aspect: nerve graft is placed
subcutaneously; (b) postoperative aspect: wrist extension; (c) post-
operative aspect: wrist flexion



Did the partial contralateral C7-transfer fulfil our expectations

Results

All patients were complaining of temporary paresthesia
in the dorsal part of P3 of the thumb, index and middle
finger. There was complete sensory at the 3-month post-
operative examination. There was no evident clinical
motor loss at the donor extremity (Table 1).

A successful elbow flexion, i.e. muscle power >M3 was
achieved in all 6 patients after 9—15 months. 4 of 6
patients were able to use this function individually. In the
other two patients a start command must be given volun-
tarily from the contralateral side (contraction of the con-
tralateral latissimus dorsi muscle) (Table 2, Fig. 1a,b).
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A functional primitive grip pattern could be achieved
in 1 out of 4 patients after 18 months. In three patients, al-
though there is movement, this movement must be judged
“academic” at the present state (Table 3, Fig. 2a—c).

Conclusions

The C7-transfer proved to be a save transfer if at the time
of operation no fascicles innervating wrist and finger
extension are taken. Provided there is adequate biceps
muscle organ function, active elbow flexion can be recon-
structed in most of the patients. However, for median
nerve reinnervation motor results are moderate up to now.
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Summary

Autologous nerve grafting has been performed since 1876 without suc-
cess. Since the 1960s, the interfascicular nerve grafting technique has
provided a reliable method to bridge very long nerve defects with
predictable results. Personal experience of over 40 years has demon-
strated that donor site morbidity is minimal if certain precautions are
observed. Donor site morbidity does not justify the use of alternative
techniques. However, in vast defects like brachial plexus lesions, the
number of available autografts is insufficient. We do need alternative
techniques like tubulisation, however, not to replace autologous nerve
grafts but to supplement them.

Keywords: Nerve regeneration; nerve graft; autograft; brachial plexus.

Introduction

In spite of the fact that free nerve grafting was attempted
for the first time already in 1876 by Albert [1], nerve
grafting was considered a salvage procedure with rather
poor chances of success.

Why did nerve grafts not yield satisfactory results?

Regenerating axons have to cross two lines of coaptation
at the proximal end of the graft and at the distal end of
the graft to reach the distal stump. This consideration
alone is a logical argument that results after grafting
must be inferior to an end-to-end neurorhaphy. Nerve
trunks as free grafts do not survive very well and uti-
lization of cutaneous nerves [2] with a small diameter
cannot really bridge defects of a nerve trunk. The intro-
duction of so called cable grafts [8] (several segments of
thin cutaneous nerves glued or sutured together to form a

Correspondence: H. Millesi, Millesi Center for the Surgery of Bra-
chial Plexus and Peripheral Nerve Lesions, Vienna Private Clinic,
Pelikangasse 15, 1090 Wien, Austria, e-mail: millesi@wpk.at

cable of the same size as the nerve to be repaired) could
not solve the problem. The free grafts packed together to
a cable did not survive free grafting well because part of
their surface was in contact with another free graft and
not available for contact with the recipient site. The
suggestion by Strange [9, 10] to improve the survival
of trunk grafts by transposing a trunk graft as a pedicled
flap did not become popular. Another nerve trunk had to
be sacrificed, e.g., ulnar for median nerve. The advan-
tage of maintaining the blood supply was neutralized by
the fact that — as in all trunk grafts — nobody could
predict where an axon that entered the graft proximally
would leave the graft at the distal end thus making an
“aimed connection” impossible. In addition, surgeons
were convinced that the length of graft would have a
negative influence on the final result. Therefore, the
two stumps of the transected nerve were approximated
as much as possible thus combining the disadvantages of
a coaptation under tension with the disadvantage of
grafting with two sites of coaptation.

The new approach to free nerve grafting

Results of free nerve grafting improved significantly in
the late sixties of the last century when a new biologic
approach was introduced [4—7]. This development was
based on the following considerations:

— The result is dependent on the length of a given
defect of nerve tissue, but is not dependent on the
distance between the two stumps. Therefore, the
length of graft is not important.

— Tension at the site of coaptation should be avoided
not only at the time of surgery by flexing the adjacent
joints but also during mobilization.
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— If one uses long nerve grafts even in long defects,
coaptation without tension is possible to improve the
quality of coaptation.

— The individual grafts should be placed individually
and not as a cable to improve survival.

— By interfascicular dissection the two stumps are dis-
sected into individual fascicles or pre-existent fascicle
groups to be coapted individually with one segment of
a cutaneous graft.

— By comparing the fascicular pattern an attempt is
made to define corresponding fascicles or fascicle
groups to connect them by one graft segment to
achieve an ‘“aimed connection”.

Donor site morbidity

Excision of a cutaneous nerve to be used as a graft
causes formation of a neuroma at the proximal site of
transection. This neuroma may give rise to pain, and a
pain syndrome may develop.

According to my experience of over 40 years of
nerve grafting, painful neuroma after harvesting a
cutaneous nerve graft occurs only if transection is
located in the subcutaneous tissue. The site of transec-
tion should consequently be located deep in the sub-
fascial space. This means that if we need a 6 cm long
graft and we want to harvest the sural nerve, we have
to excise the whole sural nerve up to the level below
the knee joint and dispose of the rest. It is evident that
for a short defect of a not important nerve like digital
nerve of the ring finger, sacrification of the whole sural
or any other of the donor nerves is not justified. It
is this consideration and not the donor site morbidity
which raises the wish to have some alternative to an
autograft.

Quantity of donor nerves

There are many donor nerves available. The number is
certainly sufficient to bridge the vast majority of nerve
defects we meet in clinical practice. But in a long defect
of the sciatic nerve or in many brachial plexus cases we
are short of donor nerves. This is a second reason why
alternatives to autologous nerve grafts are wanted. This
is not to substitute autologous grafts but to augment the
number of grafting material.

H. Millesi: Bridging defects: autologous nerve grafts

The ideal nerve graft

— The ideal nerve graft should be available in large
quantities.

— It should consist of a stroma with structure and the
mechanical properties of endoneurium.

— It should contain capillaries and a few fibroblasts.

— It should contain a large quantity of Schwann cells.

— To avoid any immunologic reaction, the Schwann
cells should be autologous cells from the patient as
well as the capillaries and the fibroblasts.

— Since we know that there is a difference between motor
and sensory Schwann cells [3] they should be selected
accordingly.

— Preferably the Schwann cells should originate from
the nerve to be repaired.

Summary

I am still convinced that autologous nerve grafts are the
gold standard to bridge defects of peripheral nerves. For
the reasons outlined above I support any attempt to
develop alternatives, not to substitute but to supplement
autologous grafts. The final goal of research should be
the ““ideal graft” as a vision.
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Introduction

A segmental nerve defect is still best be treated by autol-
ogous nerve graft. However, besides its donor side mor-
bidity, extensive nerve defects of peripheral nerves or the
brachial plexus often cannot be completely treated due to
missing quantity of autologous nerve graft material. Thus
two solution are possible: first, incomplete reconstruc-
tion — the abandoned nerve trunk is used as additional
source of autologous graft material (ulnar nerve in com-
plete brachial plexus palsy), or second, the application
of new reconstruction techniques, such as nerve dis-
traction [1], tubes [7] or nerve allografts [3, 9, 14].
Nerve distraction is still in the laboratory phase [I,
11]. Nerve tubes should not be chosen in cases of
mixed nerve and/or defect larger than 10 mm [2]. Thus
the nerve allograft still seems to be the best substitute.

Immunological rejection and how to cope with it

The major problem of adult nerve allograft lies within
the immunologic rejection leading to poor functional
results. To avoid the rejection phenomenon, either the
reagibility of the host and/or the antigenicity of the
allograft could theoretically be reduced.

Systemic immunosuppression
To reduce the reagibility of the host, systemic immuno-

suppression is needed. With adequate immunosuppres-
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sion the functional results of nerve allograft are equal to

those of autologous nerve grafts [5] (Fig. 1a—c).
Although the nerve graft will largely be replaced by

autologous tissue during regeneration, immunosuppres-
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Fig. 1. Axon counts after nerve transplantation: (a) autologous nerve
graft (“gold standard”), (b) allogenic nerve graft without immunosup-
pression, (c) allogenic nerve grafting with adequate immunosuppression
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Fig. 2. Results of allogenic nerve grafting with temporary immuno-
suppressive treatment
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Fig. 3. The composed nerve allogenic nerve graft from the newborn: (a) clinical aspect of a newborn rat, (b) harvesting the sciatic nerve under the
microscope, (c) assembly of several sciatic nerves to create a composed nerve allograft from the newborn, (d) cross-section of the composed nerve allograft
from the newborn, (e) clinical aspect after transplantation for reconstruction of segmental nerve defect of the peroneal nerve in an adult rat, (f) results of
axon counts at the distal nerve stump 6 months after transplantation, (g) results of (dry) muscle weight 6 months after transplantation
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sive treatment must not be under a certain dosage or
even stopped, and has to be given lifelong (Fig. 2) [6].
However, the risk of known (skin tumors) and still
unknown side-effects of immunosuppressive medication
does not justify its application for a non life-threatening
situation like nerve repair procedure.

Reduction of antigenicity of the graft

Reduction of antigenicity of the allograft can theoreti-
cally be achieved by graft pretreatment, tissue grouping,
or the use of low-antigenic graft material.

Pretreatment of nerve allografts with high dose ir-
radiation or lyophilization markedly diminished the nerve
allograft response. All other methods of treatment that
have been used either experimentally or clinically (freez-
ing, predegeneration, low dose irradiation [12] — 200 or
10.000 rads, or a combination of predegeneration, freez-
ing, and irradiation) did not significantly decrease antigen-
icity of the nerve allograft, and the allograft appeared no
less antigenic than a fresh nerve allograft [8]. However,
all those techniques more or less destroy the Schwann
cells. The importance of maintaining viable Schwann
cells in grafts has been emphasized by studies of periph-
eral nerve transplantation, which have shown that the
antigenicity of grafts can be decreased by methods that
kill Schwann cells. But graft lacking viable Schwann cells
usually do not provide significant neurologic recovery, on
careful analysis of the results [8, 9, 13].

Tissue grouping [15] is routinely used in transplanta-
tion medicine but the probability to find a largely iden-
tical tissue is very low except for twins.

Within the last ten years several studies on different
foetal or newborn neural tissue used as allograft have
reported restricted or missing graft rejection [4, 10]. The
immunologic system in the foetus is not completely
developed, and this could reduce graft immunogenicity.
In contrast to grafts from adults, the foetal neural tissue
is not less immunologically reactive but becomes vascu-
larized in solid grafts, and apparently more migratory in
suspension grafts [10]. Theoretically this reduced graft
rejection could lead to better functional results. The
functional and immunological behaviour of peripheral
nerve tissue harvested from the newborn rat and trans-
planted into an adult rat was studied in an isogenic and
allogenic experimental model [4]. The following re-
sults have been found: 1) It is technically possible to
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use the fragile peripheral nerve tissue of a newborn to
create a nerve graft for reconstruction of peripheral
nerve defects in adults. 2) The composed nerve allograft
does lead to comparable functional results of autologous
nerve graft, and 3) The composed allogenic nerve graft
differs in its immunological rejection from adult allo-
genic nerve graft. This concept is charming. However,
there are two shortcomings. Legal and ethic problems to
have access to this material, which are by the way the
same problems as encountered in stem cell engineering
(Fig. 3a—g).
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Summary

Nowadays new techniques may help the surgeon in difficult cases of
nerve tissue loss: when a gap is produced in a mixed nerve, the use of
conduits can be an alternative to nerve grafts, which still represent the
“gold standard” for this kind of lesions. We have applied biologic con-
duits (muscle inside a vein) in more than 40 cases since 1993 with 85% of
good functional results for both sensory and mixed nerves up to 5 cm. The
advantages of this technique are: 1) all graft material is easily withdrawn
in the lesion area and thus is not necessary to perform any new incision;
2) the possibility of reconstructing nerve gaps up to 5 cm avoids second-
ary damage created by the withdrawal of healthy nerves; 3) the possibility
for spontaneous orientation of regenerating nerve fibers is offered as
fibers are allowed to search for their final target (chemiotropism).

Furthermore, when the tissue loss is important or the proximal nerve
stump is not available, so jeopardizing the possibility of recovery
with traditional reconstruction, the use of end-to-side neurorrhaphy
has been described to solve the problem. However the use of end-to-
side neurorrhaphy in the clinical setting for motor recovery remains
controversial. In our experience we had satisfying results only in 20%
of cases and thus motor reconstruction in the absence of an available
proximal nerve may be best handled by nerve to nerve transfers. By
contrast we had good results in sensory nerve reconstruction (especially
digital nerves) by end-to-side coaptation.

Keywords: Nerve repair; conduits; neurorraphy.

Introduction

Nowadays, surgical resolution of a disability resulting
from a peripheral nerve lesion is no longer an impossible
task for the surgeon even if diagnosis and treatment still
require a thorough knowledge of the physiopathology of
the nervous system together with the most recent sophis-
ticated microsurgical techniques. Basic knowledge as to
the pathophysiological events that take part in a nerve
trunk and its neurons after transection injury (degenera-

Correspondence: Bruno Battiston, Via Zuretti 29, 10126 Turin, Italy,
e-mail: brunob@alma.it

tion and regeneration) is essential in order to choose the
correct surgical treatment, its timing and the rehabilita-
tion program.

Since the observations of Waller [46] in 1850 describ-
ing the changes of the distal segment of a transected
nerve in the frog, there has been extensive research
and numerous studies. However, only in the seventies
did this lead to the fundamental works of Millesi on
nerve repair by means of interfascicular nerve grafting
[31]. Two decades have now passed and we are able to
understand the rules of nerve regeneration better, also
thanks to the studies by Rita Levi Montalcini, Lundborg
and other researchers on nerve growth factors, chemot-
ropism and many other fields of interest [15, 19, 43].
This led us to develop new techniques which may help
the surgeon in difficult cases together with traditional
reconstructive methods.

These new methods can be useful especially in case of
loss of nerve tissue: when a gap is produced in a mixed
nerve the use of conduits can be an alternative to nerve
grafts, which still represent the “gold standard”™ for this
kind of lesions. Furthermore, when the tissue loss is
important or the proximal nerve stump is not available,
so jeopardizing the possibility of recovery with tradi-
tional reconstruction, the use of end-to-side neurorrha-
phy has been described to solve the problem.

We aim to present the rationale and the technical
details of these kinds of alternative techniques discuss-
ing their indications and limits.

Conduits

The withdrawal of a nerve for an autograft creates dam-
age in a sound area (skin scar, sensory loss in the donor
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Fig. 1. Tubes allow spontaneous orientation of regenerating axons
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area, risk of neuroma formation); moreover, at times
these autografts are not long enough to repair an exten-
sive nerve gap. The use of tubes (synthetic or biologic
such as veins) may guide the axonal regeneration with-
out sacrificing sound nerves (Fig. 1). We shall examine
the advantages and problems of this kind of reconstruc-
tion while describing the influence of biomolecular fac-
tors on nerve regeneration.

Orientation of fascicles when using grafts conditions
the final result. Misdirection could lead the regenerating
axons to a wrong final target. For this reason several
authors continue to study the mechanisms of axonal
orientation during regeneration. At the site of nerve in-
jury sprouts start to grow distally and several biomolec-
ular factors are involved to support the outgrowth and
direction of axonal growth.

Simplifying, these biomolecular factors could be sub-
divided into three major groups: neurotrophic factors, neu-
rotropic factors and Neurite Promoting Factors (NPF)
[17, 18].

Neurotrophic factors are endogenous soluble proteins
influencing survival, development, morphological plas-
ticity of nerve cells (‘“‘neurotrophism’). These factors
are synthesized in neurons, muscle, glands and are clas-
sified on the basis of their receptors: Neurotrophins
(NGF, BDNF, NT-3, NT-4/5), Neuropoietic Cytokines
(CNTE, IL-6), Fibroblast Growth Factors (aFGF, bFGF,
FGF-5, FGF-6), Insuline Gene Family (ITF-I, IGF-II,
insulin) and Others (LIF, EGF, TGFa, TGFS, CDNF).
The prototype for a trophic factor, the Nerve Growth
Factor (NGF), binds to its receptors, is internalized in
vesicles and then transported, by retrograde axonal trans-
port, to the cell body, where it exerts its action.

Neurotropic factors influence the axonal growth di-
rection by exerting an attraction at a distance (“neuro-
tropism”). These factors, delivered by the distal nerve
segment, create a concentration gradient. It is not strictly
correct to separate “‘trophic” and ‘‘tropic factors”
completely, and it has been suggested to use the terms
“trophic” and “tropic influence”: factors secreted by
non-neuronal cells in a distal nerve segment after an in-
jury which normally have a trophic influence that may act
like tropic factors, thereby exerting an attraction at a dis-
tance, influencing also the axonal growth direction.
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Neurite promoting factors (NPF) are substances
that axons like to grow on, promoting the growth cone
formation. Laminin and fibronectin are examples of sub-
stances included in the extracellular matrix wile N-CAM
and LI are examples of cell surface molecules providing
adequate adhesions for the advancing sprouts.

The better understanding of these biological factors
involved in the nerve regeneration process guided re-
searchers in their efforts to improve nerve repair. Indeed,
much has been done to overcome problems connected
with the correct orientation of fascicles not only in direct
sutures but also as to nerve repair in the case of loss of
nerve substance. These two problems have both been
faced by means of the so-called tubulization techniques
or conduit repair.

The tubulization rationale represents a biological ap-
proach to a nerve injury, in which the role of the surgeon
is limited and special emphasis is given to the role of
intrinsic healing capacities of the nerve tissue itself.

