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General Introduction

Introduction

The clinical outcome after nerve injury is not satisfactory and nerve injuries of the
upper extremity cause long lasting disabilities. Loss of sensory and motor function,
accompanied by pain and discomfort not only have functional consequences but also
have major social and psychological impact *.

Over the last decades clinical and experimental research have achieved a remarkable
progress in the understanding of neurobiology involved in nerve injury and in develop-
ing concepts to promote recovery of function. However, Lundborg emphasized that this
progress does not correspond to clinically improved results after nerve injury and
repair *. This mismatch can be explained by different hypotheses, all of them probably
contributing to reality:

- Erroneous conclusions can result from extrapolation from animal model to

human conditions.

- Beneficial effects on the recovery process after nerve injury demonstrated in
experimental studies are too subtle to cause an effect of clinical importance in
human.

- Proving potential beneficial effects in randomized clinical outcome studies after
nerve injury is rarely feasible. Patients and injuries are too heterogeneous, conse-
quently leading to statistical problems.

This last hypothesis stresses the significance of well-designed experimental research
in the field of physiology and pathophysiology of peripheral nerves. Validated experi-
mental methods providing quantifiable outcome data should provide a solid base for
potential beneficial strategies promoting recovery after peripheral nerve injury in a clin-
ical setting. The general aim of this thesis is to provide quantifiable experimental tech-
niques to assess physiological and pathophysiological processes involved in peripheral
nerve injury. The processes investigated in this thesis are focussed on the site of nerve
injury. The studies in this thesis allow for a more critical appraisal of underlying funda-
mental problems causing clinical symptoms of peripheral nerve injury, such as
decreased conduction capacity and extraneural scarring.

1.1 Physiology

Knowledge of physiology of the peripheral nervous system is vast, and extending
every day. For this introduction, physiology is confined to a brief overview on the basic
anatomy of the peripheral nervous system and to the way a peripheral nerve signals.

1.1.1 BASIC ANATOMY

Peripheral nerve fibers terminate in all tissue organs of the body. There are three
major kinds of nerve fibers, (1) sensory, (2) motor and (3) sympathetic, arising from
neurons of dorsal root ganglia, the ventral horn of the spinal cord, and the sympathetic

ganglia, respectively. Density of their innervation varies between organs. A nerve fiber is
defined as the conducting or functional unit of the nerve cell and is formed by an axon
enveloped by a single layer of Schwann cells with or without a myelin sheath

A nerve cell (neuron) consists of a cell body providing metabolic activity and a long
axon connecting in the periphery. Each individual nerve fiber is surrounded by
endoneurium, mainly composed of collagen fibers. Fascicles are formed by groups of
fibers surrounded by the perineurium, which is formed by fibroblasts and collagen. An
outer sheath of fibrocollagenous tissue, the epineurium, binds fascicles into a nerve
trunk. Blood flow is important, of course, in maintenance of nerve structure and func-
tion. Peripheral nerves have a specialized circulation that is not extensively discussed
here. The course of the blood vessels allow for stretching of the nerve, which occurs dur-
ing normal movement of the body.

The anatomical course and properties of a peripheral nerve allow freedom of nor-
mal joint movement without disturbing neurological function. The exact mechanism of
this phenomenon has been studied extensively but has not completely been revealed
yet %,

Normal Nerve

Neural Components Connective Tissue Components

endoneurium
perineurium

internal epineurium
external epineurium
mesoneurium

microvessels

Unmyelinated

Figure 1. Schematic composition of a peripheral nerve 7.

1.1.2 NEURONAL SIGNALING

Neuronal signaling is controlled by electrical gradients across the membrane of the
axon. In a resting axon, the membrane potential is approximately —70mV. This baseline
electrical gradient is maintained by ion pumps in the cell membrane. Ion channel pro-
teins can modify the electrochemical gradient across the axon by changing their perme-
ability to ions in response to chemical transmitter substances (ligand-gated channels in
synapses) and depolarization (voltage-gated channels along the length of the axon). If
an axon membrane is depolarized by a large enough current (threshold), voltage-gated
channels will open and lead to an explosive change in membrane potential (depolariza-
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tion), immediately followed by a wave of repolarization, collectively called an action
potential. Adjacent membrane sections will depolarize resulting in propagation of the
action potential along the axon. Speed of conduction along the axon is limited by capac-
itance and resistance of the axon. Therefore, increasing axon diameter (low capacitance)
will lead to an increase of speed of conduction. Conduction velocity can also be
increased by minimizing leakage of current. Segmental insulation is created by Schwann
cells forming a myelin sheath around the axon. Between each myelin segment there is a
bare area termed the Node of Ranvier, containing a concentration of voltage-gated
channels. Due to the insulation, depolarization jumps from node to node, greatly
increasing the conduction velocity. Myelin sheaths also reduce the electrical capacitance
(Figure 2). Single nerve fibers differ in diameter and degree of myelination **>%,
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Figure 2. Neuronal signaling without myelin insulation (continuous conduction) and with myelin insulation

(saltatory conduction,).

1.2 Pathophysiology

1.2.1 NERVE INJURY

Peripheral nerves are not prone to solitary injury. The intimate relations that nerves
establish with surrounding tissue like bone, tendon and / or blood vessels render them
more susceptible to combined tissue damage .

Seddon introduced a terminology for different forms of traumatic nerve injuries,
which is widely adopted *.

- Neuropraxia. Continuity of the axon is preserved, however temporarily and

localised conduction block occurs.

- Axontmesis. Injury causes axonal disruption and degeneration distal to the
lesion will occur. Axon regeneration is facilitated by preserved continuity of
endoneurial sheath and basal lamina of the Schwann cell layer.

- Neurontmesis. It involves total loss of continuity of the nerve. Degeneration will
only be followed by partial successful regeneration, under the condition that
minimal dehiscence of the nerve stumps exists or that the nerve is repaired.

After axontmesis and neurontmesis axons in the distal segment begin to degenerate
(Wallerian degeneration) as a result of separation from the metabolic resources of the
cell bodies. Macrophages and Schwann cells clear myelin and axonal debris and produce
cytokines to enhance nerve growth. The proximal end of the nerve stump only experi-
ences minimal degradation. Nevertheless, many neurophsysiological changes occur in
the proximal segment '*'. Within 24 hours, new axonal sprouts will originate from the
proximal axons and regenerate along the basal lamina of Schwann cells. Maturation of
the regenerating nerve involves myelination of axons and increase of fiber diameter.
Functional reinnervation requires axons to regenerate until they reach their target organ

57,92,93

1.2.2 FUNDAMENTAL PROBLEMS AT THE SITE OF INJURY IN HUMANS

Multiple factors can be held responsible for poor functional outcome after nerve
injury *. Predicting factors can be traced back to different mechanisms involved in the
process of recovery after nerve injury. Over the last decade, more is known about impor-
tant mechanisms, which are not directly related to the peripheral nervous system but to
the central nervous system. The plasticity of the brain can be defined as the capability of
synapses to change, as circumstances require. Age, cooperation, motivation and cogni-
tive capacity of the patient, sensory reeducation and hand therapy are predicting factors,
which all involve remodeling of the brain .

A subdivision of predicting factors can be made by focusing on the site of injury.
Here, some fundamental problems related to the site of injury are addressed.

Quantity of axon regeneration. Limited regeneration over the injured site and into
the distal segment has a major negative effect on functional recovery. Large numbers of
regenerating axons escape into intervening tissue as they emerge from the proximal seg-
ment. Furthermore, scarring between the proximal and distal nerve end and intraneur-
al scarring in the distal segment will prevent axons to reach their target organ. The dying
back phenomenon also contributes to a reduction of the number of axons regenerating
into the distal segment. Promoting axon growth into the distal nerve segment will
enhance the chance of successful contact with a distal end organ *>>"**,

Speed of axon regeneration. The rate of axon regeneration varies. In humans, after
axontmesis axons grow by 1-6 mm / day and after neurontmesis this growth is less (1-2
mm / day). The speed with which axons regenerate is dependent on multiple factors like
age, severity and level of injury, co morbidity and species. Concentrating on the site of
injury, actual speed is determined by time: (1) taken by the cell body to recover, and con-
sequently for axons to start growing and reach the site of injury, (2) taken by regenerat-
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ing axons to bridge the site of injury, (3) taken by regenerating axons to reach their end
organ ”.

A slow rate of axon regeneration will allow formation of scar tissue at the suture site
and in the distal segment, constricting growing axons. Furthermore, prolonged dener-
vation of target organs will not only negatively influence these target organs but also
related structures like bone, joints and tendons 7 #*>%,

Bridging the gap. When a nerve segment is lost in peripheral nerve injury, the nerve
gap dilemma arises. In optimal nerve repair, the suture line should be tension free. If
“critical” tension of the suture line is reached, the nerve gap should be bridged by a nerve
interponate. In literature however, no consensus exists on the definition “critical”. The
disadvantage of an interponate (autologous nerve graft, degradable or non degradable
tubes) are the two suture lines which are to be crossed by regenerating axons. An alter-
native for bridging a small gap is end-to-end repair under tension. The disadvantage of
bringing nerve ends together under tension is the aggravating formation of fibrosis at
the site of reconstruction. It is obvious that comprehension on tension of peripheral
nerves is of paramount importance in bridging a nerve gap

Neural adhesions. Local tissue damage with or without nerve injury will effectuate

32,59,92,94

migration and proliferation of fibroblasts and extraneural collagen deposition. Collagen
fibers, enveloping the nerve, can contract, increasing the risk of compression neu-
ropathies that can be accompanied by dysfunction and pain. Traction neuropathies arise
during limb movement and muscle contractions, when nerves adhere to surrounding
tissue and lose their mobility in its bed. Furthermore, when a nerve adheres to its sur-
rounding tissue, limb movement and muscle contractions may cause painful traction
neuropathies *.

