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Introduction

The peripheral nervous system is designed to connect the orchestrations of brain and
spinal cord to the rest of the body. In addition, it connects the outside world and
that same brain, gathering information from numerous sensory organs in our skin
and from our other “senses”. Injury to a nerve subsequently results in impairment
of function as well as impairment of that information gathering system.

In order to restore the damage, a series of complex changes is triggered in the
cell body and the axon, all aimed at restoring motor and sensory function. How-
ever, different parts of the peripheral nervous system have different responses to
injury. It is possible to distinguish three different parts: The cell body, the proximal
segment and the distal segment. Proximal to the lesion, in the cell body and the
proximal segment, the aim is to reconnect the axon to its effector organ as soon as
possible. Distal to the lesion everything is aimed at creating an environment that
allows reconnection of axons to happen.

In order to accomplish this, the nerve proceeds through a number of morpho-
logical and electrophysiological changes. Although maybe not directly obvious,
those morphological transformations after injury are reflected in electrophysiolog-
ical changes. Previous research demonstrated changes in peak-peak amplitude of
compound nerve action signals in the proximal segment after nerve transection and
reconstruction*®~48, However, the mechanisms involved however, are still unclear.

The aim of this thesis is to explore the changes in the proximal segment and to
clarify possible modifications to the proximal segment influencing repair.

1.1 Nerve Injury

Figure 1.1: Nerve Injury
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1.1.1 Classification of Nerve Injury

Peripheral nerve injury can be described using two classification systems. Seddon
(1943) introduced a classification system that was modified later by Sunderland®3.
The clinically most useful system is the Seddon classification:

e Neurapraxia, in which the continuity of the axon is still intact. Function clas-
sically restores in 3-6 weeks.

e Axonotmesis, in which the continuity of the nerve is still intact, but the axon
is severed. Function restores when the axon has regrown to its effector. As
the basal lamina and collagen scaffolding of the nerve are still intact, 100%
restoration of function is expected.

e Neurotmesis, is the type of injury where the continuity of the entire nerve is
interrupted. Return of function depends on several circumstances but is never
100%.

Axonotmesis and neurotmesis experiments are the models used in this thesis.

1.1.2 Morphological Changes after Nerve Injury

Following nerve injury, a series of changes dramatically alters the morphological
properties of the cell body, proximal segment and distal segment.

Changes in the cell body

Figure 1.2: Cellbody

The cell body lies in the spinal cord (motor neuron) or just adjacent to it (in the
dorsal root ganglion) and as such the peripheral nervous system has its origin in the
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central nervous system. Each neuron has dendritic processes that contact surround-
ing neurons and form connections to axons arising from higher levels of the spinal
cord. The axon is the connection between effector cells (f.i. muscle) and neurons,
and between the information gathering sensory organs and neurons. Peripheral axo-
tomy induces a series of events in the cell body. The typical response, first described
by Nissl (1892), includes an increase of volume of the cell body, displacement of
the nucleus to the periphery and disappearance of basophilic material from the cy-
toplasm (chromatolysis)®®. Furthermore, changes occur in gene expression, leading
to deafferentation and cell death in some cells.

Chromatolysis

The chromatolytic changes that occur in the cell body after peripheral nerve tran-
section have been well documented in the literature. It basically involves a dis- or
reorganization of the structure of the rough endoplasmatic reticulum. The changes
are most pronounced between 1 and 3 weeks after nerve transection and any periph-
eral neuron that is going to die and degenerate, will do so within the first 5 weeks
after injury.®""° The neurons that have successfully regenerated axons subsequently
recover from chromatolysis. The degree of chromatolytic change and cell loss that
occurs following peripheral nerve transection is dependent on the species of animal,
distance of the injury to the spinal cord, whether the nerve was reconstructed and
the age at which the injury occurs.??

The cell body is the major site of synthesis of proteins and other materials re-
quired for growth of the axon. Most induced proteins are membrane proteins, and
are transported rapidly into the axon. Those ”growth associated proteins” (GAPs)
are believed to be necessary for particular steps in axonal growth. A number of
genes is involved in the reactive process following injury.

Changes in expression of genes

Recent studies using gene arrays have expanded the knowledge on the number of
genes that change expression after nerve injury, exponentially. In an array testing
588 annotated genes in a response to a crush injury, 40% showed expression above
background, 55 of these represented differential expression after nerve lesion. 30%
of these genes were known to play a role in peripheral nerve regeneration. 70%,
however, had not been detected in the peripheral nervous system before®7.

Deafferentation

Another common consequence of axon transection is the apparent rejection of sy-
napses by the cell body and dendrites. It is almost as if the cell body purposefully
impairs information in- and output to and from other neurons, concentrating on the
repair and regenerative processes and focus its energy expenditure®”.
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1.1.3 Cell Death

Following nerve injury, part of the cells of the dorsal root ganglion (DRG) and the
motor neuron pool do not survive the impact, and die. It has been suggested that
this is one of the reasons why functional outcome after peripheral nerve injury is
disappointing.

Sensory Neuronal Cell Death

Extensive primary sensory neuronal death, between 30% and 50% of the dorsal
root ganglion cells, is found after experimentally induced peripheral nerve lesions
93,100-102 The onset of neuron loss was found between 4 *3 to 10 days. 3!

However, Hart et al® demonstrated that neuronal death commences within 24h
of sciatic nerve transection, but cell loss started at 7 days after sciatic nerve tran-
section, in a rat model. The delay between the start of neuronal death and that of
neuron loss can be explained by the time taken for individual neurons to progress
from DNA fragmentation to complete involution, as well as the number of involuted
cells to increase sufficiently to overcome normal biological variation in neuron num-
bers.

In vitro, neurons take a few hours to progress from DNA fragmentation to even-
tual cell death. In vivo, a delay in cell death of neonatal facial motorneurons of days
is found after axotomy of the facial nerve in neonatal rats.’* In the study by Hart
et al®, at most 6 days passed between positive TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling, a technique that preferentially stains
DNA strand breaks occurring in apoptosis.) staining and the occurrence of signif-
icant neuron loss. Although neuronal involution in the first few days may have
occurred at such a slow rate that it did not translate into significant neuron loss, the
full course of sensory neuronal death in vivo, from beginning (DNA fragmentation)
to end (neuron loss), appears to last some days.

Motor Neuron Cell Death

The loss of motor neurons is particularly marked in neonatal and developing ani-
mals, because the immature cells do not have the same ability to resist trauma to
their axons and separation from their muscle.?® Brushart, et al.!®, showed that the
motoneuron population was 69% of its normal value 3 months after repair by direct
epineurial suture, comparing very well with the result of Gilmour et al?® of 68.5%
at 100 days after the same repair. Other authors have reported that the number
of functional motoneurons present in the spinal cord following peripheral nerve re-
pair is significantly less than normal values.'3'4 However, the degree of cell loss
is much less marked in cases in which the nerve has been repaired and allowed
to regenerate®?; however, even in such cases, muscle reinnervation is found to be
abnormal not only in degree but also in specificity.!3:14
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Mechanism of neuronal death

Several stimuli can initiate neuronal death, although loss of target-derived neu-
rotrophic support appears to be most significant, This is demonstrated by the protec-
tive effect of exogenous neurotrophic factors such as nerve growth factor (NGF)®4:6%:73,
NT325:%4, glial cell line-derived neurotrophic factor (GDNF)* and leukemia inhibitory
factor (LIF) °. Surgical repair is also thought to restore that support. The number
of TUNEL-positive neurons present 2 weeks after axotomy, was reduced by nerve
repair®. The same trend was found for neuron loss, which was 21.3% of control
(L4+L5) in the absence of a nerve repair, 12.4% when repair was delayed by 1week
and was minimal (4.8%) when the nerve was repaired immediately after transec-
tion. One week after transection virtually no further neuron loss occurred, provid-
ing further evidence of the beneficial effect upon neuron survival of contact with the
distal stump (with accompanying neurotrophic support). These results give further
support to the hypothesis that loss of distal-stump neurotrophic support is the major
factor determining the magnitude of neuronal death after peripheral axotomy.%*

Effect of Type of Nerve Repair on Cell Death

Brushart, et al.,'* compared two different methods of repair: direct epi-neurial su-
ture and individual fascicular suture. The use of individual fascicular suture pro-
duced significantly better results than the direct epi-neurial suture in accuracy of
reinnervation; however, there was no significant difference in numbers of, horse-
radish peroxidase labeled, motoneurons between the two methods of repair. Brushart
explained his result by the fact that the epineurial suture allows the fascicles to
change position within the epineurial sheath, which leads to subsequent misalign-
ment.

In the study by Gilmour et al 23, a larger number of motoneurons survived fol-
lowing a nerve crush, due to the fact that neural alignment was maintained. The
direct epineurial suture consistently produced better results than either of the repair
techniques that involved the use of a graft because the use of a graft results in the
regenerating nerves having to negotiate two sets of suture lines.

The motoneuron population was 69% of its normal value 3 months to 100 days
after repair by direct epineurial suture. Furthermore, a shift in the topographical
position of the motoneuron population following the repair of a peripheral nerve by
means of a direct epineurial suture was found, where the repaired groups recruited
motorneurons from adjacent roots, compared to the control nerves.?? Similar results
were found for cell death in the DRG following repair, as described by Peyronnard
et al’®"! and Myles et al.%8
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1.1.4 The Axons

Following the 30-50% cell death of the neurons, it is confusing to find only a 5-7%
decrease of myelinated axons in the proximal segment. In order to understand that
mechanism, anatomical properties of the axons will be described first.

Axonal Anatomy

The axon extends from the neuron to the peripheral target organ and has a diameter
in the range of 0.1 and 15-20 ;m.5383 They can be roughly divided in 2 groups:
myelinated axons and unmyelinated axons.

Myelinated axons are surrounded by myelin sheaths. This is made up by a
Schwann cell, "wrapped” around an axon, Each Schwann cell has a certain length,
creating gaps between them: nodes of ranvier. The myelin insulates the axon. Con-
duction moves from node to node, i.e. saltatory conduction, and is not constrained
by the conduction velocity of the axon itself. Axon diameter of the myelinated axons
ranges from 2-20 ym.?8:63.83

Unmyelinated axons do not have the characteristic myelin sheath but lie in
groups of fibers in contact with a schwann cell. Diameter ranges between 0.1 and 2
pm. Following nerve injury, the number of smaller unmyelinated fibres appears to
decrease significantly more than the larger myelinated fibres.?3:63.33

Axonal Changes after Injury

Axonal morphology is mainly determined by the intracellular cytoskeleton. The
integrity of the cytoskeleton is critical for the function and survival of neurons. After
injury a number of changes occur in cytoskeleton synthesis, and to the cytoskeleton
itself.®

Most prominent changes of the cytoskeleton are in neurofilament synthesis. The
larger axons rely on neuronal neurofilament synthesis for sustaining their diame-
ter. After transection of a nerve, neurofilament synthesis is downregulated. Neu-
rofilaments are transported distally by slow axonal transport, and subsequently the
axonal diameter decreases from the neuron in distal direction, a process called so-
matofugal atrophy.

The moment distal reconnections with target organs have been established, neu-
rofilament synthesis is upregulated and axonal diameter is restored to almost nor-
mal diameters.?3~3® In contrast to axonal diameter decrease after injury, fibre di-
ameter (axon + myelin sheeth) does not seem to change after injury. Gillespie and
Stein?? describe in a mathematical model how axon diameter can decrease without
changing fibre diameter. A consequence of this is the decrease of roundness of the
axon.
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1.1.5 Proximal Segment
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Figure 1.3: Proximal Segment

Contrary to the cell loss in the DRG and motor neuron pool, the number of
axons decreases less then the number of DRG- or motor-neurons, after axotomy.
Literature states that the number of myelinated fibres decreases by 5-7% in the
proximal segment.”! There is also a tendency for a left shift in the axon diameter
distribution towards smaller axons.?%

Fugleholm et al found that proximal to the lesion after crushing, sectioning and
section and freeze, the number of myelinated fibers, and their diameter distribu-
tions were similar to those in normal and control nerves examined at corresponding
levels, at 200-300 days post-injury.'®2° However, Mackinnon et al®? showed that 1
cm proximal to a lesion in a rat sciatic nerve, axon diameters declined and remained
smaller up to 24 months post-repair. Also, an increase in numbers of axons 1 cm
proximal to the repair was found, and explained as retrograde growth of sprouts.

The discrepancy between decrease in numbers of cells and only moderate de-
crease in numbers of fibres, can be explained in part on the level of the DRG. Most
of the DRG neurons have unmyelinated axons, and their numbers decrease dramat-
ically, following transection. However, It is not yet clear how approximately 30%
of motor neurons disappear where myelinated fibres only diminish by 7%. Further-
more, considering that the type of nerve repair influences the number of surviving
motorneurons, not much is known about the effect of the type of nerve repair on
the properties of the proximal segment.

Following injury, sprouts occur from the axons in the proximal segment within
hours, and are either guided or drawn to the distal segment.%7—89

1.1.6 Distal Segment

From 2 - 3 days after injury, the axons in the distal segment start to breakdown.
A massive influx of T-cells and macrophages follows. Debris, including myelin is



1.1. NERVE INJURY 9

Figure 1.4: Distal Segment

removed by macrophages and by schwann cells. This process is called Wallerian
degeneration. The basal lamina remains intact in the distal segment and forms the
scaffolding for the schwann cells to proliferate along, forming the bands of Bugner.

The signal for induction of proliferation of the Schwann cells are probably chemo-
tactic clues from the invading macrophages, as suggested by experiments using the
C57BL/Ola (C57BL/WId) mouse. This mutant mouse does not recruit macrophages
and consequently the distal segment does not undergo Wallerian degeneration.!!

Fibroblast response is most prominent following transection, and is maximal at
2-5 days following injury, lasting up to months.

The distal segment secretes three known neurotrophic factors. Nerve growth
factor (NGF), first described by Levi-Montalcini and Hamburger®, is the best char-
acterized factor of importance for survival of embryonic dorsal root ganglion neu-
rons and the vast majority of sympathetic and sensory, but not parasympathetic,
neurons during the critical stage of development.!” Normally, NGF mRNA is present
at low concentration in healthy nerves; however, following nerve injury it is upreg-
ulated in the distal nerve segment.!3° NGF is released by the schwann cells and
perineurial fibroblasts, directly after trauma. A second increase in NGE is seen
weeks after trauma and is released by the macrophages. NGF plays an important
role in the survival of the sensory neurons as well as outgrowth of their neurites,
while the substance has little or no influence on motor neurons and their neurite
outgrowth.” Only neurons with that express the high-affinity NGF receptor (trkA)
can respond to NGE

Brain derived neurotrophic factor (BDNF) is also released by the schwann cells,
starting 3-4 days post-trauma, with its maximum 3-4 weeks post-injury. BDNF is
released in 10 fold higher concentrations compared to NGE BDNF acts as a trophic
factor for motor neurons and supports the survival of motor neurons in culture, res-
cues developing motor neurons from natural cell death, and has a role in preventing
the cell death following axotomy of motor neurons in anterior spinal horns.40:55
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Ciliary neurotrophic factor (CNTF)?:4%:76 is present in mature schwann cells and
released in the extracellular space, but its synthesis appears to be reduced, following
transection. BDNF and NGF both enhance neurite outgrowth and CNTF prevents
degeneration of motor neurons. Neurotrophin-3 (NT3), NT4/5 and NT6 play a role
in survival and differentiation of sensory as well as motor neurons.” 777981

Clinically, the use of these factors has been limited, mostly due to the differ-
ent timing at which different factors have their beneficial effects. Currently, the
use of conduits from different (bio-)materials are under investigation, as carri-
ers for neurotrophic factors.32:43:79:96,98.99 Timed release, for instance, is a mate-
rial property that can now be engineered. Also, schwann cells infected with ade-
noviruses, producing specific factors implanted on conduits are tested in animal
mOdelS.lO’24’52’53’67

Sprouting

Following cell sealing by the damaged axons, sprouting starts from the proximal
segment 3-4 hrs post-injury, usually from the first internode proximal to the injury.
Terminally in each sprout there is a growth cone, a swelling from which several
microspikes or filopodia arise. These microspikes are constantly moving, exploring
the local microenvironment. The activity of the growth cones plays an essential role.

There are various explanations for determination of the growth direction of the
sprouts. The molecular composition of the microenvironment may be either per-
missive or repellent in nature. The adhesiveness and the molecular composition
of the growth substrate is of importance in this respect, especially with reference
to the presence of so-called "neurite-promoting factors” promoting the extension of
axons. 5559

Substances of special interest, possessing neurite-promoting effects, are the gly-
coproteins laminin and fibronectin.*3:75:79:85,90,96,.97 The axons will be guided to the
distal segment through neurotrophic factors. Once the axons have found the dis-
tal segment, contact with basal lamina molecules like laminin and fibronectin will
guide axon growth in the right direction. Remyelination occurs during this process.
Myelin is present 7-15 days following injury and is derived from de novo synthe-
sis and from the reutilization from cholesterol from myelin debris, by the Schwann
cells. Some cholesterol is derived from the blood stream. Remyelination proceeds
down the nerve fibre, following the growth cones, without unduly delay.

Multiple sprouts come from the proximal axons. Mackinnon et al®> demon-
strated in a rat sciatic nerve model, that numbers of fibres increased in the distal seg-
ment up to 9 months post-repair, (from + 7100 fibres in the normal sciatic nerve to
+11.700 in the distal segment at 9 months) and then started declining. At this point
distal reconnections have been made and superfluous sprouts die-back in a process
called pruning. At 24 months fibres had reached normal numbers again.*®%2:63 This
explains why histology of the distal segment does not correlate with functional out-
come, and that functional outcome needs to be assessed separately.
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1.1.7 Restoration of Function

Reconnections with the target organs are the last step in the growth process. Motor
neurons will try and find motor endplates on muscle. One axon may innervate more
fibres, and the normal ratio of muscle fibres per axon increases. This explains the
giant motor unit potentials found on EMG after reinnervation. IGF and LIF influence
formation of the connections.

Sensory neurons make connections with pacinian- and meisner corpuscules. The
sensory axon endings regrow into skin but exactly how reinnervation of touch, pain
and temperature are restored is still unclear. Recently, TRP channels have been
discovered in the membranes of the so-called free nerve endings, as transducers for
mechanical stimuli, However, their behaviour after nerve injury is still unclear.

1.2 Electro-physiological Changes after Nerve Transection and
Reconstruction

The electrophysiological changes after nerve transection and reconstruction are a
reflection of the morphological changes described above. For the purpose of this
thesis only changes in conductive properties in the axonal component of the nerve
and loss of axons will be discussed. However, before the conductive properties can
be discussed the electrophysiological tests magnetoneurography and electroneurog-
raphy have to be explained.

1.2.1 Magnetoneurography (MNG)

Magnetic Neurography (MNG) is a technique used to evaluate currents in single
axons as well as in nerves during physiological and regenerative processes. It is
based on the recording of intra-axonal currents producing nerve compound action
currents (NCAC’s) by means of induction in two magnetic sensor coils (toroids) (see
fig. 1.5). This technique was developed by Wikswo and co-workers, and adapted by
Kuypers and van Egeraat for use in an animal experimental model of regeneration
using the common peroneal nerve in rabbits. MNG has been evaluated in healthy
frog sciatic nerve and rabbit common peroneal nerve. Furthermore it has been
correlated to functional recovery, nerve conduction velocity after nerve transection
and reconstruction in a rabbit model.

The set-up used involved complete dissection of the common peroneal nerve
from where the nerve enters the tibialis anterior muscle to the lumbar plexus, prox-
imal to the femoral head. The nerve is transected and ligated as far proximally as
possible, and subsequently passed through two toroidal sensor coils, together with
a calibration wire. Two sensor coils are used in order to measure conduction veloc-
ity in the proximal segment. A bipolar stimulator is placed around the nerve, 4 cm
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Figure 1.5: Schematic represention of the MNG set-up. The nerve is stimulated, and
the response compound nerve action current is recorded by two magnetic sensor coils.
The signal is amplified by a magnetic amplifier, and recorded and stored on a computer
for analysis. The stimulator also sends a 1 pA calibration signal prior to the nerve
stimulus, through a wire which is also threaded through the two sensors.

distal to the distal toroid.

An important finding, when using MNG to evaluate nerve regeneration after
transection and microsurgical reconstruction of the common peroneal in rabbits,
was a consistent decrease of 50-60% in peak-peak amplitude in the stump proximal
to the lesion, compared to the healthy contralateral control nerve (see fig. 1.6).
Changes in conduction velocity (CV) were also observed during the first 8 weeks
post-operatively, but returned to normal after 12 weeks. Supporting this idea, a 40-
50% decrease in compound action potential, as opposed to current, was described
in separate studies using electroneurography (ENG). Initially the conclusion was
that the decrease in peak-peak amplitude involved an approximate 50% decrease in
number of functional fibres.

However, correlations between electrophysiological evaluations and morphome-
trical data have been the subject of previous studies with different degrees of suc-
cess. It has been demonstrated that Single Fibre Action Current (SFAC) is strongly
related to axon and fibre diameter, although these are not the only factors. There-
fore, because of its reproducibility and the relation between the SFAC and axon di-
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Figure 1.6: Representation of the response signal, recorded in the toroid nearest to
the stimulator (40 mm). Signal is from a transected and immediately reconstructed
nerve and its contralateral control nerve and the decrease in peak-peak amplitude is
apparent. Stimulation artefact is visible, but calibration signal is not.

ameter, a strong correlation between the NCAC’s and morphometric characteristics
can be expected. Consequently, accurate quantification of functional nerve fibres in
regenerating nerves by MNG should be possible.

Technical Aspects of MNG: Recording Operation

The animals in the subsequent experimental groups were re-anaesthetized 12 weeks
following their nerve reconstruction of the left common peroneal nerve. The nerve
was then dissected between the biceps femoris- and vastus lateralis muscles, freed
from the sciatic nerve and mobilised from the knee to the lumbar plexus. It was
transected and ligated proximal to the femoral head. The nerve was guided through
two toroidal sensor coils, consisting of a ferrite core surrounded by an insulated
50 (m copper wire. The sensors were 15 mm apart. A bipolar stimulator was
adjusted around the nerve, more distally, subsequently distal and proximal to the
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Figure 1.7: a shows the proximal measurement set-up. Stimulation is performed 10
mm proximal to the leasion. Recording at 40 and 55 mm proximal to the stimulator. b
is the distal measurement set-up. Stimulation is performed 10 mm distal to the leasion.
Recording at 40 and 55 mm proximal to the stimulator. Therefore, to measure both
positions, approximately 7 cm of nerve is needed.

nerve lesion. The distance between the distal toroid and the stimulator was kept at
40 mm.

Then the wound area was flushed with heated (36 °C & 0.5 °C), normal saline
(0.9% NacCl), in order to submerge the nerve. The effect was two-fold: to keep the
nerve from drying out, and to disperse the return of the magnetic signal, which in-
fluences the measurement. Simply put, the magnetic field had to return outside the
sensor coils. Supramaximal stimulation (i.e. 3 times maximal stimulation in order
to stimulate all nerve fibres) using a 50 us, rectangular, monophasic pulse (see fig.
1.7a&b). The moving NCAC produces a moving magnetic field, that passes through
the sensors, inducing a current. This was then boosted by a magnetic amplifier (see
fig. 1.5 on p. 12) and recorded.

Together with the nerve an insulated wire was threaded through the sensors,
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through which a 1 pA calibration signal was fed. This signal was sent just prior to
the actual stimulus to the nerve, and recorded simultaneously. This entire procedure
was repeated on the right side; the unoperated nerve served as control value. All
procedures were conducted according to the regulations of the Animal Experimental
Committee.