To solve the problem of misdirection of the regener-
ating fibres leading to inappropriate distal reinnervation
Lundborg suggested to encase both ends of a transected
nerve in a silicon tube, leaving a short gap in between
(3—4 mm), allowing the accumulation of these biolog-
ical factors inside the tube. The early results from a
prospective, randomised, clinical study showed that
tube repair gives at least as good prerequisites for re-
covery of nerve function as conventional repair tech-
nique [9].

Many biological and synthetic materials have been
tested to bridge a peripheral loss of substance: arteries,
veins, mesothelial chambers, predegenerated or fresh
skeletal muscle, empty artificial tubes, resorbable or not,
tubes filled with growth factors and/or Schwann cells.
Unfortunately, all of these ‘““tubes” are useful for short
distances only. In particular, vein or other empty tubes
collapse in gaps over 1-2 cm and axon loss may occur in
muscle grafts. Therefore, the major limitation of tubuli-
zation grafting techniques is the fact that they can be
used only for short distances (1-2 cm).

Biologic conduits

Since 1993, we have carried out some experimental and
clinical trials on the use of “tubes’ made from a vein
filled with fresh skeletal muscle (Fig. 2a—c). This biolog-
ical tubulization combines two elements that have been
individually previously shown to have limitations in
their application for nerve repair. The vein guides re-
generation and the muscle prevents vein collapse.
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Fig. 2. Combined muscle-in-vein conduit; (a, b) the muscle is pulled inside the vein by a small forceps previously inserted into the vein itself;

(c) nerve stumps are inserted 2—3 mm into the vein

Moreover, the muscle provides an adequate ‘“‘adhe-
sion” for the advancing sprouts by means of neurite
promoting factors present in its basal lamina (laminin
and fibronectin) mimicking the Schwann cell adhesion
role. Many studies have been carried out on the pos-
sibility to use the muscle basal lamina as scaffold for
nerve regeneration [13]. Moreover, extracts of fresh skel-
etal muscle have been shown to increase neurite out-
growth [38]. We demonstrated that vein conduits, filled
with fresh skeletal muscle, provide morphological re-
sults in rats similar to traditional nerve grafts, in cases
with a substance loss of up to 3cm [5]. In our experi-
mental works these biological conduits show good nerve
regeneration and regrowing axons are organized in mini-
fascicles of various dimension. The observed persistence
of some muscle fibres inside the vein grafts at the end
of the regeneration process does not appear to prevent a
good morphological pattern of nerve regeneration in the
distal stump. Distal nerve stumps are rich in both mye-
linated and unmyelinated nerve fibers. The morphologi-
cal appearance of regenerated nerve fibres, as well as
quantitative data on their number and size is similar to
those previously reported for direct nerve repair in the
rat. The role of Schwann cells in the regeneration pro-
cess deserves a particular mention. In the lesioned nerve
they are essential in axonal regeneration because they
synthesise surface cell adhesion molecules, elaborate
basement membrane rich in laminin and fibronectin
and produce neurotrophic factors forming an environ-
ment that is particularly conducive to axonal regrowth.
Migratory Schwann cells colonize the muscle-in-vein
graft early [10] and reproduce inside it a situation that
mimes what happens in the transected injured nerve. Even
at very early postoperative stages, we found in these con-
duits an environment rich in neurotrophic factors that are
suitable to promote nerve fibre regeneration. The produc-
tion of these factors seems to be sustained by these early
migrating Schwann cells [34]. We demonstrated that the
Schwann cells not only migrate inside these conduits but
they also proliferate inside them [11]. Then, the need for
Schwann cells seems to be the critical point for long-dis-

tance tubulizations. Anyway, the good environment given
by the muscle inside the vein may explain the good func-
tional results given by these conduits in front of those
reported with other kinds of artificial or biological con-
duits. Moreover, it was demonstrated that using the mus-
cle-in-vein combined graft regenerating axons are able to
correctly grow and orientate under the guide of the neuro-
tropic lure exerted by the distal nerve stump [42].

The surgical technique for muscle-in-vein conduit har-
vesting is easy: the vein and the muscle may be found in
the same region of the nerve lesion avoiding new inci-
sions. A vein of the same length of the nerve gap and of
the diameter of the lesioned nerve is harvested: it is then
filled with a piece of muscle with its fibres longitudinally
oriented. The muscle is pulled inside the vein by a small
forceps previously inserted into the vein itself (Fig. 2).

Then, this biologic conduit is positioned in the nerve
gap and the two nerve stumps are introduced for few
millimetres inside the vein and sutured to the vein wall.

We have applied this technique in more than 40 cases
since 1993 with good functional results for both sensory
and mixed nerves (Fig. 3) up to 5-6¢cm [6]. We re-
viewed our cases according to international criteria
(evaluation by British Medical Research Council Crite-
ria and classification of the results by Sakellarides sys-
tem) and we had good results not only for sensory nerves
repairs (as described even with other kind of tubes or
conduits) but also for mixed or pure motor nerves: we
reported up to 85% of good results with a minimum
follow-up of 14 months.

The advantages of this surgical technique are several:
1) all graft material (vein and muscle) is easily with-
drawn in the lesion area and therefore it is not necessary
to perform any new incision in other sites; 2) the possi-
bility of reconstructing nerve gaps up to 6cm is given
avoiding secondary damage created by the withdrawal of
healthy nerves as autografts; 3) the possibility for spon-
taneous orientation of regenerating nerve fibres inside
the tube is offered as fibres are allowed to search for
their final target in response to chemical signals coming
from the distal nerve segment (chemiotropism).
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Fig. 3. Muscle-in-vein combined tube on median and ulnar nerve (4 cm lesion); (a) intraoperative; (b—d) clinical results 6 months later

The support of the basal lamina, and chemiotrophic
and chemiotropic substances originating from the distal
stump, do indeed reach the regenerating axons and cor-
rectly guide them to their final target tissue. This may
well explain our good clinical results, whilst traditional
nerve grafting techniques sometimes forces the orienta-
tion of regenerating axons.

Synthetic conduits

Regarding synthetic tubulation the first studies on rats
were carried on by Seckel in 1984, using polimeric syn-
thetic bioabsorbable tubes.

Fig. 4. End-to-side neurorraphy (grafts to the musculocutaneous nerve
from the phrenic nerve)

In 1988 Dellon and Mackinnon report their experi-
mental results in baboons, using bioabsorbable polygly-
colic acid nerve conduit.

In 1990 the same authors report their results in 15
patients with digital nerve lesions.

In 1991 Lundborg reports his results in treating with a
silicone tube an ulnar nerve lesion and in 1994 with the
same technique 2 median nerve lesions. Lundborg doesn’t
use the silicone tube in nerve lesions with a loss of sub-
stance, but in cases in which a normal suture could be
used. He leaves a gap to demonstrate his theory: when
leaving a chamber, inside it all neurobiological factors
will facilitate axonal regeneration and orientation.

We have some experience in nerve reconstruction with
bioabsorbable polyglycolic acid tubes (neurotube® Neu-
roregen L.L.C.-acido poliglicolico). The neurotube is a
woven polyglycolic acid tube and presents technical and
biological features that makes it an optimal synthetic tube.

Its permeable: this permits the passage of nutritional
factors and oxygen, basical for nerve regeneration and
most of all for production of the neurotrophic and neu-
rotopic factors.

Its bioabsorbable: the tube is completely absorbed
by hydrolysis over a 6 months period. In animal studies
Dellon and Mackinnon demonstrate in 1988 the complete
absorbation and its substitution with a pseudo-nerve tis-
sue after a one year period from implantation [26].



Alternative techniques for peripheral nerve repair

Table 1. Case series June 1998—December 2002

47

Age Nerve grafted Level Gap (cm) Interval from injury Follow-up Recovery Results

to grafting (months) (months) Weber Q-DASH
36 CAm digital P1 1.5 14 74 S3+ VG [7] 5.83
67 CG f digital hand 2 4 71 S3+ E [5] 8.33
53 CD m digital hand 4 primary 56 S3+ E [4] 9.16
47 BA m digital Pl 2 primary 40 S3+ VG [10] 7.5
15 ALf digital P1 1.5 primary 42 S3+ VG [8] 8.33
40 DM f digital P1 2 primary 35 S4 VG [5] 4.6
23 MF m digital P1 1 1 46 S3+ VG [7] 4.6
20 LA m digital P1 2 5 26 S3+ VG [7] 2.5
27 RAm digital P1 3 1 24 S3+ VG [8] 2.5
44 CG f digital P1 1 7 20 S3 G [12] 17.5
42 LPf digital P1 1 2 17 S3 G [9] 1.67
42 DC m* digital Pl 3 18 17 S2 P [15] crush inj 20.83
42 DC m* digital hand 2 18 17 S2 P [15] crush inj 20.83
42 DC m* digital hand 4 18 17 S2+ G [4] crush inj 20.83
30 ID m digital Pl 1.5 primary 16 S3+ VG [8] 4.16
66 ZG m digital hand 1 16 14 S4 E [4] 2.5
63 SL digital P1 2.5 primary 14 S3+ VG [13] 16.67
36 VD m digital Pl 2 primary 12 S3 G [12] 10
30 CM m digital Pl 1.5 primary 6 S3+ VG [11] 8.33

* Same patient.

The external corrugation of the tube prevents its col-
lapse under normal physiological soft tissue pressure
and this permits its use in anatomical sites where exter-
nal pressure of tissue is quite high. This happens at the
digital level, where other tubulation techniques are diffi-
cult to use for this reason (digital sites). The neurotube is
a synthetic tube ready to use, also in emergency. There
are precise indications: it can be used in digital and
palmar nerve lesions with gap less than 3 cm [25]. There
are also negative aspects in using neurotube: high costs
and possibility of extrusion.

In 1990 Mackinnon and Dellon [28] reports 1 patient
who presented extrusion of the tube after a tenolysis
during the consequent early mobilisation program. Other
3 cases are reported by Weber et al. [47] in patients who
presented skin necrosis and infection.

From June 1998 to December 2002, a total of 17 patients
were treated in our department for digital and palmar nerve
injury with a nerve gap from 0.5 to 3 cm. In all of them we
used a polyglycolic acid conduit to repair the nerve gap.
One of the patients had a double injury in 2 different fin-
gers of the same hand. We used 3 tubes for the 2 fingers, so
the total cases are 19. Eight patients were treated immedi-
ately in emergency, while the others after a period of 1 to
16 months.

We evaluated our patients by means of Highet modified
Mackinnon-Dellon scale and by Dellon MTP testing. We
also classified our patients according to Sakellarides para-
meters in three groups: very good (S3 + S4), good (S2 +

S3), poor (SO S1 S1+ S2). We also considered patients
satisfaction according to pain disappearance and patients
personal evaluation with Quick-DASH questionnaire
(Table 1).

The follow-up was between 6 and 74 months.

Thirteen patients had an excellent or very good recov-
ery, whilst 3 of them had good results.

In only one patient we had a poor result. The patient had
a crush injury and we used 2 tubes for the index and one
tube for the middle finger. He also presented open frac-
tures of the phalanxes and tendon injury (very complex
lesion). Anyway he is satisfied for the resolution of pain.

We had no cases of extrusion of the polyglycolic acid
tube.

Part of this series was compared with biologic conduit
repairs showing similar results [36].

End-to side neurorraphy

Sometimes, trauma may create an avulsion injury of the
peripheral nerve by means of traction — elongation
forces: the nerve may be avulsed at its origin from the
spinal chord or when it comes into contact with the final
target (muscle or sensory receptors). These lesions can-
not be repaired by means of sutures or grafts because
there are not two nerve stumps to be faced.

In case of root avulsion Carlstedt recently proposed
the reimplantation of the roots into the spinal chord [8].
For the moment this is an experimental technique: it has
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been utilized by Carlstedt only in selected cases and the
evaluation of the results is still in progress. Several
authors have described the use of sound nerves to be
transposed on the distal injured nerves (nerve transfers
or neurotizations). In these type of lesions various
nerves may be used for these “‘neurotizations”: intercos-
tal nerves (generally to reconstruct the musculocuta-
neous nerve) [32], the XI cranial nerve or the cervical
plexus [1, 7], contralateral C7 root [12], some funiculi of
the ulnar nerve for the musculocutaneous nerve [33]. We
personally reported a neurotization technique that is not
used for avulsion injuries but rather to improve the
results of very proximal ulnar nerve lesions [4]. We
use two terminal branches of the median nerve (the the-
nar sensory branch and the motor branch for the pronator
quadratus muscle) to neurotize the ulnar nerve at the
wrist thus obtaining a distal, topographical reconstruc-
tion with faster recovery.

Recently, a new technique of nerve repair has been
described to solve avulsion injuries or when the proxi-
mal cut nerve stump is not available for traditional end-
to-end repair: the “‘end-to-side’ suture. The coaptation
of a distal severed nerve stump laterally to a sound
neighboring nerve gave good nerve regeneration in sev-
eral experimental works [44], and some clinical reports
[22] seem to suggest a promising role for this technique
in special selected cases.

The renewed interest in termino-lateral (end-to-side)
neurorrhaphy (TLN) since its reintroduction by Viterbo
et al. [45] in 1991, has resulted in many studies aimed at
elucidating the potentiality and limits of this surgical
approach to nerve repair. One of the main points in favor
of TLN, in comparison to other nerve repair methods, is
represented by the possibility to recover the function of a
damaged nerve without loosing the function of a donor
nerve. However, despite the body of experimental data
supporting the effectiveness of nerve regeneration in
TLN, few studies have reported the clinical employment
of this surgical technique so far, and therefore scientific
data on its clinical efficacy are poor and contrasting. One
of the possible explanations of the caution of surgeons is
that, so far, data in favor of the recovery of the voluntary
control of the motor function of a nerve restored by TLN
are very poor. It has been demonstrated that TLN leads
to partial recovery of the function of the repaired nerve
[16, 24, 30, 41, 49, 50]. Kallianen et al. [14] have even
find out that there is no statistical significant difference
in the mechanical function of skeletal muscles reinner-
vated by TLN versus end-to-end neurorrhaphy. A still
unanswered question is: can functional reinnervation
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obtained by TLN become independent from the func-
tional activity of the donor nerve? In other words, will
the two functions controlled by the same donor nerve
eventually be under a separate voluntary control or will
they remain reciprocally bound? Furthermore, the side
effects of TLN on the donor nerve have not been exten-
sively studied yet.

Another area of controversy has been the source of
regenerating axons to the distal nerve after TLN. The
possibilities are: (1) invasion from donor nerve axons
that were damaged during nerve preparation, or (2) from
collateral (nodal) sprouting from the TNL site. In fact,
some authors [37] distinguish between end-to-side coap-
tations in which the surgeon deliberately or involuntary
transects donor nerve axons (the majority of cases
according to Rovak) from coaptations in which the sur-
geon attempts to leave the donor nerve axons intact.
True collateral sprouting has been confirmed in elegant
double-labelling studies [3, 23, 50]. Collateral sprouting
to the recipient nerve occurs from the nodes of Ranvier
[2]. Normal, uninjured sensory axons spontaneously
sprout de novo, but motor axons may need to be injured
to sprout [39, 40]. Matsumoto et al. [29] demonstrated
that invasion of the Schwann cells from the distal seg-
ment into the epineurium of the donor nerve is critical in
initiating collateral sprouting from intact axons.

An important theorical and technical point is the ne-
cessity to create an epineurial window when performing
an end-to-side repair. Epineurium may constitute a bar-
rier to a good axonal sprouting, but leaving it intact may
avoid involuntary lesions to the sound donor nerve. Ex-
perimental data have shown that TLN leads to reinner-
vation of the peripheral territories belonging to the
severed nerve, also without an epineural window [21,
24, 48]. Whilst, Rovak’s review states that axon damage
occurs with any degree of invasiveness, and TLN effica-
cy mirrors the spectrum of invasiveness; therefore the
amount of damage inflicted upon the donor nerve at the
time of coaptation is probably the most important factor
in determining the success of a TLN repair.

To really understand the clinical effectiveness of end-
to-side repairs we also did an experimental research on
rats [35] aiming at demonstrating the residual damage in
the donor nerve and the real functional recovery by
means of functional tests. In this study, the severed rat
median nerve was sutured in an end-to-side fashion to
the intact ulnar nerve. The progression of recovery of the
flexion of the fingers was assessed by means of the
grasping test. Seven months after surgery, the animals
were sacrificed and morphological and morphometrical
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analysis was performed on the regenerated median nerve
and on the donor ulnar nerve. Results of the functional
assessment showed that voluntary motor control of the
muscles innervated by the median nerve was partially
and progressively recovered by termino-lateral neuror-
rhaphy with a mean strength in the flexion of the fingers
that reached about 20% of the normal before sacrifice.
Morphological and morphometrical analysis showed that
nerve fiber regeneration occurred in all repaired median
nerves. Signs of nerve fiber atrophy were detected in the
ulnar nerve distally to the point of suture suggesting the
possible occurrence of a secondary damage to the donor
nerve after termino-lateral neurorrhaphy that should be
taken into consideration in the clinical perspective.

We recently presented also our clinical experience: we
used this technique in selected cases of brachial plexus
lesions [9] alone or together with other traditional
repairs: 80% were considered fair or poor results. Then,
the majority of poor results let us think that end-to-side
repairs may lead to some clinical recovery but it is often
unpredictable. In our hands this could be due to incorrect
indications (TLN performed on mixed nerves) or to
technical mistakes.

We also performed 6 TLN repairs for sensory nerves
lesions (mainly digital nerves lesions repaired by suture
of the damaged distal nerve stump to the other sound
collateral digital nerve) with a good percentage of sen-
sory recovery (5 cases): S3+.