1.3 Experimental research

Evaluation techniques in experimental research on nerve regeneration serve multi-
ple purposes. Neuroscientists have been trying to gain insight in the fundamental orga-
nizational and functional principle of the nervous system and its process of regenera-
tion for more than a century . When Santiago Ramoén y Cajal (1852-1934) dis-
covered the reduced silver nitrate method, he was able to reveal paramount knowledge
on traumatic degeneration and regeneration of the nervous system . A second impor-
tant objective of assessment techniques in nerve research is to discriminate between two
experimental groups. In numerous studies, strategies are tested that may benefit recov-
ery after a specific type of nerve injury »>***'>%%_ It may be redundant to mention, but
when formulating a specific hypothesis on a concept involved in nerve injury, one
should carefully consider the choice of method for testing the hypothesis.

Figure 3. Diagram of Ramdn y Cajal showing the dual
motor pathway and direction of current flow (modified from

the original).

Currently used techniques of assessment

1.3.1 HISTOLOGY

Quantitative (morphological) analysis of nerve fibers
Confocal laser scanning microscopy of regenerating axons
Retrograde tracing of regenerating axons

Morphological analysis of neural scarring

QUANTITATIVE (MORPHOLOGICAL) ANALYSIS OF NERVE FIBERS

(Immuno)histochemical samples from cross sectional nerve areas can be quantified
for axon- and fiber diameter, myelin thickness and g-ratio (axon diameter / myelinated
fiber diameter). It was found that when g-ratio equals 0.6, which approximates average
values observed in most nerves, the relationship is theoretically optimal for the spread
of current from one node of Ranvier to the next *>*. Although still being labor intensive,
(semi) automated software has facilitated morphological analysis. The current digital
technique allows image analysis software to count and measure myelinated fibers “>***"
', Histograms of myelinated fiber size and median fiber diameter provide quantitative
data on the regeneration process.

Immunocytochemistry does not only facilitate morphological analysis. The combi-
nation of antibodies to S-100 (Schwann cells) and neurofilament (axons) is widely used
to quantify the number of Schwann cells in the distal segment that are flanked by a
regenerated axon ****>* "’ Immunocytochemistry can therefore be used to evaluate
axon regeneration in the early phase after injury.
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Compared to light microscopy, electron microscopic photographs give a more
detailed view of cell organelles and laminar structure of myelin and also visualize small
unmyelinated fibers. The main advantage of morphological analysis is that it allows for
early assessment of regeneration, i.e. quantitative measure of axon sprouts. On the other
hand, histology does not provide information on the nerve’s fundamental function, i.e.
conducting a signal. Other known disadvantages are: (1) measurement related bias, i.e.
susceptibility of (semi) automated soft- and hardware to errors, (2) sampling related
bias, i.e. obliquity of the plane of section and the shrinkage of fiber borders *, (3) dis-
putable time between injury and harvesting and disputable level of harvesting nerve
samples which are both related to the dying back phenomenon and to the number of
sprouts counted *.

Outcome measures of (morphological) analysis of nerve fibers can be influenced by
the abovementioned disadvantages, and may result in wrong conclusions. Quantitative
(morphological) analysis of nerve fibers will not be used in this thesis.

CONFOCAL LASER SCANNING MICROSCOPY OF REGENERATING AXONS

Confocal laser scanning microscopy (CLSM or LSCM) is a valuable tool for obtain-
ing high resolution images and 3-D reconstructions. The key feature of confocal
microscopy is its ability to produce blur-free images of thick specimens at various
depths. This imaging technique allows both in vivo (real-time) * and ex vivo '****"*
visualisation of (regenerating) nerve fibers. Besides (semi) quantitative assessment,
three dimensional imaging of axon sprouting in longitudinal sections can be of great
value in developing tubular strategies to bridge nerve gaps. Measurement- and sampling
related bias can be reduced, but not totally excluded.

Confocal laser scanning microscopy is of great value when studying behavior pat-
terns of regenerating axons. Up to now, there is no surplus value of confocal laser scan-
ning microscopy over conventional morphological analysis of nerve fibers concerning
quantitative outcome.

RETROGRADE TRACING OF REGENERATING AXONS

The ability of axons to transport various molecules retrogradely allows labeling of
their specific nerve cell bodies in the anterior horn of spinal cord (motor) and in dorsal
root ganglia (sensory). In theory, double labeling techniques are appropriate for quan-
titative analysis of axons regenerating over an injured region. In the double labeling
technique all existing (motor and/or sensory) axons are labelled. After the experimental
regeneration time only those cell bodies are labelled which have an axon that regener-
ates (with one or more sprouts). The outcome measure is the ratio between double and
solitary labelled neurons. Different neuronal tracers, like horseradish peroxidase (HRP),
fast blue (FB), true blue (TB), diamidino yellow (DY), Biotinylated dextran amines
(BDA), Fluoro-Gold (FG) and cholera toxin B subunit (CTB) have been studied for
their properties in various reports '3 307778 Each type of tracer has a relative
labeling efficiency depending on different factors: (1) type of nerve fiber applied to (sen-
sory or motor), (2) combination of tracers used (3) type of tracer uptake and (4) dura-

tion of experiment. Administering neural tracers is of influence on reliability and prac-
ticability of the assessment technique. Uptake can take place by (micro) injection into
nerve or muscle (only motor axons), and by application to a cut nerve end. For long-
term experiments using double labeling it is necessary that at least one of the two trac-
ers has a minimal surviving capacity lasting the experimental duration 63, 66.

In preface to this thesis, pilot studies using retrograde tracers as quantitative out-
come measure failed due to: (1) nerve injury caused by micro injection, (2) low number
of neurons that were double labeled in control groups. The use of retrograde tracers as
an quantitative measure is therefore not further explored in this thesis.

MORPHOLOGICAL ANALYSIS OF NEURAL SCARRING

Histological staining for collagen fibers (by Masson’s trichrome) is often used to
assess the formation of neural adhesions after nerve injury *>>*“7"”. Evaluation is per-
formed by: (1) pure description of collagen tissue in relation to nerve tissue, (2) surface
or thickness measurements of collagen layers, (3) grading the number of fibroblasts per
microscopic field.

This technique does not allow assessment of collagen fiber architecture. Especially,
this structural design of collagen is of paramount importance in developing adhesions.
Therefore, evaluation of neural scarring should primarily not be achieved by histology.
A biomechanical approach of scoring neural adhesions is further investigated in this
thesis.

1.3.2 NEUROPHYSIOLOGY
- Electroneurography
- Electromyography
- Magnetoneurography

ELECTRONEUROGRAPHY (ENG)

Electroneurography measures the potential difference between two points on the
surface of a nerve trunk. Two extracellular recording electrodes pick up the maximally
evoked electrical activity of all active fibers, giving a summed potential called a com-
pound nerve action potential (CNAP). The greater the number of active fibers the larg-
er the CNAP amplitude. In other words, the amplitude of the CNAP depends on the
properties of single nerve fibers within the whole nerve. Other indicators of CNAP are
conduction velocity (CV) and area of CNAP. In recent literature, in vivo ENG is not fre-
quently used as a measure of neural regeneration '>**. ENG is an invasive method and
therefore only suitable for longitudinal measurements using implanted recording equip-
ment *. Furthermore, in vivo neurophysiological measurements are heavily prone to
errors, i.e. variation in recording distances and temperature that highly contribute to
outcome variability. Recent studies showed that ex vivo nerve measurements, enabling
high reproducibility and signal quantification, can be performed with ENG in (com-
partmental) bath solutions ¢ 719,
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Thus, to produce quantifiable neurophysiological outcome measures, an ex vivo
recording set up is preferable over in vivo recording, especially in smaller sized experi-
mental animals. A remaining disadvantage of ENG is that electrically recorded CNAPs
vary with the impedance of biological tissues surrounding the nerve, and by the posi-
tion of the nerve in relation to the sensor. Therefore, an alternative ex vivo neurophysi-
ological method, like magnetoneurography, should be explored.

ELECTROMYOGRAPHY (EMG)

In EMG, electrical activity is recorded in the muscle as an evoked response to stim-
ulation. CV and amplitude of compound muscle action potential (CMAP) are used as
indicators of neural regeneration * . Because of the influence of the motor unit size
after reinnervation, CMAP indirectly reflects the number of regenerated axons *.
Furthermore, motor unit numbers can be estimated by dividing the amplitude of EMG
response to maximum stimulation of the muscle nerve by the average amplitude of the
first (5-15) motor unit potentials '***. Percutaneous stimulation of the nerve and intra-
muscular recording does allow longitudinal measurements. However, CMAPs vary
according to stimulation level, recording placement within the muscle and subsequent-
ly conduction distance in the recording setup.

In conclusion, EMG is less suitable to provide reproducible and quantifiable out-
come measures in experimental animal studies and is not further explored in this the-
sis.

MAGNETONEUROGRAPHY (MNG)

Magnetic recording of neurophysiological signals has been introduced by Wikswo
in 1980 '”. Conducted action potentials through axons generate intracellular action cur-
rents, resulting in so called compound nerve action currents (CNAC’s). These CNAC’s
produce magnetic fields outside the nerve, that are directly related to intra-axonal cur-
rents. In MNG, toroidal coil sensors record the changes in these biomagnetic fields. A
major advantage of MNG is that the impedance of surrounding tissues hardly influences
magnetic fields. A calibration pulse allows signal amplitude calibration, enabling signal
quantification **'*'*. The MNG model is based on distal stimulation and proximal
recording of an injured nerve (Figure 4). This way, only those axons with regenerating
fibers are stimulated and recorded. In ‘in vivo’ rabbit studies, MNG has been used for
quantification of peripheral nerve regeneration after microsurgical end-to-end repair *
12 The outcome of MNG is directly related to the regenerated nerve’s conduction
capacity. A disadvantage of this toroidal MNG technique is that no longitudinal meas-
urements can be made, in order to follow regeneration of a nerve. Furthermore, accu-
rate in vivo MNG measurements of the small sized rat sciatic nerves were impeded due
to an overlap of the stimulus artifact and the MNG signal.

MNG is a potential neurophysiological technique to provide quantitative outcome
measures in an experimental rat model. The feasibility of ex vivo MNG measurements
of the rat sciatic nerve should be further investigated.

Computer Amplifier

| |Ga|ihratiun

Sensor 1 Sensor 2

I e B

Digtal Proximal

Stimulator

C nerve

Figure 4. Distal stimulation and proximal recording are shown in a schematic representation of the MNG setup.