Technical Aspects of MNG: Signal evaluation

All data were recorded using NDA and averaged with Datacorr 3.0, which are a
custom-written data acquisition and correction programmes, respectively. Each sig-
nal was calibrated by means of an accompanying 1uA calibration signal, which was
recorded prior to every stimulus. The final signal is an average of 1024 measure-
ments (consisting of 4 batches of 256 measurements). Further analyses were per-
formed using MatLab® (The MathWorks, Inc. Natick, Mass. USA).

First, the baseline drift in a 1.6 ms window containing the MNG response was es-
timated using a piecewise cubic Hermite interpolation, based on the signal samples
immediately preceding and following this window. After correction for this drift, the
NCAC peak-to-peak amplitude could be easily determined as the difference between
NCAC maximum and minimum. Onset latency was determined semi-automatically,
as the value at 5% increase of the first peak, outside the noise to signal ratio. This
was visually checked for each signal.

The NCV was estimated by cross-correlating the signal of the second toroidal
sensor coil with that of the first. If the maximum value of the cross-correlation func-
tion exceeded 0.75, the signals were assumed to be sufficiently similar to allow a
reliable calculation of the NCV. The position of the maximum was used as indica-
tion of the time shift At between the two signals. The NCV was then calculated as
Ax/At, with Ax the intertoroidal distance of 15 mm. Finally, the area below the sig-
nal was determined between the signal onset (determined semi-automatically) and
the end of the second phase of the MNG signal (as marked by the first zero-crossing
of the signal after its minimum). The results were stored and statistically analysed
in Excel X® (Microsoft Corp, Redmond, Wash., USA). Unless otherwise indicated, a
two-sample Student t-test was used to test for significance (p values) of intergroup
differences.

1.2.2 MNG versus ENG

The main advantage of MNG over more conventional electro-neurography (ENG)
is that the magnetic field is less influenced by the impedances of the surrounding
tissues (i.e. the epineurium and mesoneurium) and by the position of the nerve in
relation to the toroid sensor. This allows excellent reproducibility. However, in order
to adjust for the conversion of magnetic field to current a calibration signal needs
to be added. This calibration signal is fed through a wire, which is guided through



16 CHAPTER 1. INTRODUCTION

both toroidal sensor coils. A rectangular 1 msec, 1 A pulse is run through the wire
just preceding the nerve compound signal. (see fig. 1.6) This enables quantification
and diminishes bias because of toroid differences.

One of the drawbacks of MNG is that the nerve needs to be transected to acco-
modate the sensors. Transecting more proximally excludes evaluation of F-waves,
which allows for motor unit estimation. However, this can be circumvented by using
other types of stimulation. This is subject to testing at this moment.

Comparing MNG to ENG demonstrated that MNG had superior reproducibility.
One shortcoming of this study was that ENG measurements were performed sub-
merged in saline, similar to the MNG measurements. In MNG, this is essential to
allow the return of the magnetic field outside the sensors, because of the conductive
properties of the saline. This vector has the opposite direction to the current in the
nerve and would decrease the signal. In ENG this disperses the signal. Normal ENG
is performed dry or in oil, which changes the properties of the surrounding electric
field considerably, and increases the signal reproducibility.

1.2.3 Relation between Axon and Signal

The nerve compound action potentials (NCAP’s) and nerve compound action cur-
rents (NCAC’s) are dependent on superposition of single fibre action potentials or
-currents. Following the mathematical principles of superposition of waves, the
peak-peak amplitude is not only a summation of all peak-peak amplitudes, but also
subject to phase cancellation, which in turn decreases peak-peak amplitude.

There is a relation between fibre diameter, peak-peak amplitude and conduction
velocity. Smaller fibres have smaller peak-peak amplitude and lower conduction ve-
locity. Hursh®® demonstrated the difference in maximum conduction velocity in dif-
ferent nerves in cats. The common peroneal demonstrated fast conduction velocities
ranging from 108-111 m/s. In contrast, the conduction velocity of the hypogastric
nerve ranged from 11-41 m/s. Hursh?®® correlated the conduction velocities to fibre
diameters, taking into account an average axon shrinkage of 10.1 + 0.2% due to to
the histological fixation and dehydration. He found a linear relationship between
fibre diameter and conduction velocity.

When comparing axon diameter and MNG signals, there is a direct relation (al-
most linear, sigmoidal shape, M. Dudok van Heel et al, unpublished results) between
fibre diameter and conduction velocity and a square relationship between diameter
and peak-peak amplitude. For example, a 5 um fibre would have half the conduc-
tion velocity of a 10 um fibre, and only 20% of its amplitude. Phase cancellation
can then be explained as a reduction in amplitude of a large, high velocity signal by
the slower, and smaller signal. This means that the smaller, unmyelinated axons, al-
though large in numbers, are an insignificant, un-investigable part of the compound
signal. Therefore, in techniques that measure compound signals, only the larger
axons (between 10 and 15 um) are evaluated. After transection, the rules change
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slightly, because of the differences in axon diameter.

Peak-peak amplitude and Axon diameter

In the proximal segment, a decrease in peak-peak amplitude has been described for
conventional ENG as well as for MNG. It has been subject of discussion whether
this decrease was directly proportional to a decrease in the total number of fibres,
a decrease in functioning fibres or a decrease in larger fibres. Deconvolution of
the signal, based on the Hodkin-Huxley model (M. Dudok van Heel, unpublished
results), demonstrated that a 5% decrease of the largest (10-18 yum) axons would
cause an approximate 0% decrease in peak-peak amplitude. However, a similar
result could be found if the number of functioning fibres of all diameters decreased.
This will be tested empirically in this thesis.

NCV and Axon Diameter

Sensory nerves react differently to transection than motor nerves. Several stud-
ies have shown that conduction velocity of large diameter sensory fibres are more
severely altered than motor fibers after transection of a mixed nerve. Extracellular
in vitro recordings of the CNAP’s in the proximal stump in transected cat hindlimb
nerves indicate that action potentials are propagated slightly slower in dorsal roots
than in the ventral roots, which is the reversal of the normal condition. Additionally,
the fastest peak of the dorsal root CNAP showed the greatest decline.

Another difference is that after axotomy without reconstruction in cat hindlimbs,
after 6 weeks the motor nerves were still electrically active and remained so almost
indefinitely, whereas the sensory nerves fell silent. Also initially the rate of axonal
atrophy was similar, but after 6 weeks, the axonal atrophy stabilized for the motor
fibres, but continued to decline for the sensory neurons.?”

1.3 Evaluation of Nerve Regeneration

There is no golden standard for the evaluation of nerve regeneration. Papers eval-
uating correlations between different evaluation types cannot elucidate positive
correlations.*! Therefore it is widely accepted to perform a number of different,
non-related tests to evaluate nerve regeneration, before conclusions are drawn.

1.3.1 Forms of Evaluation

Other than the electrophysiological tests, that are discussed in the previous para-
graphs, the evaluation of peripheral nerve regeneration encompasses function tests,
histology and immunohistology,
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Function Tests

Different function tests have been described for different animals, but only function
tests evaluating peripheral nerve repair in animals are discussed.

In rats the sciatic function index (SFI) is a widely used functional test. Several
measurements are taken from the footprints (i) distance from the heel to the third
toe, the print length (PL); (ii) distance from the first to the fifth toe, the toe spread
(TS); and (iii) distance from the second to the fourth toe, the intermediary toe
spread (ITS).

The SFI was originally developed by De Medinaceli et al. in 1982!¢, and mod-
ified by Bain et al. in 19893, as reviewed by Varejao et al®?. They reported a new
modification of the SFI, calculating the factors as follows: (i) print length factor
(PLF) =(EPL-NPL)/NPL; (ii) toe spread factor (TSF) =(ETS-NTS)/NTS; (iii) inter-
mediary toe spread factor (ITF) =(EIT-NIT)/NIT. These factors were then incorpo-
rated into the Bain-Mackinnon- Hunter (BMH) sciatic function index-formula: SFI
= -38.3-PLF+109.5-TSF+13.3-ITF-8.8. An SFI of 0 is normal. An SFI of -100 in-
dicates total impairment, such as would result from a complete transection of the
sciatic nerve 4236, Proponents of the walking track analysis advocate that there
is a direct relationship between individual hind limb muscle function and print
measurements. "2

A similar function assay of peroneal and posterior tibial nerve lesions was devel-
oped by Bain et al.? Since its development by De Medinaceli’s group in 1982, the
validity of the SFI has been questioned by several investigators because of bias (tak-
ing the most representative prints for analysis 277, false, untypically long print
lengths because of standing, changes in gait velocity and the influence of contrac-
tures.

In rabbits the Toe-spread reflex is used.’”This simple test can be used semi-
quantatively but should be used just to proof regeneration because of the bias in-
volved in the assessment of this test. The rabbit is held by the skin of its neck and
dropped over a distance of 40 cm. In a reflex to minimize impact on the ground, the
rabbit spreads his legs and toes, dorsiflexes his ankle. This response can be graded
from O to 2.

Indicators of function are muscle weight and muscle strength. In the rabbit for
instance, the anterior tibial muscle can be used for evaluation of peroneal nerve
lesions, since this muscle is specifically innervated by that nerve. The muscle can
be attached to a spring and contraction force on stimulation measured.'®2® Subse-
quently muscle weight can be recorded, dry or wet. Dry has the advantage of elim-
inating edema, whereas wet muscle weight can be performed more easily,!®:2%44

Sensory function tests include different ways of subjecting the experimental an-
imal to pain, heat or current and recording when the animal withdraws its injured
limb.% Age and thickness of skin, however, influence these parameters.
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Histology

Histological evaluation is also widely used for evaluation of peripheral nerve re-
generation. The main advantage is that specific markers can be used to eveluate
specific subsets of cells. For instance protein product 9.5 (PGP) is a pan neuronal
marker. Calcitonin gene-related peptide (CGRP) and Substance P (SP) are sensory
neuropeptides. Vasoactive intestinal peptide (VIP) is present in cholinergic fibres.
Neuropeptide Y (NpY), its C-flanking peptide C-PON and the enzyme tyrosine hy-
droxylase (TH) are present in sympathetic fibres. Markers like von Willebrand factor
(VWF) and vasoconstrictor peptide endothelin 1 (ET 1) are present in endothelial
cells, marking vascularisation.8?

Another advantage is that evaluation can be done early because reinnervation is
not essential, since the markers will be present in the subsets at any given time.

Myelinated axon counts evaluate myelin thickness, axon diameter and numbers
of myelinated axons ranging from 1 - 20 um. (See fig. 1.8 on page 20) This can
be done semi automated and fully automated by custom made or ready available
soft- and hardware. The advantage is that the relation between diameter and elec-
trophysiological parameters has been described in detail. The main drawback is
misinterpretation of data due to artifacts. Non-roundness, detachment of myelin
from the axon, the Schwann cell nucleus and blood vessels are known problems.
Also, this method is still quite labourious, since most of the myelinated axon counts
still need considerable manual input for separation of fibres and exclusion of arte-
facts. The main comment on histological evaluation is that function is not tested.

Evaluation of a nerve repair

Most function tests evaluate the final function of part of the peripheral nervous sys-
tem. As described above, sensory tests evaluate the subjects response to touch, pain
or temperature and muscle tests evaluate strength or fatiguability. A major draw-
back is that an organism can rely on back-up systems or bypass specific function.
Sensory recovery might partly rely on overlap of adjacent, intact nerves and motor
recovery is enhanced by connections of a single sprout with multiple muscle fibres.

For surgeons, it is essential to have an indication of the result of their procedure.
Therefore, it would be of interest to develop a testing method of the quality of
regeneration across a nerve repair.

MNG has the abilty to separate the stimulation artefact and the signal on short
conduction distances (4 cm). Hence it is possible to stimulate distal as well as
proximal to the lesion. When recording is always performed proximal to the lesion,
theoretically only the axons that are stimulated that are crossing the repair.

Another advantage is that the number of sprouts has no influence on the signal
since recording is performed proximal to the area where the sprouts form. It is
difficult however to test this hypothesis, since none of the other evaluation tests
provide similar functional information. Therefore, it can only be assessed by testing
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Figure 1.8: Sections of a control nerve (top picture)and a proximal segment (bottom
picture) of a transected and reconstructed nerve. Myelin is stained by 1% osmium tetra-
oxyde. 1pum transverse sections were stained with thionine blue and acridine orange to
enhance myelin contrast for semi-automated myelinated axon counts.
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two modes of injury with a known, different, outcome. In this thesis transection
and reconstruction are compared with a crush lesion.

1.4 Peripheral Nerve and Stretch

The central dogma in peripheral nerve surgery is not to suture nerves under tension.
The reason stated is that this will produce scarring. Therefore, if any tension is
suspected a nerve graft or a conduit needs to be used. However, it is well known that
outcomes after a graft are less than the results of a primary repair. After transection
of a peripheral nerve, the proximal and distal segments retract, and it remains a
question to the surgeon at what gap, between the two nerve ends, to insert a nerve
graft or choose for direct suture. Interestingly, for smaller gaps, up to 3-4 cm,
although opinions vary between 2 and 15 cm, the conduits from different (bio-)-
materials, have now been used clinically with varying degrees of success.5

But before the question at what tension to insert a graft or to suture primarily,
can be resolved, certain basic problems need to be answered first. It is essential
to define what structure of the nerve is the main load-bearing component and all
extracellular matrix structures have been implied until recently. Furthermore, it is
still unclear how a nerve deals with tension and what tension can be subjected to
the different structures.

1.4.1 Anatomy

Biomechanical properties of the whole nerve have been described in detailed stud-
ies. 12:49,61,74,94,95 1) these studies, all the matrix elements of the nerve, epineurium,
perineurium, and endoneurium, have in turn been reported to be the main load-
bearing component. There is a consensus, however, that the conductive tissues
have little capacity to withstand any longitudinal forces.

Ultrastructural studies of the collagen scaffolding of rat sciatic nerve have shown
that the epineurium consists of interwoven, thick, flat, tape-like collagen bundles.
The perineurium comprises a lacework of smaller collagen fibres orientated lon-
gitudinally and obliquely spiralling, also containing the perineurial cell layer and
basement membrane.®?°! Based on this ultrastructure it has been suggested that
the architecture of the epineurium might allow some degree of extensibility of the
nerve, and that the perineurium is set up to withstand the positive endoneurial
pressure,56:60,82,91

Clinically, after transection of a nerve, both ends retract, seemingly due to ten-
sion. Elastin fibres have been identified in all three layers of the peripheral nerve,
but in small quantities, not sufficient to explain the retraction.
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1.4.2 Stretch of Nerve

The mechanical properties of whole nerves have been described. Most important
properties of tension are stiffness and creep. Stiffness can be defined as the tension
required to increase a nerve over a certain length, and creep as the relaxation of
that tension of the nerve at constant length. Strain can subsequently be defined
as stiffness related to cross-sectional area of a nerve (in order to compare different
size nerves). A key element in stiffness behaviour of nerve is a ’toe-region’.49:74.84
This region is marked by an increase in length, on stretching of a nerve (or any
material) with only a very slow build-up of force. Rydevik et al ™ reported, in a
rabbit model using the tibial nerve, a toe-region up to approximately 15% strain,
and linear stiffness was reached around 27%. It is unclear whether this toe-region
is a physiological phenomenon or an artefact.

1.4.3 Stretch and Nerve Function

Nerve function in relation to stretch was ultimately investigated in the squid gi-
ant axon. This is a single, unmyelinated fibre, with a diameter between 400 - 600
nm, and very little extracellular matrix. This axon has shown a load deflection
curve, or toe-region, with a turning point at approximately 10% stretch.?! Func-
tional irreversible impairment started from 19% stretch, where the axon could not
be stimulated anymore. This implies that the intact neural tissue is able to cope with
elongation. Kwan et al and Rydevik et al found that around 12% stretch in rabbit
tibial nerve, conduction remained impaired for longer then an hour after release of
stretch.

1.5 The Aims of This Thesis

In respect of the previous paragraphs the following aims for this thesis are postu-
lated:

e to investigate the relation between parameters of nerve regeneration in the
proximal segment: i.e. the relation between the decrease in peak-peak am-
plitude and the conduction velocity and the relation between the decrease in
peak-peak amplitude and myelinated axon counts to further clarify the role of
the proximal segment

e to examine the influence of the type of repair on electrophysiological proper-
ties in the proximal segment

e to develop a measure for evaluation of nerve repair techniques in a rabbit
model

e to assess the effects of longitudinal tension on a peripheral nerve
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Abstract

The average axon diameter in the proximal segment of a transected and recon-
structed peripheral nerve will decrease shortly after the transection and increase
again when the ating axons make contact with their targets. The magnetically
recorded nerve compound action current (NCAC) amplitude and the conduction
velocity (CV) are directly related to the xon diameters. In this experiment, the per-
oneal nerve was unilaterally transected and reconstructed in 42 rabbits. After 3, 4.5,
6, 8, 12, 20, and 36 weeks of regeneration time, hind leg motor function recovery,
NCAC amplitude, and CV 1st peak were studied. Our results demonstrate a signif-
icant decrease in signal amplitude and CV in the first 8 weeks after econstruction.
These decreases are related (P < 0.05). After 8 weeks of regeneration time, motor
function and the CV of the recorded signals start to recover, but the signal udes do
not. Based on the correlation of the CV and signal amplitude with axon diameter,
they would both be expected to increase with recovering function. As an explana-
tion for s lack of increase of signal amplitude, we suggest that, at the same time as
some axons reach their target organs and start to mature, a number of the axons
which have not reached a proper target organ will lose their signal-conducting ca-
pability. This will cause a decrease in compound signal amplitude, which cancels
out the expected increase in NCAC de, due to axonal maturation.
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Introduction

Magnetoneurography (MNG) has been developed to measure nerve compound ac-
tion currents (NCACs) from peripheral nerves. 13716 The signals are highly repro-
ducible and can be used to quantify the number of functional neuronal units, i.e.,
an axon and all sprouts growing from it, which will conduct a signal after being
stimulated !¢ in a nerve. 6:15,27,28,30

Former studies concerning the evaluation of transected and reconistructed pe-
ripheral nerves in the rabbit with MNG have demonstrated the following: (1) 8
weeks after reconstruction, the amplitudes of the signals recorded from the proximal
segment had decreased by approximately 60% compared with the signals recorded
from the healthy contralateral control nerves '6; (2) there was no function during
the first 6 weeks after the nerve reconstructions.

After 6 weeks of regeneration time, function started to recover and reached a
maximum at 20 weeks of regeneration time *; (3) the decrease in signal ampli-
tude measured from the proximal segment of the reconstructed nerves at 8 weeks
postreconstruction persisted after 20 weeks of regeneration time. '3 Thus, the sig-
nal amplitude recorded from the proximal segment did not alter during functional
recovery. This is in contrast to what would be excpected, because the single fibre
action current (SFAC) amplitude is related to axon diameter. 3! Histological studies
have demonstrated that the average axon diameter in the proximal segment of a
transected and reconstructed nerve decreases shortly after the reconstruction 249;
after long regeneration times, the axon diamters regain their normal values. 42°

In theory, such a recovery of axon diameters should also result in a recovery of
signal amplitudes. 3! The goal of this experiment was to study short and long-term
changes in the NCAC amplitudes recorded from the proximal segment of transected
and reconstructed peripheral nerves in the rabbit using MNG and to relate these
values to the conduction velocity (CV 1st peak) and the recovery of motor function
in the hind leg.

Methods

Reconstruction Operation. Forty-two New Zealand White rabbits, 12-14 weeks of
age (3-4 kg body weight), were used. The common peroneal nerve was unilaterally
transected and microsurgically reconstructed. To this end a lateral incision at the
thigh was made, and the nerve partially mobilized. The nerve was transected at
15 mm proximal to where it enters the long peroneal muscle and reconstructed
tension-free, with 4-5 10-0 ethilon perineurial sutures.

These reconstructions were performed with the aid of an operating microscope
and according to a standardized protocol. '? After the reconstruction, the wound
was closed. Following this operation the animals were divided into seven groups
of six animals each.The survival times were 3, 4.5, 6, 8, 12, 20 and 36 weeKks,
respectively, after which the signals were recorded from the reconstructed and the
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Figure 2.1: A schematic overview of the recording setup for measuring the magnetic sig-
nals from the proximal segment of the reconstructed nerves. The nerves were stimulated
at a site 10 mm proximal to the lesion and recordings were obtained simultaneously at
40 and 56 mm proximal to the stimulation site.

healthy contralateral nerve. In the 4.5 weeks regeneration-time group, the signals
could not be measured due to technical problems.

Recording Operation. After the respective regeneration times, the reconstructed
nerves were again mobilized through a similar incision and transected as far proxi-
mal as possible. The nerve was threaded through two toroidal sensor coils placed 16
mm apart. A double metal hook served as a bipolar stimulation electrode. During
the procedure, the tissues were kept moist by creating a bath with the skin flaps.
The bath was continuously perfused with 0.9% NaCL solution (20 mL/min), which
was maintained at 37 4 0.50 C. 15

Recording Technique. The MNG technique measures the changes in magnetic fields
caused by the intra-axonal electric currents that occur when a signal is propagated
through a stimulated peripheral nerve. 2939 The changes in magnetic fields caused
by the stimulated nerves are recorded through induction currents (NCACs) in the
toroidal coils placed around the nerves. 7230 Each coil consisted of a ferrite core
that was wound with insulated copper wire (diameter 50um). The coil was 4.8
mm in diameter and 1.5 mm thick. '® Figure 1 demonstrates typical examples of
such magnetically recorded NCACs measured from the healthy and reconstructed
peroneal nerves of a rabbit after 20 weeks of regeneration time.

The nerves were stimulated at a site 10 mm proximal to the lesion (see fig.
2.1); 50 us, monophasic , rectangular pulses were delivered. The pulse amplitude
was supramaximal (three times the specific threshold amplitude for each nerve) in
order to stimulate all viable axons in the bundle. This was confirmed by the fact
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Figure 2.2: Typical examples of magnetic signals recorded from a reconstructed nerve
(dashed line) and from the contralateral control nerve (solid line) measured after 20
weeks of regeneration time.

that a further increase in stimulus amplitude did not influence the recorded signal
amplitude.

For each measurement, 1024 NCACs were averaged to increase the signal/noise
ratio. The signals were simultaneously recorded at 40 and 56 + 0.5 mm proximal
to the stimulation site !° (see figs. 2.2 & 2.3). For control purposes, NCACs were
also recorded from the intact contralateral nerve, following the same procedures as
on the reconstructed side. All operations were executed under general inhalation
anesthesia (Oy, N2O, and Enflurane). After the recording operation, the animals
were euthanized. All procedures were performed in accordance with the Erasmus
University guidelines for animal experiments.

Functional Recovery. Prior to the recording operation, functional recovery was eval-
uated by using the toe-spread test. !7 This test evaluates the reflex dorsiflexion of
the ankle and the spreading of the toes induced by dropping the rabbit over a dis-
tance of approximately 20 cm while holding the animal by the skin of the neck.
These reflexes are predominantly controlled through the peroneal nerve. 1726

The functional recovery is presented as the percentage of animals in a regene-
ration-time group in which the reflex was either absent (no reflex), good (maximal
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Figure 2.3: Typical examples of NCAC’s measured at 40 mm (black line) and at 56
mm (dashed line) proximal to the stimulation site in the proximal segment of a recon-
structed nerve after 36 weeks of regeneration time.

dorsiflexion of the ankle and spreading of the toes), or poor (all remaining results).
14

Results

For each animal, the signal amplitudes and CVs were normalized with the signals
measured from the contralateral control nerves. The signal amplitudes measured
from the proximal segment of the transected nerves after 3 weeks of regeneration
time were on average 74% of those measured from the control nerves (see table 2.1
and fig. 2.4). This decrease is statistically significant (p < 0.02; one-tailed t test).
In the 4.5-weeks group, the amplitudes further decreased to an average of 62% and
subsequently to 50% and 40% after 6 and 8 weeks of regeneration time, respectively.
The amplitudes did not change significantly after more prolonged periods (see table
2.1 and fig. 2.4).