Then, the use of end-to-side neurorrhaphy in the clin-
ical setting for motor recovery remains controversial.
Motor reconstruction in the absence of available proxi-
mal nerve is best handled by nerve-to-nerve transfers
(neurotizations). We use end-to-side neurorrhaphy in
sensory nerve reconstructions (especially digital nerves)
in cases in which the distal nerve ends would remain
without a source of proximal neurons. For motor repairs
we suggest to limit this technique to well selected cases
in which no other reconstruction is possible.
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Summary

Background. The importance of Schwann cells in promoting nerve
regeneration across a conduit has been extensively reported in the lit-
erature, and Schwann cell motility has been acknowledged as a pre-
requisite for myelination of the peripheral nervous system during
regeneration after injury.

Methods. Review of recent literature and retrospective analysis of our
studies with genetically modified Schwann Cells with increased motility
in order to identify the underlying mechanism of action and outline the
future trends in peripheral nerve repair.

Findings. Schwann cell transduction with the pREV-retrovirus, for
expression of Sialyl-Transferase-X, resulting in conferring Polysialyl-
residues (PSA) on NCAM, increases their motility in-vitro and ensures
nerve regeneration through silicone tubes after end-to-side neurorraphy
in the rat sciatic nerve model, thus significantly promoting fiber matura-
tion and functional outcome. An artificial nerve graft consisting of a type
I collagen tube lined with the genetically modified Schwann cells with
increased motility, used to bridge a defect in end-to-end fashion in the rat
sciatic nerve model, was shown to promote nerve regeneration to a level
equal to that of a nerve autograft.

Conclusions. The use of genetically engineered Schwann cells with
enhanced motility for grafting endoneural tubes promotes axonal re-
generation, by virtue of the interaction of the transplanted cells with
regenerating axonal growth cones as well as via the recruitment of
endogenous Schwann cells. It is envisaged that mixed populations of
Schwann cells, expressing PSA and one or more trophic factors, might
further enhance the regenerating and remyelinating potential of the
lesioned nerves.

Keywords: Peripheral nerve regeneration; Schwann cells motility;
polysialylated neural cell adhesion molecule, end-to-side nerve grafting,
end-to-end nerve grafting.

Introduction: the problem

Peripheral nerve injuries are associated with considerable
disability, due to loss of motor and sensory function,
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and represent one of the most challenging microsurgical
problems. The prognosis becomes even worse in the
case of a nerve defect that prohibits end-to-end neuror-
raphy. Interposition of a nerve graft minimizes the
hazardous tension [25] but forces regenerating axons
to cross two coaptation sites, with subsequent loss of
fibers at each suture line. Due to the limited availability
of nerve autografts and the associated donor site morbid-
ity, new treatment modalities have been sought. Nerve
tubes [4, 14, 23, 38]; and end-to-side neurorraphy
[21, 27, 28, 36, 37, 40, 41]; are potentially of enormous
therapeutic value. Tubes of different materials, either
autologous [14, 38]; or synthetic [4, 23]; have yielded
promising results in bridging short nerve gaps. However
in every animal model investigated, the 3 cm nerve gap
appears to be the critical distance above which a hollow
conduit will not support nerve regeneration [5]. The fact
that the usual clinical situation involves nerve gap
greater than 3cm, led investigators to pre-load nerve
tubes with exogenous cells [12, 31]; or growth factors
[17, 11]; in order to manipulate and improve the micro-
environment through which axons regenerate.

End-to-side neurorraphy also presents the potential
to reduce the re-innervation distance. Despite promising
results from experimental studies [21, 27, 28, 36, 37, 40,
41]; further investigation is required to understand the
underlying mechanism and to identify factors promoting
axonal regeneration after terminolateral neurorraphy, in
order to achieve constant and reproducible results prior
to clinical use.

There is no doubt that axonal regeneration after nerve
repair is far from perfect by all currently used methods.
Consequently, our research for the development of new
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therapeutic strategies has to profit at many levels from
the advances in cellular and molecular neurobiology of
the peripheral nerve system, that may have important
clinical impact.

Schwann cell: the biology

The behavior of Schwann cells (SCs) has been acknowl-
edged as the key in Wallerian degeneration and sub-
sequent regeneration for over a century [30]. After
peripheral nerve injury, SCs migrate and form bridges
between the severed ends, facilitating growth cone nav-
igation, axonal re-ensheathment and elongation [39].
Schwann cells produce basal lamina components, such
as laminin and collagen type IV, and secrete a variety of
growth factors like nerve growth factor, fibroblast growth
factor 1 and 2, insulin like growth factor 1 and 2, brain-
derived growth factor, ciliary neurotrophic factor, neu-
regulin and neurotrophin-3. Interestingly, experimental
studies demonstrated that regrowing axons do not elon-
gate through acellular nerve grafts or if SC migration is
impeded. In contrast, if the graft contains SCs, this has a
positive effect both on the functional recovery and the
graft’s ability to bridge larger defects [13].

Schwann cell motility is considered as a prerequisite
for myelination of the peripheral nervous system during
regeneration after injury [24]. Several authors have fo-
cused on identifying factors capable of eliciting Schwann-
cell migration. Growth factors such as [-neuregulin
[24, 22], insulin-like growth factor [3] and neural cell
adhesion molecule (NCAM) [33] have been identified to
promote SC migration in vitro. NCAM belongs to the
immunoglobulin (Ig) superfamily, displays homophilic
and heterophilic binding activities and is highly express-
ed on the surface of axons and SCs during nervous sys-
tem development and after peripheral nerve injury [32].
Its properties are strongly influenced by polysialylation,
and the carbohydrate polysialic acid (PSA) attached
uniquely to NCAM, through a developmentally regulat-
ed process, modulates neural cell interactions [16], pro-
motes neurite outgrowth [6] and has been correlated
with cell migration during remyelination [2, 29].

Schwann cells enhanced motility: in vitro studies

Cultured SCs were transduced with the pREV retrovirus
[20] encoding for Sialyl-Transferase-X (STX), the en-
zyme that converts NCAM to the polysialylated form
PSA-NCAM [2] as described previously [18]. The trans-
duction efficiency was verified with immunohistochem-
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Fig. 1. STX-transduced Schwann cell migration within the scratch
area. Cells were grown to confluency and a cell-free area, | mm in
width, was generated. Micrographs represent digitized phase-contrast
images obtained at zero time and 12 h after scratch formation. Note the
reduction in the gap width after 12 h. Scale bar =80 pm

istry for PSA. Schwann cell phenotype was assessed
with a-GFAP and a-S-100 immunohistochemistry, and
was found not to been affected by the transduction pro-
cedure. The migrational behavior of SC was assessed
with a gap-bridging assay, that efficiently permits the as-
sessment of effector molecules on SC migration (Fig. 1)
[24]. The in vitro motility assay showed that the motility
of STX-transduced SCs’ was significantly higher com-
pared to control cells throughout the observation period.

Schwann cells were then used to line silicone tubes. In
order to make the cells traceable, a solution of Dil in
DMSO was added to a final concentration of 25 pg/ml
Dil in medium and the cells were incubated for 15 min.
The Dil-containing medium was washed off and the
cells were detached from the dish, centrifuged and re-
suspended in a concentration of 12 x 10°/ml in medium.

Using a Hamilton syringe, the suspension was in-
jected into the lumen of the silicon tubes that had been
pre-treated with 5pg/ml PPL and had been left to
dry. The cell suspension was left for 2 h in the incubator
with no extra medium, so as to allow the cells to attach
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to the tube wall. Then, medium was added to the petri
dish to completely cover the tubes. For documentation
of the presence of living SCs, silicone tubes were photo-
graphed using the inverted microscope and then used for
transplantation. Some tubes were not transplanted but
kept for up to 1 month in vitro to assess survival (Fig. 2).

Fig. 2. Fluorescently stained Schwann cells lining the lumen of a sili-
cone conduit, kept in vitro for 1 month after seeding. Scale bar =40 pm

Collagen tube

Fig. 3. Schwann cells in longtitudinal view of unsectioned silicone
tube (A) and in cross section of cryosectioned collagen tube (B), that
had been kept for 2 days in vitro. Immunostaining for Schwann cell
marker GFAP reveals the presence of immunoreactive living Schwann
cells. Scale bars =40 um

Distal
neurorraphy

End-to-side
neurorraphy

Fig. 4. Light microscopy of the silicone tubes in situ, revealed that the
newly formed nerve-like structure was surrounded by a plethora of
viable, stained and unstained control Schwann cells (black dots). This
means that the implanted cells have survived (as the AP marker is not
expressed by endogenous cells), and that endogenous cells have also
been recruited in the graft. Expression of STX on Schwann cell
membranes is postulated to enhance the recruitment of endogenous
SCs. Scale bar =50 um

A similar procedure was followed to line type I col-
lagen tubes, but in this case SCs were traced by using an
Alkaline Phosphatase (AP) expressing retrovirus instead
of Dil [20]. AP-tracing was only applied to control cells
(Fig 4). The survival, biochemical phenotype and mor-
phology of the SCs is not affected by their transduction
by either the AP or the STX retrovirus [18], so the pre-
sence of AP-transduced cells in the tubes can be used as
an index of survival for both AP- and STX- expressing
SCs. Immunostaining cryosectioned collagen tubes that
had been kept for 2 days in vitro for SC markers GFAP
and S-100 revealed the presence of immunoreactive
cells, thus demonstrating the viability of the cellular
population that had been grafted (Fig. 3).

Schwann cell enhanced motility: in vivo studies

End-to-side nerve grafting

In our earliest studies we investigated nerve regeneration
after end-to-side neurorraphy in the rat sciatic nerve
model. A nerve graft or silicone tube was sutured termi-
nolateral to the perineurium of the intact tibial nerve and
its distal end was sutured to the distal peroneal stump
[7]. A 100% regeneration rate through nerve grafts was
achieved, compared to 40% through the hollow silicone
tubes. Al-Qattan and Al-Thynyan [1], in the same ani-
mal model, sutured a nerve graft or silicone tube termi-
nolateral to the perineurium of an intact nerve but its
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distal end was not attached to a distal nerve stump. The
authors demonstrated 50% regeneration rate through the
nerve grafts, but they failed to demonstrate nerve regen-
eration through the silicone tubes. The findings of the
two comparable studies clearly indicate the necessity of a
distal nerve stump. The microenvironment of a regrow-
ing axon is mainly composed of its ensheathing SC and
the distal nerve stump is a persistent source of SCs. The
cells emerging from the distal stump have the ability to
migrate more than a few mm into the surrounding con-
nective tissue [34]. The presence of a short inter-stump
gap (10mm) in this experimental model [7] seems to
facilitate SC migration from the distal stump towards
the growth cone, thus supporting regeneration after end-
to-side neurorraphy through hollow silicone tubes in
40% of cases.

In an effort to improve these results, silicone tubes
were lined with cultured Schwann cells [7]. The presence
of SCs ensured significantly higher regeneration rate in
silicone tubes (87%), as compared to 40% in hollow sili-
cone tubes in the previous study, and comparable to that
of nerve grafts (100%). Moreover, the presence of SCs in
the lumen of the silicone tubes improved fiber maturation,
as indicated by the increased fiber diameter and myelin
thickness. Despite the presence of SCs into the lumen of
the silicone tubes, nerve regeneration was not ensured
in all cases. Thus, it was very important to identify ad-
ditional parameters, which would facilitate and promote
nerve regeneration after terminolateral neurorraphy.

The fact that SC motility is a prerequisite for myelin-
ation during peripheral nerve regeneration [24] stimu-
lated our interest to make use of the in-vitro tested SCs
with increased motility. Silicone tubes were lined with
STX-transduced SC and were used for end-to-side nerve
grafting, in the same animal model. Regeneration was
achieved in all cases, indicating that this reconstruction
method, as well as nerve grafting, ensures nerve regen-
eration after end-to-side neurorraphy [8]. The presence
of STX-transduced SC into the lumen of the silicone
tubes improved regenerated fiber maturation, as indicat-
ed by the significantly higher fiber diameter and myelin
thickness, compared to all other reconstructive methods
used. Most importantly, walking track analysis dem-
onstrated that the functional outcome was significantly
better [8].

End-to-end nerve grafting

These initial promising results prompted us to use STX-
transduced SC in end-to-end nerve grafting, this time in
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a bio-degradable artificial tube. Semipermeable collagen
matrix has been proved to permit nutrient exchange and
accessibility of neurotrophic factors to the axonal
growth zone during regeneration [19, 15]. The clinical
application of type I collagen tubes in bridging short
nerve gaps, motivated our decision to use collagen type
I tubes as the matrix to line the cultured SCs. Our in-
vitro studies demonstrated that SCs remained attached
and viable to the wall of the collage tubes indicating the
appropriateness of this artificial nerve graft as a potential
nerve guiding matrix. Therefore we designed a new arti-
ficial nerve graft consisting of a type I collagen tube
lined with STX-transduced SC with increased motility
[9], and we investigated its efficacy in bridging nerve
gaps in end-to-end fashion in our established rat sciatic
nerve model [10, 11].

The results of the in-vivo study confirmed the bio-
compatibility and long-term stability of type I collagen
tubes, and most importantly demonstrated that the bio-
degradation of the tubes was slowly enough to maintain
a stable support structure for extended regeneration
processes.

The different reconstructive methods (nerve graft,
acellular collagen tube, collagen tube lined with SCs
and collagen tube lined with STX-transduced SCs) did
not significantly influence the number of regenerated
fibers, among the different experimental groups, but re-
sulted in significant differences in fiber diameter and
myelin thickness. The presence of SCs (non-transduced)
in the lumen of the collagen tubes improved both fiber
diameter and myelin thickness compared to acellular
collagen tubes. The presence of STX-transduced SCs
further improved fiber diameter and myelin thickness,
and achieved results comparable to that of nerve auto-
grafts. Motor function, as measured by the walking pat-
tern test, was superior in animals treated with collagen
tubes lined with STX-transduced SCs and nerve grafts
compared to acellular collagen tubes and tubes lined with
non-transduced SCs. This finding was verified by the
faster recovery of the compound muscle action potential
in the group treated with STX-transduced SCs, which
reached the normal value at 8 weeks postoperatively.

The better histological-morphometric results seen in
the collagen tubes lined with STX-transduced SCs were
matched by significantly better functional outcome over
acellular collagen tubes and SCs lined collagen tubes.
Most importantly, collagen tubes lined with genetically
modified SCs with increased motility achieved qualita-
tively equivalent nerve regeneration with the gold stan-
dard of nerve autografts.
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Underlying mechanism of action of genetically
modified Schwann cells in peripheral nerve
regeneration

The superior results seen with STX-transduced SC are
most likely attributable to their migration behavior.
Three lines of evidence point to this conclusion: first,
there is strong in vitro evidence of the SC viability into
the lumen of both silicon and collagen tubes. Second,
the phenotype of the transduced cells does not seem to be
influenced in any other way, as assessed by morphology
and a-GFAP and a-S100 immunocytochemistry. Third,
there is bibliographical evidence that SC motility is a
prerequisite for myelination of the peripheral nervous
system during regeneration after injury [1].

Understanding the mechanism underlying peripheral
nerve regeneration is the basis for adequate design of
novel therapeutic strategies for the treatment of injured
peripheral nerves. Wallerian degeneration occurs in the
distal nerve segment (secondary degeneration) and a few
nodes of the proximal nerve end (primary degeneration).
Axonal sprouting begins within 96 hours and prolif-
erating SCs support and myelinate the injured axons.
Experiments with autologous venous grafts used to bridge
10mm gap in the sciatic nerve model showed that axo-
nal advancement into the conduit consistently lags be-
hind SC migration, scaffold formation, and bridging of
the nerve gap [35].

Taking the above into account, the overall improvement
of nerve regeneration by STX-transduced SC transplan-
tation can be attributed to two events. First, transplanted
STX-transduced SCs constitute a favorable, more per-
missive environment for advancing axons [39]. Second,
transplanted SCs recruit endogenous SCs as well. In
Fig. 4 the newly formed nerve-like structure in the lumen
of the silicone conduit is surrounded by stained and un-
stained cells. This means that the implanted cells have
survived (as the AP marker is not expressed by endoge-
nous cells), and that endogenous cells have also been
recruited in the graft, thus supporting the regeneration
process. The enhanced motility of STX-transduced cells
is likely to cause them to have increased interactions with
native cells and thus accelerate the recruitment process.

The future: how to improve the results

The collagen type I tube lined with SCs with enhanced
motility is a promising artificial nerve graft [9], but it
requires further investigation in a primate animal model
in order to bridge longer nerve gaps, before proceeding
to clinical application.

Moreover, we currently investigate the feasibility of
transplantating STX-tranduced SCs to enhance motor
end-plate reinnervation after direct nerve-to-muscle neu-
rotization, with encouraging results.

Professor Millesi recently raised the question “How
to improve the results of peripheral nerve surgery?”” [26].
There is strong evidence that all efforts should be made
towards the engagement of microneural surgery with
molecular research. It is envisaged that mixed popula-
tions of SCs, expressing PSA and one or more trophic
factors, might further enhance the regenerating and re-
myelinating potential of lesioned nerves.
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Summary

Background. The gold standard to reconstruct a nerve defect is a
conventional autologous nerve graft. There may be a lack of such
grafts in severe nerve injuries. Alternatives to autologous nerve grafts
are needed.

Methods. We have developed a technique where mainly Schwann
cells are acutely dissociated from the ends of the severed nerve trunk
after nerve injury. The technique does not require long-term cell culture
procedures. The obtained cells, which can be dissociated within a few
hours, are applied to a silicone tube or a tendon autograft used to bridge
a nerve defect.

Findings. Dissociated cells from the ends of the severed nerve ends
consist of more than 85% of Schwann cells. The remaining cells are
EDI stained macrophages. The cells survive transfer to a silicone tube
or a tendon autograft which bridge the nerve defect. Axons do grow
through such a graft filled with dissociated cells.