1.3.3 FUNCTION OF TARGET ORGANS
- Footprint / walking track analysis
- Muscle strength and weight analysis
- Sensory function evaluation
- Sweating quantification

FOOTPRINT / WALKING TRACK ANALYSIS

The most commonly used method of evaluation of function of target organs after
nerve injury in the rat is walking track analysis. The sciatic function index (SFI), devel-
oped by de Medinaceli ' and later adapted by Bain ?, is calculated using three measures
of hind leg footprints acquired by walking track analysis (Figure 5): the 1-5 toe spread
(TS), the 2-4 toe spread (ITS) and the print length (PL). Different techniques are used
to obtain footprints for walking track analysis, ranging from visible footprints in a walk-
way '* to digitally recorded footprints ”. Static video footprint analysis (Static Sciatic
Index and static TSF) has been reported as a reliable alternative increasing the speed of
assessment *.
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Figure 5. Footprint of an unoperated left hind paw. Note the mirror image in the plantar view. The maximal

foot placing can be determined from the lateral view of the video screen. On the detailed footprint the whitened
pressure points are visible, which are used to measure the toe spread (TS), intermediate toe spread (ITS), and

print length (PL).

A disadvantage of any kind of footprint analysis is exclusion of animals because of
autotomy and contractures of the hind paws after sciatic nerve injury. Strategies to
reduce autotomy include use of anti-nail-bite lotion * and use of breeds less prone to
autotomy such as Lewis rats °. However, there is no solid technique to prevent contrac-
ture of hind paws after sciatic nerve injury.

Digital recording of walking tracks allows for additional assessment of stance phase
of a gait cycle (stance duration and ankle angle) ***. Furthermore, a scoring system of
seven variables is described to evaluate the walking pattern of a rat ®. Functional gait
analyses still enable partial functional evaluation in rats with autotomy or contractures.
However, their discriminating power has not widely been confirmed yet.

As footprint or walking track analyses are non invasive techniques, they can be used
as supplementary methods of evaluation of recovery pattern in time after nerve injury.

The extra value of walking track analysis over static footprint analysis is disputable,
and subject of investigation in this thesis. Previous reports studying different measures
of neural regeneration (including walking track analysis) lack the use of an accurate
neurophysiological technique (as discussed earlier) *-*. Therefore, the recovery pat-
terns of functional and neurophysiological features are further examined using a newly
developed ex vivo MNG method to provide neurophysiological outcome data.

MUSCLE STRENGTH AND WEIGHT EVALUATION

After stimulation of the nerve, a strain gauge can measure contraction force of the
tendon/muscle itself or plantar flexion force of the hind paw ***'*. Measurement of
muscle contraction force provides quantitative data on reinnervation of individual mus-
cles.

Denervation of muscles causes atrophy and decrease in muscle weight (MW), fol-
lowed by increase in MW when reinnervation occurs. MW should be expressed as a per-
centage of opposite limb controls and is subject to variations in: (1) accuracy of har-
vesting, (2) infiltration of connective tissue and fat, and (3) degree of hydration “.
Obviously, MW is an end point measurement and often used in addition to other eval-
uation methods 71,

In this thesis, MW is used as an additional quantitative outcome measure and inves-
tigated for its relation to conduction capacity.

SENSORY FUNCTION EVALUATION

The withdrawal response after application of a pain stimulus can assess return of
sensory function after nerve injury '*'#***_ Various techniques are reported, such as the
time point of withdrawal after small electric current on the lateral foot sole innervated
by the sural nerve (division of sciatic nerve). To exclude bias caused by collateral sprout-
ing, it is necessary to transect nerves innervating surrounding skin . As a consequence
reliable longitudinal measurements are not feasible. In another technique withdrawal
time of the paw from a heat source is determined as a marker of sensory function *.
However, adaptation of the animal to the pain stimulus cannot be excluded.

In preface to this thesis, a pilot study using a pain withdrawal test demonstrated a
poor discriminating power between regenerating and non regenerating nerves.
Therefore, sensory function will not be further assessed in this thesis.

SWEATING QUANTIFICATION

Sweating of paws reflects autonomic nerve activity. Reinnervation of mice hind
paws sweat glands after peripheral nerve injury can be quantified by counting active
sweat glands after induction by Pilocarpine .

The recovery of the autonomic nervous system is not further studied in this thesis.

(GENERAL REMARK

When evaluating function of target organs it is of critical importance to understand
the significance of the outcome measure. Target organ function after peripheral nerve
injury is dependent on multiple factors: (1) number of regenerated axons into the dis-
tal segment, (2) appropriate reinnervation of original target organs, (3) relation between
number of regenerated axons and function measured in target organ (4) compensation
or correction of misdirected regenerated axons by cortical / central plasticity, (5) influ-
ence of denervation on target organ (atrophy, scar formation).

Therefore, when studying fundamental problems at the site of injury, the function
of target organs is only of relative value.
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1.3.4 BIOMECHANICS
- Neural tensile forces
- Neural adhesions

NEURAL TENSILE FORCES

Numerous experimental animal studies have focussed on the limits to which nerves
can be stretched before their function is compromised. It is known that straining nerves
beyond the physiological tension range can alter their conduction properties “'* and
intraneural blood flow * and can result in permanent loss of function ***. When con-
sidering the mechanical properties of neural tissue it is important to define and under-
stand biomechanical terminology namely: elasticity, force, stress, strain, stiffness.

The simplest way to start is to consider an ideal elastic rod. Applying a tensile force
to the rod will cause an increase in its length. That increase in length will depend on
mainly two factors; its cross sectional area and the properties of the material the rod is
made from. The rod is then said to be stressed. It is customary to define stress as the
force per unit cross-sectional area, for example N/m’. The material is said to be elastic if
the rod returns to its original length when the force is removed.

To enable comparison between materials, the amount the rod extends under a given
force is converted as a ratio of its length and that ratio is called strain. Since it is a ratio,
it is unit-less. A given force will cause different materials to extend by a different amount
(given the same cross sectional area). The amount of force required to extend the rod by
one unit is a measure of stiffness for the material and has the unit N/m. Linear elastic
material exhibits a straight line curve going through the origin in a force against exten-
sion graph

It is known that peripheral nerves do not act like an ideal elastic rod. Nevertheless,
experimental studies investigating actual mechanical properties within normal physio-
logical conditions are rare. In this thesis, the distribution of strain and stiffness is exam-
ined along the length of healthy nerves.

Stiff s Figure 6. Graph demonstrating
material the principles of elastic materi-
A al. Certain material is less stiff
& if less force is necessary to
Foree (N
() & Rt extend this material.

L.ess stiff

e material

|~

Exiension (m)

NEURAL ADHESIONS

The assessment of nerve adhesions in an experimental model is not straightforward.
The most accepted method of assessing nerve adhesions is through surgical evaluation
of the wound; that is, an investigator scores the adhesions according to the difficulty
experienced during nerve dissection L2707 Despite blindly randomised eval-
uation, the outcome measure of this scoring system is not completely objective and

quantitative.
Lissue Grade  Definition
Skn and mnscle TGhscos | skin or muscle fascia

entirely closed

skan and muscle Fasos
partially open

skin and muscle Gsoa
completely apen

Merve adherence and nerve | v dissection o mild Blunt
sepurability dlissection

2 sofme vigorons blumt

clissection requined

sharp dissection required

a

Lad

Figure 7 Grading scale introduced by Petersen ™ in which the investigator has to give a score to the difficulty of

dissection.

The extent of scar formation adhering two gliding layers is related to the force nec-
essary to break adhesions between these layers. This force can be measured when sepa-
rating the two structures. Pull out strength provides a quantitative outcome that is relat-
ed to the most rigid collagen connections. In experimental tendon research, pull-out
strength has frequently been used as a measure for tendon adhesions ”*'®. In two recent
studies on prevention of nerve adhesion, the force required to avulse the nerve at a 45°
angle to the neural bed was measured **. Unfortunately, no information was provided
regarding the standardization of the nerve length involved. Thus far, a well defined
method of quantifying nerve adhesions is lacking. In this thesis, the quantification of
nerve adhesions will be approached biomechanically.
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1.3.5 SUMMARY OF EXPERIMENTAL METHODS AVAILABLE
FOR EXPERIMENTAL EVALUATION OF RECOVERY AFTER
PERIPHERAL NERVE INJURY

Function of target organs

Calegory of Axsex=imenl Type ol Axseccmenl Uszd lor Lhis Thesis
Histology Cuantiative (momphologleal) analyats of nerde floera -
Conkfocal kaser seanning microscopy of regeneraling awens -

Relrograde racing of regenealing aaans - -

Morphological aralysis of newural scarring

Neurophysiology Elactranauragraphy

ElacInomyogra phy -
Magnelonewography +

Footprint  waking rack amlyss +
Muscle strength and weight sealuatian
=

Sansory funchicn avaliation
Zweabng quantmeation -

Blomechanics Mewral teraik fonoee +

Mewal adhesions +

Table 1. Summary of evaluation techniques per category, reviewed in the introduction. Furthermore, it is indi-
cated whether the assessment technique is subject of further investigation in this thesis. One asterisk (*) is placed
at “quantitative (morphological) analysis of nerve fibers”. In Chapter 5 histological sections are used not to (mor-
phologically) quantify nerve fibers, but to quantify fascicular/non-fascicular tissue architecture. A double asterisk
(**) is placed at “retrograde tracing of regenerating axons” and “sensory function evaluation”. Both techniques

were used in non published pilot studies prior to this thesis.

1.4 General aim and outline of the thesis

This thesis aims to enable a more critical appraisal of underlying fundamental prob-
lems causing clinical symptoms of peripheral nerve injury. The rat sciatic nerve model
is used to provide quantifiable experimental techniques to assess physiological and
pathophysiological processes involved in peripheral nerve injury. All experiments and
models designed for this thesis concentrate on the site of the peripheral nerve that is
liable to injury (i.e. problems at the site of injury as described in the introduction).