The CV of the first peak (CV 1st peak) of the signals measured from the proximal
segment of the operated nerves was calculated by dividing the distance between the
two sensors by the time difference between in the first-peak latency times measured
by the two sensors. The CV 1st peak in the control nerves was on average 95
m/s. The CV 1st peak in the operated nerves 3 weeks after the reconstruction had
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Figure 2.4: The functional recovery, CV and NCAC amplitude as measured 3, 4.5,
6, 8, 12, 20 and 36 weeks after a peripheral nerve transection and reconstruction.
Functional recovery is presented as the percentage of animals in the corresponding
regeneration time group that reached “good” function. Conduction velocity and signal
amplitude in the reconstructed nerve are presented as a percentage of the signalbfrom
the contr lateral control nerve, averaged per group.

decreased to 88% =+ 14 of the value measured from the contralateral control nerves
(see table 2.1 and fig. 2.4). The CV 1st peak after 4.5 weeks had decreased to
71% =+ 2. This difference of 1% between the two groups is statistically significant
(P < 0.05; two-tailed t test). After 8 weeks of regeneration time, the CV 1st peak
in the reconstructed nerves had further decreased to 66% =+ of the value measured
from the contralateral nerve. At 12 weeks, the CV 1st peak had again returned to
control level and remained so for the following 24 weeks, which was the end of the
experiment (see table 2.1). The increase between 8 and 12 weeks of regeneration
time is statistically significant (P < 0.002; two-tailed t test).

A statistically significant correlation (P = 0.05; Spearman correlation test) was
found between the signal amplitude and the CV 1st peak per animal over the first
8 weeks after the reconstruction. The signal duration time was measured for the
signals from the 20- and the 36-weeks survival-time groups. The duration time
was calculated from the moment the signal reached one third of the height of its
first peak until it reached two thirds of the height of the second peak. The average
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Table 2.1. The functional recovery, CV, and NCAC amplitude as measured 3,4.5, 6,
8, 12, 20 and 36 weeks after a peripheral nerve transection and reconstruction. *

Reg. time n NCAC ampl. CV 1st peak Functional recovery
wk) (% of Control + SD)  (non/poor/good)
3 6 74+15 88 + 14 100/0/0
45 5 62+10 71+£2 100/0/0
6 6 51+16 71 £13 100/0/0
8 6 42+4 66+ 9 40/40/20
12 6 38+7 102 + 12 0/20/80
20 6 45+ 11 98 £ 10 0/0/100
36 6 44+2 96 + 16 0/0/100

Table 2.1: * The NCAC amplitude measured from the reconstructed nerves is presented
as a percentage of the signal amplitude measured from their contralateral control nerve.
The CV 1st peak is given as a percentage of the CV 1st peak measured from the con-
tralateral control nerve. The data are calculated per animal and given as an average
per regeneration-time group. The recovery of function as tested with the toe-spread test
is presented as the percentage of the regeneration-time group with absent, poor and
good function.

duration of the signals measured from the proximal segment of reconstructed nerves
in the 20-weeks survival-time group was on average 108%of those measured in the
control nerves, with a standard deviation of 14. This increase in signal duration is
not statistically significant (P = 0.274; paired t test).

The fact that no significance can be demonstrated could be due to the small num-
ber of samples. But even when the change in signal duration time was calculated
for the 20- and 36-weeks regeneration-time groups taken together, no statistical sig-
nificance was found. Motor function recovery as measured in our experiment was
found to be absent after the transection and reconstruction. The function started
to recover after 6 weeks of regeneration time and was maximal after 20 weeks (see
table 2.1 and fig. 2.4). '* When correlating the changes in CV 1st peak with the
functional recovery per animal over the period from 8 to 36 weeks after the recon-
struction, a statistically significant correlation (P < 0.01; Mann-Whitney correlation
analysis) was also found.

Discussion

The MNG recording technique measures the changes in magnetic fields caused by
action currents in a nerve. Because the magnetic fields are not significantly influ-
enced by the biological tissues between the axons and the sensor, the MNG signals
are highly reproducible and thus can be used for quantitative analysis. !3:15:29:30
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Furthermore, a correlation between the NCAC amplitude and the number of motor
neurons in the healthy nerve has been demonstrated. 61%:16:28 Possible variables
which could cause a decrease in signal amplitude in the proximal segment of a
reconstructed nerve have been discussed previously. 14

Based on these findings, we have used the NCAC amplitude as an indicator for
the neuronal number of functional units in the nerve bundle. In previous experi-
ments, we have measured the signal amplitude from the proximal segment of re-
constructed nerves at 8 and 20 weeks after the reconstruction. At 8 weeks, the am-
plitudes had decreased to approximately half those measured from the contralateral
control nerves. ¢ This decrease still persisted at 20 weeks after the reconstruction.
13 It was also demonstrated that the number of histologically counted myelinated
axons at 10 and 50 mm proximal to the lesion site had decreased by only 5%. '3 This
decrease is approximately equal to the decreases reported in the literature. 10:22:32
Because the signal amplitude is related to the number of functional neuronal units
in a nerve, the 5% loss due to degeneration cannot explain a 50% decrease in signal
amplitude. In the present experiment, the signal amplitudes were studied after 3,
4.5, 6, 8, 12, 20, and 36 weeks of nerve regeneration.

The amplitude measured from the proximal segment of the reconstructed nerves
decreased significantly during the first 8 weeks after the reconstruction, as did the
CV 1st peak (see table 2.1 and fig. 2.4). The reductions in CV 1st peak and signal
amplitude during these 8 weeks are found to be correlated (P = 0.05; Spearman
correlation analysis). A reduction in CV proximal to a peripheral nerve lesion shortly
after the reconstruction has also been demonstrated by other authors. 2! Conduc-
tion velocity is strongly related to axon diameter. ' The loss of CV shortly after the
reconstruction has therefore been explained by a histologically confirmed reduction
in the average axon diameter proximal to the lesion. 28 The amplitude of SFAC
has also been demonstrated to be related to the axon diameter. 3! Therefore, the de-
crease in axon diameter, as described for the proximal segment of the reconstructed
nerves, would also be expected to result in a decrease of NCAC amplitude. Such a
decrease indeed occurred in our experiment.

The notion that CV and signal amplitude are related by means of their relation
to axon diameter seems to be supported by the correlation between the CV 1st peak
and the NCAC amplitude in the first 8 weeks after the reconstruction, as found in our
experiment. Regenerating axons in a transected and reconstructed peripheral nerve
are known to first form thin sprouts that will regenerate into the distal segment and
try to find a target organ. During this regeneration phase, the diameter of the axons
proximal to the lesion is reduced. >° Once a sprout has made contact with a proper
target organ, it will start to mature. An important aspect of this maturation is the
increase in diameter of the regenerated sprout. 2! After long regeneration times,
the maturation phase will have been completed. This corresponds with the changes
in axon diameters in the proximal segment, which return to normal values. 2420

In our experiment, the CV 1st peak increased from 66% to normal (100%) in
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the period from 8 to 12 weeks after the reconstruction. This change was correlated
in time (P < 0.01) to the recovery of motor function, which increased from absent
to good between 6 and 20 weeks after the reconstruction (see table 2.1 and fig.
2.4). It is tempting to explain this correlation in recovery of function and CV by the
increase in axon diameter after the axon reaches its target and matures. Besides
recovery of function and increase in CV, an increase in the NCAC amplitude would
be expected at the same time, because both amplitude and CV are related to axon
diameter. 3!

However, this was not the case in our experiment. The NCAC amplitude re-
mained at approximately 45% of the signal amplitude measured from the contralat-
eral nerve (see table 2.1 and fig. 2.4), whereas the CV 1st peak returned to normal.
Other authors  have tried to explain this lack of recovery of signal amplitude while
the CV 1st peak regains normal values, hypothesizing that only a small number of
thick axons reach their target organs and therefore mature. This will result in an
increased CV 1st peak . One would also expect the signal amplitude to increase.
But because the other axons, which are unsuccessful in reinnervating a distal target
organ, continue to conduct signals slowly, this will result in an increase in disper-
sion of the compound signal. An increase in dispersion will cause a decrease in
the compound signal amplitudes. This would compensate for the increase in signal
amplitude due to the maturation. Thus, although the peak latency may recover, the
signal amplitude will not. 3

This theory, however, does not seem a plausible explanation for the lack of recov-
ery of the signal amplitudes as found in our experiment. The amplitude of signals
measured from single nerve fibers varies approximately as the square of the CV, 323
A change in the axon diameters would therefore have a much higher impact on the
NCAC amplitude than on the CV 1st peak. In our experiment, an increase in signal
amplitude would thus be expected even when a major increase in dispersion occurs.
This was not the case. Furthermore, such an increase in dispersion would also result
in an increase in duration of the first and second peak. In the signals measured in
this experiment, however, no increase in signal duration was observed (see Results
and figs. 2.2 & 2.3).

In previous experiments, we suggested that after 8 weeks of regeneration time,
a considerable number of the neuronal units in the proximal segment of the tran-
sected and reconstructed nerves lose their signal-conducting capability. '4'® Similar
conclusions have been drawn in histological studies. 2° In longterm experiments,
the number of peripheral nerve cells labeled with horseradish peroxidase (HRP),
after applying the dye to the proximal segment of a transected and reconstructed
peripheral nerve, decreased to approximately 60% of the number found in the con-
tralateral control nerves. No decrease was found when applying the dye to the nerve
segment proximal to a crush lesion. 2° Based on the earlier finding that the amount
of HRP absorbed by peripheral nerves is influenced by the electrical activity of the
nerve, 1819 this suggests a decrease in electrical activity of approximately 40% of
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the neuronal units in the proximal segment of a reconstructed peripheral nerve after
a transection and reconstruction. Because the decrease is not found in the crushed
nerves, it cannot be due to a decrease of input from the regenerating sensory axons.

Furthermore, Friede and Bischhausen, °® Ramon y Cajal,?! and Stroebe ?* noticed
a great number of so-called “sterile axons” in the proximal segment of a transected
and reconstructed peripheral nerve between 1 and 28 days of regeneration time.
These sterile axons do not form functional growth cones and are therefore unable to
regenerate. They become varicose, and the axonoplasm contains many vacuoles. It
might be that these axons also do not transport HRP and may have lost their signal-
conducting capability. These results support our conclusion that a great number
of functional neuronal units lose their signalconducting capability while remaining
histologically viable. '* Such a loss of functional neuronal units could explain the
lack of recovery of the signal amplitudes in the proximal segment after 8 weeks of
regeneration time, as found in the present experiment. At about this time, an in-
creasing number of neuronal units start to lose their signal-conducting capability 16
for instance, due to a lack of target organs produced neurotrophic factor transported
to the nerve cell body. A decrease in signal amplitude would be caused by this. But,
at the same time, other regenerating axons reach their target organs and will con-
tribute to functional recovery. Due to subsequent maturation, their axon diameter
will increase, which in turn will result in an increase in their signal amplitude (and
CV 1st peak). The decrease of signal amplitude due to the loss of functional neu-
ronal units will thus be compensated by the gain in signal amplitude due to axon
maturation.

In conclusion, the loss of signal amplitude measured from the proximal segment
of a nerve shortly after transection and reconstruction is related to the decrease in
the CV 1st peak. These two phenomena are both caused by a decrease in axon diam-
eter, which is due to axon regeneration. The CV 1st peak will regain normal values
after the regenerating neuronal units have reached their target organs and start to
mature. The persisting low NCAC amplitude after more than 12 weeks of regenera-
tion time, while the CV 1st peak has normalized, may be explained by a significant
number of functional neuronal units losing their signal-conducting capabilities. This
may be due to lack of target organ-produced neurotrophic factors transported to the
nerve cell bodies. If such a loss of the conductibility could be reversed, the number
of functional neuronal units regenerating across the lesion into the distal segment
may also increase. Because theoretically the number of functional neuronal units
that grow into the distal segment relates to functional recovery, 1111225 an increase
in the number of functional units in the proximal segment may well be of clinical
importance.
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Abstract

In the evaluation of nerve regeneration using Magneto-Neurography (MNG), the
proximal segment showed a reproducible decrease in peak-peak amplitude of the
Nerve Compound Action Currents (NCAC) of 60%. In order to explain these changes,
morphometry of myelinated axons in the proximal segment is compared to the MNG
signals. A standardised nerve transection and reconstruction was performed in rab-
bits. NCACs were measured approximately 5 cm proximal to the lesion from oper-
ated and control nerves after 12 weeks. Histological samples were taken from the
same area of the nerve where the NCACs were obtained.

Results showed a decrease of the peak-peak amplitude of the NCAC of 57% com-
pared to the control. Conduction Velocity decreased 15% (not significant). Mor-
phometry elicited a decrease in larger (10 - 15 ym) axons (284 + 134 versus 82 +
55) and an increase in smaller (2-5 ym) axons (1445 + 360 versus 1921 + 393).
A strong correlation existed between the decrease in amplitude and the decrease in
larger axons (p=0.85).

Peak-peak amplitude varies approximately with the square of the diameter axon.
Therefore, because peak-peak amplitude is mainly dependent on the larger diameter
axons, the decrease in peak-peak amplitude of the NCACs may be explained by a
decrease in numbers of 10 - 15 um axons.
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Introduction

Magnetic Neurography (MNG) is a technique used to evaluate currents in single
axons as well as in nerves during physiological and regenerative processes. It is
based on the recording of intra-axonal currents producing nerve compound action
currents (NCACs) by means of induction in two magnetic sensor coils (toroids). This
technique was developed by Wikswo and co-workers ?4~2?_ and adapted by Kuypers
and van Egeraat '4~18 for use in an animal experimental model of regeneration
using the common peroneal nerve in rabbits.

The main advantage of MNG over more conventional electro-neurography (ENG)
is the addition of a calibration signal with each measurement, which enables more
accurate quantification. Furthermore, MNG is less influenced by the conductive
properties of the surrounding tissues, increasing its reproducibility 21 =23,

MNG has been evaluated in healthy frog sciatic nerve 21=23, Furthermore it has
been correlated to functional recovery '8 and to histological and morphometric data
after nerve transection and reconstruction in a rabbit model '%:17. A striking feature
when using MNG to evaluate nerve regeneration after transection and microsurgical
reconstruction of the common peroneal in rabbits, was a consistent decrease of 50-
60% in peak-peak amplitude in the stump proximal to the lesion, compared to the
healthy contralateral control nerve.

Changes in conduction velocity (CV) were also present during the first 8 weeks
post-operatively, but returned to normal after 12 weeks. This lead to the conclu-
sion that the 60% decrease in Peak-peak amplitude involved an approximate 50%
decrease in number of functional fibres 1418,

Supporting this idea, a 40-50% decrease in compound action potential, as op-
posed to current, was described in separate studies using electro-neurography (ENG)
2. Histological changes in the proximal stump after crush- and transection and re-
construction experiments consisted of a decrease in axon- and fibre diameter, with
a more marked decrease of the former in both crush and neurotomy experiments.
Also, changes in myelin sheath thickness have been reported 1:4:6-12,

Correlations between electrophysiological evaluations and morphometrical data
have been the subject of previous studies with different degrees of success 3. It
has been demonstrated that Single Fibre Action Current (SFAC) is, amongst other
factors, related to axon and fibre diameter 19-21—23,

Therefore, because of its reproducibility and the relation between the SFAC and
axon diameter, a strong correlation between the NCACs and morphometric charac-
teristics can be expected. Consequently, accurate quantification of functional nerve
fibres in regenerating nerves by MNG should be possible. The aim of our study was
to investigate the morphological changes in the proximal segment in a reconstructed
nerve and to correlate these with MNG responses in the regenerating nerve.
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Materials and Methods

Five New Zealand White rabbits (2.5-3.0 kg) were anaesthetised (Hypnorm, 0.8ml
IM for induction, Ethrane, 3% maximally, as anaesthetic). Fentanyl IV as pre-
medication and analgesic; 0.5ml before operation, and 0.8ml before nerve tran-
section, no muscle relaxants). A 3 or 3.5mm tube was used for ventilation.

A standardised microsurgical transection of the left common peroneal nerve was
performed, approximately 1.5 cm proximal to where the nerve passes underneath
the tibialis anterior muscle. The ventral surface of the nerve was marked with two
11-0 epineurial sutures and the nerve transected. For reconstruction two epineurial
10/0 nylon microsutures and two drops of Human Fibrin glue, on the dorsal- and
ventral surface, were used. All procedures were performed by the same surgeon.
The operated limbs were not immobilised and no antibiotics were given. Nerves
were left to regenerate for 12 weeks.

Toe-Spread Reflex (TSR)

After a regeneration time of 12 weeks the Toe-Spread-Reflex (TSR) test was per-
formed, prior to the anaesthesia for the evaluation. The rabbit (held by the skin
of its neck) was dropped over a distance of 40 cm. Reflexively, the rabbit spreads
its toes and dorsiflexes its foot. The response was graded 0 to ++, with 0 for no
response and ++ for a normal TSR response.

Magnetic Neurography (MNG)-measurements (modified from Kuypers et al 4:16)  Af-
ter 12 weeks regeneration, the animals were anaesthetized (as above) the nerve was
approached through an extended incision via the intramuscular septum between the
biceps femoris- and vastus lateralis muscles. It was mobilised from the knee to the
lumbar plexus, and transected as far proximally as possible. A bipolar stimulator
was adjusted around the transected nerve 8-10 mm proximal to the regenerated
lesion site. The nerve was guided through two toroidal sensor coils consisting of a
ferrite core surrounded by an insulated copper wire (50 ym diameter) with a known
number of windings.

The moving NCAC passes through the sensors inducing a current, which is then
boosted by a magnetic amplifier (see fig. 3.1 & 3.2). Stimulation was performed
using a 50 usec, rectangular, monophasic pulse. Supramaximal stimulation was
used in order to be certain that all fibres would be stimulated.

During the recording procedure the nerve was kept submerged in a continuously
flushing normal saline bath (0.9% NaCl), created by retracted muscle- and skinflaps,
actively kept at 36 oC (+ 0.5 oC). The signals were averaged 1024 times to improve
the signal-noise ratio. This entire procedure was repeated on the right side, the
unoperated nerve served as control value. All procedures were conducted according
to the regulations of the Animal Experimental Committee.
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Figure 3.1: A picture of the MNG setup as used in the rabbit. t) are the toroidal
sensors, near the sciatic notch (near the femoral head), s) is the stimulator overlying
the peroneal muscle group. The peroneal nerve is dissected from the sciatic nerve, and
guided through both sensors.

Signal evaluation All data were recorded in D-scope, a custom written acquisition
programme. All signals were then further corrected, using the 1A calibration signal
which was sent before every stimulus, using Datacorr. Subsequently, every signal
was compared to the calibration signal to measure the parameters.

The final signal is an average of 1024 measurements (consisting of four batches
of 256 measurements). NCAC peak-peak amplitudes were calculated, using Dat-
acorr, from the maximum of the first peak to the minimum of the second peak.
Onset latencies were calculated from the intersection between a linear fit through
the baseline and a linear fit through the slope of the first peak. Conduction velocity
was calculated by dividing the inter-toroidal distance (15 mm) by the difference in
time between the onset latencies of the signals of the toroids. Conduction distance
between the stimulator and the first toroid was calculated from the conduction ve-
locity, and the peak-peak amplitude was normalised for a conduction distance of 50
mm by using a linear interpolation of both NCAC amplitudes.

Histology (modified from Sterne et al °) A nerve tissue sample (4-5 mm) was
taken between the two toroidal sensors, directly after the MNG measurements. The
epineurium was scored to give proper fixation (2.5% Glutaraldehyde in 0.1 M Phos-
phate buffer, pH 7.4, at 4 OC overnight). After 3 washes with buffer nerve segments
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Figure 3.2: A diagrammatic represention of the MNG set-up. The measurements are
performed retrogradely i.e. stimulation is done distally and recording of the changes
in magnetic field is performed proximally. Also, in this experiment the stimulator is
proximal to the lesion.

were post-fixed with 1% osmium tetra-oxide (Agar Scientific, Stansted, UK) in 0.1
M phosphate buffer for 1 hour at room temperature, washed with phosphate buffer
and dehydrated serially through increasing concentrations of acetone. Infiltration of
the specimen was initially carried out overnight with 1:1 acetone: araldite CY212
resin (Agar Scientific, Stansted, UK), followed by two changes of fresh resin and
finally embedded in araldite CY212 resin. The blocks were polymerised at 60 oC
for 18 hours. Semithin (1 pm) transverse sections were cut and stained with thio-
nine blue and acridine orange to enhance myelin contrast. Tissue analysis and all
subsequent morphometric assessment were performed on coded sections without
knowledge of the source.

Histological Quantification (modified from Sterne et al) 2° Each specimen was as-
sessed by using a computerised image analysis system (Seescan Analytical Services,
Cambridge, UK). One section per nerve was assessed. Following automatic back-
ground subtraction, image editing and automatic thresholding, the number of myeli-
nated fibres was measured in five fields (x 40 objective) per section. The first field
was taken in the centre of the section, and the remaining four were placed around
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Table 3.1.MNG results summarised

NCAC P-P 50 (1A) O. Lat. 50 (msec) NCV OL( m/s)
Prox. Segm. 0.30 + 0.08 0.59 4+ 0.05 85.1 6.3
Controls 0.68 + 0.19 0.50 + 0.06 101.2 +12.3
% of Control 42.30% 4 9.1% 119% =+ 20.4% 85% 4+ 14.2%
Significance  (p < 0.01) n.s. n.s.

Table 3.1: summarises the MNG results. Peak-peak amplitude (P-P) in uA, onset
latency (O.Lat) in msec and the nerve conduction velocity, measured at the onset
latency (NCV OL) in m/sec

the centre field, one in each direction, making sure not to let the fields overlap.
The mean internal and external areas of each myelinated fibre were automatically
measured. The axon- and fibre diameters, myelin thickness and g-ratio were cal-
culated from these data, and the outer perimeter of the nerve section was used to
derive the cross-sectional area. Results were subsequently corrected by means of
the Total Field Area/Nerve Crossectional Area ratio. On average 20% of the nerve
was analysed.

Software D-scope is a custom written signal-acquisition programme. Datacorr was
developed by A. Viddeleer. The results were stored in Excel’97 (Microsoft ®). Sta-
tistical analysis was performed with SPSS v8.0 (SPSS, Inc.).

Results

MNG results. Peak-peak amplitude significantly decreased 57.70% + 9.1% (p <
0.01, paired Student t-test) in the proximal stump of the reconstructed nerve com-
pared to the contralateral control nerve. Onset latency, conduction velocity and
the TSR were not statistically significantly changed, though onset latency showed a
non-significant trend towards an increase (0.50 + 0.06 msec to 0.59 + 0.05 msec),
conduction velocity revealed a trend towards a decrease (101.2 + 12.3 m/sec to
85.1 + 6.3 m/sec) (table 3.1) and TSR exhibited a decrease (table 3.2).