Conclusion. Our novel model to obtain mainly Schwann cells by
dissociation of the cells from the severed nerve ends after injury and
add them to a matrix, thereby creating an artificial nerve graft, may be a
new technique with potential clinical application in nerve reconstruction.

Keywords: Schwann cells; nerve graft; macrophages.

Introduction

When a peripheral nerve trunk is severely injured creat-
ing a defect, the gold standard of reconstruction is nerve
grafting, preferably using an autologous nerve graft. In
some situations there may be a lack of graft material.
Furthermore, harvesting a nerve graft may create some
sequele at the donor site. Therefore there is a need
to develop alternatives to conventional nerve grafts.
A large number of different structures have been used
to experimentally bridge nerve defects, such as various
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designs of tubes and basal lamina preparation obtained
by freeze-thawing or extraction of muscles and nerves.
The structures can support regeneration but the extent of
regeneration is far from sufficient. Regeneration can be
improved if cultured Schwann cells are added to such
matrices. However, the technique to obtain Schwann
cells by culture is time consuming. These Schwann cells
are usually of isogenic origin since allogenic cells are
not an optimal alternative. It would be an advantage to
obtain the Schwann cells that have proliferated in the
stumps of the severed nerve trunk after the nerve injury
and add to a suitable matrix, especially if the cells can be
prepared during the nerve reconstruction procedure. For
that reason we have developed a method where particu-
larly Schwann cells from the nerve ends of the severed
nerve trunk are acutely dissociated and added to two
different tube structures, a silicone tube or a tendon au-
tograft, to bridge nerve defects. In this minireview we
will describe the procedure and results based on pub-
lished papers [1, 6].

The procedure of dissociation of cells

In rats the sciatic nerve on one side was transected with-
out any attempt to repair the nerve injury. One week
later the animals were reanaesthetised and a 2-3 mm
long piece of each end (proximal and distal end) of the
severed nerve trunk was removed. The nerve pieces
were placed in 0.25% collagenase A and D in the culture
medium RPMI-1640 and incubated for two hours in 37°.
The treated nerve pieces were dissolved through re-
peated pipetting and transferred to a tube containing 10
or 15% bovine albumin in culture medium. The mixture
was centrifuged for 10 min, the supernatant was removed
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and the cells were washed in phosphate-buffered saline.
The cell pellets were resuspended in plasma or culture
medium.

The obtained dissociated cells consist particularly of
Schwann cells achieving 81-88% of the recovered
cells. The remaining cell types are mainly ED1 positive
macrophages. The number of living cells that could be
obtained from the proximal and distal nerve stumps
reach up to 3 x 10° living cells which is somewhat lower
than are presented when implanted cultured Schwann
cells are used (range from 4 x 10° to 2.4 % 106, [3, 5D).
However, one should consider that in the latter proce-
dure cells may die from mild rejection even if they are
isogeneic.

Creation of a matrix containing acutely
dissociated cells

In our two previous studies [1, 6], we have used a sili-
cone tube or an autologous tendon membrane, obtained
from the tail tendons of the rat, to create a matrix that
could harbour the dissociated cells (Fig. 1).

1
== -~ Sciatic nerve

R Ese

7 days predegeneration
= ;_ =

Enzymatic digestion
Dissociation of Schwann cells

Schwann cell pretreats

—.1 tendon autograft

Approx. 6 h

Fig. 1. The procedure in which cells are acutely dissociated by enzy-
matic digestion from the proximal and distal nerve stumps and applied
to the tendon membrane used to bridge nerve defect. Reproduced by
kind permission from Scand J Plast Reconstr Surg Hand Surg [1]
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Nerve regeneration

In short term experiments (up to 10 days) neurofilament
positive axons could be seen in the 10 mm long tendon
autografts that were used to bridge a nerve defect. The
axonal outgrowth was significantly longer after a week,
but not at later time intervals, in tendon autografts that
were filled with acutely dissociated cells. However, the
regeneration rate was not different in tendon autografts
filled with dissociated cells than in empty tendon auto-
grafts which could be based on the fact that Schwann
cells had migrated from the proximal and distal nerve
segments forming a continuous Schwann cell cable at
later time points. This indicates that acutely dissociated
cells may be of importance during a short time interval
in limited rat sciatic nerve defects. However, this new
principle may be more successful in long nerve grafts.
In more long-term experiments (one month) [6], we
analysed nerve regeneration in silicone tubes with and
without acutely dissociated cells. In such experiments, a
new nerve-like tissue structure was formed between the
proximal and distal nerve stumps as previously seen in
animals and humans [2, 4]. We particularly investigat-
ed the effects of adding acutely dissociated cells to the
silicone tube and evaluated results four weeks after the

Fig. 2. Longitudinal section of the content of a silicone tube four
weeks after bridging severed rat sciatic nerves with neurofilament
positive axons (green) and Schwann cells (large oval nucleus) and
inflammatory cells (small round nucleus) are seen (large and thin
arrows, respectively). Reproduced by kind permission from Scand J
Plast Reconstr Surg Hand Surg [6]
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implantation procedure. After one day the cells were
evenly distributed throughout the formed cable in the
silicone tube. Regenerating neurofilament positive nerve
fibres were organised into regenerating units with a well-
developed perineurium surrounding the nerve structure
at four weeks, but the width of the structure was not larg-
er if dissociated cells were added to the tube. However,
the area of Schwann nuclei were significantly larger in
tubes where dissociated cells were added (Fig. 2).

The axons that regenerated through a silicone tube
with dissociated cells were more evenly distributed in
the distal nerve segment compared to axons that had
grown through an empty silicone tube. Furthermore, the
cross-sectional area of nerve fibres (detected by neuro-
filament reactivity in the distal nerve segment) was sig-
nificantly higher at four weeks when dissociated cells
had been added to the silicone tube.

Conclusion

The present model, where cells, consisting mainly of
Schwann cells, are acutely dissociated from the severed
nerve ends and added to a matrix, can be used to bridge
nerve defects [1, 6]. Previous conventional methods
to apply Schwann cells to matrices include cultured
Schwann cells which may take up to six weeks to obtain.
The present method is much more rapid (h) and has
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potential to be used clinically in the future. However,
more developmental work is needed to for example im-
prove the dissociation process and technique of cell ap-
plication to the matrix, evaluate the optimal time of
predegeneration and to evaluate the procedure in differ-
ent models to find out which are the most favourable
nerve defects that can be bridged.
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Summary

At the moment autologous nerve grafting remains the only reasonable
technique for reconstruction of peripheral nerve defects. Unfortunately,
this technique has a lot of complications and disadvantages. These
problems are related to the autologous nerve that is harvested for this
procedure. Donor site morbidity with loss of sensitivity, painful neuroma
formation and of course the restricted availability of autologous nerves
stimulates the idea for alternative techniques on that field. In this paper
we describe our experience with different graft materials for reconstruc-
tion of a 2cm nerve gap in a median nerve model in rats.

After implantation of various materials (biological/synthetic) the
main experiments were conducted with a synthetic, biodegradable nerve
conduit seeded with autologous Schwann cells. With this material we
were able to reconstruct successfully a 2 cm gap in the rat median nerve.
Regeneration with this material was found to be equally to an autologous
nerve graft.

Keywords: Epsilon-caprolactone; nerve repair; nerve conduit; rat
median nerve; Schwann cells.

Introduction

The procedure of autologous nerve grafting remains the
golden standard for reconstruction of peripheral nerve
defects [6]. An autologous nerve, most commonly the
sural nerve, is harvested and transplanted into a gap be-
tween two nerve stumps. The main problem with this
technique is found in the harvesting area were numbness
remains and painful neuroma formation is possible.
Furthermore, grafting material is available only to a lim-
ited extent. Thus, especially in the case of very extensive
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nerve injuries (brachial plexus) a complete reconstruc-
tion seems to be impossible [7].

Therefore, and due to restricted regeneration rates
achieved by this technique, in the past various materials
were suggested to replace autologous nerve grafting.
These different materials can be divided in two groups:
biological and synthetic materials. Moreover, synthetic
conduits may be differentiated into resorbable and non-
resorbable [4].

Among biological materials especially veins have been
proposed as favourable transplant since this material
demonstrated successful regeneration across short gaps
with only limited donor-site morbidity and sufficient
availability [3]. To circumvent the problem of veins to
collapse, skeletal muscles with a higher mechanical sta-
bility and an axial structure (muscular laminin) as guid-
ing substratum for regenerating axons were proposed as
an alternative approach [2].

Among synthetic nerve guides the first material intro-
duced were non-resorbable silicon tubes described by
Lundborg. After successful reconstruction, these foreign
bodies induced compression syndromes making a sec-
ond surgical intervention necessary to remove the tubes
[5]. Therefore, in the following years material specialists
focused their work on developing resorbable nerve con-
duits with defined degradation profiles and characteris-
tics. Efforts aimed to adjust the time point of implant
disintegration to allow sufficient time for axonal regen-
eration and furthermore to choose polymer components
that limit the amount of adverse degradation products
(lactate, oxygen radicals, etc.).
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We found these characteristics in a trimethylencar-
bonat-e-caprolacton polymer (TMC/CL) [8]. Our first
in vivo experiments revealed that the degradation time
of the selected nerve guide implants were around six
months. To foster axonal regeneration, we decided to
co-implant autologous Schwann cells (SC) inside the
tubes in order to profit from nerve growth factors and
other neurotrophic factors that were physiologically
synthesized by these cells [10]. The viability of the cells
inside the nerve guide tubes was proven in a former in
vitro study and was secured by the micro porous struc-
ture of the polymer wall [8]. In this work we describe
our experience with different materials for tubulization
of peripheral nerve defects as an alternative to autolo-
gous nerve grafting. Moreover, we present results from a
study with a trimethylencarbonat-¢-caprolacton polymer
guiding tube in conjunction with syngenic Schwann
cells for reconstruction of a 2cm gap in a rat median
nerve model [9].

Materials and methods

Animal model

For our experiments we used female inbred Lewis rats. The rats weighed
200-220 g. The median nerve model (see below) was used because it
provides an easy way to monitor neuronal regeneration by a quantitative
functional test, i.e. grasping. All experiments were conducted following
strictly the German and European guidelines for animal research.
Animals were observed for nine months.

Conduits

First, autologous veins were harvested from the upper extremity of the
animals and interposed into a musculocutaneous nerve in order to train
the surgical expertise for the handling of the material (n=4) (Fig. 1).

Fig. 1. Vein implant. Depicted is a fresh implanted vein in a gap
across the musculocutaneous nerve in a rat. Note the collapse of the
venous wall

N. Sinis et al.

Fig. 2. Silicone tube implant. Silicon tube that is introduced across
a 2cm defect in a median nerve. The needle is damaged due to the
stiftness of the material

Fig. 3. Collage tube implant. Implanted collagen tube in a rat median
nerve. Note the size-mismatch between the lumen and the nerve

In a second series, non-resorbable silicone tubes were introduced into
2 cm defects in a severed median nerve (n=2) (Fig. 2). Finally, before
starting with the main experiments four additional animals received a
resorbable collagen tube (Neuragen™, Integra Neuroscience; USA)
(Fig. 3) [1]. The majority of animals received a TMC/CL polymer to
guide regenerating axons across a 2cm defect in the rat median nerve.
We designed our protocol as follows:

Group 1: no operation (n=22); group 2: autologous nerve graft
(n=22); group 3: empty TMC/CL conduit (n = 16); group 4: TMC/CL
CL conduit and SC (n=22).

Functional test

For functional evaluation the grasping test described by Bertelli and
Mira was used. It is based on the inability of rats to flex their digits
after median nerve transection. After successful reconstruction of the
nerve the rats gain back the ability to flex the forepaw. The force
developed by this manoeuvre can be measured using an electronic
balance and a wire grid while pulling the animals gently at their tails.
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Target muscle regeneration

For further information about the state of regeneration, the flexor digi-
torum sublimis muscle was additionally harvested and weighed. This
muscle reflects median nerve regeneration since it is specifically inner-
vated by that nerve.

Histology

For a general overview specimens were stained with Nissl stain. Specific
staining with antibodies was performed with a Schwann cell marker
(S-100) and a pan axonal marker (PAM). Finally, electron microscopy
was used to assess the integrity of neural tissue.

Eletrophysiology

The nerve conduction velocity was analyzed using a NIM-Pulse™
electrophysiological device from Medtronic, USA. The measurement
was carried out before animals were sacrificed in a supine position in
a standardized stimulation paradigm (same stimulation site).

Results

Venous grafts demonstrated pronounced luminal insta-
bility. Another disadvantage was the need for a second
surgical step to harvest the vein before nerve reconstruc-
tion. Due to adverse implant characteristics, animals
subjected to this procedure were monitored only up to
four weeks. Silicon tubes used for implantation, demon-
strated another problem that had to be handled by the
surgeon, i.e. stiffness and rigidity. That means especially
the microsurgical application of the material may be
hampered by a damage of the needle that was observed
in all cases (Fig. 2). Collagen tubes revealed another
problem. All the tubes provided by Integra had an inter-
nal diameter of 2 mm that was by far too wide for the rat
median nerve (Fig. 3). Consequently we proceeded with
the experiments with the TMC/CL tubes which at an
early state had their own problems as well. This was a
too rapid degradation that led to broken prostheses after

Fig. 4. Broken TMC/CL tube four weeks after implantation
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only a few weeks in vivo (Fig. 4). This problem was
solved by the reduction of the radiation time of that
material in order to prolong degradation. A certain de-
gree of radiation which also breaks chemical bonds of
the polymer, is needed for sterilization of implants.

After nine postoperative months, the functional regen-
eration in group 2 and 4 demonstrated a complete regen-
eration compared to the non-operated animals. Group 3
animals (TMC-CL tube without SC) showed no func-
tional regeneration during the complete observation per-
iod. Furthermore, the measurement of the muscle weight
revealed comparable data among groups 2 and 4 (gr. 2:
71.86 £2.03, gr. 4: 67.12 £ 1.25 [% of control]) while
animals supplied with an empty tube demonstrated a
progressive atrophy (gr. 3: 13.96 £ 1.29 [% of control]).
These observations were supported by the histological
analyses that confirmed the presence of intact axons with
surrounding myelin sheaths at the distal coaptation point
of the specimens gathered from groups 2 and 4. In ani-
mals from group 3 no axons were found. Finally, the
measurement of the nerve conduction velocity displayed
no statistical significant differences among the groups 1,
2 and 4, while animals supplied with an empty tube did
not display any recordable potentials.

Discussion and conclusion

In an in vivo study of various nerve conduits for restora-
tion of a peripheral nerve gap of 2cm in a rat median
nerve model, we found a trimethylencarbonat-c-capro-
lacton polymer to provide ideal characteristics for nerve
regeneration. The regeneration induced by this material
in conjunction with cellular elements, namely Schwann
cells was comparable to that obtained with an autologous
graft. In contrast, an empty tube was not sufficient to
induce regeneration across this distance as judged from
functional (grasping test), electrophysiological, and histo-
logical parameters and from the weight of the flexor digi-
torum sublimis muscle innervated by the median nerve.
Other materials were chosen as well for application
across a nerve gap in rats. These materials demonstrated
various disadvantages. Venous grafts showed to be insta-
ble across longer defects while an inappropriate stiffness
was found with silicon tubes that made it impossible for
implantation across joints leading into immobilization
and ankylosis of the joints. The material provided by
Integra had an unacceptable large diameter for applica-
tion in that model. The smallest diameter was about
2 mm raising the question whether this is enough for a
small finger nerve in man. However, the advantage of
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these collagen tubes is the resorbable character of the
material while exact resorption time remains to be eval-
uated [1].

Reviewing our results, it seems that cellular elements,
especially those producing neurotrophic factors are most
helpful to drive a successful regeneration across large
nerve gaps. Further improvement of the nerve conduits
is still needed. Though in group 4 animals (nerve guide
tube with SC) functional regeneration was found re-
sulted, the onset and the velocity regeneration was still
behind of that observed in the autologous group.
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Summary

Introduction. Nerve tubes seeded with cultured Schwann cells have
become a promising alternative to nerve autografts. However, the func-
tional results of these bioartificial cellular grafts remain to be improved.
To imitate the three-dimensional structure of peripheral nerves, we
designed a Schwann cell-seeded intrinsic framework within a semi-
permeable biodegradable collagen nerve tube (Integra®).

Material and methods. In 90 rats a 25mm gap was created at the
sciatic nerve of the right lower limb. In group I, the gap was treated
using the “bioartificial nerve graft”. In group II, the tube filled with non-
seeded filaments was implanted in order to evaluate the influence of the
Schwann cells on regeneration. In group III, the gap was bridged using
an autologous nerve graft. For evaluation clinical testing, gait analysis,
electrophysiological conduction testing, tibialis anterior muscle weight
recording and axon counts from the distal nerve stump were used.

Results. There was a significant difference between the “bioartificial
nerve graft” (group I) and the non-seeded bioartificial nerve graft (group
II) indicating the importance of the living Schwann cells. Comparing the
results of the “bioartificial nerve graft” (group I) with the autologous
nerve grafts (group III), there was a significant difference in all the
examinations indicating a still slower regeneration in the artificial graft.

Conclusions. We conclude that the unique three-dimensional net
allowed the settlement of Schwann cells onto the biodegradable fila-
ments, which can be used as “artificial Biinger bands”. With further
refinements of the “artificial Biinger bands” and Schwann cell cultures
there should be improved functional and histological results in the
“bioartificial nerve graft” group.

Keywords: Tissue engineering; bioartificial nerve graft; nerve sub-
stitute; peripheral nerve.