The study in chapter 2 is designed to investigate different techniques of functional
evaluation, i.e. footprint analysis, after sciatic nerve injury in rats. The widely accepted
but labor intensive walking track analysis is compared to a time-saving digitized static
footprint analysis. The aim of this study is to validate the correlation between different
techniques of footprint analysis in a large number of animals and confirm the efficacy
of static footprint analysis.

In chapter 3 the feasibility of ex vivo MNG measurements of the isolated rat sciat-
ic nerve is studied. The aim of this study is to design a custom made recording chamber
allowing for accurate control of conduction distances and temperature. Reduction of
the stimulus artifact, reproducibility of signals and ex vivo nerve viability are subject of
investigation.

Chapter 4 reports on the recovery pattern of neurophysiological features and func-
tion of target organs after rat sciatic nerve transection followed by direct repair. The
major aim of this study is to provide an accurate data set of neurophysiological recov-
ery with time. The increased accuracy of the MNG data (chapter 3) sheds new light on
several issues relevant to experimental studies of nerve regeneration. These include the
relation of the neurophysiological MNG variables to the indirect evaluation variables
muscle weight and footprint analysis (chapter 2), and an assessment of the influence of
autotomy and/or contracture on outcome variables.

The main objective of chapter 5 is to determine how stretch is distributed along the
nerve relative to location of particular nerve segments. Tensile properties of peripheral
nerves are of paramount importance in nerve repair. Deformation (strain) in joint and
non-joint regions of rat median and sciatic nerves is measured in situ during limb
movement. In addition, isolated samples of joint and non-joint regions of both nerves
are examined for differences in tensile properties and differences in fascicular/non-fas-
cicular tissue architecture.

The study in chapter 6 aims to develop an objective method of quantifying nerve
adhesions. A biomechanical technique is used to determine the strength of neural adhe-
sions. The model is validated in different types of nerve injury and used for the evalua-
tion of the efficacy of an autocrosslinked hyaluronic acid (Hyaloglide) gel as an anti
adhesion therapy. The effect of Hyaloglide gel on functional recovery is measured by
static footprint analysis in time after crush injury (chapter 2).

Chapter 7 comprises a study on the use of ReGeneraTing Agents (RGTAs) after
peripheral nerve injury. The aim of this study is to assess the effect of RGTAs (dextran
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derivatives with heparin-like properties) on extraneural fibrosis and regeneration after
crush injury in a rat sciatic nerve model. To assess the anti adhesion effect of RGTAs, the
biomechanical model described in chapter 6 is used. RGTAs effect on nerve regenera-
tion is studied using ex vivo MNG (chapter 3 & 4) and their effect on functional recov-
ery is measured by static footprint analysis (chapter 2).

Finally, in chapter 8, the most important results are summarized and discussed for

their implications.
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Abstract.

Walking track analysis is a widely accepted technique for functional evaluation after
sciatic nerve repair in rats, but it is labour-intensive. In 2000, Bervar described a time-
saving digitized static footprint analysis. In that study there were good correlations
between the traditional sciatic function index (SFI) and the newly-developed static sci-
atic index (SSI) and static toe spread factor (TSF), respectively. Despite promising
results, static footprint analysis is still not widely used. The present study was designed
to validate it. After transection of the sciatic nerve, end-to-end repair was assessed using
video recorded dynamic and static footprints in 45 Wistar rats. We found an even bet-
ter correlation between the SFI and both the SSI and the static TSE. In conclusion, stat-
ic footprint analysis is a time-saving and easy technique for accurate functional assess-
ment of peripheral nerve regeneration in rats.

Keywords: functional assessment, rat, peripheral nerve, regeneration, SFI, static foot-
print analysis.

Introduction

There is no perfect measure of nerve regeneration in experimental studies in rats ",
so various techniques have been used to evaluate peripheral nerve regeneration. The
most commonly used method of functional assessment after nerve repair in the rat is
walking track analysis. The sciatic function index (SFI), developed by de Medinaceli et
al. > and later adapted by Bain et al. ', is calculated using three measures of hind leg foot-
prints: the 1-5 toe spread (TS), the 2-4 toe spread (ITS) and the print length (PL).
During the past two decades, many experimental studies on nerve regeneration have
successfully used the SFI as a measure of functional loss »'>'> ',

Different techniques have been used to obtain the footprints for walking track
analysis. Initially, the rat was allowed to walk in a walkway leaving visible footprints by
stepping in developer on X-ray film or ink or paint on paper >". In the late 1970s,
Hruska et al. " published a video recording method of analysing normal locomotion in
rats. In 1994 Walker et al. *, introduced video-recorded footprint analysis to evaluate
functional recovery in rats after nerve injury. This technique has been further developed
by others using a mirror positioned at a 45° angle to see the footprints of a walking
rat® ',

The traditional and the new video techniques of walking track analysis are labour-
intensive °, but in 2000 Bervar introduced a new method that enabled reliable and fast
footprint analysis > In this video recording method, static footprints were used to assess
the degree of functional loss, instead of the dynamic footprints that are necessary to cal-
culate the SFI. The static TS and the static ITS were incorporated in a new index for-
mula, resulting in the static sciatic index (SSI). The usefulness of the static toe spread
factor (TSF) was also examined. The author showed a good correlation between the SSI
and the SFI (0.94; p<0.001) and found a similar correlation between the static TSF and
the SFI. The main benefits of this static video recording were the ease and speed with
which the essential footprints could be collected and analysed. However, to our knowl-
edge no other workers have used this static footprint analysis to monitor functional
recovery after sciatic nerve repair in the rat, and possibly, the lack of independent vali-
dation was the reason.

The aim of this study was therefore, to validate the correlation between the SFI and
the SSI and static TSF respectively, in a large number of animals and confirm the effica-
cy of static footprint analysis.
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Materials ¢ Methods

SURGICAL PROCEDURE

We followed the guidelines for the care and use of laboratory animals laid down by
the experimental animal committee of the Erasmus MC Rotterdam. Female Wistar rats
(Harlan Netherlands B.V., Horst, The Netherlands) weighing roughly 200 g, were anaes-
thetized by inhalation of isoflurane and a mixture of oxygen and nitrous oxide. The
right sciatic nerve was exposed through a gluteal muscle splitting incision. Under mag-
nification the nerve was mobilized in the mid thigh, transected with micro scissors and
immediately repaired with four to six epineural sutures of monofilament polyamide
(10/0 Ethilon®, Ethicon Inc, Somerville). The muscle septum and the skin were closed
with 5/0 polyglactin 910 (Vicryl®, Ethicon Inc, Somerville). Postoperatively, animals
were housed in twos with free access to food and water. A total of 45 animals was includ-
ed. This number decreased over time as animals were excluded because of autotomy or
contracture or were killed for other experimental purposes. The number of animals
counted at each measurement point is given in the legend to Fig. I.

AUTOTOMY AND CONTRACTURE

The animals were intensively examined for signs of autotomy and contracture. All
animals with severe wounds (absence of a part of the foot or severe infection) or ani-
mals with contractures were excluded from the study.

FOOTPRINT ANALYSIS

To obtain footprints, a Plexiglas runway (10 x 15 x 100 cm) was used with a mirror
placed under the runway at an angle of 45°. This way, a split screen provided a lateral and
a plantar view of the rat. Recordings were made of the hind feet using a digital video
camera (Sony®, model DCR-TRV240E, Sony Corp., Japan) on a stand positioned 200
cm from the runway. When a fluorescent tubular lamp (90 cm) was used to illuminate
from below, the whitened pressure points of the footprints were clearly visible on the
plantar view (Fig. /). Footprints were obtained preoperatively and at 2, 4, 6, 10, and 15
weeks postoperatively.

For dynamic gait analysis, walking movements were recorded until at least four
complete runs had been collected. In the same session, static footprints were obtained
by recording at least four occasional rest periods. For both dynamic and static assess-
ment, three separate images of the operated (O) and unoperated (N) foot were loaded
on a personal computer using commercial software (Studio DV®, version 1.1.0.15,
Pinnacle Systems Inc, California). From the digitized footprints the different variables
could be measured with the measure tool in Adobe® PhotoShop 4.0 (Adobe Systems
Inc., California): the distance between the first and fifth toe (Toe Spread; TS); the dis-
tance between the second and fourth toe (Intermediate Toe Spread; ITS) and the dis-
tance from the heel to the top of the third toe (Print Length; PL) (Fig. 1), c). In the stat-
ic evaluation only the TS and ITS were measured (Fig. la).

Figure 1c

Figure 1. Footprints of a rat 6 weeks after transection of the
sciatic nerve followed by end-to-end repair. Note the mirror
image of the right and left footprint in the plantar view. (a)
Lateral and plantar view (detail) of unoperated left hind feet.
The maximal foot placing can be determined from the lateral
view of the video screen. On the detailed footprint the
whitened pressure points are visible, which are used to meas-
ure the toe spread (TS), intermediate toe spread (ITS) and
print length (PL). (b) is similar to (a), for the operated right
hind feet. (c) a detailed plantar view of a static footprint.
The TS and ITS are marked.

Figure 1a

Figure 1b

ITS
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The mean distances of three measurements were used to calculate the following fac-
tors (dynamic and static):
Toe spread factor (TSF) = (OTS — NTS) / NTS
Intermediate toe spread factor (ITSF) = (OITS — NITS) / NITS
Print length factor (PLF) = (OPL — NPL) / NPL

For the static TSF, an index score of 0 indicates no functional loss. To establish the
set value for total impairment in the static TSE, the mean static TSF was calculated from
measurable footprints of 22 animals one day postoperatively. This calculated value was
also given to the static TSE, when no footprints were measurable.

To calculate the sciatic function index (SFI) the dynamic factors were incorporated
in the formula:

SFI = (-38.3 x PLF) + (109.5 x TSF) + (13.3 ITSF) - 8.8"

The static sciatic index (SSI) developed by Bervar® was calculated using the static
factors in the equation:
SSI = (108.44 x TSF) + (31.85 x ITSF) — 5.49

Each variable in both the SFI and SSI formulas was previously assessed using mul-
tiple regression analysis and ascribed an individual weight subject to their contribution
to the sciatic function. The TSF was found to be the most discriminating factor in the
SFI and SSI formula and was, therefore, allocated the largest weight. An increased PL,
caused by loss of function, resulted in the negative weight of the PLF in the SFI formu-
la. In both formulas an index score of 0 was defined as normal and an index of —100
indicated total impairment. When no footprints were measurable, the index score of
—100 was given °.