Histology In order to compare MNG results with morphometrical data, the axon
diameter classes were arbitrarily subdivided into 2-5 pm, 5-10 pm and 10-15 ym
groups. Similarly, fibre (axon + myelin) diameter classes were set at 5-10 pm, 10-
15 pm and 15-20 pm, which corresponds roughly with the axon diameter classes
based on the assumption that the average g-ratio (axon diameter/fibre diameter) is
approximately 0.5 3.
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Table 3.2 Toe-Spread-Reflex (TSR
Rabbit Control Proximal

1 ++ +
2 +4 +
3 +4 +4
4 ++ ++
5 ++ -

Table 3.2: shows the toe-spread-reflex results. It is only used as an indication of
regeneration. 0 is no reaction, + is an intermediate reaction and ++ is (almost)
normal reaction.

Axon Diameter Distribution. The average number of large axons in the 10-15 pm
group has significantly decreased in the regenerating nerve compared to the unin-
jured control from 284 + 134 to 82 + 55 (p=0.02, paired Student t-test). Further-
more, the number of axons in the 2-5 ym group has significantly increased in the
proximal stump from 1445 + 360 to 1921 + 393 (p=0.04, paired Student t-test)
(see fig. 3.3). The maximal measured axon diameter decreased significantly (p=
0.05, paired Student t-test) by 6% from 12.85 ym + 0.60 um to 12.02 ym =+ 0.65
pm.

Fibre (Axon + Myelin Sheath) Diameter Distribution. The number of fibres has not
decreased significantly in the largest group (15 - 20 um), but the changes in fibre
diameter distribution seem to follow the axonal diameter distribution; no change
in the 10-15 um group and an increase in numbers in the smaller fibres. Myelin
thickness, the overall g-ratio and the total number of fibres are not significantly
changed (Paired Student t-test, table 3.3).



55

Number of Axons per Class

n
2500

2000 -|—

1500

O Controls

M Reconstr.
1000

500

2-5 micron 5-10 micron 10-15 micron

Diameter Class

Figure 3.3: The white areas represent the numbers of axons per diameter class of
the control nerves, and the black areas the number of axons per diameter class of the
regenerated nerves.
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Correlations. In order to answer the questions of the changes in the proximal stump
correlations between morphometrical and electrophysiological data were calculated.
Peak-peak amplitude correlated very well with the number of axons in the 10-15
pm group (correlation coefficient=0.85, pi0.01) (see fig 3.3). Also, peak-peak am-
plitude correlated well with the maximal axonal diameter measured (correlation
coefficient = 0.77, p < 0.05).

Discussion

Magneto-Neurographic Changes in the proximal stump after 12 weeks regeneration
MNG measures the changes in the magnetic field around a nerve, caused by moving
intra-axonal electric currents, which occur when a signal is conducted through the
nerve. These changes are recorded by two toroidal sensor coils.

Peak-peak amplitude measured in the proximal stump, 12 weeks after recon-
struction, shows a significant decrease of 57% compared to the contralateral nerve.
Conduction velocity and onset latency did not elicit statistically significant changes,
but the conduction velocity demonstrated a trend for a decrease (101.2 m/sec vs.
85.1 m/sec) and onset latency showed a consequent trend for an increase (0.50
msec vs. 0.59 msec), after injury. These MNG results are consistent with previous
studies. All these studies, using the same experimental model, show this decrease in
compound action current amplitude of approximately 60% in the proximal stump
at 12 weeks post-reconstruction 417,

Other authors, using similar ENG experiments, found that compound action po-
tential amplitudes, did not reach control values over 150 days after resuturing the
nerve but remained at 50-60% of the control. A conclusion in early experiments
was that the changes in latency produced further changes in amplitude through the
dispersion of impulses from fibres of different diameters and partial cancellation of
positive and negative phases by changes in conduction velocity 2. Later experiments
showed that conduction velocity decreases in the first weeks after injury, which is
consistent with early amplitude decreases. After longer regeneration periods con-
duction velocities are reported to return to normal °~!7 or remain slightly lowered
1

However, the most important change recorded with MNG, the statistically sig-
nificant decrease in peak-peak amplitude, remains consistent with previous experi-
ments, implying a role in the regenerative process.

Histological changes in the proximal segment after 12 weeks regeneration Histologi-
cal changes in the regenerative process of the proximal stump of a transected and
reconstructed nerve have been reported as early as 1943 by Gutman and Sanders
6. They found a significant decrease of fibre (axon + myelin) diameter, approxi-
mately 15 mm proximal to the lesion, as well as a decrease of the average axon
diameter. These results had not normalised up to one year of transection and recon-
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Figure 3.4: Correlation between peak-peak amplitude and number of axons in the
larger axon diameter class of the reconstructed and control nerves. Pairs are shown.
The accented numbers are the reconstructed nerves. Pair 1-1’ is interesting in that it
has very low peak-peak amplitude in the control nerve, but this is matched with a very
low peak-peak amplitude in the reconstructed nerve, compared to the other animals.
Also, it has a lower number of larger axons in the control nerve, consistent with the
lower signal.

struction. Similar results have been published subsequently. Up to 1.5 years most
authors found a decrease in axon diameter concurring with a smaller decrease in
fibre diameter %412,

The histological results of our control nerves are consistent with the literature
3. Also, the results of the injured nerves are similar to the earlier descriptions. In
this experiment the most prominent histological changes, at 12 weeks after neu-
rorraphy, are the decrease in number of axons in the larger myelinated axon group
(10-15 pm) from 284 + 134 to 82 + 55, and the decrease in diameter of the largest
myelinated axon measured per nerve section from 12.87 pym + 0.60 ym to 12.02
pm + 0.65 pm. The positive TSR provided proof of reinnervation.

An explanation for the decrease in axonal diameter can be found in how this
diameter is controlled. Axonal diameter of large myelinated axons depends mainly
on the amount of neurofilaments (NF) present in the nerve fibre and the degree of
phosphorylation of the filaments. During growth and regeneration the changes in
axonal diameter in the proximal stump are dependent on the amount of NF in the
axon, although there is no change in density (dependent on the degree of phos-
phorylation of neurofilaments). After injury, downregulation of NF-gene expres-
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sion decreases the synthesis of neurofilaments resulting in loss of axonal diameter.
This reduction originates near the cell body and proceeds anterogradely at the rate
of slow axonal transport (0.1-30 mm/day). Hence the name somatofugal atrophy
7 — 11. The changes in neurofilament content coincided temporally with alterations
in axon calibre in regenerating motor fibres. Eight weeks after axotomy the deliv-
ery of neurofilament proteins returned to pre-axotomy levels and axon calibre was
restored to almost normal. This restoration is probably due to reinnervation and
neuron-target cell interactions >7 11,

An explanation for the changes in axonal diameter with lesser significant changes
in fibre diameter is provided by Gillespie and Stein 4. By means of a mathematical
model they showed that as the diameter of the axons decreases, the myelin sheath
collapses and axon diameter can theoretically decrease to zero while the myelin
sheath does not change resulting in a dramatic decrease in axon diameter and a
significantly lesser decrease of fibre diameter (see fig 3.2 & 3.3) Summarising, the
most prominent morphological changes in the proximal segment of a reconstructed
nerve are a decrease in number of larger axons (10-15 ym) and a decrease in max-
imal axonal diameter measured per nerve.

Relation between Histology and Electrophysiology The amplitude of the action po-
tential and the action current of a single axon are described by complex mathemat-
ical equations which are outside the scope of this paper. Simply summarised the
amplitude varies approximately with the square of the diameter ?2. The relation
becomes progressively complex when studying compound signals. In earlier exper-
iments using MNG the 55% decrease in peak-peak amplitude is compared with a
quantification of the number of myelinated fibres present. In these experiments a
small but measurable 5-7% decrease in numbers of fibres was found, which was
consistent with literature, but quantitative morphometry was not performed '4~18,
Together with the recurrence of conduction velocity to normal values at 20 weeks
and return to a normal TSR, it is tempting to speculate that approximately 40% of
the fibres were present but not functioning, accounting for the loss of amplitude.
In our experiment, a close correlation was demonstrated between the decrease
in peak-peak amplitude and the decrease in number of axons in the 10-15 ym di-
ameter class and between peak-peak amplitude and the largest axonal diameter
measured per nerve section (correlation coefficients 0.85 and 0.77 respectively).
Since it has been established that larger axons account for larger action currents it
seems logical, when comparing the presented morphometric data with the changes
measured by MNG after neurotomy as described during this experiment, that the
loss of amplitude can also largely be explained by the decrease of diameter of the
larger axons and not so much by impairment of excitability of nerve fibres. Also,
for a single fibre, the relationship between axonal diameter and conduction velocity
is less strong then the relationship between the diameter and amplitude, as ampli-
tude is approximately the square of the diameter 22. This means for a single fibre,
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that a 6% decrease in diameter as measured in this experiment will already cause
a subsequent 12% decrease in amplitude. However, data from this experiment can-
not exclude the possibility of non-excitable fibres because those fibres can not be
demonstrated by current histological techniques, and therefore, both phenomena
might exist simultaneously.

The small decrease in conduction velocity (or increase of onset latency) could
not be correlated with the decrease in axonal diameter nor with fibre diameter. It
is possible, based on the histological changes described above, that the lack of cor-
relation between peak-peak amplitude and conduction velocity is due to the fact
that the regenerative process has already produced a number of larger axons. The
onset of the signal depends on the fastest conducting axons, only small numbers
of the largest axons are needed to set the signal off. In the unreconstructed, atro-
phied nerves, 4 such regenerating axons are not present and the conduction velocity
decreases with the continuous decrease of axonal diameter. After 12 weeks regen-
eration in the reconstructed nerve, a small number of axons will have reached their
distal target organs, and will have matured to almost normal diameters. They will
determine conduction velocity and onset latency rather than the axons that still
have decreased diameters.

On conclusion, a histological argument for the decrease in peak-peak amplitude
of the NCAC in the proximal stump after nerve transection and reconstruction, ap-
pears to be the decrease in number of larger axons (10-15 um). Further research
is warranted to investigate whether this is an irrevocable reaction to the trauma
inflicted by the transection, and if influencing this process has consequences to the
quality of the clinical end result.
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64 CHAPTER 4. THE PROXIMAL SEGMENT AFTER DIFFERENT REPAIRS

Abstract

The role of the proximal segment following nerve repair is still unclear. Therefore,
the electrophysiological properties of the proximal segment of the nerve following
different types of reconstruction after transection were evaluated. The types of re-
construction were: immediate reconstruction using microsutures, 24 hour delayed
reconstruction using microsutures, 14 days delayed reconstruction using microsu-
tures, immediate reconstruction using fibrin glue and immediate reconstruction us-
ing fibrin glue and 2 microsutures were evaluated. One group was transected and
not reconstructed. The electrophysiological properties were evaluated by magne-
toneurography (MNG). The reconstruction after 24 hours did statistically signifi-
cantly better than the immediate reconstruction and the other groups for peak-peak
amplitude (43.01% =+ 8.8% vs 36.33% =+ 6.4%, p < 0.05) in the proximal segment,
compared to the contralateral control. The onset latency and conduction veloc-
ity did not reach a statistically significant difference. Peak-peak amplitude in the
non-reconstruction group was significantly lower than the immediate reconstruc-
tion (24.65% =+ 7.9% vs 36.33%=+ 6.4%, p < 0.001)

On conclusion, it is possible to modify the changes in the proximal segment by
the repair. However, it appears that timing is more important then the type of repair
used. Delaying a repair for 24 hrs is beneficial for the electrophysiological properties
of the proximal stump.
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Introduction

Changes in the proximal nerve segment following nerve injury have been described?®,
but it remains unclear what the influence of the proximal segment is in peripheral
nerve regeneration. Histological changes described in the proximal stump after
crush- or transection and reconstruction experiments, consisted of a decrease in
axon- and fibre diameter in both types of injury. Additionally, changes in myelin
sheath thickness, as well as a 5-7% decrease in numbers of axons have been re-
ported after transection and reconstruction.!»3:%:6 ¢

Compound action potential amplitudes, measured using electroneurography
(ENG), did decrease to 50-60% of the control nerves, and did not reach control
values at 150 days after injury. Conduction velocity (CV) decreased in the first weeks
after injury, but returned to normal®?:!! or remains around 80% of the contralateral
nerve, after longer regeneration periods !.

Using MNG to study the effect of a crush injury, only a 30% decrease in peak-
peak amplitude was demonstrated in the proximal segment (See Chapter 5). Experi-
ments using magnetoneurography (MNG) to evaluate peripheral nerve regeneration
in a transection and reconstruction model of the common peroneal nerve in rabbits,
have shown a very consistent decrease in peak-peak amplitude 55-65% in the prox-
imal stump following injury 7~9-11:12, We demonstrated in an histological study that
this decrease correlated well to a decrease in number of axons larger than 10m.'?

Studies evaluating the influence of different types of repair after nerve transec-
tion, i.e. direct suture, cable - and muscle graft, on the number and distribution of
motorneurons in the rat spinal cord and of muscle afferents in the rat dorsal root
ganglion found no significant differences *!4. Gilmour et al* demonstrated that sur-
vival of motorneurons was influenced by the type of injury. A crush injury showed
a lesser degree of cell loss then a transection and reconstruction. Furthermore, in
a transection and reconstruction model, a primary nerve repair did better then a
nerve graft. Most interestingly, a difference could be demonstrated between a nerve
graft and a muscle graft, bridging the same gap.

The aim of this study is to investigate whether the method of repair, i.e. direct
repair using microsutures or fibrin glue versus delayed repair using microsutures,
which are the most common repair techniques used at this moment, influences elec-
trophysiological parameters of the proximal segment.

Methods and Materials

71 New Zealand White rabbits, weighing between 2500 and 3000 grams received
general anaesthesia (Hypnorm, 0.8ml IM for induction, Ethrane, 3% maximally, as
anaesthetic). Fentanyl IV was used as analgesic, 0.5ml before operation, and 0.8ml
before transection of the nerve. A 3 or 3.5mm tube was used for ventilation. No
muscle relaxants were given. A standardised, microsurgical transection of the left
common peroneal nerve was performed, approximately 1,5 cm proximal from were
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the nerve passes underneath the tibialis anterior muscle. The nerve was partially
mobilised but the vascular pedicle arising from the popliteal artery was left intact.
The ventral surface of the nerve was marked with two 11-0 epineurial sutures, in
order to obtain correct coaptation. The nerve was transected with a pair of straight
microscissors and reconstructed in the following ways:

e Group a, immediate reconstruction group (n= 13 animals): immediate recon-
struction using 4-6 epineurial 10/0 microsutures,

e Group b, 24 hour delay group (n= 12 animals): 24 hour delayed reconstruc-
tion using 4-6 epineurial 10/0 microsutures,

e Group ¢, 14 day delay group (n= 10 animals): 14 days delayed reconstruction
using 4-6 epineurial 10/0 microsutures,

e Group d, fibrin glue group, NS (n= 16 animals): immediate reconstruction
using a fibrin glue sleeve,

e Group e fibrin glue group, S (n= 8 animals): immediate reconstruction using
2 epineurial 10/0 microsutures and a fibrin glue sleeve,

e Group f, no reconstruction group (n= 12 animals): no reconstruction, serving
as negative control group.

The operated limbs were not immobilised postoperatively, nor was there need
for antibiotics. All surgical procedures were performed, by the same surgeon under
sterile conditions and with the aid of an operating microscope. After reconstruction,
the nerves were left to regenerate for 12 weeks following which the animals were
re-operated and the nerves evaluated by MNG.

Toe-Spread Reflex (TSR) After a regeneration time of 12 weeks the Toe-Spread-
Reflex (TSR) test was performed, prior to the anaesthesia for the evaluation. The
rabbit (held by the skin of its neck) was dropped over a distance of 40 cm. Reflex-
ively, the rabbit spreads its toes and dorsiflexes its foot. The response was graded
0 to ++, with 0 for no response, ++ for a normal TSR response and + for every
response in between.
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Figure 4.1: Proximal measurement set-up. Stimulation is performed 10 mm proximal
to the lesion. Recording at 40 and 55 mm proximal to the stimulator:

Magnetoneurography-measurements (as described from Kuypers et al, Walbeehm et
al 919)  All MNG-measurements were performed as described in earlier reports
7=9.11,12 " The rabbits received a general anaesthetic after which the common per-
oneal nerve was mobilised from the lumbar plexus to where it passes underneath
the peroneus longus muscle and then threaded through the two magnetic sensors.
The stimulator was adjusted and the sensors were placed 4 cm proximal to the sen-
sor. The nerve was stimulated with a 50 us rectangular pulse and the changes in
magnetic field were recorded (see fig. 4.1). During the entire procedure, the nerve
was kept submerged in normal saline at 36°C 4+ 0.5°C. The same procedure was
performed on the contralateral control nerve. All procedures were conducted ac-
cording to the rules and regulations of the Animal Experimental Committee of the
Erasmus University Rotterdam.

Signal evaluation All data were recorded in a custom written data acquisition pro-
gramme (written in VBA, Microsoft, USA). Signals were then calibrated, by means
of the 1pA calibration signal that was recorded prior to every stimulus. The final
signal is an average of 1024 measurements (consisting of 4 batches of 256 mea-
surements). Further analyses were performed using MatLab® (The MathWorks,
Inc. Natick, Mass. USA)
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First, the baseline drift in a 1.6 ms window containing the MNG response was es-
timated using a piecewise cubic Hermite interpolation, based on the signal samples
immediately preceding and following this window. After correction for this drift, the
nerve compound action current (NCAC) peak-peak amplitude could be determined
as the difference between NCAC maximum and minimum. The CV was estimated by
cross-correlating the signal of the second toroidal sensor coil with that of the first.
If the maximum value of the cross-correlation function exceeded 0.75, the signals
were assumed to be sufficiently similar to allow reliable CV calculation. The posi-
tion of the maximum was used as indication of the time shift At between the two
signals. The CV was then calculated as Ax/At, with Ax the intertoroidal distance
of 15mm. Finally, the area below the signal was determined between the signal
onset latency (determined semi-automatically) and the end of the second phase of
the MNG signal (as marked by the first zero-crossing of the signal after its mini-
mum). The results were stored and statistically analysed in Excel X ® (Microsoft
Corp, Redmond, Wash., USA). Unless otherwise indicated, a two-sample Student
t-test was used to test for significance (p values) of intergroup differences.

Results

At 12 weeks regeneration the rabbits showed no signs of infection or contractures
in the operated limbs. Two animals from group d, fibrin glue group, NS demon-
strated autophagy of the operated limbs and were excluded from the study. The
TSR showed a + + for all control limbs, a + for all reconstructed limbs and O for all
animals in Group f, no reconstruction group.

NCAC amplitude As expected, a statistically significant decrease in peak-peak am-
plitude between the reconstructed and control nerves was observed (Average Prox-
imal/Control ratio 36.95% + 15.9%, n=71). When comparing the different types
of reconstruction, a statistically significant difference can be demonstrated between
the signal amplitude after standard acute transection and reconstruction (Group
a, immediate reconstruction group) compared to the reconstruction after 24 hours
(Group b, 24 hour delay group) (36.33% =+ 6.4% vs 43.01% + 8.8, p < 0.05).

Furthermore, the group that was not reconstructed (Group f, no reconstruction
group) showed a significantly lower peak-peak amplitude than the acute standard
transection and reconstruction (Group a, immediate reconstruction group) (24.65%
+ 7.9% vs 36.33% + 6.4%, pi0.001). The amplitude in the reconstruction at 14
days (Group c, 14 day delay group) increased compared to the standard transection
and reconstruction (Group a, immediate reconstruction group), but this trend did
not reach statistical significance. There was no significant difference between the
acute standard transection and reconstruction (Group a, immediate reconstruction
group) and both fibrin glue groups (with or without microsutures, Groups d and e)
(see fig 4.2, table 4.1).
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Figure 4.2: Graphic representation of the distribution of the different groups.

Conduction Velocity and Onset Latency Table 4.2 shows a statistically significant
decrease in CV after reconstruction from 99.02 m/s to 81.76 m/s (t-student, p <
0.001). The onset latency of the control nerves and the reconstructed nerves (0.35
us vs 0.38 us, t-student, p < 0.02) has changed accordingly. Again no statistically
significant changes can be found between the different reconstructions with regards
to the conduction velocities as well as the onset latencies.

Table 4.1

Groupa Groupb Groupc Groupd Groupe Groupf
P-P Amp.(%) 36.33% 43.0% 40.4% 38.6% 36.7% 24.6%
SD 6.4 8.8 11.3 19.4 19.2 7.9

Table 4.1: TABLE 4.1The average peak-peak ampltudes and their standard deviation.
Values are measured as the percentage of the contralateral control nerve.
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Table 4.2

Groupa Groupb Groupc Groupd Groupe Groupf
Average CV% 0.84 0.84 0.85 0.76 0.76 0.77
SD 0.08 0.12 0.16 0.18 0.12 0.10
Average OL % 1.09 1.26 0.92 1.07 1.27 1.22
SD 0.21 0.66 0.33 0.54 0.77 0.31

Table 4.2: Conduction velocities (CV) and onset latencies OL for the different groups,
presented as percentages of the contralateral control

Discussion

Following injury to a peripheral nerve, the proximal nerve segment demonstrated
significant morphological and electrophysiological changes, as have been described
in earlier reports “~1%12, For both MNG as well as ENG an average decrease of
amplitude of approximately 55-65% of the control nerves was found in the proximal
segment at 12 weeks. In the unreconstructed nerve the amplitude in the proximal
segment reached similar values at 12 weeks stabilizing at 25% of the control nerves,
at longer regeneration times '2°. A decrease in larger diameter axons appears to
be the cause for the decrease in peak-peak amplitude, because the amplitude of a
single fibre action current varies with the square of the diameter!®-!7. Conduction
velocity changes proportionally with fiber diameter, and with the square root of
amplitude 3. Therefore comparatively small changes in conduction velocity are
observed in this and other studies %1219, Using MNG, we demonstrated a strong
correlation between the reduction in peak-peak amplitude in the proximal segment
and a histological decrease in larger myelinated axons *°.

The acute repairs (Groups a, d and e) in our experiments all showed similar
results for peak-peak amplitude, onset latency and conduction velocity. There was
no additional effect of the fibrin glue on the electrophysiological properties of the
proximal segment, compared to the standard transection and reconstruction. Fibrin
supposedly serves as a temporary supporting framework for growth cones. Further-
more, the fibrin glue is thought to create a regeneration chamber around the repair
site, containing all essential neurotrophic factors. This is supposed to establish an
optimal environment for axons to survive, resulting in an increased number of axons
13,15 However, the results of this experiment do not substantiate these ideas.

Not reconstructing the nerve decreased peak-peak amplitude significantly more
then repairing it acutely. Delaying the repair for 24 hours (Group b, 24 hour de-
lay group), however, resulted in a significant increase in peak-peak amplitude in
the proximal segment, compared to the acute, standard reconstruction (Group a,
immediate reconstruction group). The 14 days delayed repair (Group c, 14 day de-
lay group ) showed a non-significant increase in peak-peak amplitude, compared to
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the standard reconstruction (Group a, immediate reconstruction group). Conduc-
tion velocity, however, did not increase for both groups. This is suggestive of an
increased number of axons surviving the injury, rather then an increase in larger di-
ameter axons. This result is substantiated by Brown et al, who found a an increased
muscle mass and muscle force after a 24 hour delayed repair, compared to acutely
and 4 weeks delay.

Theoretically, differences in peak-peak amplitude in the proximal segment can
occur due to a) an increase in larger diameter axons, or b) an increased number
of axons in the proximal segment. An increase in larger diameter axons could be
induced by an increased rate of outgrowth of the axons. This is influenced by the
decrease of neurofilaments in the proximal segment. If the concentration of neuro-
filaments decreases more, more tubulin can be transported distally, increasing the
rate of outgrowth of the axons. Subsequently, contact with the peripheral target
organs is reconstituted earlier. This reinitiates neurofilament synthesis, restoring
axonal diameter earlier. Since the amplitude of a single fibre action current varies
with the square of the diameter, an increase in diameter would also result in a
strong increase in amplitude. However, larger diameter axons would also result in
an increased conduction velocity.