Introduction
Nerve tubes seeded with cultured Schwann cells have

become a promising alternative to nerve autografts.
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However, the functional results of these bioartificial cel-
lular grafts remain to be improved. To imitate the three-
dimensional structure of peripheral nerves, we designed
to fabricate a Schwann cell-seeded intrinsic framework
within a semipermeable biodegradable collagen nerve
tube (Integra®).

Material and methods

In 90 rats a 25 mm gap was created at the sciatic nerve of the right
lower limb. In group I the gap was treated using the ‘“‘bioartificial
nerve graft” (Fig. la—f). In group II, the tube filled with non-seeded
filaments was implanted, in order to evaluate the influence of the
Schwann cells on regeneration. In group III, the gap was bridged using
an autologous nerve graft. For evaluation we were using clinical
testing, gait analysis, electrophysiological conduction testing, tibialis
anterior muscle weight recording and axon counts from the distal
nerve stump.

Results

There was a significant difference between the ‘“‘bioarti-
ficial nerve graft” (group I) and the non-seeded bioarti-
ficial nerve graft (group II) indicating the importance of
the living Schwann cells. Comparing the results of the
“bioartificial nerve graft” (group I) with the autologous
nerve grafts (group III), there was a significant differ-
ence in all the examinations indicating a still slower
regeneration in the artificial graft (Fig. 2).

Conclusions

We conclude that the wunique three-dimensional
net allowed the settlement of Schwann cells onto
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Fig. 1. Composition of the “Bioartificial Living Nerve Graft (BLNG)”.
(a) adult (isologous) Schwann cell culture, (b) seeding of adult
Schwann cells onto 6 x0 Vicryl filaments to imitate the band of Biinger,
(c) INTEGRA® tube, (d) Clinical aspect BLNG for reconstruction of a
2.5cm segmental defect of the sciatic nerve of the rat: day 1, (e)
Clinical aspect BLNG for reconstruction of a 2.5 cm segmental defect
of the sciatic nerve of the rat: after 6 months in situ, (f) Clinical aspect
BLNG for reconstruction of a 2.5 cm segmental defect of the sciatic
nerve of the rat: after 6 months after harvesting

BLNG without
Schwann-Cells

Group Auto TX

Myeline
sheath

S-100

auto TX BLNG mit SC  BLNG ohne SC

biphasic
potential
after direct i il
stimmulation B ol TR =N 1 a0 TX  BLNGmitSC  BLNG ohne SC

Muscle
weight
(dry)

auto TX BLNG mit SC BLNG ohne SC

Fig. 2. Results
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Summary

Introduction. In severe nerve lesion, nerve defects and in brachial plex-
us reconstruction, autologous nerve grafting is the golden standard.
Although, nerve grafting technique is the best available approach a
major disadvantages exists: there is a limited source of autologous nerve
grafts.

This study presents data on the use of tubular scaffolds with uniaxial
pore orientation from experimental biodegradable polyurethanes coated
with fibrin sealant to regenerate a 8 mm resected segment of rat sciatic
nerve.

Methods. Tubular scaffolds: prepared by extrusion of the polymer so-
lution in DMF into water coagulation bath. The polymer used for the
preparation of tubular scaffolds was a biodegradable polyurethane based
on hexamethylene diisocyanate, poly(e-caprolactone) and dianhydro-D-
sorbitol.

Experimental model. Eighteen Sprague Dawley rats underwent mid-
thigh sciatic nerve transection and were randomly assigned to two ex-
perimental groups with immediate repair: (1) tubular scaffold, (2) 180°
rotated sciatic nerve segment (control). Serial functional measurements
(toe spread test, placing tests) were performed weekly from 3™ to 12"
week after nerve repair. On week 12, electrophysiological assessment
was performed. Sciatic nerve and scaffold/nerve grafts were harvested
for histomorphometric analysis. Collagenic connective tissue, Schwann
cells and axons were evaluated in the proximal nerve stump, the scaf-
fold/nerve graft and the distal nerve stump.

The implants have uniaxially-oriented pore structure with a pore size
in the range of 2 um (the pore wall) and 75 x 700 pm (elongated pores in
the implant lumen). The skin of the tubular implants was nonporous.

Animals which underwent repair with tubular scaffolds of biodegrad-
able polyurethanes coated with diluted fibrin sealant had no significant
functional differences compared with the nerve graft group.

Control group resulted in a trend-wise better electrophysiological
recovery but did not show statistically significant differences.

Correspondence: Thomas Hausner, Research Center of the AUVA,
Austrian Cluster for Tissue Regeneration, Ludwig Boltzmann Institute
for Clinical and Experimental Traumatology, Vienna, Austria, e-mail:
thomas.hausner @lbitrauma.org

There was a higher level of collagenic connective tissue within the
scaffold and within the distal nerve stump. Schwann cells migrated into
the polyurethane scaffold. There was no statistical difference to the nerve
graft group although Schwann cell counts were lower especially within
the middle of the polyurethane scaffold. Axon counts showed a trend-
wise decrease within the scaffold.

Conclusion. These results suggest that biodegradable polyurethane
tubular scaffolds coated with diluted fibrin sealant support peripheral
nerve regeneration in a standard gap model in the rat up to 3 months.
Three months after surgery no sign of degradation could be seen.

Keywords: Nerve regeneration; tubular scaffolds; biodegradable;
allogenic nerve graft.

Introduction

Five basic possibilities are described by Millesi to man-
age a nerve defect [6].

1) Restoration of continuity by end-to-end coaptation.
2) Restoration of continuity by adding tissue. 3) By pass-
ing a defect by transfer of synergistic nerve fibers of equal
destination as suggested by Millesi and Schmidhammer
[3]. 4) By passing a defect by nerve fiber transfer from
another nerve if the proximal stump is lacking. 5) Nerve-
muscle neurotization if the distal stump is lacking.

The golden standard for bridging nerve defects and in
brachial plexus reconstruction is autologous nerve graft-
ing [1, 2]. However, there is a very limited source of
autologous nerve grafts. Thus, in the last decades with
the rapid advances in biomaterial technology, a number
of materials were tested for a nerve guiding function.
Different materials, such as polymers, silicone and col-
lagen were used for nerve tubes and nerve scaffolds [1].
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Fig. 1. Scanning electron micrographs of polyurethane tubular scaffolds with uniaxial pore orientation. (A) Cross-section perpendicular to the tube

longer axis; (B) Cross-section parallel to the tube longer axis

One major demand to those nerve guiding materials is
biodegradability within a short time. Additionally, these
biodegradable materials need to be mechanically stable
[5] at the site of coaptation to allow movement of the
nerve which is especially required in the joint regions.

The aim of this rat study was to investigate the ef-
ficacy of a biodegradable polyurethane scaffold with
uniaxial pore orientation in functional peripheral nerve
regeneration in an 8 mm defect in the sciatic nerve.
Focussing on nerve regeneration through the scaffold
functional results are discussed in context with electro-
physiological and histological data.

Material and methods

Experimental model

We used eighteen Sprague Dawley rats weighing 330-400g. In each
animal the right sciatic nerve was located midthigh. The nerve and its
branches were microsurgically dissected from the sciatic notch to the
hollow of the knee and isolated atraumatically from the surrounding
tissue.

Tubular scaffolds

The experimental biodegradable polyurethane used in the study was
based on hexamethylene diisocyanate, poly(e-caprolactone) and dianhy-
dro-D-sorbitol (K. Gorna, S. Gogolewski, AO/ASIF Research Institute,
Davos, Switzerland). The porous scaffolds were prepared by extrusion of
the polymer solution in DMF into water coagulation bath.

The implants have uniaxially-oriented pore structure with a size in the
range of 2pm of the pores in the wall and 75um x 700 pm of the
elongated pores in the implant lumen (Fig. 1). The skin of the tubular
implants was nonporous.

Before implantation the tubular scaffolds were coated with 1:8 diluted
fibrin sealant.

Groups

The animals were randomly assigned to two experimental groups with
immediate repair. Group (1) tubular scaffold. An 8 mm piece of the
nerve was cut out and was replaced by a fibrin coated tubular scaffold.
The nerve ends were coaptated under the microscope to the scaffold by
two epineural sutures.

Group (2) (control group). An 8 mm piece of the nerve was cut out
and the segment was rotated for 180° was replaced by a fibrin coated
tubular scaffold. The nerve ends of the rotated segment were immedi-
ately coaptated under the microscope to the ischiadic nerve by two
epineural sutures proximal and two coaptations distal.

Serial functional measurements (toe spread test, placing tests) were
performed weekly from 3™ to 12" week after nerve repair. On week 12,

Proximal Distal

nerve nerve

- .
Biodegradable

polyurethane scaffold +FS

Fig. 2. Specimen zones
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electrophysiological assessment was performed. Sciatic nerve and scaf-
fold/nerve grafts were harvested for histomorphometric analysis.
Collagenic connective tissue, Schwann cells and axons were evaluated
in the proximal nerve stump, the scaffold/nerve graft (Fig. 2) and the
distal nerve stump.

Results

Animals which underwent repair with tubular scaffolds
of biodegradable polyurethanes coated with diluted fibrin
sealant had no significant histological, electrophysiolo-
gical, or functional differences compared with the nerve
graft group.

There was a higher level of collagenic connective
tissue within the scaffold and within the distal nerve
stump. Schwann cells migrated into the polyurethane
scaffold. There was no statistical difference to the nerve
graft group although Schwann cell counts were lower
especially within the middle of the polyurethane scaffold.
In both groups axon counts showed a trend-wise de-
crease within the scaffold. In the distal zones there were

14000

12000

CAB/24300 pm?2

1 2 3 4 5

Fig. 3. In the distal zones slightly more vessels could be found
(zone 3-5). —¢— PU scaffold FS1:8, —ll— control
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Fig. 4. Functional assessment of nerve regeneration by toe spread test.
—&— PU scaffold + FS, —#— nerve graft 180°-control

slightly more vessels in the polyurethane scaffold group,
but again no statistically significant difference (Fig. 3).

The control group resulted in a trend-wise better elec-
trophysiological recovery but did not show statistically
significant differences.

The toe spread assessment as a functional test didn’t
show any statistically significant difference between both
groups (Fig. 4). There was no contact placing in both
groups.

Discussion

The results of this animal study demonstrates that using
conduits from biodegradable polyurethane to bridge a
nerve defect in a standard gap model in the rat leads
to histological, functional and electrophysiological im-
provement up to 3 months.

No statistically significant differences were found
compared to the control group with a 180° rotated sciatic
nerve segment. We could find that these results were
surprisingly good compared to a nerve graft. However,
one should notice that the sciatic nerve graft at thigh
level was rotated 180° and distally the nerve is divided
into the three branches already. Rotation of the nerve
graft in longitudinal axis of 180° may result in the major
disadvantage of axonal misdirection.

The time of degradation of these polyurethane
scaffolds was chosen for more than 6 weeks to create
a mechanically stable environment for axonal regenera-
tion and low inflammatory reaction. On the other hand
resorption of the polyurethane scaffold should not be
too fast, preserving mechanical properties, to keep the
regenerative tissue in position.

However, polyurethane material did not show any ele-
mentary signs of degradation 3 months after surgery.
One may hypothesize that the scaffolds will serve as a
block for axonal regeneration at later stages of the re-
generation process. We are convinced that using this
type of polyurethane scaffolds in peripheral nerve tis-
sue engineering degradation time has to be decreased,
in addition to low inflammatory reactions leading to a
low level of neural collagenization and improvement of
functional results.

Despite the fact that the diameter of the scaffold was
about 20% larger than the diameter of the rotated nerve
graft no regenerative tissue could be found outside the
graft indicating that there was no aberrant innervation.
Additionally, it suggests that within the scaffold there
is enough space for neural regenerative tissue enabling
axonal sprouts advancing distally. Within the scaffold
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the amount of collagenic and angiogenetic tissue was
slightly higher than in the control group, indicating an
increased inflammatory reaction which is essential for
biodegradation of the polyurethane scaffolds.

The electrophysiological and functional results fi-
nally did not show statistical significant differences
three months after surgery referring to high correlation
of these data.

However, as a given fact the capacity of nerve regen-
eration in the rat is much higher compared to humans,
the standard gap model has to be proven by a critical gap
model.

Conclusion

These results suggest that biodegradable polyurethane
tubular scaffolds coated with diluted fibrin sealant sup-
port peripheral nerve regeneration in a standard gap
model in the rat up to 3 months.
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Summary

Backround. Nerve grafting is the most reliable used procedure to bridge
a neural defect, but it is associated with donor site morbidity. In experi-
mental surgery the search for an optimal nerve conduit led to the use of
biological and artificial material. Nerve regeneration through epineural
conduits for bridging short nerve defect was examined.

Methods. Four groups including 126 New Zealand rabbits were used.
There were 3 study groups (A, B and C) and 1 control group (D). A 10-
mm long sciatic nerve defect was bridged either with 3 variations of an
epineural flap (Groups A, B and C) or with a nerve graft (Group D).
Animals from all groups were examined 21, 42 and 91 days postopera-
tively to evaluate nerve regeneration employing light microscopy and
immunocytochemistry. Nerve regeneration was studied in transverse
sections at 3, 6 and 9mm from the proximal stump. Using muscle
stimulator the gastrocnemius contractility was examined at 91 days post
surgery in all groups.

Findings. Immunohistochemical and functional evaluation showed
nerve regeneration resembling the control group, especially in group
A, were an advancement epineural flap was used.

Conclusion. An epineurial flap can be used to bridge a nerve defect
with success.

Keywords: Defect; conduit; epineurium; nerve; gap.

Introduction

Nerve grafting is the most effective used procedure
to repair a neural gap, but it is associated with donor
site morbidity [4, 6, 7, 11]. In experimental models the
search for an optimal nerve conduit led to the use of
autogenous and artificial materials [5, 9, 10, 12]. Clin-

Correspondence: Ioannis A. Ignatiadis, Consultant Orthopaedic and
Hand Surgeon, Department of Hand Surgery and Microsurgery, KAT
Hospital, Kifissia, Athens, Greece, e-mail: ignatioa@yahoo.com

ical implementation of conduits has focused on the
use of autogenous tissue (veins, arteries, pseudoseaths,
nerve grafts) and artificial conduits (polyglactine, sili-
con) [6, 7, 10].

Conduit materials does not seem to improve signif-
icantly the outcome. The major obstacle in the use of
conduits is the limitation in the defect size that can be
successfully bridged and is limited in humans to 2.5 cm.
The epineurium carries the majority of the nerve vessels,
i.e. vasa nervorum. Additional vascular supply comes
from the intranervous vascular plexus and from various
perforators. There is also another type of reverse vas-
cularization from distal to proximal, involving shorter
vessels [4]. In this study we used 3 variations of an
epineural flap to bridge a short nerve defect and to study
if the epineurium may serve successfully for this reason.

Materials and methods

One hundred and twenty six white New Zealand rabbits, weighing 3.5 kg
were used. The animals were allocated to 4 Groups. In the 3 study
groups (Groups A, B and C) 36 animals were included, while the rest
18 animals served as control (Group D). In all groups a 10-mm sciatic
nerve defect was created and bridged either with 3 variations of an
epineural flap (Groups A, B and C) or with a nerve graft (Group D).
In all groups the sciatic nerve was exposed under general anaesthesia.
The sciatic nerve was exposed under microscope. A 10 mm nerve defect
was created using a sharp blade proximal of sciatic nerve bifurcation. An
advancement epineural flap harvested from the proximal nerve stump
and from the distal nerve stump were employed in Groups A and B,
respectively. In Group C a specially designed reversed epineurial flap
harvested from the proximal stump was employed. In the control Group
D the defect was bridged using the excised portion of the sciatic nerve,
which was sutured in its original site.
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Fig. 1. The epineurium harvested from the proximal nerve, forms the
epineurial conduit

Following exposure of the sciatic nerve and creation of the defect a
10 mm was designed on the epineurium of the proximal stump in group
A and a similar flap on the distal stump in group B. Surgical dissection
started in a dorsal longitudinal direction and continued circumferentially
to remove the epineurium (Fig. 1). Two millimetre of the epineurium
located at the rim of the proximal (Group A) or distal (Group B) nerve
stump was preserved to facilitate flap suturing. The excised epineurium
was then used to bridge the nerve defect. To prevent collapse of the
conduit and to facilitate suturing a 2 mm thick silicon tube was inserted
temporarily within the conduit and between the two nerve stumps and
removed before final closure. The proximal and distal edge of the nerve
was secured on the proximal and distal nerve stumps using four 10-0
Ethilon stitches. The longitudinal flap edges were also approximated
using 5-7 stitches. The space within the conduit was filled with a blood
clot (Fig. 2), before completing epineurium suturing. In Group C the
epineurium in the proximal nerve stump was not completely excised but
its distal attachment was preserved. The epineurial flap was reversed
pivoting on its distal attachment and sutured on the distal nerve stump
with epineurial sutures. In this case the length of the flap was 12 mm.

In Group D the 10 mm defect was repaired using the previously re-
sected nerve segment, which served as an autologous graft using 4
epineurial stitches at each suture line.

Fig. 2. The nerve defect bridged with the epineurial conduit filled by
blood clot (e)

I. A. Ignatiadis et al.

Postoperative evaluation

The nerve regeneration was studied at various inter-
vals using immunochemistry, light microscopy and mea-
surement of the Gastrocnemius contractility. Twelve
animals from Groups A, B and C were sacrificed after
3, 6 and 12 weeks, while all control animals were sacri-
ficed after 12 weeks. The conduit area was exposed and
the grafted part was excised. Six specimens were used
for light microscopy examination and 6 specimens for
immunochemistry. After 12 weeks all animals under-
went examination of the gastrocnemius contractility in
both limbs.