STATISTICAL ANALYSIS

The data were analyzed with using the Statistical Package for the Social Sciences 10
(SPSS, Inc, Chicago) software. Regression analysis was done using Pearson’s correlation
coefficient of all measurable paired values of the SFI and SSI, and of the SFI and static
TSE, of each animal on each measurement day. The residual SD was calculated to char-
acterize the variability around the regression line.

RESULTS
The mean (SEM) static TSF on day 1 postoperatively was -0.66 (0.0095). Functional
recovery assessed by the SFI, SSI and static TSF is shown in . The preoperative

index values are given at time point 0 (SSI = -8.67, SFI = -7.68 and static TSF = -2.59).
The SFI, SSI and the static TSF show a similar recovery pattern over time.

During the study six animals were excluded because of autotomy and 11 animals
because of contractures. In Pearson’s correlation coefficient is shown for the
intra-animal relation of the SFI and the SSI (R = 0.956; p < 0.001), and of the SFI and
static TSF (R = 0.958: p < 0.001).

-
?
o __—T —e— static - TSF (* 100)
E SFI
S —0 -ssl
-70 - \ i
) 4
-80 4 A 1/
‘v‘ -
-90 - /7
o)
-0 ——-7+—-"—"-"—-""-—-T"-"-"-—"-""-""—""—""—"—"——
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Weeks postoperatively
Figure 2. Mean (SEM) sciatic function index (closed circles), the static sciatic index (open circles) and the static

toe spread factor x100 (closed diamonds) preoperatively (n=45) and at 2 weeks (n=44), 4 weeks (n=40), 6 weeks
(n=30), 10 weeks (n=22), and 15 weeks (n=12) after nerve repair.

Degrees of Correlation

Variables freadom (df) coefficient (R) p value Residual SD
5Fl compared with 51 163 0.955 = 0.001 856
5Fl compared with static-TSF 163 0.958 = 0.00 539

Table I. Pearson’s correlation coefficient for the intra-animal relation of the sciatic function index (SFI), the stat-
ic sciatic index (SSI) and the static toe spread factor (TSF). The residual SD characterizes the variability around

the regression line.

Discussion

We found an excellent correlation between the laborious sciatic function index and
the time-saving static footprint analysis (static TSF and SSI) used to assess functional
recovery after repair of rat sciatic nerves, and our results confirm those of Bervar>.

Since its introduction, walking track analysis has been the subject of many discus-
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sions>'**"*, In particular, the PL is considered to vary °. It has been shown that the PL
obtained from a standing footprint does not correlate well with a dynamic PL* With this
variable excluded, regression analysis was performed to find new coefficients for the TSF
and the ITSE resulting in a new and reliable index formula: the SSI2 In 1978,
Hasegawa® had already shown that the TS and ITS were useful as individual variables to
discriminate nerve function after different types of crush. The SSI formula integrates
these two variables, derived from static footprints. We found an excellent correlation
between the commonly used SFI and this new SSI. However, we found a similarly good
correlation between the SFI and the static TSE, indicating the usefulness of the static TSF
as an individual outcome measure of functional recovery. The effectiveness of the static
TSF has been emphasised by Bervar? as well. A non-walking TSF was also examined by
Hare et al.*. However, in this study, the non-walking TSF did not accurately reflect func-
tional recovery. The non-walking toe spread was measured by manually suspending the
rat by the scruff of the neck and marking the TS with its feet resting on the floor. This
different technique for measuring the TS may explain the contrast with our results.

It should be noted that between full function and total impairment, the static TSF
does not range from 0 to -1. We calculated a static TSF value of -0.66, reflecting total
functional loss. This value can be allocated to the static TSF, in case no footprints are
measurable as a result of total impairment.

A disadvantage of both the SFI and the static footprint analysis remains the exclu-
sion of animals because of autotomy and contractures. In our study six animals (13%)
were excluded because of autotomy and 11 (24%) because of contractures. To reduce the
problem of autotomy the use of anti-nail-bite lotion is suggested ”” or the use of Lewis
rats, a strain that has a low incidence of autotomy".

Over the years, the use of video analysis has been expanded. For example, the stance
phase of a gait cycle can be used to assess stance duration and ankle angle; both valuable
measures of functional recovery'*. In addition, Meek et al.** describe a scoring system
of seven variables to evaluate the walking pattern of a rat. Such extensive, but labour-
intensive, functional gait analyses indeed have been shown to accurately reflect nerve
function and furthermore, still enable partial functional evaluation in rats with autoto-
my or contractures. However, it is obvious from other publications that most investiga-
tors interested in nerve function, calculate only the SFI and do not use other evaluation
techniques. In these cases, the static footprint analysis provides a similar outcome com-
pared to the SFI, but is achieved in less time. The use of the static TSF is preferable, as
the supplementary value of the SSI over the static TSF has not been confirmed and the
calculation of the static TSF is easier than the calculation of the SSI.

In a typical experiment with a group size of eight animals we estimate that it takes
three to four hours for a complete traditional walking track analysis for each measure-
ment point. Two components contribute to a roughly 40% reduction of the total time
needed for the described static footprint analysis compared with the traditional walking
track analysis (SFI). Firstly, recording and taking an image of a static footprint demands
much less time than a dynamic footprint. Secondly, the use of digitized images facilitates
the required actions for measuring the footprint variables.

The static footprint analysis described can easily be incorporated in an existing test
battery. We conclude that static footprint analysis is a time-saving and reliable way of
assessing functional recovery after injury to rat sciatic nerves.
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Abstract

Magnetoneurography (MNG) is a technique to record the biomagnetic action fields
of peripheral nerves. The benefits of MNG in contrast to Electroneurography include
the decreased signal disturbance caused by surrounding biological tissues and the use of
a calibration pulse, both of which contribute to high reproducibility. MNG has proven
to be a valuable tool to quantify peripheral nerve regeneration in rabbits. However, the
most commonly used model to study the peripheral nervous system is the rat sciatic
nerve. Up till now, the small size of the nerve impeded accurate MNG measurements in
rat.

This report describes a custom made recording chamber which allows accurate con-
trol of conduction distances and temperature, and enables adequate MNG measure-
ments of isolated sciatic nerves of Wistar rats. We applied biphasic stimulation with
optimized grounding to reduce the stimulus artifact. A high reproducibility of signals
was demonstrated. ‘Ex vivo’ nerve viability was assured for at least 2 hours after dissec-
tion.

In conclusion, MNG is a powerful tool to quantitatively evaluate the function of rat
sciatic nerves and will be used for the early assessment of nerve regeneration.

Keywords: Peripheral nerve; Neurography; Magnetic; ex vivo; Rat; Quantification

Introduction

The rat sciatic nerve is often used for experimental studies on the peripheral nerv-
ous system. To examine the regeneration of injured rat sciatic nerves an elaborate test
battery has been developed over the last decades. Morphometric, functional and elec-
trophysiological nerve analysis of the rat has been described extensively “>°.

Electrophysiological methods to analyse the rat sciatic nerve include electromyog-

raphy (EMG) and electroneurography (ENG). Compound action potentials (CAPs)
have previously been used for evaluation of nerve regeneration *>". However, the CAP
recorded during ENG is a non consistent parameter as it depends heavily on the distance
(hence, impedance) between the sensor and the nerve ’. Consequently, ENG is less suit-
able for quantitative analysis. EMG evaluates motor function by measuring evoked or
voluntary action potentials in muscles. Therefore, EMG is an indirect measure of the
conduction capacity of the nerve *, limited to study the recovery of motor axons and not
suitable for the early evaluation of nerve regeneration.
These drawbacks of electrophysiological testing are avoided when a magnetic recording
technique is used: the Magnetoneurography (MNG) developed by Wikswo et al. ™.
Conducted action potentials through axons generate intracellular action currents,
resulting in the so called Compound Action Currents (CACs). These CACs produce a
magnetic field outside the nerve. In MNG, toroidal coil sensors record the changes in
these biomagnetic fields. One advantage of MNG is that the impedance of surrounding
tissues hardly influences the magnetic fields, which are directly related to the intra-axon-
al currents. Most importantly, the use of a calibration pulse allows signal amplitude cal-
ibration, enabling signal quantification ”'**. From the Compound Action Potential a
rough distribution of fast and slowly conducting fibers can be made *. The MNG signal
does not distinguish between motor and sensory fibers. In ‘in vivo’ rabbit studies, MNG
was used for the quantification of peripheral nerve regeneration after microsurgical
end-to-end repair ”*. Thus far, accurate ‘in vivo' MNG measurements of the small sized
rat sciatic nerves were impeded due to an overlap of the stimulus artifact and the MNG
signal.

In this report we describe a set up, developed to accurately make ‘ex vivo' MNG
measurements on rat sciatic nerves. The reduction of the stimulus artifact, the repro-
ducibility of signals and the ‘ex vivo’ nerve viability were examined resulting in a set up
that can reliably quantify the nerve’s conduction capacity.
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Materials ¢ Methods

RECORDING CHAMBER

We designed a 12.5 x 20 x 7.5 cm chamber made of 1 cm thick Plexiglas (Figure 1).
The exterior of the chamber was coated with aluminum to provide electro-magnetic
shielding. Using a current-driven heating element mounted on the bottom of the cham-
ber and a digital thermometer (Conrad #191027), the buffer solution’s temperature was
kept constant at 21 £ 0.1 °C.

Clamps on each side served to suspend the nerve. The stimulation cuff and the
recording sensors were plugged into a moveable part on a rail, which made it possible to
independently alter their position in relation to the nerve.

10. 9.

Figure 1. Schematic top view of

recording chamber: (1) clamps;

(2) thermometer; (3) heating
pad; (4) sensors; (5) distal nerve

1. end; (6) stimulation cuff cathode
& anode ; (7) silicone tube; (8)

grounding connection; (9) rail;

(10) proximal nerve end.