Another possibility is that after injury, cell death in the motorneuron pool and
the dorsal root ganglion can reach up to 30-40%. Gilmour et al* showed that the
type of injury as well as the type of repair (transection, muscle graft or nerve graft)
influences the amount of cell death in the motorneuron pool. If an increased number
of neurons survived the injury, in theory, more axons will be present in the proximal
segment. A loss of 5-7% of myelinated axons is described in the proximal segment.
If more axons are present in the proximal segment, more axons contribute to the
compound action current. Both processes result in a higher peak-peak amplitude,
but only larger axons increase conduction velocity.

Based on these results it is only possible to speculate about the underlying mech-
anisms but that needs further clarification. However, that was not the aim of this
study. It was only designed to investigate the influence of the repair method on
the proximal segment. Therefore, on the basis of the electrophysiological proper-
ties at 12 weeks of regeneration time, it is possible to conclude that the peak-peak
amplitude is influenced by means of the repair. In our study timing of nerve repair
appears more important then the type of repair used.
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Abstract

By stimulating the nerve distal and subsequently proximal to a lesion, and record-
ing exclusively from the proximal segment, the distal and proximal peak-to-peak re-
sponse amplitude can be compared. Theoretically, calculating the ratio of the distal
to the proximal peak-to-peak amplitude, only axons that regenerated into the distal
segment are assessed. The hypothesis is that this reflects a measure of the quality
of the repair. To test this, two well-studied types of injury i.e. crush and transection
and reconstruction, were compared by magnetoneurography. This technique mea-
sures changes in magnetic field from nerve compound action currents and is less
influenced by the tissues surrounding the nerve than conventional electroneurogra-
phy. This increases reproducibility and allows for more accurate evaluation of nerve
regeneration.After 12 weeks of regeneration, the peak-to-peak response amplitude
in the proximal segment decreased significantly more for transection and recon-
struction compared to crush (71.2% £ 15.7% vs 39.5% =+ 11.6%). The crush group
showed a significantly higher distal/proximal ratio than the reconstruction group
(82.7% .+ 10.8 vs 65.1% + 6.1%). Muscle weight returned to normal after crush,
but remained at 60% of the contralateral control after reconstruction. These results
indicate that the quality of a nerve repair can be measured by the distal/proximal
peak-to-peak amplitude ratio.
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Figure 5.1: This shows an example of a response of the distal toroid (closest to the
stimulator) of a control nerve and a proximal segment of a transected and reconstructed
nerve. The calibration signal is not shown. Signal evaluation is based on peak-peak
amplitude, onset latency and conduction velocity. Peak-peak amplitude is measured as
the difference between maximum of the first peak and minimum of the second peak.For
explanation of onset latency and conduction velocity see text.

Introduction

In order to compare different surgical strategies for repairing transected peripheral
nerves, regeneration across a a site of repair, can be measured by electroneurog-
raphy (ENG) However, this technique is influenced by the electric impedances of
the surrounding tissues, and stimulator and recording-electrode placement vary too
much to allow accurate evaluation. Magnetoneurography (MNG) is preferred be-
cause magnetic fields, in contrast to electrical potentials, are not significantly influ-
enced by the composition of the biological tissue surrounding the nerve, or by the
distance between nerve and sensor. MNG is based on the recording of nerve com-
pound action currents (NCACs) by induction in two magnetic sensor coils (toroids).
It has been validated extensively®%14=2! and provides increased reproducibility of
the response signal compared to ENG'"~!°. Another advantage of MNG is better
separation of stimulus artifact and signal over short conduction distances. This al-
lows for evaluation of electrophysiological parameters proximal and distal to a nerve
lesion in a rabbit model.

MNG has been used to study a model of regeneration using the common per-
oneal nerve in rabbits®~'2. In those experiments, assessing a standardized tran-
section and reconstruction model, a consistent decrease of 50-60% in peak-to-peak



78 CHAPTER 5. THE D/P PEAK-TO-PEAK AMPLITUDE RATIO

amplitude (see fig. 5.1) of the NCAC was found, measured 4 cms proximal to the
lesion and compared to the normal contralateral control nerve®~'2. A 75% decrease
in peak-to-peak amplitude was shown in the distal segment, compared to the con-
tralateral side. Theoretically, comparing results from distal- to proximal segment
provides a measure for the number of axons that have crossed the site of repair
from proximal to distal, excluding those present in the proximal stump that have
not grown distally. An increased number of fibers distally, will increase the distal to
proximal peak-to-peak amplitude ratio.

The aim of this study was to assess whether the peak-to-peak amplitude ratio
of the distal-to-proximal segment provides an indication of regeneration across the
repair site. To test our hypothesis that a higher distal/proximal peak-to-peak ampli-
tude ratio is indicative of better regeneration across a repair site, the crush lesion
model, not before evaluated by MNG, is compared to a transection and reconstruc-
tion. Both types of injury also are well studied electrophysiologically, and have a
predictable outcome.

Materials and Methods

10 New Zealand White rabbits (2.5-3.0 kg) were anaesthetised (Hypnorm, IM in-
duction, Ethrane, 3% maximally, as anaesthetic; Fentanyl IV as pre-medication and
analgesic; pre-operation, and before nerve transection, no muscle relaxants). A 3
or 3.5 mm tube was used for ventilation. The left common peroneal nerve was
dissected, approximately 1.5 cm proximal to where the nerve passes underneath
the tibialis anterior muscle. The ventral surface of the nerve was marked with two,
opposing, 11-0 epineurial sutures. The rabbits were divided in two groups. In the
first group (reconstruction), the nerve was transected, and the nerve ends were ap-
proximated by two 10/0 microsutures. Subsequently, Human Fibrin glue (Sealagen,
Baxter HealthCare Corp.) was applied to the repair site in a small rubber sleeve. Af-
ter 7 minutes, the two 10/0 microsutures and the sleeve were removed. For the
second group (crush), the nerves were prepared similarly, but crushed for 30 sec-
onds with micro-forceps at the same level as the transection in the previous group.
The operated limbs were not immobilised and no antibiotics were given (same sur-
geon for all procedures). Nerves were left to regenerate for 12 weeks.

Toe-Spread Reflex (TSR) After the regeneration time of 12 weeks the Toe-Spread-
Reflex (TSR) test was performed, prior to the anaesthesia for the evaluation. The
rabbit (held by the skin of its neck) was dropped for a height of 40 cm. Reflexively,
the rabbit spreads its toes and dorsiflexes its foot. The response was graded O to + +,
with O for no response, + + for a normal TSR response and + for every response in
between.
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Magnetoneurography (MNG)-measurements (modified from Kuypers et al®!%)  Sub-
sequently, the animals were re-anaesthetized as above and the nerve was dissected
between the biceps femoris- and vastus lateralis muscles. The nerve was mobilised
from the knee to the lumbar plexus, and transected proximal to the femoral head.
The nerve was guided through two toroidal sensor coils (ferrite core surrounded
by an insulated 50 ym copper wire) that were 15 mm apart. A bipolar stimula-
tor was adjusted around the nerve. The distance between the distal toroid and the
stimulator was kept at 40 mm. Supramaximal stimulation (i.e. 3 times maximal
stimulation, 50 us, rectangular, monophasic pulse) was used in order to be certain
that all fibres were stimulated (see fig 5.2a & b). The moving NCAC passes through
the sensors in which it magnetically induces a current, which is then boosted by a
magnetic amplifier. During the recording procedure the nerve was kept submerged
in heated (36 °C 4 0.5 °C), counter-flow normal saline (0.9% NaCl). This entire
procedure was repeated on the right side; the unoperated nerve served as control
value. All procedures were conducted according to the regulations of the Animal
Experimental Committee.

Signal evaluation All data were recorded using NDA and averaged with Datacorr
3.0, which are a custom-written data acquisition and correction programme, re-
spectively. Each signal was calibrated by means of an accompanying 1uA calibration
signal, which was recorded prior to every stimulus. The final signal is an average
of 1024 measurements (consisting of 4 batches of 256 measurements). Further
analyses were performed using MatLab® (The MathWorks, Inc. Natick, Mass. US

First, the baseline drift in a 1.6 ms window containing the MNG response was es-
timated using a piecewise cubic Hermite interpolation, based on the signal samples
immediately preceding and following this window. After correction for this drift, the
NCAC peak-to-peak amplitude could be easily determined as the difference between
NCAC maximum and minimum. Onset latency was determined semi-automatically,
as the value at 5% increase of the first peak, outside the noise to signal ratio. This
was visually checked for each signal.

The NCV was estimated by cross-correlating the signal of the second toroidal
sensor coil with that of the first. If the maximum value of the cross-correlation
function exceeded 0.75, the signals were assumed to be sufficiently similar to allow
reliable NCV calculation. The position of the maximum was used as indication of
the time shift At between the two signals. The NCV was then calculated as Ax/At,
with Ax the intertoroidal distance of 15 mm. Finally, the area below the signal was
determined between the signal onset (determined semi-automatically) and the end
of the second phase of the MNG signal (as marked by the first zero-crossing of the
signal after its minimum).

The results were stored and statistically analysed in Excel X ® (Microsoft Corp,
Redmond, Wash., USA). Unless otherwise indicated, a two-sample Student t-test
was used to test for significance (p values) of intergroup differences.
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Figure 5.2: The MNG measurement set-up. Figure 5.2a is the first set of measurements
with the stimulator stimulating distal to the lesion and recording proximally. Subse-
quently, both stimulator and toroids are moved to the position as described in figure
5.2b where stimulation and recording are performed proximal to the lesion.

Muscle Weight The tibialis anterior muscle was carefully dissected and excised
from the tendinous origin to just distal of the distal musculo-tendinous junction
on both legs. This muscle is exclusively innervated by the common peroneal nerve.
Muscle weight was recorded within minutes after terminating the animal with bar-
biturates.

Results

At twelve weeks regeneration, the rabbits showed no signs of infection, autophagy
or contractures in the operated limbs. The TSR was performed after 12 weeks as
an indication of regeneration, prior to anaesthesia. The crush group all scored ++,
with the left leg responding equal to the right. However, the reconstruction group
still showed a marked difference (all scoring + in the operated leg).
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Magnetoneurography Compared to the control signal of the contralateral nerve,
the peak-to-peak amplitude of the NCAC in the proximal segment decreased signif-
icantly for both groups (table 5.1), but the decrease in the crush group was signif-
icantly less than in the reconstructed nerves (71.2% =+ 15.7% of control vs 39.5%
+ 11.6%, p < 0.005). Comparing the area under the proximal and control signals,
a similar result was found (85.8% = 18.9% vs 58.3% 4 10.9%, p < 0.005) (table
5.1).
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Table 5.2

CV (m/s) Control Proximal Distal

Crush 77.0m/s £10.8 63.4m/s+ 7.6 66.3 m/s £+ 6.2
Reconstruction 85.0m/s+9.5 683m/s+11.4 74.4m/s £ 12.8
two sample t-test No significance ~ No significance No significance
Latencies (ms) Control Proximal Segment Distal Segment
Crush 0.32+£0.03ms  0.37 £ 0.09 ms 0.57 £ 0.16 ms
Reconstruction 0.32 £+ 0,07 ms 0.37 £ 0.11 ms 0.57 £+ 0.24 ms
two sample t-test No significance ~ No significance No significance

Table 5.2: Conduction velocities (CV) and onset latencies (OL) in the different seg-
ments if the nerve. No significant differences could be calculated.

In order to compare the signals in the distal segments, two ratios were calcu-
lated: a) the ratio of the peak-to-peak amplitude in the distal segment of the op-
erated nerve to that of the control nerve (distal/control ratio), b) the ratio of the
peak-to-peak amplitude of the distal segment to that of the proximal segment, both
of the operated nerve (distal/proximal ratio).

The distal/control ratio for the crush group was significantly higher than for the
reconstruction group (59.7% =+ 19.0% vs 29.3% + 6.9%, p < 0.005). The inter-
group difference for the distal/proximal ratio was also significant with the crush
group showing the highest ratio (82.7% + 10.8 vs 65.1% + 6.1%, p < 0.01). Sim-
ilar results were found for the area measurements (table 5.1), without reaching
statistical significance for the distal/proximal ratio.

Nerve conduction velocity (CV) showed a significant difference between the con-
trol and proximal segments, but no significant difference between the crush and
reconstruction groups (table 5.2). Latencies showed no intergroup differences for
the control nerves or for the proximal and distal segments (table 5.2). In the re-
construction group, one nerve showed no trans-lesional outgrowth of axons, due
to dehiscence of the fibrin glue, and a technical failure prohibited measuring the
distal segment of another nerve. The data from these nerves were excluded from
the analyses.

Muscle weight At twelve weeks, the average weight of the tibialis anterior muscle
for the reconstructed nerve in the transection and reconstruction group was 63%
of the control (5.1 gr + 1.3 gr vs 8.1 gr + 0.9 gr). The average muscle weight in
the crush group was the same as that of the contralateral control muscle, i.e. 100%
(7.9 gr £ 0.7 gr vs 7.9 gr + 0,8 gr). This intergroup difference was statistically
significant (p < 0.001). There was no statistically significant difference between the
weights of the right control tibialis anterior muscle of both groups (p = 0.7).
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Discussion

To test the hypothesis that the distal/proximal peak-to-peak amplitude ratio is a
measure of regeneration across a nerve, repair two types of injury, crush and tran-
section and reconstruction, were compared and evaluated by MNG.

However, in the evaluation of this ratio, changes following injury in the proximal-
as well as the distal segment also have to be considered.

Proximal Segment The peak-to-peak amplitude in the proximal segment, after 12
weeks of regeneration, was smaller than that in the contralateral control nerve.
In the crush lesion group, this decrease was only half of that in the transection
and reconstruction group. The area under the signal showed similar results (table
5.1). Previous MNG measurements in a transection and reconstruction model in a
rabbit, have demonstrated this decrease in peak-to-peak amplitude of the proximal
segment before® 1012, Using more conventional electroneurography (ENG), a 40-
50% decrease in compound action potential, as opposed to current, was described
for transection and reconstruction?. For the crush lesion the decrease in compound
action potential was less marked. Changes in conduction velocity (CV) were present
during the first 8 weeks post transection and reconstruction, but returned to normal
after 12 weeks®10:12,

Previous histological studies have demonstrated a 5-7% loss in axon numbers in
the proximal segment, as well as a decrease in axon diameter distribution!:>. In a
comparison between NCACs and histological axon counts, a correlation was found
between the decrease in peak-to-peak amplitude and the decrease in axon diam-
eter. This process has been described, for both crush as well as transection and
reconstruction, as somatofugal atrophy 6. After injury, the neurofilament synthesis
is downregulated. Since neurofilaments control axonal diameter, this diameter de-
creases as neurofilaments synthesis decreases®. After distal reconnection neurofila-
ment synthesis is upregulated again, and diameters increase”!3. In this experiment,
the crush group has a significantly higher peak-to-peak amplitude in the proximal
stump compared to the reconstruction group. This is consistent with a minimal loss
of axons and, or, a lesser decrease in axon diameter.

Distal Segment When the distal peak-to-peak amplitude is compared to the con-
tralateral side, a 40% decrease is found for the crush group, whereas the reconstruc-
tion group reveals a 75% decrease. Previous experiments using MNG to evaluate the
distal segment after transection and reconstruction demonstrated the same decrease
of 75% of the peak-to-peak amplitude of the contralateral control nerve, 8 weeks
after reconstruction'!-'2 These experiments also showed a correlation between func-
tional recovery, as evaluated by TSR, and the return of peak-to-peak amplitude in
the distal segment. ENG studies showed similar results for transection and recon-
struction in cats, with peak-to-peak amplitude decrease of 70% of the control value.
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In the same experiment applying a crush lesion of crush, the signals in the distal seg-
ment showed a very similar result at twelve weeks, and returned almost to normal
after 150 - 200 days*#. The normalization of the muscle weight at 12 weeks as well
as the recovery of the TSR in the crush group are a very strong indication that all
axons have reached their target organs and that regeneration is (almost) complete.
In comparison, the muscle weight of the transected and reconstructed nerve group
has only reached 60%, at 12 weeks regeneration time.

Distal /Proximal Peak-to-peak Amplitude Ratio In the most optimal form of regen-
eration, the axon distribution of the distal segment is identical to the proximal
segment, and the distal/proximal ratio should be 100%. The value of the dis-
tal/proximal peak-to-peak amplitude ratio can then be used as an indicator of re-
generation across the repair site. A distal/proximal peak-to-peak amplitude ratio
less than 100% represents a loss of signal across the repair. This loss may be ex-
plained by a decrease in number of axons in the distal segment compared to prox-
imally. Alternatively, since the amplitude of a single axon varies with the square of
the diameter, a decrease in the distal/proximal ratio could also mean a relatively
lower overall diameter of axons, regenerating from the proximal part of the nerve.
Both imply that a lower distal/proximal peak-to-peak amplitude ratio indicates less
favourable regeneration across the repair. The return of muscle weight and the TSR
in this experiment, substantiate this idea.

Differences in distal/proximal ratio between two groups could theoretically also
be explained by changes in peak-to-peak amplitude in the proximal segment. The
higher amplitude ratio in the crush group could than be the result of a lower am-
plitude on proximal stimulation. This experiment shows that the crush group has
a higher average peak-to-peak amplitude in the proximal segment. Nevertheless,
the distal/proximal ratio of the crush group has increased in comparison to the dis-
tal/proximal ratio of the transection and reconstruction.

The changes in the proximal segment are subject to the type of injury sustained
to the nerve. Consequently, a higher proximal/control peak-to-peak amplitude ratio
is possibly an indicator of the regenerative potential. Therefore, different types of re-
construction after transection are currently being investigated by the same method.

On conclusion, the hypothesis that a higher distal/proximal ratio is indicative
of better regeneration across a repair site is supported by the comparison of the
crush lesion and the transection and reconstruction model, used in this experiment.
However, in the overall assessment of a repair, the proximal/control peak-to-peak
amplitude ratio has an additional role, and should be evaluated separately.

Acknowledgements The authors are indebted to Ineke Hekking, for her assistance
and her role as a microsurgical mentor and Enno Collij for the anaesthesia and,
Rachel Evans for carefully reading the document.
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Acronyms

DRG: Dorsal Root Ganglion

ENG: Electro-Neurography

MNG: Magnetoneurography

NCAC: Nerve Compound Action Currents
NCV: Nerve Conduction Velocity

TSR: Toe-Spread-Reflex
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Abstract

The consensus on timing of peripheral nerve repair after transection is that early
repair is superior to late. Until recently, there was no indication that there would be
a difference in outcome between acute and 24 hour delayed repairs. Nonetheless,
it has been postulated in a recent study that, in a rat model, muscle weight and
muscle contraction increased significantly following nerve reconstruction after 24
hours when compared to acute repairs in a rat model. This study is investigating
the electrophysiological differences between acute repairs, after 24-hours and after
2 weeks delayed repairs by means of Magneto-neurography (MNG). With MNG the
electrophysiological properties of the proximal- and distal segment are evaluated
separately and a measure of the electrophysiological properties of the anastomosis
can be calculated. Results show a significantly higher peak-peak amplitude of the
nerve compound action signal in the proximal stump after a 24 hour delay, com-
pared to the acute repair (43.01% + 8.8 vs. 36.3% =+ 6.4%, p < 0.05) as well as the
2 weeks delayed repair. Similar results were found for the distal segment, without
reaching statistical significance. On conclusion these results demonstrate that de-
laying a nerve repair for 24 hours in a rodent model gives a significant increase in
peak-peak amplitude in the proximal segment compared to an acute- or a 2-week
delayed repair, suggesting improved parameters of nerve regeneration.
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Introduction

The consensus on timing of peripheral nerve reconstruction after transection is that
early repair will give superior results to a late repair !, 5,17, 28, 31. The definition of
“early”, however, is not very concise, although most authors agree that a repair for a
clean, sharp injury should be carried out within 24 hrs after the initial trauma. Prob-
lems with small patient groups, the diversity of injuries and inaccuracy of clinical
evaluation of nerve regeneration make this hypothesis difficult to test.

Nonetheless, clinically this question remains important, because of the impli-
cations of performing operations in the middle of the night. Experimentally, early
versus delayed repairs have been validated in rabbit- and rat models, using elec-
trophysiological and histological techniques. Most reports compared acute recon-
structions with reconstructions after 1 week or more (with or without additional
neurotrophic factors), finding that acute repairs provided superior results '1:22:26:29,

A recent report by Brown et al showed that nerve reconstruction, in a rat model
using muscle weight and muscle contraction as parameters, was superior if per-
formed after 24 hrs, compared to acutely or at 4 weeks *. These results raised the
interest to conduct an investigation into the electrophysiological properties of nerve
after acute and delayed repairs, and, more specifically, whether a difference could
be elicited after a delay of only 24 hours.

Magneto-neurography (MNG) is a valuable tool in the evaluation of electrophys-
iological properties. MNG measures the changes in magnetic field around a nerve,
induced by a moving nerve compound action current (NCAC). The advantage of
this technique, compared to conventional electrophysiological techniques, such as
electro-neurography (ENG), is that it is highly reproducible because the magnetic
field is less influenced by the impedance of the surrounding perineurial tissues '2-14.
MNG has shown a good correlation with functional recovery when compared to the
toe-spread reflex and with the histological parameters of larger axons 131532 In
addition, MNG allows evaluation of the proximal segment and the distal segment
separately, from which, specifically, the electrophysiological properties across the
anastomosis of the reconstructed nerve can be calculated (Walbeehm et al, Chapter
5).

The aim of this study was to compare the electrophysiological properties of a
nerve after an acute repair, a 24 hour- delayed repair and a 2 weeks delayed repair,
in a rabbit model.

Methods and Materials

47 New Zealand White rabbits, weighing between 2500 and 3000 grams received
general anaesthesia (Hypnorm, 0.8ml IM for induction, Ethrane, 3% maximally, as
anaesthetic). Fentanyl IV was used as analgesic, 0.5 ml before operation, and 0.8
ml before transection of the nerve. A 3 or 3.5 mm tube was used for ventilation. No
muscle relaxants were given. A standardised, microsurgical transection of the left
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common peroneal nerve was performed, approximately 1,5 cm proximal from were
the nerve passes underneath the tibialis anterior muscle. The nerve was partially
mobilised but the vascular pedicle arising from the popliteal artery was left intact.
The ventral surface of the nerve was marked with two 11-0 epineurial sutures, in
order to obtain correct coaptation. Subsequently, the nerve was transected with a
pair of straight microscissors and reconstructed in the following ways:

e Group DA: (n= 13 animals) acute reconstruction using 4-6 epineurial 10/0
microsutures,

e Group D1: (n= 12 animals) 24 hour delayed reconstruction using 4-6 epi-
neurial 10/0 microsutures,

e Group D14: (n= 10 animals) 14 days delayed reconstruction using 4-6 epi-
neurial 10/0 microsutures,

e Group DN: (n= 12 animals) no reconstruction.

The operated limbs were not immobilised postoperatively, nor was there need
for antibiotics. All surgical procedures were performed by the same surgeon, under
sterile conditions and with the aid of an operating microscope. After reconstruction,
the nerves were left to regenerate for 12 weeks following which the animals were
re-operated and the nerves evaluated by MNG.