Nerve regeneration was studied in 1 pm transverse
sections at 3, 6 and 9mm from the proximal stump
(3 specimens for each group designated S3, S6, S9)
and in longitudinal sections stump (3 specimens for each
group). The epineurium conduit was resected and im-
mersed in 2.5% glutaraldehyde. After fixation in 1%
osmium tetroxide and dehydration in ethanol, the speci-
mens were embedded in Agar 100. The specimens were
stained with Toluidine blue and examined by light mi-
croscopy. Quantitative morphometry was performed
measuring the number of myelinated axons per mm?
and the mean axon diameter in every section.

In similarity with the light microscopy 6 specimens
from each group were examined using immunochemis-
try. The harvested conduit was rinsed in ice-cold PBS
and embedded in Tissue Tek O.C.T. Three micrometre
thick transverse and three, 10 mm long longitudinal sec-
tions were cut on a cryostat. After fixation in 2.5% para-
formaldehyde, the sections were exposed to primary
antibodies (DAKO) to identify the components of the
newly formed nerve, including 68 KD neurofilament
protein, fibrinogen, fibrin and fibronectin. The immuno-
cytochemistry and light microscopy findings at 3 and
6 weeks were only qualitatively analysed.

The isometric contraction force of the Gastrocnemius
muscle, which is supplied by the tibial nerve, was mea-
sured 13 weeks after the defect bridging in all groups.
The animals were anaesthetised and the sciatic nerves
and the Gastrocnemius muscles were bilaterally ex-
posed. Electric stimulators were placed proximally and
distally to the defect and a recording electrode was
placed in the Gastrocnemius muscle 10 mm below the
tibial tubercle. A similar procedure was undertaken in
the normal limb. Supramaximal electrical stimuli were
delivered proximal to the nerve repair site or the respec-
tive intact nerve location by a Grass-SD-9 stimulator at a
frequency of 100 Hz for 0.6 msec and the gastrocnemius
electrode was recording transmitted evoked potentials.
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The ratio of the compound muscle action potential be-
tween the operated and the normal limb (p-ratio) was
recorded [1, 2]. Following contractility measurement the
nerve specimens were excised and processed for light
microscopy and immunochemistry as described above.
The quantitative histomorphometric and electromyo-
graphic data were statistically compared using ANOVA
and the significance level was set at p =0.05.

Results

Regarding Gastrocnemius contractility the amplitude of
the motor response in mV was expresses as the ratio
between the operated and the normal side. The ampli-
tude of the gastrocnemius muscle contraction ranged
between 5.3+ 1.2 and 21.8 £3.9mV. The gastrocne-
mius contractility after 13 weeks compared to the con-
tralateral normal leg was 60.3, 42.1 and 58.7% in groups
A, B and C respectively, while in the control group D
was 64.1%. The difference between these parameters
was statistically not significant (p =0.10).

Histomorphometric results

Employing light microscopy the number of myelinated
axons was in group A and B 55 and 43% of the normal,
contralateral nerve or 81 and 68% of the control group
values. In the control group the respective value was
68% of the normal contralateral sciatic nerve. The dif-
ference was between groups A, B and D was statistically
highly significant (p <0.001). The mean axonal diameter
was in group A and B 59 and 45% of the normal, con-
tralateral nerve or 78 and 62% of the control group
values. In the control group this parameter reached
71% of the normal nerve value. The difference was be-
tween groups A, B and D was statistically highly sig-
nificant (p <0.001). On microscopy examination several
findings were evident. Three weeks after the operation on
microscopy examination of the regenerated nerve pre-
sence of myelin sheaths was evident throughout the
nerve section with extensive areas of connective tissue
between the axons. In the longitudinal sections new
myelinated axons could be seen throughout the conduit,
which appeared thicker at the proximal third of the con-
duit. At 6 weeks the myelin sheaths were thicker than
before and there was a clear tendency to mini-fascicula-
tion in cross sections (Fig. 3). After 13 weeks the axons
constituted a new structure closely resembling the nor-
mal nerve. Using immunocytochemistry the epineural
conduit was filled with fibrin and fibronectin as part of

Fig. 3. Myelin sheaths stain with toluidine blue, 3 months postoper-
ative. There is a tendency to mini-fasciculation in cross sections
(magnification x25)

Fig. 4. The conduit is occupied by stained neurofilaments at 3 months
(magnification x25)

the healing process, while S100 stain for Schwann cells
was positive. Bunger bands (ISchwann cells) appeared in
the third week along the conduit. Schwann cell prolif-
eration preceded axonal growth. The proximal 2/3 of the
new structure showed staining of neurofilament proteins.
The proximal third was well stained while the second
one was slightly stained (progressive axon advancement).
At 6 weeks fibrin and fibronectin are present. The con-
duit is occupied by stained neurofilaments at 13 weeks
(Fig. 4).

Discussion

A short nerve defect was bridged using various epineural
flaps. The results of these conduits were comparable
with those provided by nerve grafting. The principles
of nerve injury have been refined based on an well
understanding of nerve biology [4, 6-8]. Harvesting of
the epineurium does not hinder nerve function. The epi-



76

neurium is a connective tissue, which surrounds the fas-
cicles, while carrying the blood supply. From the epi-
neurial plexus vessels arise, running between the nerve
fibers. The epineurium defines fascicular groups [4]. To
bridge a nerve gap represent a great challenge in surgery
[1-7]. When the nerve defect was bridged with a free
epineurial flap the resultant nerve regeneration approxi-
mated the results of the control group, achieving 93%
for muscle contractility and 81% for the microscopy
assessed parameters. In the same group the regenerated
nerve reached 60.33% of the normal values concerning
the contractility force and 55% concerning the parameters
of the microscopy evaluation. The regeneration proceeded
in a fashion with the progressive axonal maturation.
When the epineurium flap was harvested from the distal
stump the results were inferior compared to the proxi-
mally harvested flap, due to affecting nerve regeneration
in significant way. In the latter flap the contractility of the
injured side Gastrocnemius reached 42.1% of the normal
gastrocnemius contractility. Using a distally attached epi-
neural flap (C) did not improve the results.

Conclusions

The typical nerve grafting provides the best results re-
garding muscle response and neural regeneration. An epi-
neurial flap may alternatively used to bridge short nerve
defects and take advantage of the lesser donor site mor-
bidity. The proximally harvested epineural advancement
flap provides comparable results with the nerve graft.

I. A. Ignatiadis et al.: A new technique of autogenous conduits
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Summary

End-to-side neurorrhaphy (ESN) or terminolateral neurorraphy consists
of connecting the distal stump of a transected nerve, named the recipient
nerve, to the side of an intact adjacent nerve, named the donor nerve, “in
which only an epineurial window is performed”. This procedure was re-
introduced in 1994 by Viterbo, who presented a report on an experi-
mental study in rats. Several experimental and clinical studies followed
this report with various and sometimes conflicting results.

In this paper we present a review of the pertinent literature. Our per-
sonal experience using a sort of end-to-side nerve anastomosis, in which
the donor nerve is partially transected, is also presented and compared
with ESN as defined above.

When the proximal nerve stump of a transected nerve is not available,
ESN, which is claimed to permit anatomic and functional preservation of
the donor nerve, seems an attractive technique, though yet not proven to
be effective. Deliberate axotomy of the donor nerve yields results that
are proportional to the entity of axotomy, but such technique, though
resembling ESN, is an end-to-end neurorrhaphy.

Neither experimental or clinical evidence support liberalizing the
clinical use of ESN, a procedure with only an epineurial window in the
donor nerve and without deliberate axotomy. Much more experimental
investigation needs to be done to explain the ability of normal, intact
nerves to sprout laterally. Such procedure appears justified only in an
investigational setting.

Keywords: End to side coaptation; neurorrhaphy; epineural window.

Introduction

End-to-side neurorrhaphy (ESN) or terminolateral neu-
rorraphy consists of connecting the distal stump of a
transected nerve, named the recipient nerve, to the side
of an intact adjacent nerve, named the donor nerve,
when only an epineurial window is performed [34].
The cut end of the recipient nerve, therefore, is just
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put against the intact perineurium of the donor nerve.
The technique has been utilized since the late XIX cen-
tury, though it was abandoned with the introduction of
microsurgical techniques when end-to-end nerve coapta-
tion became the standard method of nerve repair. The
procedure was reintroduced in 1994 by Viterbo et al.
[34], who presented a report on an experimental study
in rats. Several experimental and clinical studies fol-
lowed this report with various and sometimes conflicting
results.

In this paper we review the available data on ESN and
its possible anatomo-physiological bases. Experimental
and clinical applications are presented and discussed.

Anatomo-physiological bases of ESN

Since its reintroduction by Viterbo et al. [34], ESN has
been extensively studied and various questions have
been raised, mostly concerning its anatomo-physiolog-
ical bases. The efficacy of ESN, its ability to preserve
donor nerve function, the necessity of disrupting the
nerve connective sheaths of the donor nerve, the mech-
anism of reinnervation of the recipient nerve, and even
the definition of the procedure have indeed all been
questioned [27].

Are the nerve connective sheaths a barrier?
Epineurium

The epineurium is the outer connective sheath of the
nerve, being areolar between the fascicles and more
condensed around the nerve trunk. It is formed by bun-
dles of collagen fibres, 60—100 nm in diameter, mostly
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aligned longitudinally. The largest nerve vessels, lym-
phatics and nervi nervorum are in this sheath [12, 29].

In an experimental model of end-to-side nerve con-
nection, using fibrin glue, Bertelli et al. [5] attached the
cut end of a recipient nerve against the intact epineurium
of a donor nerve. No functional motor or sensory recov-
ery was obtained with such a model. Considering that
fibrin glue is effectively used in end-to-end nerve coap-
tation [28], the epineurium should be considered a bar-
rier to reinnervation.

A certain amount of reinnervation of the recipient
nerve has been demonstrated in ESN when an epineurial
window is created in the donor nerve at the level of the
connection site. To improve the results of ESN, some
Authors [24, 38] have indeed suggested the creation of a
large epineurial window in the donor nerve.

Perineurium

The perineurium is a dense connective sheath, 1.3—
100 um thick, which surrounds the fascicles. It is com-
posed of three concentric layers: 1) internal: a layer of
flattened perineurial cells with tight junctions; 2) in-
termediate: 3—15 concentric lamellae of flattened peri-
neurial cells with long processes, tight junctions and
basement membrane fusion, interdispersed with packed
collagen fibers, 40—65 nm in diameter, mostly longitudi-
nal, forming a double, spiral compact network; 3) exter-
nal: a layer of gradual transition from perineurium to
epineurium with thicker collagen fibres, perineurial cells
interdispersed and replaced by epineurium fibroblasts
[29].

Although initial studies did not document any difference
between end-to-side connections, with or without a peri-
neurial window in the donor nerve [33, 41], subsequent
studies suggested that a perineurial window is a prerequi-
site for effective nerve regeneration into the recipient
nerve. Walker et al. [36] reported that a large (5 mm) peri-
neurial window induced greater collateral sprouting or
regenerative response than a small (1 mm) perineurial win-
dow, apparently without increasing cross sectional nerve
injury or delaying functional recovery. Different Authors
[3, 22, 39] reported a clear difference in the ultrastruc-
tural analysis of the site of nerve connection according to
the presence or absence of an epi-perineurial window in
the donor nerve. Regenerating axons in the recipient nerve
were indeed seen only when an epi-perineurial window
was performed in the donor nerve [3, 22].

Comparing epineurial and perineurial sutures, a sig-
nificant increase in axonal regeneration was seen when
perineurial sutures were used [3].
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Endoneurium

The endoneurium is composed of fibroblasts and col-
lagen fibres arranged mostly longitudinally, closely
packed around axons and Schwann cells [29].

After making a simple perineurial window in the
donor nerve, regenerated axons in the recipient nerve
were significantly fewer than after using a perineurial
window plus interruption of a number of axons, within
their endoneurial tubes, in the donor nerve. Furthermore,
the greater the number of axons injured in the donor
nerve, the greater the axon regeneration response in the
recipient nerve [22].

What type of axons regenerate?

After both experimental and clinical ESN [11, 15, 17,
19, 26, 30, 35], many Authors reported that sensory axon
regeneration occurred alone or with significantly minor
motor axon regeneration. Lutz et al. [17] reported that
after ESN with a perineurial window, functional motor
recovery was on average 70%, as compared to end-to-
end neurorraphy, but satisfying functional results were
unpredictable. When ESN was compared to end-to-end
neurorraphy [16], the latter showed the best functional
motor recovery.

When an axon count was performed after peroneal-
tibial nerve ESN in the rabbit model, the number of
regenerated axons appeared too low to permit any func-
tional recovery [13].

What is the origin of regenerated axons
in the recipient nerve?

Viterbo et al. [34] defined ESN as the connection of the
cut end distal stump of the transected nerve (the pero-
neal) to an epineurial window opened on the side of an
intact regional nerve (the tibial) in a rat model. This
model, which is the most common in the literature,
raised the possibility that regenerated axons could be
provided by the proximal stump of the transected nerve,
a phenomenon described as “invasion” or ‘‘contamina-
tion” [2] (Fig. 1A) and demonstrated by McCallister
et al. [20]. To prevent such contamination, the proximal
stump of the transected nerve has to be either directed
away from the anastomosis site or sealed; the end-to-
side coaptation site must also be sealed. Collateral
sprouting of motor end units from other intramuscular
nerves or cross innervation of the target muscle may
be other possible sources of muscle reinnervation after
ESN [26].
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Table 1. A summary of articles using double-labeling techniques to investigate the origin of regenerating axons in the recipient nerve

Author, year Donor/recipient nerves (rat model)

ESN technique

Double-labeled neurons (time of evaluation)

Zhang et al. (1999) [40] tibial to peroneal nerve

Lutz et al. (2000) [17] median to muscolocutaneous
nerve (1 rat)

Xiong et al. (2003) [37] tibial to peroneal

Aszmann et al. (2003) [4]

Adelson et al. (2004) [1]

Matsuda et al. (2005) [18]

tibial nerve to saphenous nerve
tibial to peroneal nerve
sciatic to peroneal

musculocutaneous nerve to
radial (Group 1) or to both
median/ulnar nerves (Group 2)

Bontioti et al. (2005) [7]

epineurial window
epi-perineurial window
perineurial window

epineurial window
epineurial window

epineurial window
epineurial window

epineurial window
epineurial sutures

double labelled motor and sensory neurons
(8—12 months)
double labelled motoneurons (6 months)

double labelled motor and sensory neurons
(4—6 months)

single labeling of sensory neurons (3 months)

double-labelled motor neurons (3 months)

double-labelled motor and sensory neurons
(3.2-5.5% of all labelled cells) (6, 12 and
24 weeks)

Group 1:

3 double-labelled cells/380 labelled motoneurons
1.9% double-labeled/31% labelled sensory
neurons (15000 cells evaluated)

Group 2:

9 double-labeled/378 labelled motoneurons
3.3% double-labeled/43% labelled sensory
neurons (25000 cells evaluated) (6 months)

Several studies tried to ascertain the origin of the
regenerated axons in the recipient nerve after ESN by
analyzing the donor nerve and using retrograde labeling
techniques. In most studies, retrograde labeling has iden-
tified the dorsal ganglia as the origin of most of regen-
erated axons. Also, figures showing a few motoneurons
with single or double labeling have been presented in
some papers; though quantitative evaluation was only
performed rarely (Table 1).

Is donor nerve function left intact after ESN?

When the issue has been specifically addressed, donor
nerve fiber loss has been evident: Cederna et al. [8]
identified denervated muscle fibres in the donor muscles
after ESN; however, the long-term structure or function
of the muscles were not affected by the procedure. In
a median to ulnar nerve ESN model Papalia et al. [25]
documented signs of nerve fibre atrophy in the ulnar
nerve distal to the ESN point, suggesting the possible
occurrence of secondary damage to the donor nerve.

Clinical applications

Results appear to be various. Mennen [21] reported on
56 patients with a variety of conditions, ranging from
brachial plexus avulsion to digital nerve lesions, achiev-
ing the best results in proximal motor reinnervation (e.g.
biceps muscle) and distal sensory reinnervation (e.g.
hand skin); he also reported that results are still to some
degree unpredictable. Bertelli and Ghizoni [6] reported

no recovery after ESN with an epineurial window in five
patients: two patients with a C5-C6 avulsion who un-
derwent median nerve to brachialis motor branch ESN;
one patient with a radial nerve lesion who underwent
median nerve to posterior interosseus nerve ESN; and
two patients with a common peroneal nerve lesion, who
underwent tibial to peroneal nerve ESN. Bertelli and
Ghizoni [6] also observed nerve recovery when a fasci-
cular transfer was performed. Some Authors reported
sensory reinnervation with a limited or absent motor re-
covery in patients with a median nerve lesion treated
with an end-to-side median-to-ulnar neurorrhaphy through
an epineurial window [23]. Sensory reinnervation in
ten traumatic nerve defects at the palm or digit level
treated by ESN with an epineurial window showed
comparable results with those of nerve grafts or vein
conducts [35].

Clinical results are therefore still, unfortunately, con-
trasting; while some Authors reported excellent results,
others reported only sensory reinnervation or no reinner-
vation at all (Table 2).