STIMULATION CUFF

The nerve was stimulated by a cuff which consisted of two circular silver wires
(0.25mm diameter) placed 4.5 mm apart, where the proximal electrode served as the
cathode and the distal electrode as the anode (Figure | ¢ 2). To reduce the stimulus from
spreading across the conducting medium, the electrodes were surrounded by a silicone
tube (length 4 cm, diameter 3 mm). For optimal grounding, a large grounded silver strip
was attached to the stimulation cuff, making the proximity to the stimulation point con-
sistent.

MNG SENSORS

The MNG sensors consisted of a toroidal ferrite core (Magnetics YH40601,
ID=3.05mm, OD=5.84mm, Height=1.52mm), wound 76 times with insulated copper
wire (63um diameter; Posyn insulation) (Figure 2). Also, a single insulated silver wire
(Medwire Agl0T, Sigmund Cohen Co.) which was used to transmit the calibration sig-
nal, was wound around the coil. The coils were mounted on a 304 stainless steel rod,
chosen because of its low magnetic permeability (y,=1.03), thus minimizing the distor-
tion of the magnetic signal. A silicone coating (Elastosil E41, Wacker Chemie) was used
to insulate and protect the coils. Because of its low permittivity (€,=3), this coating also

reduced the capacitive coupling of the stimulus artifacts to the sensor wires. Two iden-
tical sensors were interconnected, leaving a 10 mm space in between.

Figure 2. Rail plus stim-
ulation cuff & sensors
removed out of recording
chamber. Two details: (1)
MNG sensor with 76
copper windings and one
calibration winding
(left); (2) a sciatic nerve
suspended in the record-

ing chamber (right).

ANIMAL PREPARATION

All guidelines for the care and use of laboratory animals according to the experi-
mental animal committee of the Erasmus MC Rotterdam were followed.

For all experiments, Wistar rats (female, £250 gram) were anaesthetized with
Urethane (1ml/100gram). The sciatic nerve was exposed from its origin in the lumbar
spine to distal to the trifurcation at knee level, to acquire a maximum length. To prevent
axon leakage, the proximal part as well as the three branches of the sciatic nerve were lig-
ated with a 6-0 suture (leaving + 6 cm of string on each side) and were respectively tran-
sected proximally and distally to the knots. To approximate ‘in vivo’ length, the tran-
sected nerve was drawn along a wet surgical gauze and the distance was measured from
knot to knot. In a pilot study, this procedure has exhibited good reproducibility and
approximates ‘in vivo’ nerve length.

RECORDING SET UP & SIGNAL EVALUATION

The recording chamber was filled with a buffer solution (Ringers Lactate contain-
ing glucose, 1 g/L, at 21 £ 0.1 °C). The nerve was guided through the recording sensors
and the stimulation cuff and stretched to ‘in vivo’ length by clamping the two sutures in
the recording chamber (Figure 2). By applying distal stimulation, only those axons pres-
ent in the distal nerve segment were recorded. Hence, signals of non relevant cut
branches were avoided. The nerve end was stimulated with a biphasic constant current
pulse of 50 ps delivered by two isolated stimulus units (Digitimer DS3), connected in
parallel. For monophasic stimulation one unit was turned off. To guarantee supra max-
imal stimulation, the stimulator was finally set at 1.4 times the strength of the current
which produced a maximal signal . Every time the stimulation cuff changed position
the maximal stimulus was redetermined. Nerve Compound Action Currents (NCACs)
were compared to a 1A calibration signal, converted to voltages, and analyzed on a per-
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sonal computer using custom-made software (DataCorr3 written in VBA for MS Excel).
In each recording set up four consecutive batches of 256 CACs were recorded and aver-
aged. From this averaged signal, the 1* peak amplitude was calculated from the maxi-
mum of the 1* peak to the baseline of the signal. Conduction Velocity was calculated per
sensor using the distance from the stimulation cuff to the sensor and the time (latency)
from the initial stimulus to the 1* peak.

Results

The sciatic nerves were carefully dissected and they ranged in length between 38 and
43 mm.

In an effort to reduce the stimulus artifact we tested biphasic stimulation instead of
monophasic stimulation. The decaying tail of the biphasic stimulus artifact affects the
baseline of the recorded signal to a lesser degree
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Figure 3. Signals with mono- and biphasic stimulation.

Note the disturbance of the baseline by monophasic stimulation (lower arrow).

The test-retest reproducibility of the MNG signals was determined by recording the
CACs of one nerve in four consecutive measurements, in which the two recording sen-
sors were removed and repositioned at 15 mm (Sensor 1: S1) and 5 mm (Sensor 2: S2)
from the proximal nerve end. The stimulator cuff cathode was placed 3 mm from the
distal nerve end. The CACs in 5 different nerves were evaluated, and this demonstrated
that only small differences occur in consecutive measurements of one nerve (mean vari-
ability of 2.92% (S1) and 3.04% (S2) for the 1* peak amplitude and 4.16% (S1) and

2.35% (S2) for the conduction velocity).

To determine the influence of time and the position of the recording sensors for the
conduction capacity of the isolated nerve, viability measurements were carried out. The
1* peak amplitude and the conduction velocity were recorded at 5, 10, 15 and 20 mm
from the proximal nerve end and were assessed every 30 minutes until 3.5 hours after
dissection. The stimulator cuff cathode was again positioned 3 mm from the distal nerve
end. The mean percentages of the 1st peak amplitude and the conduction velocity are
shown in . Maintaining a margin of 10 mm between the proximal nerve
end and the sensor, signals varied less than 5 % 2 hours after dissection.
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Discussion

This report describes the development of an ‘ex vivo’ experimental set up for mag-
netoneurographic measurements of rat sciatic nerves. The advantages of this ‘ex vivo’ set
up are multiple. First, the temperature of the buffer solution can accurately be main-
tained at a constant temperature. This is important, as a change in temperature greatly
influences the reproducibility of neurophysiological measurements °. Furthermore,
small errors in adjusting the distances between the nerve ends and the stimulator and
sensors induce relatively great effects on the derived signals in these small sized nerves.
The mean variability (<5%) demonstrates that our design of the recording chamber
allows for a precise and reproducible set up.

The electrical stimulus needed to effectuate a conducted action potential in the
nerve also causes a magnetic field, resulting in a stimulus artifact. Biphasic stimulation
and optimal grounding decrease the decaying tail of the stimulus artefact. This results

in less distortion of the signal baseline, ensuring less error in the calculation of the 1*
peak amplitude. The available conducting distance is increased by isolation of the nerve.
Interference between the signal and the stimulus artefact is minimized by this increased
conducting distance (‘ex vivo vs. ‘in vivo’) and the diminished stimulus artefact.

An inherent side effect of ‘ex vivo’ measurements is a decrease in nerve viability over
time. Neurophysiological signals derived ‘ex vivo’ fade in time, especially when measured
close to a nerve end "> . However, provided that the sensor is placed at a minimal dis-
tance of 10 mm from the proximal nerve end, we can assure a period of 2 hours in which
the change in MNG signals is less than 5 %. To put this in perspective, the time neces-
sary for determining the stimulus maximum and four consecutive measurements is
approximately 20 minutes.

A disadvantage of the described ‘ex vivo’ technique is that no longitudinal measure-
ments can be made, in order to follow regeneration of a nerve. The MNG model is based
on the distal stimulation and the proximal recording of a repaired nerve. This way, only
those axons with regenerating fibers are stimulated and recorded. Most experimental
studies on the enhancement of peripheral nerve regeneration concentrate on a maximal
outgrowth of axons over a nerve lesion. MNG provides an early and quantitative meas-
ure of these regenerated axons. In contrast to EMG or Walking Track Analysis, the out-
come of MNG is directly related to the regenerated nerve’s conduction capacity. MNG
can be used in different models of nerve injury (crush, transection, grafts), used to test
a hypothesis of increase in speed or quantity of axon regeneration. Five weeks after end
to end repair following nerve transection, a first weak signal can be recorded with MNG
(our unpublished results).

In conclusion, we have developed an experimental set up for magnetoneurography
of the rat sciatic nerve. It will be a powerful supplementary tool in experimental studies
of the peripheral nervous system.
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Abstract

Experimental assessment of peripheral nerve regeneration in rats by electrophysiol-
ogy is controversial due to low reproducibility of electrophysiological indicators and
diminished quantitative evaluation in conventional experimental set ups.
Magnetoneurography (MNG) counteracts these drawbacks by magnetically recording
electrophysiological signals ex vivo, thereby providing accurate and quantitative data.

In 50 rats, sciatic nerve transection was followed by direct repair. MNG outcome
parameters, footprints (static-TSF; function) and muscle weight (MW) were studied for
their recovery pattern from 2 to 24 weeks. By using MNG, we showed that the regener-
ation process still continues when functional recovery (static-TSF) becomes stagnant.
With regression analysis MNG parameters amplitude, amplitude area and conduction
velocity demonstrated moderate significant correlation with MW, whereas conduction
velocity was not significantly associated with static-TSFE. No significant association exists
between MW and static-TSF. A Kaplan Meier survival curve revealed that autotomy /
contracture of rat hind paws was not related to decreased MNG outcome values.

In conclusion, this study highlights and discusses the dissimilarities between direct
(MNG) and indirect (static-TSF & MW) assessment techniques of the regeneration
process. We emphasize the significance of MNG as a direct derivative of the axon regen-
eration in experimental rat studies. Additionally, we stress the must for right — left ratios,
as neurophysiological indicators vary with age and we confute possible bias in footprint
analysis caused by exclusion of autotomy / contracture animals.

Keywords: peripheral nerve, rat, electrophysiology, magnetoneurography, function,
footprint, muscle weight, autotomy

Introduction

When studying early regeneration of peripheral nerves after traumatic lesions, the
choice of evaluation technique is critical. Immunohistochemical methods can give an
impression of axonal outgrowth. However, they do not provide insight into the capaci-
ty of the regenerated nerve to conduct an electrical signal, that is, provide insight into
the nerve’s functional recovery.

In this study, we present neurophysiological (functional) data that were collected
from regenerating rat sciatic nerves. These data were obtained using magnetoneurogra-
phy (MNG), a powerful neurophysiological technique that is based on the magnetic
recording of intra-axonal currents, which together produce a compound nerve action
current (CNAC). Thus, the CNAC derived by MNG is directly related to the conduction
capacity of a nerve *'>*.