Toe-Spread Reflex (TSR) After a regeneration time of 12 weeks the Toe-Spread-
Reflex (TSR) test was performed, prior to the anaesthesia for the second operative
procedure. The rabbit (held by the skin of its neck) was dropped over a distance of
40 cm. Reflexively, the rabbit spreads its toes and dorsiflexes its foot. The response
was graded O to ++, with O for no response, ++ for a normal TSR response and +
for every response in between.

MNG measurements MNG-measurements were performed as described in earlier
reports 1271632 In summary, the rabbits received a general anaesthetic after which
the common peroneal nerve was mobilised from the lumbar plexus to where it
passes underneath the peroneus longus muscle and then threaded through the two
magnetic sensors. The stimulator was first adjusted 8-10 mm distal to the lesion
and subsequently 8-10 mm proximal to the lesion. The sensors were placed 4 cm
to the stimulator. The nerve was stimulated with a 50 us rectangular pulse and the
changes in magnetic field were recorded (see fig. 6.1). During the entire procedure,
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Figure 6.1: This shows the MNG set-up as used to evaluate nerve repairs. Stimulation
is done by a stimulator (stim 1 & stim 1°), 4cm distal to the most distal toroid (Tor
1 & Tor 1°). Measuring proximal and distal to the lesion involves re-adjusting the
stimulator as well as the toroids. Distances are shown in the figure. The calibration
signal is a pulse sent through a wire, which is threaded through the toroids, parallel
to the nerve. The signals are then recorded and processed in a custom written data
acquisition programme.

the nerve was kept submerged in normal saline at 36 °C 4+ 0.5°. The same procedure
was performed on the contralateral control nerve. All procedures were conducted
according to the rules and regulations of the Animal Experimental Committee of the
Erasmus University Rotterdam.

Signal evaluation All data were recorded in a custom written data acquisition pro-
gramme. All signals were then calibrated, by means of the 1uA calibration signal
that was recorded prior to every stimulus. The final signal is an average of 1024
measurements (consisting of 4 batches of 256 measurements). Further analyses
were performed using MatLab® (The MathWorks, Inc. Natick, Mass. USA). First,
the baseline drift in a 1.6 ms window containing the MNG response was estimated
using a piecewise cubic Hermite interpolation, based on the signal samples immedi-
ately preceding and following this window. After correction for this drift, the nerve
compound action current (NCAC) peak-peak amplitude could easily be determined
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as the difference between NCAC maximum and minimum. The CV was estimated by
cross-correlating the signal of the second toroidal sensor coil with that of the first.
If the maximum value of the cross-correlation function exceeded 0.75, the signals
were assumed to be sufficiently similar to allow reliable CV calculation. The posi-
tion of the maximum was used as indication of the time shift At between the two
signals. The CV was then calculated as Ax/At, with Ax the intertoroidal distance of
15mm. Finally, the area below the signal was determined between the signal onset
latency (determined semi-automatically) and the end of the second phase of the
MNG signal (as marked by the first zero-crossing of the signal after its minimum).
Subsequently, the proximal/control, the distal/control and the distal/proximal ra-
tios for peak-peak amplitude were calculated. The distal/proximal ratio is used as
a measure of regeneration across the repair site. This is possible due to the retro-
grade set-up: i.e. the current is directed from distal to proximal. Because recording
is always performed in the proximal segment of the nerve, the ratio of the distal-
and proximal signal is a measure of the axons that have crossed the repair.

Results

At 12 weeks regeneration none of the rabbits had shown signs of infection or con-
tractures in the operated limbs. Two animals in the DN group (not reconstructed)
demonstrated autophagy of the operated limbs and were excluded from the study.
The TSR showed a ++ for all control limbs, a + for all reconstructed limbs and 0
for all animals in Group DN (not reconstructed).

Peak-peak amplitude of the NCAC MNG evaluation of the proximal segments com-
pared to the reconstructed nerves of the combined groups to their contralateral
control nerves, demonstrated a statistically significant decrease in peak-peak am-
plitude was observed (average proximal/control ratio 37.58% + 13.8%, n=47), as
expected and described in earlier reports 12-16:32,

When comparing the peak-peak amplitude for the different groups in the proxi-
mal segment, the D1 group had a significantly higher amplitude than the DA group
(43.01% =+ 8.8 vs. 36.33% + 6.4%, p < 0.05). The amplitude in the D14 group
increased compared to the DA group, but this did not reach statistical significance.
Furthermore, the DN group showed a significantly lower peak-peak amplitude than
the DA group (24.65% + 7.9% vs. 36.33% =+ 6.4%, p < 0.001) and the D1 Group
(24.65% =+ 7.9% vs. 43.01% =+ 8.8%, p < 0.001). (see fig 6.2).

For the distal segment, the D1 group showed a higher average peak-peak ampli-
tude than the DA group (32.62% =+ 11.5% vs 26.26% + 6.9%), for the distal/control
ratio, but failed to reach significance. The D1 group showed no difference in peak-
peak amplitude with the D14 group (32.62% =+ 11.5% vs 31.54% + 8.9%) (see fig
6.3).

Similarly for the distal/proximal ratio, evaluating the anastomosis, the D1 group



95

Peak-peak Amplitude P/C
70.00
D1 D14
- A
5 o0
5
H
s} L) A
9O seo DA
o * 4 DN
e *
3 1 A
40.00  § -
$ H .
p¢ .
*
30.00 - n hd
$ R ]
a .
20.00 4
H
.
10.00
0.00 T
0 1 2 3 4 5

Figure 6.2: is a graphical representation of the results of the proximal/control ratio of
the peak-peak amplitude for the different groups.

had a higher average peak-peak amplitude than the DA group, but again failed to
reach statistical significance (74.74% + 17.1% vs 68.59% + 20.7%) (see fig 6.4).
For the area below the signal measurements no statistical significant differences
could be found in the proximal or distal segment (table 6.1)

Conduction Velocity (CV) and Onset Latency (OL). For the combined groups, there
was a significant difference between the control nerves and the reconstructed nerves
for CV as well as OL . However, no statistically significant difference between the
different groups was found for CV or OL. (table 6.2)

Discussion

The results show a significant increase in peak-peak amplitude of the proximal seg-
ment for a 24 hour delayed repair, compared to the acute repair and the 14-day de-
lay. For the distal segment, a non-significant increase for the distal/control ratio, as
well as the distal/proximal ratio is shown for the 24 hr delay, compared to the acute
repair. The positive TSR does not show an improved result, but is only a very crude
functional indication of regeneration. However, Brown et al* found a significant
increase in muscle weight and -contraction, demonstrating an improved functional
result. The DN group (not reconstructed), showing a decreased peak-peak ampli-
tude in the proximal segment three months after transection, serves as a negative
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Figure 6.3: demonstrates results of the distal/control ratio of the peak-peak amplitude.
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Figure 6.4: shows results of the distal/proximal ratio of the peak-peak amplitude.
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Table 6.1 Area below the signal measurements

Area DA D1 D14 DN

% P/C 52244+ 12.5 48.94+9.3 52.14 £ 10.3 46.90 + 23.7
%D/C 36.76+69 44.71+13.0 36.79+6.9 n.a.

% D/P 73.77 £15.3 78.01+22.9 67.60+11.9 n.a.

Table 6.1: Table 6.1 shows the area below the signal measurements for the proxi-
mal/control ratio (%P/C). distal/control ratio (%D/C) and the distal/proximal ratio
(%D/P). N.a. is not applicable, because no measurements were performed in the distal
segment of the unreconstructed nerve (DN group).

Table 6.2 Conduction Velocity (CV)

CV DA D1 D14 DN

Prox 83.62+8.16 82.64+12.1 85.254+15.6 76.78+10.36
Dist 90.06 =12.0 86.15+8.24 84.244+2.8 n.a.

Table 6.2: Table 6.2 shows the conduction velocity in the proximal and distal segments
for the different groups.

control group, as the effects of chronic denervation on the proximal segment have
been described as decrease in axon numbers and axon diameter 67-9,23,24,27,29

These results suggest either an earlier increase in axon diameter, or a lesser
degree of loss of numbers of axons in the proximal segment after a 24 hour delay in
nerve repair, consistent with the results of Brown et al*.

An earlier increase in axon diameter results in an increase in amplitude because
the amplitude is related to the square of the diameter of the axon. An increase
in numbers of axons increases the peak-peak amplitude by superposition of more
signals to the compound signal. Because the distal/proximal ratio has not changed,
the peak-peak amplitude in the distal segment has changed in proportion to the
increase in the proximal segment, suggesting that the changes are mainly in the
proximal segment, and not at the level of the nerve repair.

Although the improvement is strongest in the proximal segment, the origin could
still lie in the distal segment, the proximal segment or more centrally, the dorsal root
ganglion (DRG) or motor neuron pool. Centrally, the influence could be found in
inhibition of apoptosis or of cell death in the DRG or motor neuron pool, as sug-
gested by Brown et al*. Hart et al'® showed that primary sensory neuronal cell
death commenced 24 hrs after sciatic nerve transection in rats, demonstrated by
TUNEL. However, a significant loss of cells was only found almost 6 days later. This
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discrepancy occurs because TUNEL is a marker of DNA fragmentation, detecting the
onset of cell death, whereas it takes a number of days for the cell to actually break
down 8, There is evidence that cell-death continues for as long as 6 months after
axonotmesis. Nerve repair reduced the number of TUNEL-positive neurons as well
as the numbers of cells lost, with greater reduction after immediate repair compared
to a 1 week delayed repair '8. Brown et al did not find a difference whether or
not LIF (leukaemia inhibitory factor) was applied or not, with the 24 hour delayed
reconstruction, and proposed that LIF is a central inhibitor of apoptosis, with local
concentrations reaching peak values 24 hours after injury 4. This, however, does
not explain why an acutely repaired nerve, which is also in contact with the dis-
tal segment at 24 hours, does not achieve the same result. Another possibility is
a conditioning lesion effect, considering the initial trauma to be the conditioning
lesion. The repair subsequently applies sufficient subsequent trauma to accelerate
regeneration and decrease initial delay. However, most studies find that the opti-
mal timing for a conditioning lesion is around 4 to 7 days, prior to the final lesion
2,3,10,19-21,25,30,33

It is possible that both mechanisms are co-existing. Nonetheless, the increased
peak-peak amplitude in the proximal segment is to be seen as an increase in regen-
erative potential of axons regenerating into the distal segment. As a final possibility,
it is conceivable that the early phase of wallerian degeneration of the distal seg-
ment forms noxious substances that are removed in the first 24 hours post injury.
But this hypothesis needs further investigation. Most papers investigating results of
delayed repairs applied longer delays, starting at a 1-week delay, up to delays of six
months 12172831 " This is mostly given by surgical tradition rather than scientific
arguments, where the philosophy is either to repair a nerve acutely, or to postpone
to a logistically convenient time of operation.

The conclusion, however, that every nerve repair should be delayed for 24 hours,
based on Brown et al * and the results of this paper is premature, because both
papers use a rodent model and directly extrapolating results to a human setting is
precarious. Furthermore, long term functional outcome has not been established,
since both evaluations have been at 3 months post-repair. However, the practice of
not operating during the night, but postponing surgery to the next day, might not
only be of benefit to the surgeon, but also to the patient.
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104 CHAPTER 7. MECHANICAL FUNCTION OF PERIPHERAL NERVE

Abstract Biomechanical properties of nerve have been studied extensively. All neu-
ral matrix tissues have been suggested to be the main load-bearing component.

Based on the ultrastructure it has been proposed that the architecture of the
epineurium allows some degree of extensibility of the nerve. A role of the per-
ineurium could be to withstand the positive endoneurial pressure.

The hypothesis is that the mechanical behaviour of nerves is dependent on an
interaction between the core swelling pressure and restraint by the outer sheath.
Loss of this balance will alter that behaviour.

To test this rat sciatic nerves were subjected to mechanical loading at in vivo-
and ex vivo tension. Retraction of nerve segments were measured after excision
and after incubation at 37°C or freezing. Swelling properties of the nerve were
measured by immersion in water or PBS (phosphate buffer solution), with intact or
opened epineurium. Results showed a significant decrease in strength and stiffness
with an increase in strain of the nerve after excision, compared to in vivo. Retrac-
tion was on average 11%. Freezing or incubation at 37°C did not alter retraction.
The swelling properties of the nerve demonstrated a significant difference between
intact and opened epineurium and similar results for water and PBS indicating that
epineurium is a constraint and that the nerves are underhydrated.

The proposed model for the intact nerve is a continuous connective tissue tube
surrounding and constraining an inner swelling pressure of the neural core. Loss of
integrity of the nerve has detrimental effects on its biomechanical properties.



105

Introduction

The mechanical and connective tissue functions (normal or pathological) of periph-
eral nerves are rarely considered as important areas for research because of the
overwhelming specialisation of the neural (conductive) elements. Nonetheless, ex-
amination of the mechanical parallels with forearm tendon function indicates that
tension- and shear forces will predominate on the peripheral nerve. It is striking to
consider, given the delicacy and extreme cytoplasmic elongation of peripheral nerve
axons, that innervation of the fingertips can routinely survive during locomotion or
extreme exercise.

Biomechanical properties of the whole nerve, like stress, strain and hysteresis
phenomena have been described in detailed studies 38191415 In these studies,
all the matrix elements of the nerve, epineurium, perineurium, and endoneurium,
have in turn been reported to be the main load-bearing component. There is a
consensus, however, that the conductive tissues have little capacity to withstand
any longitudinal forces.

Ultrastructural studies of the collagen scaffolding of rat sciatic nerve have shown
that the epineurium consists of interwoven, thick, flat, tape-like collagen bundles.
The perineurium comprises a lacework of smaller collagen fibres orientated lon-
gitudinally and obliquely spiralling, also containing the perineurial cell layer and
basement membrane '"'!3, Based on this ultrastructure it has been suggested that
the architecture of the epineurium might allow some degree of extensibility of the
nerve, and that the perineurium is set up to withstand the positive endoneurial pres-
sure >711:13 A clinical observation of this endoneurial pressure is a phenomenon
called mushrooming. After injury the nerve ends retract, seemingly due to tension,
and bulging out of the nerve ends occurs (see fig. 7.1).

Though it is simple to postulate which type of forces are most important and
potentially damaging to nerve function, there is in fact too little known of how peri-
neural connective tissues operate to construct a detailed, well argued hypotheses.

The hypothesis under test in this study is that the mechanical behaviour of nerves
is dependent on a fine interaction between the core swelling pressure and restraint
by the outer sheath. The loss of this balance will alter that behaviour. This test con-
sisted of 3 experiments: 1. Tensile testing of the entire nerve structure (assessment
of the idea that a ’toe’ region provides mechanical protection; Kwan et al. 19923).
2. Assessment of mechanisms of retraction (Rydevik et al. 1990'°). 3. Investigation
of the nature of 'mushrooming’ and the swelling/water uptake characteristics of the
core material.

Materials and Methods

1) Tensile Experiments Sprague Dawley rats (300 - 350 grams, male and female)
were killed and placed in a standard position, on a side, limbs free to assume a
neutral position of tension in hip and knee joint. The sciatic nerve was exposed from
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Figure 7.1: A SEM picture of a proximal end of a rat sciatic nerve, approximately one
hour after transection. The “mushrooming” of the contents extruding further to the cut
end of the epineurium is shown.

the lumbar spine to the trifurcation at the knee level. After exposure, 25 mm nerve
segments were clamped using a purpose designed clamp to preserve the in-situ
internal organisation, tension, length and diameter of the nerve. The clamped nerve
was transected outside the clamp and clamp containing nerve was removed from
the animal. Immediately after excision, the nerve diameter was measured using a
profile projector with x50 magnification (Nikon 6C-2, Nippon Kogaku, Japan).

Two sets of tensile experiments were carried out.

Tensile experiment 1: (n=9, left nerves) the nerve segments were released from
the clamp and allowed to retract in normal saline at room temperature for 1 hour
before they were tested for tensile properties. Tensile experiment 2: (n=9, right
nerves) were transferred to the test rig, without removal from the clamp, preserving
the in-situ properties. The tensile tests were performed using a tensile testing ma-
chine (Testometric 220M, Testometric Co. Ltd. Lancashire, UK). Figure 7.2 shows
the experimental set-up for clamping the nerve in the testing machine. Force was
measured using a load cell (0 - 10 N) and extension was monitored with a linear
voltage differential transformer (LVDT). Using a gauge length of 10 mm, the speci-
mens were loaded at an extension rate of 2 mm/minute and an X-Y plotter recorded
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Figure 7.2: Clamping-Extension device used for the tensile experiments.

the force-extension curves. The following parameters were calculated:

1. Stiffness modulus = (LO x dF /AO x dL) in: N/mm?
2. Maximum Strengthk= Fmax/A0 in: N/mm?
3. Maximum Strain = LFmax/L0 in: %

F is force in Newtons, Fmax is maximum force measured, L is length in mm, LO
is length of the nerve at t=0, LFmax is the length of the nerve at maximum force,
AOQ is cross-sectional area of the nerve at t=0.

2) Retraction Experiments. Nerve segments (n=18), approximately 15mm (bilat-
eral sciatic nerve, 9 Sprague Dawley rats, 300 - 350 grams, male and female), were
exposed as described above, and ligated at both ends using 6/0 Nylon. The ligatures
served as markers and prevented loss of neural material after excision. The exact
distance between the sutures was measured using a digital vernier caliper with a
resolution of 0.01 mm. The nerve segments were placed in DMEM culture medium,
and allowed for 30 minutes at room temperature. The retracted length and di-
ameters measured using a travelling microscope with a resolution of 2 microns.
The nerves were then extended to their original length and kept in that position
in specially designed dishes containing DMEM culture medium and their “in-situ”
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diameters measured. Eight nerves (four rats) were divided into two groups: Retrac-
tion experiment 1, the nerves were incubated for 24 hours at 370 C and 5% CO2
and Retraction experiment 2, the nerves were frozen in their dishes at -200 C for
24 hours. After 24 hours, the nerves were thawed. Measurements of length and
diameters before and after the clamps holding the nerve were released were made
on all the nerves in both groups

3) Mushrooming or Swelling experiments Four groups of five rat sciatic nerve seg-
ments were used. In two groups, the nerves were left intact while in the other two
groups, the nerves were stripped of their outer connective tissue tube. The nerves
were weighed and then allowed to swell unrestrained in a) distilled water or b) PBS
(phosphate buffer solution). The nerves were removed from the fluid at regular
intervals of 15 minutes and any free water was removed with blotting paper before
they were weighed again. This procedure was repeated up to 24 hours.

Results

Tensile Experiments. Initial measurements in this study began with the relatively
simple assessment of the mechanical properties of the rat sciatic nerve, using two
distinct methods. In the first tensile experiment, the nerves were clamped in their
retracted state and therefore the extension of the force-extension curve will include
the amount of stretch required to bring the specimen to its in-situ length. The
stress-strain curve in figure 7.3 show a reproducible toe-region with an average
load carriage point at a strain value of 8.3%. The toe-region persisted to an average
strain of 27.6%, corresponding to an applied load of 1.5 N. This was followed by a
near linear extension until the point of rupture. The average maximum strength was
6.15 N/mm? (SEM= 0.6) and the average strain to maximum strength was 41.4%
(SEM = 3.0). The stiffness modulus was 24.24 N/mm? (SEM = 2.4, n = 9). (Table
7.1)

The second tensile experiment was designed to eliminate any possible effects of
loss of structure and tension during excision and surprisingly this produced a differ-
ent stress-strain pattern. This experimental protocol produced stress-strain curves
with no toe region (see fig 7.4). The average maximum strength was 7.2 N/mm?
(SEM = 0.5) with an average strain to maximum strength of 29.8 % (SEM = 2.0).
Thus, the nerve tested in the in-situ condition showed a significant increase of 18%
in maximum strength (p = 0.001) and a significant decrease of nearly 30% in strain
to maximum strength (p = 0.001). The stiffness modulus increased significantly by
21% to 29.3 N/mm? (SEM = 3.2, p < 0.02). (Table 7.1)

The implication that the structural integrity of the nerve governed its mechani-
cal properties, prompted the need to investigate the interaction of the nerve com-
ponents.
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Figure 7.3: Schematic representation of a typical force-extension curve, indicating the
nature of the toe-region and the point of load carriage ( 8.3% strain) for series 1 nerves.

Retraction experiments The question asked is whether retraction was cell mediated
or due to material properties. Since the rate of retraction was slow (as is the mush-
rooming phenomenon itself, which typically continues for a number of hours after
cutting) it was considered unlikely that this was an elastic recoil due to inherent
material properties of the sheath matrix. Shortening of the outer sheath is shown
in table 7.2 at an average of 11.6% (SEM = 1.2%), with an average increase in di-
ameter of 14.9% (SEM = 5.2). After treatment nerves retracted to the same extent,
whether pre-incubated for 24 hrs or freeze/thawed for 24 hrs. In neither case was
the retraction significantly altered. This effectively eliminated the possibility that
the process is driven by cells of the sheath and suggests that swelling (or “mush-
rooming”) of the core is primarily responsible. (table 7.3)

Mushrooming or Swelling experiments To test this hypothesis a series of swelling
experiments were carried out to determine the pattern of water uptake, particularly
by the inner core, and how this might be affected by mechanical constraint of the
outer collagenous lattice sheath. These were designed to distinguish between two
plausible mechanisms for the observed expulsion of core material, during mush-
rooming; i.e. the sheath retracts or the inner core protrudes. Figure 7.5 shows that
the core material of the nerve core alone (i.e. unrestrained) demonstrated a 5.7-fold
increase in weight compared to 2.3- fold for the intact, sheath & core composite in
water. The smooth increase in mass over time, for core only, contrasted with the
temporal pattern of swelling, where the sheath is in place, with its repeating cycles
of increasing and decreasing rates of swelling (stepwise swelling). Similar results
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Table 7.1

N=9 Max. Strength ~ Av. Strain at Max. Strength  Stiffness Modulus
(N/mm?) (%) (N/mm?)

Ex Vivo av. 6.15 41.4 24.4

SEM 0.6 3.0 2.4

In Situav. 7.2 29.8 29.3

SEM 0.5 2.0 3.2

p-value p=0.001 p= 0.001 p < 0.02

Table 7.1: Table 7.1 summarises the results from the loading experiment in the ex-vivo
set-up where the nerve segment was excised, allowed to retract, restretched to its orig-
inal length and loaded. It also shows the in situ experiments where the nerve segment
was excised at its original tension and loaded from there. Breaking strength (Max.
Strength) and elongation at breaking strength (Average Strain at Max. Strength) were
recorded. The stiffness modulus was calculated.

Table 7.2
Immediate retraction (n=18) Diameter increase (n=9)
Average  11.6% 14.9%
SEM 1.2% 5.2%
Range 2.2-22% 0-41.0%

Table 7.2: Table 7.2 shows the immediate retraction, measured in all 18 nerves. Di-
ameter increase was measured in nine.

Table 7.3
Immediate retraction (n=8) Incubation Incubation
At37°C (n=4) At-20°C (n=4)
Average  10.8% 13.4% 10.5%
SEM 1.4% 2.5% 1.9%
Range 4.6-14.5% 8.5-17.7% 8.5-11.2%

Table 7.3: Table 7.3 summarises the immediate retratction in eight nerves. four were
frozen and thawed. Four nerves were incubated at 376C. No significant differences
could be elicited.
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Figure 7.4: This graph shows a typical stress-strain curves for nerves that have been
allowed to retract before testing (ie with toe region) and a typical stress-strain curve
for nerves tested with their in-situ conditions intact (ie without toe-region).

were obtained in PBS with a 3.5-fold increase in weight without and 2.3-fold with
epineurium (sheath).