Personal experience using a type of “end-to-side”
neurorrhaphy

We have used a type of “‘end-to-side’” neurorrhaphy for
both experimental studies and for special clinical cases.
We never performed solely an epineurial window in the
donor nerve on any of these occasions, but always per-
formed a cut of the epineurium, perineurium and a part
of the entire contingent of axons. Our type of ‘“‘end-to-
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Table 2. Major clinical series of ESN
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Author, year Patients Donor/recipient nerves

ESN technique Results

Kayikcioglu et al. (2000) [14] 2 median to ulnar

Bertelli et al. (1996) [5] 5
peroneal to tibial: 2

post interosseus to median: 1

epineurial window
epineurial suture
epineurial window
epineurial suture

no sensory or motor recovery

no clinical, electrophysiologic
and histologic recovery

brachialis motor branch to median: 2

Mennen (2003) [21] 56 Brachial plexus: 8
ulnaris to medianus: 33
medianus to ulnaris: 7
radialis to medianus: 1
digitalis to digitalis: 5

politeus to post tibialis: 2

Ogun et al. (2003) [23] 3 median to ulnar

Voche and Quattara 10
(2005) [35]

digital to digital: 15

successful: 16

partially successful: 10

unsuccessful: 4

early follow-up: 12

default/non compliant: 13

died: 1

sensory recovery: 3

motor recovery: 1

point discrimination test:
9.1 (normal: 4.6)

moving two-point discrimination
test: 7 (normal: 2.6)

epineurial window
epineurial suture

epineurial window
epineurial suture
epineurial window

epineurial suture

side” neurorraphy was always, therefore, an end-to-end
neurorraphy.

Experimental studies

Hypoglossal-facial (HFA) and hemihypoglossal-
facial (HHFA) nerve anastomosis in rats

The facial nerve was cut and its distal stump was neu-
rotized using the hypoglossal nerve as donor nerve,
either entirely (HFA) or only half (HHFA). Then, a
quantitative motoneuron innervation of the facial mus-
cles was evaluated for each one of the two operative
options [10]. As expected, when the donor nerve was
all of the hypoglossal nerve, the number of motoneurons
reinnervating facial muscles was higher than when the
donor nerve was only half hypoglossus. It was therefore
concluded that HHFA, compared with HFA, increased the
risk of obtaining a reinnervation of facial muscles, which
could prove insufficient for good functional results.

Facial-oculomotor nerve anastomosis in rats

This study was performed to evaluate the possibility of
repairing the oculomotor nerve using part of the facial
nerve as the donor nerve. The oculomotor nerve was
transected and its distal stump was connected to one
third of one branch of the ipsilateral facial nerve by
using a nerve autograft [9]. Twelve weeks later the nerve
autograft showed numerous regenerated axons that had
reinnervated both the medial and superior rectus mus-
cles. Facial-oculomotor nerve anastomosis resulted in
a more complex brainstem motoneuron representation

than that obtained after end-to-end repair of the tran-
sected oculomotor nerve.

Clinical application
Case 1 (BG)

A 29-year-old man with a bilateral post-traumatic facial
and abducens palsy was evaluated in our department 15
months after the car accident that had caused an ex-
tensive bilateral skull base fracture. Neurological ex-
amination documented a complete facial nerve palsy
on the left and a House-Brackmann scale grade III def-
icit on the right. The patient was therefore submitted, in
December 2002, to surgery on the left facial nerve. To
avoid deficits of other cranial nerves, and considering
also the relatively long time of the facial palsy, an hemi-
hypoglossal-facial nerve anastomoses was performed. A
6 cm-long sural nerve was interposed between the half
transected hypoglossus and the totally transected facial
nerve, at the stylo-mastoid foramen. The autograft was
sutured end-to-end to both nerves. At 3 years follow-up
the patient showed a House-Brackmann scale grade III
deficit on both sides of the face, reaching a good facial
symmetry.

Case 2 (BP)

A 48-year-old woman presented at our Centre of
Peripheral Nerve Surgery with a post-traumatic radial
nerve lesion which had occurred 9 months previously
and was documented by EMG examination. Neurologi-
cal examination documented: right extensor carpi mus-
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Fig. 1. Schematic drawing of a nerve and possible mechanisms of reinnervation in end-to-side nerve anastomosis. (A) “Invasion” or
“contamination”: the proximal stump (PI) of the peroneal nerve (P) might provide regenerating axons to the distal stump (P2) connected end-to
side to the tibial nerve (7). (B) Section of some axons in the donor nerve (D) at the surgery site, during preparation or suture, is possible and can be a
reason for regenerating axons in the recipient nerve (R). (C) Schematic possible explanation for double labelled motoneurons: transected axons in
the donor nerve (D) regenerate in both the donor and the recipient nerve (R). Injection of two different axonal tracers in the donor and recipient
nerve explain double labeling of ganglion neurons and motoneurons. (D) Even in the case of selective interruption of the epineurium in the donor
nerve (D) nervi nervorum, that are sensory nerves located also in the epineurium, might regenerate into the recipient nerve (R)
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cles hypotrophia, wrist and fingers extension deficit,
right thumb abduction deficit and styloradial areflexia.
When previous surgical exploration had been carried out
in another institution, nerve repair had not been consid-
ered, as the gap between the proximal and distal radial
nerve stumps was longer than 20cm. It was decided,
therefore, to neurotize the motor branch of the radial
nerve using the median nerve as donor. The terminal
motor branch of the radial nerve was dissected and cut
proximally to the radial nerve division, after being
separated from the superficial radial sensitive nerve.
The distal stump of the motor radial nerve was suffi-
ciently long enough to reach and be connected to the
donor median nerve where a lateral fascicle was par-
tially transected. At 4 years follow-up, the common
extensor digitorum and abductor pollicis longus mus-
cles showed motor (M2) recovery corresponding to an
EMG examination documenting reinnervation and vol-
untary activity of both muscles, spontaneous activity
being absent.

Discussion

Neurotization procedures are well known in peripheral
nerve surgery. They are used when the proximal stump
of a transected nerve is not available, and then, the distal
stump can be reinnervated sacrificing an intact local
nerve, named the donor nerve. The most known neurot-
ization procedure is the classic hypoglossal-facial nerve
anastomosis in which all the trunk of the hypoglossus is
cut and its proximal stump is connected end-to-end to
the distal facial nerve stump. In such a neurotization
operation, the complete loss of the donor nerve function
is counterbalanced by a very good recovery of facial
nerve function. However, in the neurotization proce-
dures, several attempts have been made to limit the loss
of function of the donor nerve. The ESN represents the
extreme of such attempts, leaving the donor nerve with
intact axons and function and, more importantly, obtain-
ing a functional recovery of the recipient nerve. In fact,
it is claimed that an epineurial window in the donor
nerve should be sufficient to permit the passage of
regenerating axons from the donor to the recipient nerve
with consequent effective function recovery. The appeal
of such a technique appears evident but, in our opinion,
no anatomical or experimental data support this view.
Importantly, if we consider the rules that are followed
for conventional microsurgical nerve repair, i.e. all the
recommendations to align the fascicles of the proximal
and distal stump to obtain the best coaptation, ESN
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should be the most contradictory technique of nerve
repair in which a cut end of the recipient nerve is put
perpendicular to the donor nerve where only an epi-
neurial window is made. Therefore, either the rules for
conventional nerve repair should be considered exagger-
ated or the anatomical bases of ESN should be further
investigated.

It has been postulated [32] that the distal stump of a
transected nerve, sutured to an epineurial window at the
lateral side of an otherwise intact donor nerve, liber-
ates neurotrophic factors or enzymes. These substances
should cause the absorption of the intact connective
sheaths, the perineurium and the endoneurium, serving
also as a stimulus for lateral axon sprouting.

The distal stump of a transected nerve can be sutured
to the lateral side of a donor nerve using a variety of
techniques. In fact, in the donor nerve, the epineurium
and the perineurium can be left intact or a window can
be opened in one or both sheaths; also a variable number
of axons can be transected within their endoneurial tubes
[27]. As it would be expected, the more invasive and
therefore disruptive the procedure is in the donor nerve,
the more axon and function regeneration is evident in
the recipient nerve [22]. Progressive injury to the con-
nective layers and axons of the donor nerve proportion-
ally increase axon regeneration across the end-to-side
anastomosis. Some Authors have indeed suggested a
distinction between ESN with or without deliberate
axotomy. When a deliberate axotomy is performed, as,
for example, in hemihypoglossal-facial nerve anastomo-
sis, though the nerve connection is called end-to-side, in
reality it is an end-to-end anastomosis between the
hemisected donor hypoglossus and the recipient facial
nerve.

After ESN, using an epineurial window in the donor
nerve, axons regenerate along the recipient nerve. How-
ever, the amount of axon regeneration is variable among
the reported papers. Furthermore, the source of such
regenerating axons in the recipient nerve represents
one of the major issues to be understood. On one side,
regeneration is mainly, if not only, of sensory axons. On
the other side, it has been demonstrated that the opening
of epineurial window and use of stitches cause inter-
ruption of axons within the donor nerve [8]. If a partial
neurectomy is obtained, ESN must be interpreted as a
partial end-to-end neurorrhaphy (Fig. 1B) and the inter-
rupted axons in the donor nerve can regenerate in both
the donor and the recipient nerve (Fig. 1C). In this case,
a double labeling technique, applying one axonal tracer
on the recipient and the other on the donor nerve, can
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lead to obtain ganglion neurons and motoneurons that
are double labeling [37]. Even accepting the possibility
of performing only an isolated epineurial window with-
out any axon interruption in the donor nerve, it must be
considered that nervi nervorum into the epineurium are
axotomized and, therefore, they can give origin to regen-
erated axons that can enter the endoneurial tubes of the
recipient nerve (Fig. 1D). Anatomically, nervi nervorum
originate from: a) myelinated axons within the nerve; b)
nonmyelinated axons of the perivascular plexus. Horsley
described the former as running first at right angles to
the nerve and then parallel to it [31]. Nervi nervorum are
in plexuses of the epineurium, in the perineurium, and
also in the endoneurium. They are sympathetic and sen-
sory axons [12]. The prevalent sensory reinnervation
evident after ESN might then also be explained by the
disruption of nervi nervorum, as well as by the increased
ability of sensory axons to regenerate.

Conclusions

When the proximal nerve stump is not available, ESN
with anatomic and functional preservation of the donor
nerve is an attractive technique, though yet not proven
to be effective. Deliberate axotomy of the donor nerve
yields results that can be expected, according to the
entity of axotomy, and this technique should be consid-
ered a partial end-to-end neurorrhaphy.

Neither experimental nor clinical evidence support
liberalizing the clinical use of ESN, a procedure with
only an epineurial window in the donor nerve and with-
out deliberate axotomy. Much more experimental in-
vestigation needs to be done to explain the ability of
normal, intact nerves to sprout laterally. Such procedure
is justified only in an investigational setting.
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Summary

Background. Target innervation through an end-to-side (ETS) nerve
coaptation depends on axonal sprouting from the donor nerve. Terminal
axonal sprouting in a partially denervated target tissue is more extensive
from a crushed donor nerve than from an intact donor nerve. We
hypothesized that axonal sprouting into an ETS coapted recipient nerve
could be stimulated by crushing the donor nerve.

Method. Twenty-seven rats were randomised into 3 groups. In all, the
distal stump of the transected peroneal nerve was sutured to the side of
the sural nerve in place of the epineural window. The control group
received no additional treatment. In the experimental groups, the sural
donor nerve was crushed either 8 mm proximal (proximal crush group)
or 8 mm distal to the coaptation site (distal crush group). Sixteen weeks
after the surgery, histomorphometric analysis of the recipient peroneal
nerve stump 4 mm distal to the coaptation site was performed.

Findings. The number of myelinated axons in the recipient peroneal
nerve stump was 758 =+ 247 in the control group, 503 £ 246 in the distal
crush group and 211 =+ 96 in the proximal crush group. The differences
between the groups were statistically significant (p < 0.05). The majority
of myelinated axons were thin myelinated axons and the frequency
distribution of their cross-sectional areas was similar in all groups.

Conclusion. Contrary to our expectations, a significantly lower num-
ber of myelinated axons were present in recipient nerves in the proximal
and distal crush groups than in the control group. This suggests that
sensory axon ingrowth into an ETS coapted nerve cannot be enhanced
by crushing the donor nerve.

Keywords: Nerve regeneration; end-to-side nerve coaptation; collat-
eral sprouting; nerve crush; rat; sensory neurons.

Introduction

The concept of end-to-side nerve (ETS) coaptation was
revived over the last 15 years as a potential posttrau-
matic peripheral nerve repair technique. Motor as well
as sensory axons grow from the donor nerve into the
ETS coapted peripheral nerve stump and functionally
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reinnervate the respective target tissue [3]. As shown
by retrograde double labeling, collateral sprouting is
an important mechanism of axon growth into the recip-
ient nerve [2, 6, 8, 11]. The other potential mechanism is
the regeneration of the unintentionally injured axons of
the donor nerve during the surgery [7].

After peripheral nerve crush, the number of regen-
erating axons is increased distal to the lesion site, and
nerve cell bodies are shifted into a growth supporting
state [1, 4]. Accordingly, the number of axons in the
recipient nerve increased if the mixed donor nerve was
crushed proximal to the site of ETS coaptation [7]. Sim-
ilarly, the terminal sprouting of regenerating nociceptive
axons was more extensive than collateral sprouting of an
uninjured nerve in response to partial skin denervation in
the rat [10].

We hypothesized that the crush injury of the donor
nerve at the time of ETS nerve coaptation would in-
crease the ingrowth of sensory axons into the recipient
nerve by increasing the number of axons available for
sprouting/regeneration and/or by increasing their capac-
ity for growth by priming of nerve cell bodies of the
donor nerve.

Methods and materials

Twenty-seven male albino rats (Wistar, Medical Experimental Center,
Medical Faculty, Ljubljana, Slovenia), weighing 280—-310 g at the begin-
ning of the study, were used. All surgical procedures were performed
under deep anesthesia with a mixture of dihydrothiazine and ketamin
hydrochloride (Rompun, Bayer AG, Leverkusen, Germany, 8 mg/kg;
Ketalar, Parke-Davis & GmbH, Berlin, Germany, 60 mg/kg; i.p.). The
peroneal nerve was transected and its proximal stump was ligated
(Ethibond 7/0, ETHICON, Edinburgh, UK) and implanted in the nearby
muscles in order to prevent their regeneration. The distal stump was
sutured to the side of the ipsilateral sural nerve (ETS nerve coaptation) at
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Fig. 1. Schematic drawing of the surgical procedures. The proximal
end of the distal stump of the peroneal nerve was sutured to the
epineural window on the side of the sural nerve (end-to-side nerve
coaptation). The control group received no additional treatment. In the
experimental groups, the sural donor nerve was crushed either 8 mm
proximal (proximal crush group) or 8 mm distal to the coaptation site
(distal crush group)

the level of the popliteal vein by using four epineurial sutures (Ethilon
11/0, ETHICON, Edinburgh, UK). An epineural window was created in
the sural nerve at the site of coaptation. The control group received no
additional treatment (n =9). In the experimental groups, the sural donor
nerve was crushed either 8 mm proximal (proximal crush group, n=9)
or 8mm distal to the coaptation site (distal crush group; n=09) with
watchmaker’s forceps for 10sec (Fig. 1). After 16 weeks, short nerve
segments were taken from the recipient (peroneal) nerve 4 mm distal to
the coaptation site. Semi-thin nerve cross-sections were processed for
visualization of myelinated axons as described earlier [5]. Morphomet-
ric analysis of myelinated axons was performed by a Microcomputer
Imaging Device program (Imaging Research Inc., Brock University,
St. Catharines, Ontario, Canada), which allowed us to digitalize the
picture obtained by a light microscope (Zeiss-Opton, Opton Feintechnik
GmbH, Oberkochen, Germany). The differences among the mean values
of the control and experimental groups were tested using ANOVA with
post-hoc Bonferroni #-test.

Results

The number of myelinated axons in the ETS coapted
peroneal nerve stump was 758 £ 247 in the control,
503 +246 in the distal crush group and 211496 in
the proximal crush group (Fig. 2). The differences be-
tween the groups were statistically significant (p <0.05).
The percentage of myelinated axons with their cross-
sectional areas smaller than 20 pm? (diameter <5 pum)
was 90% in the control, 86% in the distal crush group
and 86% in the proximal crush group. The differences
between the groups were not statistically significant
(p>0.05).

P. Zorman et al.

Fig. 2. Photomicrographs showing myelinated axons in the cross
sections of the recipient peroneal nerve stump taken 4 mm distal from
the site of its coaptation to the side of the sural nerve (end-to-side nerve
coaptation) 16 weeks after surgery. The control group (A) received no
additional treatment. In the experimental groups, the sural donor nerve
was crushed either 8 mm distal (B-distal crush group) or 8 mm
proximal to the coaptation site (C-proximal crush group)
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Discussion

Contrary to our expectations, we found significantly
less myelinated axons in the recipient nerve if the
donor nerve had been crushed either proximal or distal
to the ETS nerve coaptation site in comparison to the
controls.

An earlier study demonstrated that the crush of the
donor nerve proximal to the site of the ETS nerve repair
did not enhance the recovery of the reinnervated muscle
weight although it increased the axonal density in the
recipient nerve [7]. In that study, the distal stump of the
peroneal nerve was sutured to the tibial nerve which is a
mixed nerve and results relate mostly to motor axons. In
our study, the distal stump of the peroneal nerve was
sutured to the side of the sural nerve, in which more
than 93% of myelinated axons are sensory [9]. The
ingrowth of sensory axons into the recipient nerve after
ETS nerve repair is more extensive in comparison to
motor axons [2, 8]. In many respects both kinds of axons
behave similarly after injury [1, 4]. Therefore, it is less
likely that the ability of the sensory axons to sprout their
collaterals into the recipient nerve after a donor nerve
crush is lower in comparison to the motor axons. Inter-
estingly, we found more myelinated axon sprouts in the
recipient nerve if the donor nerve had been crushed dis-
tal to the site of ETS coaptation than proximal to it.
Therefore, it is possible that the collateral sprouting of
sensory axons into an ETS coapted recipient nerve can
begin only after the axons of the donor nerve had rein-
nervated their original targets.