Recently, we developed an ex vivo experimental set up allowing for precise and
highly reproducible MNG measurements of healthy rat sciatic nerves ”. Recent studies
showed that in vitro nerve measurements, enabling high reproducibility and signal
quantification, can be performed with electroneurography (ENG) using bath solutions
in one or multiple compartment recording chambers >**?**, However, the main advan-
tage of MNG over ENG is that magnetic fields are less influenced by the impedance of
biological tissue surrounding the nerve, and by the position of the nerve in relation the
sensor '"***. By eliminating these confounding factors, MNG provides a more direct
view on nerve physiology and results in an increased reproducibility compared to con-
ventional ENG '>**¥. In contrast to electromyography (EMG), MNG is a direct measure
of the conduction capacity of the nerve. Previous reports studying different measures of
neural regeneration lack the use of such an accurate electrophysiological technique ***.

The major aim of this study was to provide an accurate data set of neurophysiolog-
ical recovery with time after injury of rat sciatic nerves, using the MNG outcome vari-
ables CNAC amplitude and area, and conduction velocity. Once obtained, this set may
serve as reference for future studies that, for example, aim to evaluate therapeutical
interventions during the regenerative process. Furthermore, we will use the increased
accuracy of the MNG data compared to previously obtained electrophysiological results
to shed new light on several issues relevant to experimental studies of nerve regenera-
tion. These include the relation of the abovementioned neurophysiological variables to
the indirect evaluation variables muscle weight and footprint analysis, and an assess-
ment of the influence of autotomy and/or contracture on outcome variables.
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Materials ¢ Methods

SURGICAL PROCEDURE

The experimental protocol was approved by the Animal Experiments Committee
under the national Experiments on Animals Act and adhered to the rules laid down in
this national law that serves the implementation of “Guidelines on the protection of
experimental animals” by the Council of Europe (1986), Directive 86/609/EC. In total 50
female Wistar rats (Harlan Netherlands B.V., Horst, The Netherlands) weighing 200 +
10 g (11 weeks old), were anaesthetised by inhalation of isoflurane and a mixture of oxy-
gen and nitrous oxide. The right sciatic nerve was exposed through a gluteal muscle
splitting incision. Under magnification the nerve was mobilised in the mid thigh, tran-
sected with micro scissors and immediately repaired with four to six epineural sutures
10/0 Ethilon® (Ethicon Inc, Somerville). The muscle septum and the skin were closed
with 5/0 Vicryl® (Ethicon Inc, Somerville). Following surgery, animals were housed in
pairs, and had access to food and water ad libitum.

MNG MEASUREMENTS

MNG end point measurements were carried out 2, 5, 8, 12, 16 and 24 weeks (all
N=10, except week 2 and 5: N=5) after transection and repair, according to the ex vivo
MNG technique as described earlier ”. In short, animals were anaesthetized with
Urethane i.p. 12.5% (1ml/100gram). The sciatic nerve was exposed from its origin in the
lumbar spine to distal to the trifurcation at knee level, to acquire a segment of maximum
length. To prevent axon leakage, the proximal part as well as the three branches of the
sciatic nerve were ligated with a 6-0 suture and were transected proximally and distally
to the knots, respectively. The MNG recording chamber was filled with a buffer solution
(Ringers Lactate containing glucose, 1 g/L, at 21 + 0.1 °C). The nerve was guided
through the recording sensor coils as well as the stimulation cuff and stretched to ‘in
vivo’ length by clamping the two sutures in the recording chamber. The distal nerve end
was stimulated with a biphasic constant current pulse of 50 ps delivered by two isolated
stimulus units (Digitimer DS3), connected in parallel. To guarantee supra maximal
stimulation, the stimulator was finally set to 1.4 times the strength of the lowest current
that produced a maximal signal. Every time the stimulation cuff changed position this
stimulus strength was redetermined.

MNG RECORDING SET UP

Both the right (operated) and left (control) sciatic nerve were measured .In
the recording setting of the right nerve, the stimulation cuff cathode was positioned 10
mm distal to the suture line. Sensor 1 and sensor 2 were positioned 4 mm and 14 mm
proximal to the suture line, respectively. By applying distal stimulation and proximal
recording, only axons with fibers regenerating across the lesion were stimulated and
recorded. For the contra lateral (unoperated) nerve similar recording settings were used,
and an imaginary suture line was created at the same distance from the distal nerve end
as present in the repaired nerve.
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Figure 1. Experimental set up for the operated, right nerve and control, left nerve. C = cathode of stimulator;

d = distance between distal nerve end and cathode; S1 = sensor 1; S2 = sensor 2; X = suture line.

SIGNAL EVALUATION

Each signal was calibrated by means of an accompanying one microampere calibra-
tion signal, which was recorded prior to every stimulus. Next, CNACs were analyzed on
a personal computer using custom-made software (DataCorr3 written in VBA for MS
Excel). In each recording set up, 2 to 4 consecutive batches of 256 CNACs were record-
ed and averaged. Further analyses were performed using MatLab (The MathWorks,
Natick, MA). First, the baseline drift in a 4 ms window containing the MNG response
was estimated using a linear interpolation of the signal samples immediately preceding
and following this window. After correction for this drift, the following variables were
calculated from the signal

(1) 1* peak amplitude (1PA), from the maximum of the 1* peak to the baseline of the
signal.

(2) peak-peak amplitude (PPA), from the maximum of the 1* peak to the minimum of
the 2™ peak.

(3) area (A), determined as the area below the CNAC and between the 1st and the 2nd
peak. Since both peaks in the signal are fairly symmetrical, this area is approximately
equal to half of the total signal area. However, our area measure is much easier to
determine than total area, because in many cases signal onset coincided with the
stimulus artefact and stimulus offset was difficult to determine due to small, late
components.

(4) conduction velocity (CV), calculated as Dx/Dt, with Dx the distance from the stim-
ulation cuff cathode to the sensor and Dt the latency from the stimulus onset to the
maximum of the 1* peak of the signal.
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Figure 2. Schematic example of an MNG signal as recorded by sensor 1 (solid line) and sensor 2 (dashed line),
with from left to right (early to late) the calibration pulse, the stimulus artefact, and the action current. Signals
are quantified using: 1. 1st peak amplitude; 2. peak-peak amplitude (sensor 1 only); 3. area below the signal

(shaded; sensor 1 only); 4. peak latency used to calculate the conduction velocity.

The biphasic character of the signal derived from sensor 1 enabled calculation of all
of these variables. Because of the generally monophasic character of the signal recorded
with sensor 2, only the 1PA and the CV were calculated for this sensor.

FOOTPRINT ANALYSIS

Static footprint analysis was performed 2, 4, 6, 10, 15, 19 and 24 weeks after surgery,
following the procedure described elsewhere *. From the digitized footprints the dis-
tance between the first and fifth toe (Toe Spread; TS) was measured. The averaged dis-
tances of three measurements were used to calculate the static Toe Spread Factor (TSF)
= (OTS = NTS) / NTS (O=operated/right; N=normal/left). A value of —0.66 was allo-
cated to the static TSF, in case no footprints were measurable due to total impairment *.

AUTOTOMY AND CONTRACTURE

The animals were meticulously examined for signs of autotomy and contracture. All
animals with absence of a part of the foot and/or showing contracture were excluded
from footprint analysis.

MUSCLE WEIGHT

Directly after dissection of the nerve at each MNG measurement time point, the
gastrocnemius muscles were carefully dissected and detached from their origin and
insertion, and weighed immediately. Muscle weight was expressed as the ratio of the
right (operated) over the left (control) muscle weight.

STATISTICAL ANALYSIS

The data were analyzed using the Statistical Package for the Social Sciences version
10 (SPSS, Chicago, IL) software. Statistical significance was accepted at p < 0.05.
Individual statistical tests are mentioned where used. Error bars accompanying means
illustrate the standard error of the mean (SEM).

ELECTROPHYSIOLOGY: MNG

In Figure 3, the postoperative time course of all neurophysiological variables (1PA,
PPA, A and CV), expressed as right - left ratios, is presented. In repaired nerves, no
CNAC:s could be recorded two weeks postoperatively, whereas five weeks postoperative-
ly, neurophysiological values could be calculated from the earliest detectable CNACs. At
this point in time (5 weeks), all MNG variables recorded from the regenerating nerve
show a recovery to 14-21 % of control values, except for CV of sensor 2 (35%). With
increasing time postoperatively, 1PA, PPA, A and CV ratios increase, except for the CV
ratio of sensor 2, which drops 12 weeks after surgery. Means of different points in time
were declared to be significantly different from each other (p<0.05) by an analysis of
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variance (ANOVA)-protected least significant difference (LSD) test.

In principle, the observed changes with time may not only be caused by the regen-
erative process, but also by maturation of the animal. To allow assessment of normal
neurophysiological changes with age, the values of the MNG outcome variables of the
left (control) nerves are summarized in
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Figure 4. MNG outcome variables of healthy, right nerves as a function of age of the animal: (a) conduction
velocity (CV) of sensor 1 & 2, (b) 1* peak amplitude (1PA) of sensor 1 & 2, peak-peak amplitude (PPA) and

area (A) of sensor 1. Error bars represent standard errors of the mean.

FOOTPRINT ANALYSIS

The mean static TSF is shown as a function of time in . The mean preopera-
tive value was —0.026 and after 4 weeks the first distinct signs of functional recovery
could be observed (-0.524).

Figure 5. Mean static
TSF as a function of 011
time after surgery. w 0.2 4
Error bars represent 2 03
standard errors of the "E -0,4 -
mean. ¢ 0,5 -
0,6
-0,7 T T T T T T T T T T T T ]
0 2 4 6 8 10 12 14 16 18 20 22 24 26
weeks (post operatively)
MUSCLE WEIGHT
The recovery pattern of the muscle weight (MW) ratio after nerve repair is depict-
ed in . Again, an ANOVA-protected LSD test was used to test for statistical signifi-

cance of differences between means at various points in time. Five weeks postoperative-
ly, the lowest ratio (0.40) was observed. Thereafter, recovery of MW ratio starts, and
continues until at least 24 weeks after surgery (as demonstrated by the significant
increase in MW ratio between 16 and 24 weeks in ).