Discussion

The model proposed for connective tissue function during loading of the rat sciatic
nerve consists of a neural tissue core and a surrounding “connective tissue” tube.
Ushiki and Ide '® described the tube, the epineurium, as a woven mesh of thick
collagen fibres, with a basket-like organisation. The core consists of peri- and en-
doneurium and the axons. The separation between the layers appears to be at the
level of the perineurial cells. (see fig. 7.6)

The hypothesis is that the inner “conductive”, neural elements are mechanically
different from the outer connective tissue ”sheath”, and that the interface between
these two, insulates the neural elements from surrounding tensional loading, con-
verting this into modest compressive loads against the swelling pressure of the core
(see fig. 7.7). The mechanical properties of whole nerves have been described
previously and the finding of a “toe-region” is consistent with earlier publications
310.12 " Rydevik et al 1Y reported a similar region up to approximately 15% strain,
and linear stiffness was reached around 27%. However, excised nerves were used
and based on their histological results they concluded that the perineurium was the
main load-bearing compartment.



112 CHAPTER 7. MECHANICAL FUNCTION OF PERIPHERAL NERVE

weight increase —— ——ithout connective tissues
@ 700 with connective tissues
600 T T T T T T
500 - el
400 1/
300 ,/
200 - ///——//
100 -
0 S S
0 30 60 90 120 150 180 210 240
time (min)

Figure 7.5: : Swelling of whole- and core nerve sections in distilled water as function
of increasing mass over time. Swelling in distilled water indicates the gross tendency
for fluid uptake and the effects of the restraining outer layer. Swelling in PBS was
designed to identify tissues which are underhydrated. The entry of PBS to the nerve
core implies that it was unable to become fully hydrated in the intact nerve - when con-
strained by the nerve sheath. In turn this supports the idea that the core is mechanically
constrained (from swelling) by presence of the sheath.

Interestingly, uniaxial stretch of squid giant axon, (a single, unmyelinated fi-
bre, diameter between 400 - 600 nm, little extracellular matrix) has also shown a
similar load deflection curve with a turning point at approximately 10% stretch 2.
Functional irreversible impairment started from 19% stretch. This implies that the
intact neural tissue is able to cope with elongation. However, the forces necessary
to elongate the axon are considerably smaller than those for the connective tissues.
This indicates the need for a protective system, but no detailed mechanical model
has been proposed until now. Rydevik et al 1 described how the toe-region of slow
force might protect the axons. The idea, though, that a system based on minimal
initial stiffness and load-bearing capacity (i.e. “slack”) might represent an effective
protection against loading damage, is mechanically counter intuitive. In contrast,
it is assumed that the mechanical behaviour of nerves clamped in their in situ po-
sition is a more realistic reflection of the in vivo response to stretch, and that no
“toe-region” is present in vitro.

The conclusion that the ’toe region’ is an artefact induced by excision, is a key
finding. Furthermore, correlation of these post-sectioning changes in mechanical
properties with the change in geometry, extrusion and swelling of the core suggests
that the mechanical behaviour of nerves is a cooperative mechanism involving the



113

Figure 7.6: The separation between “tube” and “core” shown in detail.
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Figure 7.7: Postulated model for the mechanical function of peripheral nerve. In the
intact tissue a continuous connective tissue (collagen lattice) tube surrounds and con-
strains an inner swelling neural core. Between the two is an interface at which core
and sheath seperate. The two surfaces are kept together in part by the modest swelling
and reactive restraint of the core and sheath and in part by weak tensile elements. By
analogy with other connective tissues (eg. cartilage) application of tension to the outer
sheath will apply a compressive force onto the core but this will be rapidly equalise and
negated by expression of water from the inner core: ie the core will shrink. Cutting
of the ends of this structure will allow expansion of the core and force the sheath to
increase in diameter at its cut margins, leading to shortening and further exposure of
the core material -ie mushrooming.

outer sheath and the inner core materials. The phenomenon of 'mushrooming’ is
consistent with the proposed model. It is observed as exudation of core material
following incision of the epineurium or transection of a nerve. It has been causally
linked with the endoneurial fluid pressure ®, first measured (at 2.5 cm H20) by
implanting a small polyethylene matrix capsule in the nerve 4 and postulated to be
the result of a hypertonic fluid composition ?. However, if direct fluid pressure was
responsible, then cutting would be expected to elicit an immediate rather than slow,
long term extrusion.

Mushrooming occurs over a period of minutes to hours as seen in figure 4 with
the swelling of nerve sections, with the concomitant slow increase of weight. Direct
observation of the mushrooming response established that movement of the sheath
was involved, though it was unclear whether this was a primary contraction of the
sheath (e.g. cell mediated) or expansion of the core pushing back the sheath into a
shorter wider tube. The indirect studies of swelling properties of the nerve in dis-
tilled water and PBS indicate that some form of proteoglycans are responsible for
the positive endoneurial pressure. Such swelling behaviour is common in connec-
tive tissues, mediated by localised deposition of proteoglycans in particular layers
which are incompletely hydrated, often through mechanical constraints of other
layers. For instance, the nucleus pulposa, of the intervertebral disc, is largely com-
posed of proteoglycans representing a stressed, underhydrated gel, constrained by
the surrounding annulus. Loss of mechanical integrity of the annulus will inevitably
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allow gradual swelling of the stressed gel element. The rate of swelling is related to
the relative under-hydration of the stressed gel. Direct analysis of the proteoglycan
content in the nerve core is the subject of a separate, current study. Importantly,
the epineurium acts as a constraint of this positive pressure, as indicated by the
5.3- fold increase in weight of the nerve segments when the epineurial sheath was
removed. This is consistent with a dynamic balance between core expansion and
sheath restraint. For core-only swelling, expansion was more or less continuous to a
high plateau level after only 1-2 hours. This showed clearly that the core (non-cell
mediated) swelling is mechanically limited and restrained by the sheath.

The mushrooming phenomenon can therefore be explained by a combination of
extrusion of the contents by swelling and retraction of the sheath, which loses its
integrity and continuity when cut. This allows the nerve to retract in length and to
expand in diameter under the remaining endoneurial pressure. In order to increase
in diameter, the sheath shortens because of the basket-weave architecture of the
epineurium 3.

It is axiomatic, then, that the reverse is true. If the nerve is increased in length
by stretching, the epineurial sheath must decrease in diameter. However, any dis-
turbance to the two-component composite system in the nerve will result in drastic
changes to its mechanical properties as shown in this study by transecting the nerve.
Although the lattice network allows the sheath to stretch or to contract considerably
when empty (manuscript in preparation), it is limited in-vivo by the content of the
core. The nerve then behaves as a pressurised system during stretching, by virtue of
the incompressibility of the core content and the impermeability of the perineurium,
analogous to a reinforced water hose. In this way, the weaker core material is pro-
tected from stretch injuries. For example a stress of 1.6MPa is required to produce a
6% strain whereas a stress of 3.6MPa is needed to produce a 12% strain. In the rab-
bit, nerves stretched to 6% strain fully recover to normal level whereas incomplete
recovery to only 50% is reached for those stretched to 12% strain 3. Furthermore,
the geometry of this system also protects the nerve around joints, minimising any
stress concentrations.

On conclusion peripheral nerves behave mechanically as a two composite com-
ponent system and disturbing the balancing forces of this system changes mechan-
ical behaviour of the nerve. And, the model explains the common problems of
retraction and mushrooming of nerve ends after traumatic transection in peripheral
nerve surgery.
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Abstract

The mechanical architecture of rat sciatic nerve has been described as a central core
surrounded by a sheath, though how these contribute to the overall mechanical
properties is unknown. Here the retraction responses of core and sheath following
transection were studied, along with the tensile properties of each and the inter-
face between them. Nerves were harvested and maintained at their in situ tension,
then each was either transected entirely, through the sheath only, or through an ex-
posed section of the core. The retraction distance of each component was measured
within 5 min and again after 45 min. Post mortem loss of retraction was tested
by measuring 0 or 60 min after excision. For fresh nerves, immediate retraction
was 12.68% (whole nerve), 5.35% (sheath) and 4% (core), with a total retraction
of 15%, 7.21 and 5.26 respectively. For stored nerves, immediate retraction was
5.33% (whole nerve), 5.87% (sheath) and an extension of 0.78% for core, with
a total retraction of 6.71, 7.87 and an extension of 1.74 respectively. Tensile ex-
tension and pullout force profiles were obtained for the sheath, the core, and the
interface between them. These showed a consistent hierarchy of break strengths
which would, under increasing load, result in failure of interface then core then
sheath. These data reflect the contributions of material tension from the sheath and
fluid swelling pressure from the core to the total retraction, and the involvement of
an energy dependent process that runs down rapidly post mortem.
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Introduction

Peripheral nerves exhibit an intriguing structure comprising distinct layers of con-
nective and neural tissue. The cross-sectional morphology has been thoroughly
characterised using histological and electron-microscopic techniques. The nerve
fibres (myelinated or non-myelinated axons of motor and sensory neurones) are
packed into fascicles with Schwann cells and longitudinally aligned collagen to form
the endoneurium. This is surrounded by the perineurium, consisting of dense layers
of specialised cells that form a diffusion barrier. These are interlaced with bundles of
collagen running obliquely to the longitudinal axis. Outside the perineurium is the
epineurium, a connective tissue layer containing undulating collagen fibres aligned
predominantly axially.'”

The structure and ultrastructure of the collagen within this layered architecture
suggests that these distinct concentric layers within the nerve trunk may have spe-
cific mechanical properties. Based on other connective tissues it seems likely that
these layers work in concert to provide peripheral nerves with their remarkable me-
chanical properties. In particular they are able to withstand major changes in ten-
sile load before conductive function is altered.:'? The overall tensile properties of
nerves have been measured in many animal and human studies, but little is known
about the contribution made by each element within the nerve.

The importance of movement between the fascicular elements within a nerve has
been suggested, and intraneural fibrosis is known to be a factor that can compromise
nerve function after surgical repair.” Some groups have shown that perineurium
integrity is the critical factor which is compromised when a nerve is stretched to
failure??, although others believe that epineurium is the first tissue to rupture.!
Recent work has demonstrated that the rat sciatic nerve displays the mechani-
cal features of a two layered composite material comprising a distinct core and
sheath.!! This core and sheath arrangement is commonly described in protocols
for preparation of primary cultures of Schwann cells where discarding the sheath
reduces fibroblast contamination. It also helps to explain the “mushrooming” ef-
fect that occurs when a nerve is severed, resulting in characteristic protrusion of
the endoneurial tissue. Fluid pressure within the nerve is thought to be important
in maintaining the structural integrity, and has been implicated as contributing to
mushrooming.? When a nerve is transected, the severed ends both retract to leave
a gap, suggesting the presence of some resting tension. The mechanism of this
retraction is likely to depend on the mechanical properties of the different layers
within the nerve, in conjunction with the fluid pressure. Here we have exploited
this retraction feature as a probe to investigate subtle differences in the mechanical
behaviour of intraneural layers. The core and sheath showed different retraction
responses after transection, indicating the existence of a distinct interface between
them. The strength of this interface was measured, along with the tensile strengths
of the core and sheath in isolation.
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Figure 8.1: Nerve clamped in situ prior to excision for use in retraction experiment.

Methods and Materials

Harvesting of sciatic nerve Wistar rats (400 - 450 g) were sacrificed by CO2 as-
phyxiation followed by dislocation of the cervical spine. Dissection and removal of
the sciatic nerve occurred in all rats within 10 min post mortem. Each animal was
placed in a lateral position and an initial skin incision made along the line from hip
to knee joint. Deep dissection reflected the biceps femoris muscle off the femur and
away from the underlying sciatic nerve. Using an operating microscope, the sciatic
nerve was mobilised for approximately 15-20 mm, from below the first branch in
the upper thigh to just above the division into its terminal branches, usually just
above the knee. Care was taken to minimise stretch or trauma to the nerve and
continuous topical application of normal saline prevented drying.

Mechanical Tests

Retraction Experiment A 15mm length of sciatic nerve was clamped at its in situ
tension then dissected free (see fig 8.1).

Nerves were divided into three experimental groups where either the retraction
of the whole nerve (group 1), the outer sheath (group 2) or the inner core (group 3)
was measured. Retraction was measured at two time points; as soon as the respec-
tive layers were divided (within 25min), and after 45 min (to allow full retraction).
Between these time points nerves were kept in saline at room temperature. All
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‘ Nerve in clamp (gauge length 15mm) ‘
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Figure 8.2: Schematic representation of the retraction experiment for the whole nerve
(Group 1), outer sheath (Group 2) and inner core (Group 3). Inner core represented by
wavy pattern, sutures by single black lines and outer layer marker is shown hatched..

retraction experiments were performed under microscopic control, with measure-
ments obtained using a travelling microscope, resolution of 2 ym (Beck, London,
U.K.). Figure 8.2 shows a schematic representation of the retraction experiment for
the three groups.

Group 1 -Whole nerve: Two epineurial marking sutures (8/0 Prolene) were
placed near the middle of the nerve trunk to serve as reference points. The gap
between the sutures (GO), which was kept to a minimum (approximately 1 mm),
was measured prior to transection of the nerve between the two sutures. The im-
mediate retraction of the two cut ends was measured within 2-5 min and the final
retraction was measured after 45 min.

Group 2 - Outer layer: The centre of the excised nerve was stained with Bonney’s
Blue (Eastbourne DGH Pharmaceuticals, UK), then a circumferential incision was
made through the sheath only. The blue dye stained only the sheath, the core re-
maining white, which allowed the depth of the cut to be gauged. The immediate
retraction gap (GI) was measured as the sheat reytracted back along the core, after
which the clamped nerve was placed in saline for 45 min until measurement of final
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Figure 8.3: Schematic representation of the clamping jig used for the pullout experi-
ment.

retraction (GF).

Group 3 - Inner core: The same initial procedure was carried out on the clamped
nerve as for Group 2, and then the centrally divided outer layer was pulled back to-
wards both clamp ends. Care was taken to not stretch the inner core. The exposed
core was then sutured and transected as for the nerve trunk in group 1, and the
initial and final retraction measured.

Pullout force. This experiment was designed to investigate the resistance to
movement at the interface between the inner core and the outer layer. A purpose
built clamping jig was designed which allowed the outer layer of the nerve to be
sutured to the clamp at one end and the inner core clamped at the other. By undoing
the retaining screw, the clamped inner core could be pulled away from the outer
layer (see fig. 8.3).

The sciatic nerve was exposed and clamped as before with a gauge length of
15 mm, then carefully excised. Under microscopic control, the outer layer was
dissected off the inner core at the proximal end of the nerve. At the distal end, the
nerve was completely transected and two diametrically opposed sutures were placed
through the outer sheath and the distal clamp, which was covered with a fine nylon
mesh. The jig was placed in a tensile testing machine (Testometric 220M, Testomet-
ric Co Ltd, Rochdale, Lancs, UK), which applied traction to the nerve. Force was
measured using a 10N load cell (TEDEA-Huntleigh Ltd, Cardiff, UK) and extension
was monitored using alinear voltage differential transformer. Using an extension
rate of 10 mm/min, a force/extension curve was obtained for each nerve tested.

Measurement of inner core and outer sheath strength. Although the strength of
the whole nerve has been investigated, little is known about the strength of the
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core and the sheath independently. The procedure used for the pullout experiment
was adapted to measure the core strength. With the nerve clamped in the jig, the
sheath at both the proximal and distal ends was cut circumferentially, taking care
not to damage the core. The clamping jig was placed in the tensile testing machine
and the core was extended at the rate of 10 mm/minute until it failed. To obtain
the load characteristics of the sheath, the core was pulled out of a length of nerve
20 mm in length. The empty outer sheath was then secured in the clamping jig,
which allowed the sheath to be pulled under tension until it failed. The clamping
jig provided a gauge length of 10 mm for the sheath and the same extension rate
of 10 mm/min was used. Force/extension curves for both the inner core and the
empty outer sheath were recorded.

Results

Retraction Experiments Since both the left and the right sciatic nerves were used,
there was an inevitable time difference of 30 to 60 min between the dissections of
the two nerves from each animal. The results from the “early” dissection (those
obtained immediately after the animal was sacrificed) were separated from those
obtained during the “late” dissection. Table 8.1 on 124 shows the mean percentage
retraction for the early and late dissections for the three groups tested. For groups 1
and 3, the length GO between the marking sutures was subtracted from the 15 mm
gauge length for the calculation of the percentage retraction.
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In group 1, the whole nerve in the early dissection showed an immediate retrac-
tion of 12.68%, representing 84% of the total retraction of 15.13%. In contrast,
the immediate retraction for the whole nerve in the late dissection was only 5.33%,
representing 79% of the total retraction of 6.71%. When the early and late dissec-
tion results were compared, immediate and total retraction were both significantly
lower in the late dissection samples (58% lower for immediate, 56% lower for final,
p < 0.0001).

In group 2 (sheath only), for both the early and the late dissections, the outer
layer showed an immediate retraction of 5.35% and 5.87% representing 74% of
the total retraction of 7.21% and 7.87% respectively. This represents less than half
of the retraction levels for whole nerve. In contrast to the whole nerve group, the
outer layer in the late dissections retracted by only 10% more than that for mean
early dissections and this was not statistically significant (p > 0.5).

In group 3 (core only), the inner core in the early dissections retracted 4% rep-
resenting 76% of the total retraction of 5.26%. In the late dissections, instead of
retracting, the inner core extended immediately on cutting by 0.87%, represent-
ing 50% of the total extension of 1.74%. These differences between early and late
dissection were statistically significant (p = 0.0003).

It is also interesting to note that in the early dissections, the sum of the retrac-
tion for sheath plus core was 26% and 18% less than that of the whole nerve for
the immediate and total retraction respectively. By comparison, for the late dissec-
tions, the sum of the outer layer and the inner core were within the range of the
values obtained for the whole nerve. Comparisons of core and sheath strengths with
core-sheath pullout response Fifteen fresh nerves were tested during the pullout ex-
periments. The inner core of all 15 specimens pulled out cleanly from their outer
sheath with an average pullout force of 0.41 N (SEM =+ 0.03) over a gauge length of
15 mm. Figure 8.4 shows a typical force/extension curve for the separation of core
from sheath along with the force/extension curve for the core in isolation. The pull-
out curve is characterised by three distinct regions: Initially as traction was applied
the core together with its surrounding sheath stretched in an elastic manner up to
point A, representing about 6% strain. At point A, the slope of the curve became less
steep until a peak force was reached at point B, equivalent to 12% strain. Further
traction caused a sharp fall in force until point C was reached, equivalent to 22%
strain.

From thereon, the core slid away from the sheath with minimal force. In con-
trast the force-extension curve for the core strength shows that after the toe region
(representing 5% strain) was taken up, the force increased rapidly until a peak was
reached at around 27% strain. Ten inner cores were tested giving an average break-
ing force of 0.65 N (SEM =+ 0.03), more than 5% greater than the force required
for core/sheath separation. Figure 8.5 shows a typical force/strain profile for the
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Figure 8.4: Typical curves showing force against extension of the core being pulled out
of its sheath (dotted line) and of the core being pulled to failure (solid line) respectively.
The 3 phases of the pullout profile are shown; (A) elastic extension, (B) yield, (C) free
gliding.

“empty” sheath, compared with that for the inner core (gauge length 10 mm). The
curve for the empty sheath shows that it can extend up to 30% strain before any
force transmission can be measured (i.e. it has an extensive elastic toe region).
From thereon, the force increased steeply with increasing strain followed by a sud-
den and complete failure once the maximum force was reached at 60% strain.

Discussion

From the results it is clear that the different structural elements within the rat sciatic
nerve behave as distinct mechanical entities when separated, but apparently in a
cooperative manner when together as an intact nerve. The presence of a core and
a sheath defined in mechanical terms rather than by their histological appearance
has been described recently by Walbeehm et al.!! and the presence of intraneural
regions which retract to different extents relative to each other has long been of
interest to surgeons (reviewed by Millesi”). This contributes to the effect whereby
core elements of a severed nerve fascicle protrude (known as “mushrooming”).
However for this to occur, different layers of the nerve with distinct material
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Figure 8.5: Force/strain curves for the nerve core (dashed line) and the outer sheath.

properties appear to respond differently to the changed mechanical environment
following cutting. The present study was undertaken to quantify how these differ-
ing material features translate into the mechanical properties of the whole rat sciatic
nerve. The relatively simple, principally monofascicular structure of this common
experimental model is a particular advantage in trying to understand the relation-
ship between tissue architecture and mechanical properties. Clearly similar mech-
anisms are likely to operate in the multifascicular nerves more common in clinical
surgery.

The retraction experiments shown here demonstrated that the basal tension
within excised nerves (held at their physiological length) was alone sufficient to
produce the immediate retraction seen after transection, consistent with the previ-
ous study of Walbeehm et al.''. This showed that intraneural (core) elements of
the rat sciatic nerve have the capacity to move independently of the outer sheath
both after cutting and under pullout mechanical load. The aim of the retraction ex-
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periments was to quantify the contribution of each element to this movement using
independent transection of each layer.

A key observation here was that nerves used immediately after dissection from
the animal (i.e. minimal post mortem changes) retracted twice as much as late dis-
sected nerves from contra-lateral limbs of the same animals. This is consistent with
the idea that part of the resident tension is produced by an active energy-dependent
process which runs down rapidly post mortem. Previous studies®*!! have identi-
fied a modest internal swelling pressure in the core elements that contributes to
nerve tension and retraction. Such a swelling pressure, within a restraining con-
nective tissue sheath, is a common material composite in mammalian tissues. Such
constrained tissue swelling can be produced through localised water uptake due to
accumulation of proteoglycans (an extreme example being inter-vertebral disc) or
active ion pumping, leading to osmotic gradients. Rapid disappearance of tension,
60 min post mortem, (together with our inability to identify glycosaminoglycan
staining in the core region; data not shown) is consistent with the ion pumping
mechanism. The presence of some residual retraction even 60 min post mortem
however suggests that at least a proportion of the tension is a result of background,
material (elastic) tension probably within the outer sheath (note the elastic proper-
ties of isolated sheath between 0 and 30% strain seen in fig 8.5).

Further support for this dual mechanism is seen in the remarkable retraction
profile of isolated core, with complete contraction loss by 60 min post mortem.
Hence, the putative fluid pressure swelling tension disappeared with great rapid-
ity (expected for an energy-dependent osmotic gradient). At the same time the
force/extension profile shows that the core contributes no significant tension by
material elasticity.

Interestingly, an estimate of the relative contributions of these two tensile com-
ponents may be derived from mean retraction levels of the “early” core (5.26%;
swelling element) plus the “late” sheath retraction element (7.87%; material ten-
sion). The sum of these two isolated elements (i.e. 13.14% retraction) approaches
that of native whole nerve retraction of 15.13%, suggesting that the total retraction
of the (composite) model nerve can be explained as the sum of the two mechanisms.

The pullout experiment was designed to determine the nature of the core-sheath
interface. This interface has been described as a potential gliding layer !! potentially
allowing the independent movement of intraneural elements as discussed for multi-
fascicular nerves.” However, it is equally possible that it is a non-physiological shear
plane resulting from nerve structure. Interestingly, pullout occurred in a highly con-
sistent manner in all nerves tested. The interface mean break-force in this study
of 0.41 N was again a consistent value, though relatively high if it is to act as a
physiological functional gliding layer. Interestingly the interface break strength was
considerably ( 50%) less than the break strength of the inner core element, and
the core in turn broke at a much lower force than the sheath. This means that a
hierarchy of mechanical break strengths exists which would, under increasing ten-
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sile loading, produce (1) interface gliding, (2) core rupture, (3) sheath rupture,
respectively. This rupture sequence could suggest a potential protective role of the
interface on the core elements, allowing dissipation of applied strain by rupture of
the shear plane at forces below that where the core ruptures. However, it is now
established that the interface comprises a physical material adhesion between core
and sheath. Since this will allow transmission of loads from sheath to core its protec-
tive role, if any, must be questioned. Studies are currently underway to investigate
this.