We conclude that myelinated sensory axons ingrowth
into an ETS coapted nerve cannot be enhanced, but may

be hindered, by crushing the donor nerve at the time of
nerve repair.
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Summary

Background. The high-threshold sensory afferents, which express trkA,
are predominantly involved in terminal collateral sprouting in the skin of
adult mammals. We explored which sensory axons are capable of
sprouting into the end-to-side coapted nerve in the rat.

Method. The distal stump of the transected peroneal nerve was sutured
to the side of the uninjured sural nerve. After 36 weeks, sprouting of
sensory axons into the end-to-side coapted nerve was assessed by the
electrophysiologic measurements of compound action potential and by
counting the myelinated axons. The neurons in the dorsal root ganglia
(DRG) L5 whose axons sprouted into the end-to-side coapted nerve were
retrogradely labelled by the fluorescent dye Fluorogold. The expression
of trkA in sprouting DRG neurons was investigated by immunohisto-
chemistry.

Findings. Predominantly thin myelinated axons were found in the end-
to-side coapted peroneal nerve. Their mean conduction velocity (CV)
was between the average CVs of the Aé and A fibres in the normal
sural nerves. About 90% of the sprouting DRG neurons were small and
medium sized, and about 10% were large. About 85% of sprouting DRG
neurons was immunoreactive to trkA, but the rest were not.

Conclusions. Mostly the high-threshold sensory afferents sprouted
into the end-to-side coapted nerve, which resembles the collateral sprout-
ing of sensory axons in the skin. However, our results suggest that also
some low-threshold mechanoreceptors can sprout after the end-to-side
nerve repair.

Keywords: Peripheral nerve; sensory neurons; collateral sprouting; rat.

Introduction

After a peripheral nerve injury, the uninjured adjacent
motor as well as sensory axons are able to sprout their
terminal collateral branches into a partly denervated
foreign target tissue. This process, known as collateral
sprouting, is the only mechanism by which reinnervation
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of the denervated tissue can occur in situations in which
injured peripheral nerve axons are unable to regenerate.
During the last decade, the retrograde double labelling
of neurons in the dorsal root ganglia (DRG) and spinal
cord revealed that uninjured sensory as well as motor
neurons are able to sprout collateral branches also more
proximally in the course of the peripheral nerve trunk
into the end-to-side coapted nerve segment [1, 9]. How-
ever, it is not known which kind of sensory axons are
able to sprout after the end-to-side nerve repair. Differ-
ent ability of various types of sensory nerve fibres for
collateral sprouting is of great importance for eventual
clinical application of the end-to-side nerve repair in
patients. It is interesting in this regard that in adult
mammals only the unmyelinated and high-threshold
myelinated afferents, which express trkA, are involved
in terminal sprouting in the skin [4]. Therefore, we
hypothesised that among myelinated axons only the thin
A¢ fibres are able to sprout their collaterals into an end-
to-side coapted peripheral nerve.

Methods and materials

The peroneal, tibial, and saphenous nerves were transected and their
proximal stumps were ligated in the right thigh of the adult female
Wistar rats (n=13). The distal peroneal nerve stump was sutured to
the side of the intact ipsilateral sural nerve (end-to-side nerve coap-
tation) by four epineurial sutures (Ethilon 11/0), and the animals
were left to recover for 36 weeks. At the end of the experiment, the
presence of functional nociceptive axons in the end-to-side coapted
nerve stump was assessed by the nerve pinch test [7, 8], and the
animals with pinch positive response were randomly divided into two
groups. In 5 animals, the segments of the sural nerve with the end-to-
side coapted peroneal nerve were excised, placed on the wire elec-
trodes and immersed in liquid paraffin (37 £ 1°C) in a recording
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chamber. After stimulation of the distal end of the recipient peroneal
nerve by a square wave supramaximal stimulus (12V, 10us, 1Hz),
compound action potentials (CAPs) of the A fibres were recorded in
the donor sural nerve by a data acquisition system (DagqBook 200,
Iotech, Inc., USA) at the sampling frequency of 20 kHz. In 8 animals,
sensory neurons that sprouted their axons into the distal stump of the
recipient peroneal nerve were retrogradely labelled with 3% Fluoro-
Gold (FG) (Fluorochrome Inc., USA). One week later, the ipsilateral
dorsal root ganglia (DRG) L5 were removed and fixed either in 4%
paraformaldehyde (n=4) or in buffered formaldehyde (n=4) for
additional processing for histochemistry and immunohistochemistry,
respectively.

The fluorescent FG labelled neurons in serial longitudinal sections of
the frozen or paraffin embedded DRG were visualised under a fluores-
cence microscope (Olympus, IX81) using an appropriate U-MNU?2 filter.
The frozen DRG sections were then stained by hematoxiline and the FG
labelled neurons with the nucleus were counted and their maximal cross
areas were measured manually under a light microscope by a computer-
based image analysis system. On the sections of the paraffin embedded
DRG, trkA immunohistochemistry was performed with rabbit anti-trkA
polyclonal antibody (Chemicon Int., USA) diluted 1:500 as described
previously [6]. The percentages of FG labelled neurons displaying trkA
immunoreactivity were evaluated in each DRG under a light microscope.
The semi-thin cross sections of the recipient peroneal nerve in all ex-
perimental animals were cut 4 mm distal to the site of coaptation. Their
myelinated axons were visualised and analysed morphometrically as
described earlier [7, 8].

Results

The nerve pinch test confirmed the presence of func-
tional nociceptive axons in the end-to-side coapted pero-
neal nerve stump in all the animals. Typically, CAPs
recorded from the sural nerves after stimulation of the
peroneal nerve segment showed one component cor-

50 um

Fig. 1. Representative light photomicrograph of the cross-section of
the distal peroneal nerve stump 36 weeks after end-to-side coaptation
to the intact sural nerve. Cross-sections were taken about 4 mm dis-
tal from the site of coaptation and were stained with Azure Blue.
Numerous thin myelinated axons (arrows) are present
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Fig. 2. Frequency histogram of the cross-section areas of FG labelled
neurons in the DRG L5 (n =4) that sprouted their axons into the distal
stump of the end-to-side coapted recipient peroneal nerve 36 weeks
after surgery. Classes of neurons with C, A, and Af fibres are in
accordance with Lawson and co-workers [2, 5]

responding to the myelinated sensory A fibres in all
the examined animals (n=35). Their mean CV was
22.1 =4 m/s. The average number of myelinated axons
in the peroneal nerve segments (Fig. 1) was 476 £ 162
(n=15) and 91 4 3% of them had the cross-sectional area
of less than 20 um?®. The average number of sprouting
FG labelled neurons in the ipsilateral DRG L5 was
496 £+ 264 (n=4). About 90% of them were small or
medium sized (cross-sectional area <800 umz), and
about 10% of them were larger (Fig. 2). About 85% of
the FG labelled neurons were immunoreactive to trkA
antibody, but the rest were not.

Discussion

In the rat sural nerve, more than 93% of myelinated
axons are sensory ones [10]. Therefore, the majority of
the myelinated axons found in the distal stump of the
peroneal nerve, coapted to the side of the sural nerve,
were sensory axons, which is in accordance with our
previous observations [7, 8]. The cross-sectional area
of about 90% of myelinated axons in the recipient pero-
neal nerve stump was less than 20 um? (diameter less
than 4 pm), and about 90% of the axons pertained to the
small and medium sized (cross-sectional area < 800 umz)
retrogradely labelled DRG neurons. Therefore, the ma-
jority of myelinated sensory axons capable of extensive
sprouting into the end-to-side coapted nerve segment are
small myelinated Aé axons, thus confirming our hypoth-
esis. However, electrophysiological data suggest that
also some thick myelinated A axons can sprout into
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the end-to-side coapted nerve since the average CV of
the CAPs in the coapted peroneal nerve was higher than
in the normal Ad axons [2]. Accordingly, a small share
of the retrogradely labelled sprouting DRG neurons
observed in our study were large sized neurons (cross-
sectional area >800 umz), which are regarded as the
low-threshold mechanoreceptors with Aa/3 fibres [3].
However, there is a considerable overlap in the cell size
among DRG neurons with C-, Ad- and Aa/S-fibres, and
there is strong evidence for the existence of myelinated
nociceptive afferents with CVs in the A( range (for
review see [2]). Recently, Fang et al. [5] demonstrated
that trkA receptor is selectively expressed in nociceptive
DRG neurons, both in those with slowly conducting (Aé
and C) as well as with more rapidly conducting (Aa/[3)
axons. The sprouting DRG neurons in our study were
predominately trkA positive and mostly small and medi-
um sized, however, about 15% of retrogradely labelled
DRG neurons were trkA negative. The latter most prob-
ably belong to the low-threshold mechanoreceptor sen-
sory neurons [5]. Therefore, we conclude that mostly the
high-threshold sensory afferents sprouted into the end-
to-side coapted nerve, which resembles the collateral
sprouting of sensory axons in the skin [4]. However,
our results also suggest that some trkA negative low-
threshold mechanoreceptors can sprout into the end-to-
side coapted distal nerve stump.
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Summary

Background. End-to-side nerve repair is attachment of a single distal
nerve segment (recipient nerve) end-to-side to an intact donor nerve
when there is a lack of proximal nerve segment after injury. The tech-
nique is currently used clinically but the mechanism(s) behind this
technique are essentially unknown.

Methods. We have studied end-to-side nerve repair in the forelimb of
rats, where a single distal radial nerve or an ulnar or a median, or both,
nerves are attached end-to-side to an intact musculocutaneous nerve. We
have studied functional recovery, origin of the regenerating axons and
cell activation by the end-to-side nerve repair.

Findings. Functional recovery occurs after end-to-side nerve repair
but is less sufficient than conventional end-to-end nerve repair or a nerve
graft procedure. Sensory and motor axons grow from the musculocuta-
neous nerve out into the attached nerve segment(s). An injury is required
to the musculocutaneous nerve to activate sensory and motor neurons as
well as Schwann cells in the musculocutaneous nerve for initiation of
regeneration.

Conclusions. End-to-side nerve repair may be an alternative method
in specific cases of complex nerve injuries to reconstruct nerve trunks
when no other repair options are possible. Some functional recovery
does occur but regeneration of sensory and motor axons require an injury
to the neurons of the donor nerve.

Keywords: End-to-side; nerve injury; paw print; nerve reconstruction.

Introduction

Peripheral nerve injuries in the upper extremity may
vary from simple transection of a digital nerve to exten-
sive laceration and avulsion of the spinal nerve roots in
the brachial plexus. In many of these injuries conven-
tional surgical methods are available for treatment such
as end-to-end nerve repair, nerve grafting and neurotisa-
tion. However, in some patients the proximal nerve seg-
ment has disappeared and there is a need for other nerve
trunks as sources of axons. During the last decade the
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end-to-side nerve repair has been brought into attention
[20]. End-to-side nerve repair is attachment of a single
distal nerve segment (the recipient nerve) end-to-side to
an intact nerve trunk (the donor nerve) when there is no
proximal nerve segment available. Although such pro-
cedure is used clinically in several different clinical
situations [7, 8], the mechanisms behind the technique
have been debated since the first reports by Despres,
Kennedy, Balance et al. and Harris and Low more than
100 years ago (see review by Al-Qattan [1]). Since the
technique was brought up into daylight again 1992 by
Viterbo [18], many papers have been published regard-
ing technical aspects [13], motor vs sensory reinnerva-
tion [15, 16], the origin of the regenerating axons [10,
14, 17] and various aspects on functional recovery [9,
19]. Various models have also been utilised to examine
the merits of end-to-side nerve repair using both the
fore- and hind limb in rats. In the present minireview
we will summarise results and discuss mechanisms in
end-to-side nerve repair in particularly the forelimb of
rats based on published papers [2-5].

The surgical procedure

In the forelimb of rats an anterior approach is used to
expose the musculocutaneous, the radial, the ulnar and
the median nerves. The musculocutaneous nerve is left
intact and used as the donor nerve while the radial or the
ulnar and median nerves are transected and their distal
segments are attached end-to-side to the intact musculo-
cutaneous nerve (Fig. 1). In some experiments a piece
of nerve from the hind limb was attached close to the
intact musculocutaneous nerve. In all our experimental
models an epineurial window was made in the musculo-
cutaneous nerve without creation of a perineurial window.
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Fig. 1. Schematic drawing of the experimental design where the
musculocutaneous nerve is used as a donor nerve. The distal radial or
the distal median/ulnar nerve segments are attached end-to-side
(Reproduced by kind permission of Journal of the Peripheral Nervous
System, Bontioti et al. [S])

Axonal outgrowth and functional recovery following
end-to-side nerve repair

As indicated above the effectiveness of end-to-side
nerve repair has been the subject of discussions. In our
model we can see that there is axonal outgrowth in the
distal nerve segments of both the radial and the median/
ulnar nerves where the axons are assembled into clus-
ters. It is obvious that the musculocutaneous nerve can
nourish two distal nerve segments (median/ulnar nerves).
In such a model the total number of fibres are sig-
nificantly higher than if only a single radial nerve is
attached end-to-side [5]. These axons are also function-
ally active since electrical stimulation six months after
the repair of the end-to-side attached radial or median/
ulnar nerves result in contraction of muscles in the fore-
arm innervated by these nerves. The tetanic muscle force
in such muscles is up to 70% of the contralateral side
and with a corresponding wet muscle weight of up to
76%. The functional recovery, investigated by walking
track analysis, shows that the results do not reach the
level of functional recovery after a conventional end-to-
end nerve repair or a nerve graft procedure [3, 5], but is
better if the nerves were not reconstructed at all.

The origin of the regenerating axons

Axonal sprouting into an attached recipient nerve can
occur either by collateral sprouting or by terminal
sprouting from axons in the donor nerve which are
damaged during the repair procedure [10, 14, 17]. Retro-
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grade labelling is one method that can be used to eval-
uate if collateral sprouting is the mechanism behind
nerve regeneration in end-to-side nerve repair. Motor
and sensory axons grow out from the musculocutaneous
nerve since labelling of the radial or the median/ulnar
distal nerve segments results in occurrence of dye in the
spinal cord and in the dorsal root ganglia. However, six
or eight months after end-to-side nerve repair the num-
bers of doubled labelled neurons in spinal cord and in
dorsal root ganglia are meagre indicating that very few
neurons have axons both in the original musculocuta-
neous nerve and in the attached distal nerve segment
[4, 5]. This indicates that collateral sprouting is not the
only mechanism by which fibres are recruited or that the
pruning mechanism is active during a follow-up of six to
eight months. However, one can also consider that the
end-to-side nerve repair induces degeneration of fibres in
the donor nerve at the time of repair. Such fibres can
regenerate into the end-to-side attached nerve, i.e. as a
conventional nerve transfer situation.

Cell activation by end-to-side nerve repair

Interestingly, end-to-side nerve repair can initiate cell
activation, such as nuclear translocation of the transcrip-
tion factor ATF3 [11], in sensory neurons in DRGs, in
motor neurons in the spinal cord and in non-neuronal
cells (i.e. Schwann cells) in the donor nerve trunk [2].
ATF3 is a marker of a stress response in a cell and
occurs in neurons that regenerate [11]. Application of
a piece of nerve alongside a donor nerve does not induce
any activation, such as ATF3 expression, in cells. In
contrast, creation of an epineurial window with or with-
out attachment of a piece of a nerve induces ATF3 in the
neurons and in the non-neuronal cells, which we have
seen in both fore- and hindlimb models of rats. Taken
together with the studies of retrograde labelling and the
staining for ATF3 in nucleus of sensory and motor neu-
rons, there seems to be a different sensitivity of motor
and sensory neurons to respond and regenerate out into
the attached nerve segment with a more profound regen-
eration of the sensory one [2, 5, 15, 16].

Induction of ATF3 in the lateral aspect of a donor
nerve close to where nerve segment is attached end-to-
side indicates that Wallerian degeneration of these fibres
in the donor nerve may occur [6]. The prerequisition for
activation of neurons and non-neuronal cells leading to
terminal or collateral sprouting of axons into a recipient
nerve may be an injury induced to the donor nerve by
the end-to-side nerve repair technique.
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Conclusions

Irrespective of the background, experimental and clini-
cal studies indicate that end-to-side nerve repair can be
an alternative method in nerve reconstruction where
there are no other repair options possible in the upper
or lower extremity. However, the technique may be more
appropriate in reconstruction of some specific nerves in
for example the upper extremity. Finally, the cortical
reorganisation that occurs after peripheral nerve injuries
during the early and late phase of rehabilitation of the
injury is another aspect of end-to-side nerve repair. There
may be a challenge to the brain of terminal and collateral
sprouting in order to effectively handle the new situation
with new reinnervation area after the repair [12].
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Summary

End-to-side nerve repair has re-emerged in the literature in recent years
but clinical applications for this technique are not yet fully defined and
clinical reports are rare and controversial. Hypothetically, there might be
useful functional results performing peripheral end-to-side nerve graft
repair using synergistic terminal branches with defined motor function.
An end-to-side nerve graft repair bridging from the terminal motor
branch of deep branch of the ulnar nerve to the thenar motor branch
of the median nerve was performed in non-human primates.

The results in this non-human primate model demonstrate the efficacy
of end-to-side nerve graft repair at the level of peripheral terminal motor
branches. End-to-side neurorrhaphy may present a viable alternative in
conditions of unsuitable end-to-end coaptation and inappropriate nerve
grafting procedures.

Keywords: End-to-side; nerve regeneration; morphology.

Introduction

End-to-side coaptation has re-emerged in the literature
recently. However, experimental studies are controver-
sial and clinical applications of this technique are not
well defined.

Hypothetically, there might be useful functional re-
sults performing very peripheral end-to-side nerve graft
repair using synergistic tiny terminal motor branches.
We created one possible application of such a peripheral
synergistic terminal end-to-side nerve transfer in a me-
dian nerve defect model in non-human primates. An
end-to-side nerve graft repair bridging from the terminal
motor branch