In summary, this study has shown that the rat sciatic nerve can behave as a
composite material in which the layers have distinct mechanical properties. There
is a central core that is relatively weak in terms of break-strength compared to
the sheath. Retraction of the nerve after cutting can now be explained in terms
of this composite structure and the two distinct sources of intrinsic nerve tension
present prior to cutting (material elasticity and an opposing swelling pressure, see
also Walbeehm et al.'!). The latter swelling pressure element disappears rapidly
post mortem suggesting that it is metabolically maintained. This may have im-
portant implications for post injury structural changes if the same holds true for
the proximal nerve stump following nerve sectioning. Previous work has identified
endoneurial pressure as being an essential factor in maintaining peripheral nerve
integrity.>*'! Endoneurial pressure seems likely to be maintained through a combi-
nation of perineurium impermeability and energy dependent ion gradients.

The interface between the two opposing layers comprises a physical adhesion
material such that its separation needs significant force. This makes the interface
a structural shear plane, not a freely gliding layer. It seems more likely to be an
incidental consequence of an essential structural feature associated with the various
structural layers. This is a key element in understanding how nerves function at a
mechanical level and which elements need to be restored during nerve regenera-
tion or tissue engineering. In addition, these mechanical (pullout) characteristics
provide novel monitoring points of nerve regeneration, in particular for signs of in-
traneural fibrosis, often associated with poor functional outcome following surgery.
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The general aim of this thesis was to describe the role of the proximal segment
in peripheral nerve regeneration. Early studies have described the morphological
changes in the proximal nerve segment that occur after nerve transection and nerve
crush, and demonstrated that axonotmesis and neurotmesis had different effects.
However, it was unclear what the influence of the proximal segment was on func-
tional recovery of peripheral nerve injury.

Magnetoneurography (MNG) provides a novel method of evaluating the elec-
trophysiological properties of a nerve. It is highly reproducible compared to elec-
troneurography (ENG), and it is less susceptible to the electrical impedances of the
surrounding tissues (i.e. differences in dissection of the nerve) than ENG. Using
MNG to evaluate the proximal segment after transection and reconstruction of the
common peroneal nerve in a rabbit model, we found a very consistent decrease
of 55-65% in peak-peak amplitude in the proximal segment, 4 cm proximal to the
lesion. A series of experiments was performed in order to further evaluate this
decrease in peak-peak amplitude, and to evaluate whether this decrease could be
influenced.

Signal Amplitude versus Conduction Velocity in the proximal segment. In chapter 2
the changes in peak-peak amplitude in the proximal segment after nerve transection
and reconstruction are related to the changes in conduction velocity that occurred
during the first 8 weeks after the surgical reconstruction, and to functional recovery.
It is important to realise that the conduction velocity is measured between two
toroidal sensors in the proximal segment, 1.5 cm apart, and not across a nerve
repair. That is part of the explanation of the differences in conduction velocities in
literature. Chapter 2 further describes that after 8 weeks, conduction velocity had
returned to normal, whereas the peak-peak amplitude remained at 45% the control
nerve, and the toe spread reflex (TSR), a crude test of return of motor function in
rabbits, remained only a +.

At twelve weeks conduction velocity returns to normal and, since amplitude and
conduction velocity are linearly related, it can only be hypothesised that this is be-
cause a small number of axons will have reached their distal target organs and have
started to mature. Those axons will then dictate the onset of the NCAC signal and
hence conduction velocity returns to normal. Interestingly, when simply comparing
the proximal segments and the control nerves of all animals used in chapter 4, not
taking into account the experimental group, clear differences were demonstrated
between conduction velocities in the proximal segments and the control nerves of
all animals at 12 weeks reaching approximately 80% (99.02 m/s to 81.76 m/s), of
the control nerves. Literature describes similar differences, with conduction veloci-
ties reaching 80% at 80-150 days and reaching normal values at 200-250 days. It is
unclear why there is a difference between both experiments, but it could be biolog-
ical variance, since Cragg et al also showed increases of conduction velocity in their
groups at 80 days.
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Peak-peak Amplitude versus Myelinated Axon Counts. The relationship between axon
diameter and single fibre action currents (SFAC) has been studied extensively, and
has been described as a square relationship. In order to explain the decrease in
peak-peak amplitude in the proximal segment after transection and reconstruction,
myelinated axon counts were correlated to peak-peak amplitude (chapter 3).

A decrease in number of fibres as well as a shift to smaller fibres in the proximal
segment have been described in literature. After nerve transection and repair, the
number of myelinated axons did not change (axons larger then 1 ym). However,
axons larger then 10um decreased significantly in numbers. Secondly, the largest
axons found in the samples of the transected and repaired nerves, is considerably
smaller than in the control nerves, although this could be chance, since only 5 areas
(out of approximately 20) were counted.

An explanation was found in the control of axonal diameter by neurofilament
synthesis. Neurofilament synthesis and gene expression are downregulated after
nerve trauma. This results in a reduction of axonal diameter. This process has
been described as somatofugal atrophy. As described in chapters 1.3.1 and 3, it was
hypothesized in earlier publications that the 50% decrease in peak-peak amplitude
was due to a 50% decrease in functional fibres. This hypothesis cannot be disproved,
since it is impossible to test for non-functional fibres. However, it is very likely that,
based on the observations by Dudok van Heel et al (unpublished results) and the
results presented in chapter 3, that the decrease in larger fibers is mainly responsible
for the decrease in peak-peak amplitude.

Evaluation of the Proximal Nerve Segment as a Modulator of Regeneration. To investi-
gate whether different surgical reconstructions affected the changes in the proximal
segment differently, a number of experiments were compared (chapter 4). This
comparison was possible, since the experiment was carried out using the same ex-
perimental set-up, under the same circumstances and by the same surgeon.

Delaying a nerve repair for 24 hours demonstrated a significantly higher peak-
peak amplitude in the proximal segment. This observation raises the question
whether an increased peak-peak amplitude in the proximal segment is a sign of
better regeneration. Without taking into consideration the results of the distal seg-
ment, it is better to refer to a better regenerative potential.

Chapter 5 adds argument to that discussion, since the comparison between tran-
section and reconstruction and crush experiments (chapter 5) demonstrated an
almost two-fold difference in peak-peak amplitude in the proximal segment after
crush compared to transection and reconstruction, where crush did significantly
better. These modes of injury were compared because earlier studies using ENG
demonstrated similar results and the end result of crush is almost nearing a 100%
return of function. Subsequently, the higher peak-peak amplitude in the proximal
segment after crush underscores the hypothesis for increased regenerative poten-
tial. The results for the distal segment and muscle weight, presented in chapter 5,



134 CHAPTER 9. GENERAL DISCUSSION

acknowledged indirectly, that crush had better return of function.

The first cautious conclusion, based on these results, is that it is possible to
influence the proximal segment, and that this improves the regenerative potential
in a lesioned peripheral nerve. The second conclusion is that delaying a nerve repair
for 24 hrs increases the regenerative potential of the proximal segment. However,
the therapeutic consequences of both conclusions need further investigation.

The Distal/proximal ratio as a measure of regeneration across a nerve repair. The
Distal/Proximal ratio has been shown to assess the anastomosis on theoretical as
well as experimental grounds (chapter 5). However, when evaluating an evaluation
method in nerve regeneration, a number of problems become apparent. First of
all, there is no correlation between different methods of evaluation, as described by
Kanaya et al. Secondly, there is no correlation between tests evaluating the nerve
and functional tests in animals. This means that there is nothing to test a hypothesis
against. Therefore, in the experiments presented in this thesis, two types of injury
were tested with known but different outcome.

It was shown that the crush experiment had a higher D/P ratio than the transec-
tion and reconstruction group. An increase of the D/P ratio can be the result of an
increase in peak-peak amplitude in the distal segment, or a decrease in the peak-
peak amplitude in the proximal segment. If the D/P ratio remains the same with
improved peak-peak amplitude in the proximal segment, the repair has influenced
the regenerative potential in the proximal segment. This, in turn, has improved
the number of fibers crossing the repair or the fraction of fibers in the proximal seg-
ment that have crossed the repair has larger diameters or both. All these parameters
indicate improved regeneration.

interestingly, the crush group showed an increased D/P ratio notwithstanding
an increased peak-peak amplitude in the proximal segment. This meant not only a
higher regenerative potential, but also better regeneration across the repair. There-
fore, before concluding whether a nerve repair is performing superiorly, the peak-
peak amplitude of the proximal segment needs to be evaluated separately, remain-
ing the same or improving and the D/P ratio needs to improve.

In the evaluation of the delayed nerve repair (chapter 6), it became clear that
delaying a nerve repair for 24 hrs showed better results in the proximal segment,
and the D/P ratio remained the same. It could not demonstrate changes in the
distal segment (see chapter 6 for explanation), Regrettably, no muscle weight was
recorded during these experiments. However, the paper by Brown et al did show
increased muscle weight and muscle contraction. This could be due to problems in
the MNG set-up as will be discussed in the next paragraph.

Nonetheless, this was the first paper that actually demonstrated a difference in
peak-peak amplitude after different surgical techniques of peripheral nerve repair.
As described above, an unchanged D/P ratio, with an increased peak-peak ampli-
tude in the proximal segment means that the regenerative potential has increased
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and that regeneration across the repair has improved. This could tentatively mean
that delaying a nerve repair provides better results.

Problems with the MNG set-up One of the drawbacks of the MNG set-up as used
in these experiments was that the measurements are performed with the nerve in
situ (still inside the animal). In the animal it was difficult to keep all circumstances
the same. Distances between stimulator and lesion and stimulator and toroidal sen-
sors could be subject to considerable, unmeasurable bias. Temperatures could vary
considerably because the flow of the fluid was not equal in all areas due to depth
differences of the wound bed. Tension on the nerve was uncontrolled. Especially
difficult was control of the distances between stimulator and toroid, and only mi-
nor changes could influence the distal peak-peak amplitude and conduction velocity
considerably.

Therefore, based on these experiences, an ex-vivo set-up has been created, where
distances are fixed, temperatures are controlled and tension could be estimated by
changes in stretching the nerve. Hopefully, this will reduce the signal-to-noise ratio,
improving accuracy.

The proximal segment and Stretch. In order to overcome the problem of suturing a
nerve under tension or using a nerve graft, it was necessary to examine the effect
of longitudinal tension on peripheral nerves (chapter 7). Furthermore the relation
between tension and mushrooming was examined.

Several important points are raised. First, on transection a 10-15% recoil is
found in rat sciatic nerves. This was calculated by measuring a part of intact
nerve, transecting it and re-measuring its length. Recoil appeared to be not only
a material-, but essentially a structural property. Endoneurial fluid pressure pushed
the epineurium outward, which then had to be followed by an increase in diameter
and subsequent shortening of that epineurium, when the nerve was transected. This
is normally constrained by the intact epineurium. The fluid pressure was also re-
leased on the sides, making the ends extrude (a clinical phenomenon called “mush-
rooming”). Furthermore it was found that the toe-region as presented in other
papers was an artefact of transection. First it was thought that there was a gliding
layer present between the sheath and the core, however, more accurate investi-
gation of that layer (chapter 8) revealed very consistent pull-out strength of the
core and cross-linking of collagen between the layers. The interface between the
two opposing layers comprises a physical adhesion material such that its separation
needs significant force. This makes the interface a structural shear plane, not a
freely gliding layer. The central core was relatively weak in terms of break-strength
compared to the sheath. The swelling pressure element disappeared rapidly post
mortem suggesting that it was metabolically maintained. This may have important
implications for post injury structural changes if the same holds true for the proxi-
mal nerve stump following nerve sectioning. Endoneurial pressure seems likely to
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be maintained through a combination of perineurium impermeability and energy
dependent ion gradients.

It seems more likely to be an incidental consequence of an essential structural
feature associated with the various structural layers Chapter 7 and 8 also demon-
strated that the epineurium is the strongest layer of the nerve and that the whole is
stronger than the sum of its parts. Based on these findings a three layer composite
model was postulated that demonstrated the effects of transection, but in reverse,
also the effects of longitudinal loading on the nerve.

Conclusions. The conclusions of this thesis, derived from peripheral nerve regener-
ation experiments in rabbits, are:

e Nerve conduction velocity changes in the proximal segment but returns to
normal at 8 weeks, whereas the peak-peak amplitude decreases by 60% and
remains that way until 36 weeks.

e Peak-peak amplitude decreases in the proximal segment and correlates well
with decreases in axon diameter of the larger axons.

e It is possible to modify NCAC peak-peak amplitude in the proximal segment
surgically.

e The Distal/Proximal peak-peak amplitude ratio is a measure for regeneration
across a repair, provided the Proximal/Control ratio is considered simultane-
ously.

e Delaying a nerve repair for 24 hours in a rabbit model seems to give better
results.

e A nerve behaves as a three layer composite material when stretched.

e No obvious gliding layers are present in a nerve, but a weaker layer is present
between epineurium and perineurial cells, behaving as a layer that takes the
first damage.

e The intact nerve is stronger then the sum of epineurium, perineurium, en-
doneurium and axons.
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For the future Several directions for future research can be highlighted from this
thesis. First of all, described above and already applied, was changing the MNG
set-up. The set-up needed to be more standardised and controlled and is shown in
figure 9.1. This was possible by changing the toroids, and making a MNG chamber,
where fluid flow and temperature are constantly monitored and kept constant more
easily. Also, distances are more accurately controlled by applying two clamps and
fixing the stimulator and the toroids. The idea was to minimise noise reduction and
variability of the set-up, so that MNG became even more accurate. This made it also
possible to decrease the distances between stimulator and toroids from 6 to 3.5 cm,
with minimally compromising the interference of the stimulation artefact and the
signal. The exact onset latency of the signal could not be measured anymore, but
first peak latency provided a good alternative. With this improved method it was
possible to measure smaller animals, such as rats.! The first results of experiments
on rat sciatic nerves are being submitted for publication.
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Figure 9.1: Schematics of the recording chamber.
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The proximal segment remains elusive. The value of the changes in the prox-
imal segment in relation to nerve repair remains difficult to interpret. So are the
differences between cell death and the only minor decline in axon numbers. Timing
of peripheral nerve surgery has taken a different impulse by the paper of Brown et
al. It has not been conceptualised that there could actually be a difference in re-
sult between an acute and a 24 hour delayed repair in nerve surgery. However, the
mechanism is still uncertain. Trying to elucidate the processes involved in timing
of nerve repair might change the concept of nerve surgery considerably. Stretch of
peripheral nerve is again the subject of much current research interest. Clinically ex-
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ternal fixators are being applied and used to stretch nerve repairs with reasonable
results. However, the mechanism through which the peripheral nerve deals with
stretch are just being discovered and it is still unclear what the differences in me-
chanical behaviour between the rat sciatic and the human median and ulnar nerves
are. Histological comparisons between layers, and good cooperation between sci-
entists, surgeons and engineers are essential to solve this problem.

In short, the balance of research is not in providing all answers but in creating
more questions.
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Chapter 10

Summary, Samenvatting & Dankwoord

“Vi resta un ora.”
Tosca, Giacomo Puccini
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10.1 Summary

The role of the proximal segment in peripheral nerve regeneration has been viewed
as a membranous pipe, transporting building blocks from the cell body to the growth
cone. Previous research demonstrated that there were undeniably changes in the
proximal segment following nerve injury. These changes involved a decrease in
number of axons from 5-7%, a decrease in axonal diameter, a decrease in peak-
peak amplitude of compound action potentials, decreases in conduction velocity.
Furthermore, crushing a nerve produced less dramatic changes then transection and
subsequent reconstruction. When a transection and reconstruction model, utilising
the common peroneal nerve in rabbits, was evaluated using magnetoneurography
(MNG) a very consistent 55-65% decrease in peak-peak amplitude was found. This
decrease was still measurable up to 36 weeks following the transection and recon-
struction. A decrease in conduction velocity was measurable up to eight weeks
post-reconstruction but normalised at twelve weeks.

For this thesis, the decrease in peak-peak amplitude was compared to conduc-
tion velocity and function recovery, demonstrating a significant decrease in signal
amplitude and CV in the first 8 weeks after reconstruction. After 8 weeks of regen-
eration time, motor function and the CV of the recorded signals start to recover,
but the signal amplitudes did not. This remained the same until 36 weeks. It was
suggested that a number of the axons, not reaching a proper target organ lost their
signal-conducting capability.

When comparing electrophysiological parameters to myelinated axon counts, a
correlation was found between the decrease in peak-peak amplitude and the de-
crease in larger, myelinated axons. The larger the diameter of an axon, the higher
its peak-peak amplitude and this implied that the decrease in peak-peak amplitude
could be explained by the decrease in larger axons.

Comparing the results of 71 proximal segments in order to clarify whether the
changes in the proximal segment could be influenced by the type of repair, demon-
strated that delaying a repair for 24 hrs actually resulted in a lesser decrease in
peak-peak amplitude. This could not be corroborated for the distal segment in a
following chapter.

To determine the quality of a repair the distal/proximal ratio was calculated.
This ratio is an indication of the fibres that have actually crossed a repair. This
was tested by comparing two types of injury, a crush injury with a transection and
reconstruction, with known different outcome. This showed a higher d/p ratio for
the crush injury, even though the proximal segment also showed a higher peak-peak
amplitude. It was concluded that the d/p ratio is a measure of regeneration across a
repair, but to reach a conclusion the peak-peak amplitude of the proximal segment
needs to be taken in consideration also.

After injury to a nerve, the nerve ends retract. Sometimes the ends cannot be
sutured together without creating tension. Consequently a nerve graft is used, to
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reduce that tension. A primary repair, however, produces better results then a nerve
graft. To understand the effects of tension on a nerve repair, the mechanism of
how a normal peripheral nerve deals with longitudinal tension needed clarification
first. On excision, nerve segments shortened by 10-15%. That mechanism was
structural-, rather then cell based. Stretching the nerve demonstrated that an intact
nerve has different properties then an excised nerve. Furthermore, nerve segments
absorbed more water without epineurium, than with intact epineurium. Based on
these results a three layer composite model was hypothesised demonstrating how a
nerve deals with longitudinal tension.

Following this paper an interest rose in the strength of the separate layers, glid-
ing layers of the nerve and the endoneurial swelling pressure. Stretching the core
showed this was the weakest structure of the nerve. It furthermore appeared that
the interface between sheath and core was not a free gliding layer but demonstrated
an interface break strength at about 50% of the core break strength, suggesting
a ruture sequence of interface gliding, core rupture and sheath rupture. The en-
doneurial fluid pressure disappeared by 60 min post mortem. This contradicted
the notion that the pressure was proteoglycan based but rather metabolically main-
tained, in combination with epineurial impermeability. Furthermore, based on the
results of the last two papers, it appears that the whole nerve is stronger than the
sum of its parts.
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10.2 Samenvatting

De rol van het proximale segment in perifere zenuwregeneratie werd gezien als een
membraneuze pijp die bouwstenen aanlevert van het cellichaam voor de growth
cone. Eerder onderzoek toonde al aan dat er onweerlegbare veranderingen waren
in het proximale segment, na zenuwletsel. Deze veranderingen omvatten een 5-7%
afname van aantal vezels, een afname in piek-piek amplitude van de samengestelde
actiepotentialen en een afname van de geleidingssnelheid van de zenuw. Een crush
letsel gaf dezelfde veranderingen alleen in mindere mate. In eerder onderzoek
waarin een transsectie en reconstructie model van de nervus peroneus longus bij
konijnen werd gebruikt en ge-evalueerd middels magnetische neurografie (MNG),
werd een consistente 55-65% afname gezien van piek-piek amplitude.

Voor dit proefschrift werd de afname in piek-piek amplitude vergeleken met
geleidingssnelheid en functie herstel. Dit liet een afname van piek-piek amplitude
zien en een afname van geleidingssnelheid tot 8 weken. Na 8 weken regeneratie
tijd herstelden motor functie en geleidingssnelheid zich, maar piek-piek amplitude
bleef verlaagd. Dit bleef hetzelfde tot 36 weken. De hypothese was dat een aantal
axonen hun geleidingsvermogen verloren.

Vervolgens werden de elektrofysiologische parameters, in hetzelfde model, ver-
geleken met histologische tellingen van gemyeliniseerde axonen. Er werd een goede
correlatie gevonden tussen de afname van piek-piek amplitude en afname van de
grotere axonen (tussen 10 en 15 pm). Omdat de piek-piek amplitude quadratisch
toeneemt met de diameter, werd geconcludeerd dat de afname in piek-piek ampli-
tude met name lag aan de afname in grotere axonen.

In een vergelijking van 71 proximale segmenten na verschillende types herstel
kon worden geconcludeerd dat het type herstel geen verschil gaf, maar een 24 uurs
uitstel gaf een mindere afname in piek-piek amplitude. Dit kon niet worden aange-
toond voor het distale segment in een volgende studie.

Om de kwaliteit van een zenuwnaad te bepalen werd de distaal/proximaal ratio
bepaald. Deze ratio geeft een indicatie van het aantal vezels dat over een naad
heen is gegroeid. Om dit te testen werden twee types zenuwletsel, een crush en
een transsectie en reconstructie, met bekende uitkomst met elkaar vergeleken. Het
crush letsel toonde een hogere d/p ratio, ondanks dat de piek-piek amplitude in het
proximale segment ook verhoogd was. Er werd geconcludeerd dat de d/p ratio een
maat geeft voor regeneratie over een zenuwnaad, maar, om conclusies te kunnen
trekken, moet de piek-piek amplitude in het proximale segment ook in ogenschouw
genomen worden

Na een doorsnijding van een zenuw trekken de zenuweinden terug. Dit kan
spanning geven bij het weer aan elkaar hechten van de uiteinden, met name enkele
dagen na het trauma. Als gevolg daarvan moet er een zenuwtransplantaat gebruikt
worden om de spanning te neutraliseren. Het herstel van een primaire zenuw-
naad is echter beter dan dat van een transplantaat. Om de effecten van spanning
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op een zenuwnaad te kunnen doorgronden, moet eerst begrepen worden hoe een
zenuw met longitudinale spanning omgaat. Een zenuwsegment verkleinde 10-15%
na doorsnijding. Dat mechanisme bleek eerder op structurele eigenschappen te
bestaan dan op celcontractie. Tevens werd gevonden dat een intacte zenuw anders
met spanning omgaat dan een een doorgesneden zenuw. Het epineurium bleek een
barriere voor wateropname van de zenuw. Op basis van deze resultaten werd een
drie lagig model gepostuleerd.

Hierop volgend werd de sterkte van de verschillende lagen onderzocht, de in-
terfaces tussen de lagen geanalyseerd en gekeken naar het mechanisme van de
endoneuriale vloeistof druk. De rekexperimenten toonden aan dat de kern (en-
doneurium met axonen) de zwakste structuur was. Tevens was er geen echte glij-
laag tussen de kern en het epineurium, maar was er ongeveer 50% van de breek-
sterkte van de kern nodig om de lagen te scheiden. Dit suggereert een breek volg-
orde van interface, kern, epineurium. De endoneuriale vloeistof druk verdween
na 60 minuten post-mortem. Dit was in contradictie met een op proteoglycanen
gebaseerd mechanisme en indiceert meer een metabool ondersteund process, in
combinatie met epineurale impermeabiliteit. Op basis van de trekresultaten van de
laatste twee papers is de gehele zenuw sterker dan de som van de delen.
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