Figure 6. Right-left 1.0
muscle weight ratio as 0,8 - —_——A
a function of time after & 0,6 - ! —
surgery. Error bars rep-
resent standard errors z 0.4
=)
of the mean. Accolades & 0,2 -
indicate statistically ..9..

. . . éﬁ o,o T T T T T T T T T T T
significant differences 2 4 6 8 10 12 14 16 18 20 22 24
(p<0.05) between

) . 2 5 8 12 16 24
adjacent or next adja- -
muscle weight| 0,47 0,40 053 0,61 0,69 0,78

cent points in time. .
P weeks postoperatively

CORRELATION MNG, FOOTPRINT ANALYSIS AND MUSCLE WEIGHT
Correlation analysis was performed to determine the association between the out-
come variables of MNG, MW and static TSE. Spearman’s correlation coefficient was cal-
culated using data of individual animals.
shows the correlation coefficients between MNG variables and static TSE,
and between the MNG variables and MW. At two weeks, no detectable CNACs and no
measurable footprints could be recorded. Therefore, week 2 is not included in the cor-
relation analysis. Significant correlation coefficients between MNG variables and static
TSF were found except for the CV of sensor 1 and 2. The correlation coefficients relat-
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ing MNG variables and MW ratio (5 - 24 weeks) were all statistically significant and all
higher than coefficients regarding the static TSF. No significant correlation (r = 0.309;
p=0.151) was found between MW ratio and static TSE

AUTOTOMY AND CONTRACTURES IN RELATION TO MNG AND MUSCLE WEIGHT

Autotomy and contracture caused animal exclusion from footprint analysis. A total
of 12 (24%) animals displayed contractures between week 1 and week 24. Six (12%) ani-
mals displayed autotomy, all between week 2 and week 6.

To assess whether the incidence of autotomy and/or contracture is related to an
altered neurophysiological feature and / or muscle weight, a Kaplan-Meier survival
analysis was performed. No significant differences were found between normal rats and
rats displaying autotomy and/or contractures.

5«24 weeks 5«24 weeks

static TSF muscle weight
1PA sensor 1 Spearman's Correlation 0,524 0858
Sig. {2-tailed) 0,008 0,000
M 24 34
PPA zensor 1 Spearman’s Correlation 0518* 0,865 **
Sig. (2-tailed) 0,009 0,000
M 24 34
CV zensor 1 Spearman's Correlation 0,395 0728 ™
Sig. {2-tailed) 0,058 0,000
M 24 34
& zensor 1 Spearman’s Correlation 0,550 0,705 **
Sig. (2-tailed) 0,005 0,000
M 24 34
1PA sensor 2 Spearman's Correlation 0817 0783 ™
Sig. {2-tailed) 0,001 0,000
M 24 34
CV zensor 2 Spearman’s Correlation 0,251 0,560 **
Sig. (2-tailed) 0,236 0,001
M 24 34

Table. 1 Spearman’s correlation coefficients, indicating the strength of the association between 1* peak amplitude
(1PA), peak peak amplitude (PPA), area (A) and conduction velocity (CV) on the one hand and the static TSF

and Muscle Weight on the other. Asterisks indicate a significant correlation at significance level p < 0.05.

Discussion

The MNG technique we used allows for robust and highly reproducible neurophys-
iological measurements ”. Consequently, more profound conclusions can be drawn on
the experimental outcome after nerve injury than from previous studies where EMG or
ENG (accompanied by the disadvantages mentioned in the Introduction) was used to
study the electrophysiology of nerve regeneration and its relation to other outcome
measures “>*.

Here, an experimental invasive toroidal coil method is used to obtain reproducible,
quantifiable MNG signals. Due to its invasive character, diagnostic clinical use of this
method must be primarily sought peri-operatively. However there is a non-invasive
MNG technique, SQUID (Superconducting Quantum Interference Device) based
MNG, by which magnetic fields generated by CNACs inside the body, can be recorded
non invasively without contact to the body. Due to the relatively long distance between
nerve and sensor, this method is more prone to field disturbances and up to now the sig-
nal to noise ratio is less. Further developments of this SQUID based MNG technique
may possibly allow clinical applications, i.e. non-invasive recording of magnetic fields
induced by CACs in regenerating nerves. Notably, using this technique, propagating
CACs and conduction blocks have already been studied in vivo *° and non-invasively in
patients '*".

As mentioned earlier, in vitro ENG measurements can also be performed by plac-
ing the experimental nerve in a single or multiple compartment chamber. In contrast to
MNG, where magnetic fields are measured, electrical insulation between different com-
partments is a strict condition when using in vitro ENG. However, a major advantage of
these multiple compartment chambers is that they allow for evaluation of local drug
influence on the nerve’s conduction capacity **. In case of a bath solution in a single
compartment chamber, special attention should be paid to the stimulating tube and the
elimination of electrical artifacts >°.

Neurophysiological experiments of nerve regeneration are known to require long
term study end points. EMG studies in particular, demand a long period for axons to
reach the muscle ' ". Our results, however, demonstrate that 8 weeks after nerve repair,
MNG values of sensor 1 (1PA, PPA, A and CV) have already reached approximately two
thirds of the values measured 24 weeks postoperatively (at 8 weeks: = 25% of control
value; at 24 weeks: + 40% of control value). Thus, recovery of neurophysiological signals
is primarily established within the early weeks of regeneration.

Two weeks after nerve repair, no CNACs could be recorded. This finding suggests
either that axon sprouts were too immature to conduct recordable action currents, or
that ingrowing axons did not reach the stimulation point 10 mm distal to the lesion at
that time. The first CNACs were recorded at the subsequent measure point in time, five
weeks after surgery. The high value of the CV for sensor 2 (35% of control) after just five
weeks of regeneration is the result of the relatively large conducting distance proximal
to the lesion. For a proper understanding of this phenomenon, we would like to stress
again that we applied distal stimulation and proximal recording. Nerve fibers with

63



64

Recovery of neurophysiological features with time after rat sciatic nerve repair: a magneto-neurographic study

regenerating axons have a larger caliber and, hence, a higher CV in the proximal seg-
ment than in the distal segment "> *. This implies that the measured CV will be a
weighted average of the two CV values, with the weights determined by the lengths of
the conduction distances in the distal and proximal segment. The longer proximal con-
duction distance to sensor 2 than to sensor 1 leads to higher CV values for the former.

It may be expected that conducting capacity of repaired nerves increases with
advancing regeneration. Indeed, 1PA, PPA, A and CV of sensor 1 display an increase in
time, and MNG values differ significantly between either adjacent or next- adjacent
measuring points. The recovery pattern of the CV of sensor 2 does not follow such a
structured increase, however. The minor collapse seen after 12 weeks may be caused by
a temporal drop in conduction velocity in the proximal segment , in combination with
the aforementioned influence of a relatively large length of the proximal segment.

Electrophysiological changes in aging animals have been reported extensively '**>**
131 Postnatal maturation, with increasing conduction velocities of nerve fibers to reach
adult values, is followed by a decrease in conduction capacity in the older animal (i.e. rat
> 1 year). Our results demonstrate an increase of all MNG variables of control (healthy)
nerves with increasing animal age . The eldest animals in this study were 35 weeks
of age (11 weeks plus 24 experimental weeks). Up to this age, conduction capacity as
assessed by MNG variables continued to improve. Within this context, we emphasize the
need of right - left ratios in longitudinal studies.

Previously, we reported that static footprint analysis (static TSF) is an accurate tech-
nique for the functional assessment of peripheral nerve regeneration in rats, and simi-
lar to the traditionally used Sciatic Function Index obtained by walking track analysis *.
Theoretically, it might be expected that the functional capacity of a regenerating nerve
is related to its conduction capacity. Nevertheless, Table 1 shows that only moderate cor-
relations were found between static TSF (function) and MNG variables (conduction
capacity). The correlation between static TSF and CV of sensor 1 and 2 is low and not
significant. This finding may partially be explained by, again, the relatively large influ-
ence of the proximal segment on the CV. However, it is clear that no significant relation
exists between function measured by footprint analysis and conduction velocity.

The moderate correlation between function (static TSF) and conduction capacity
(MNG variables) may be explained by the difference in recovery pattern as measured by
static TSF and MNG. After approximately 10 weeks, static TSF recovery levels off, where-
as in case of MNG, neurophysiological variables still increase significantly after this peri-
od. This plateau phase has been described in previous studies using the sciatic function
index **. Thus, the process of axon regeneration continues, even though improvement
of function appears to stagnate. It might be concluded that maturation of axons does
not have consequences for final function. This would probably be true if static TSF was
an adequate measure of final nerve function. However, it is more likely that spreading of
the toes already can be established by ingrowth of relatively few or immature axons.

Atrophy of the gastrocnemius muscle is responsible for a decrease in muscle weight,
with a minimum measured 5 weeks after transection. Subsequently, reinnervation of the
muscle causes a significant increase in MW up to at least 24 weeks after surgery.

Compared to the correlation between MNG and static TSE, a relatively strong correla-
tion was found between all neurophysiological variables (MNG) and MW .An
increase in number and / or maturation of regenerated nerve fibers is, therefore, related
to the weight of the muscle. It is important to note that this relation does not provide
information on muscle function. There was no significant relation between static TSF
and MW. Apparently, both indirect measures are totally different derivatives of the
regeneration process. For that reason, we recommend use of a more direct measure of
the process such as MNG for studies of nerve fiber regeneration after injury.

For decades, footprint analysis has been promoted as an outcome measure in exper-
imental studies on nerve regeneration >>**'. A widely discussed drawback of this evalu-
ation technique is the loss of animals due to autotomy and contracture of the rat’s hind
paw ">, Up to now, there is no experimental proof of whether animals displaying auto-
tomy and / or contracture also demonstrate poor nerve regeneration. If so, exclusion of
these animals would generate a bias. From this study, we conclude that autotomy and /
or contracture are not related to a relatively poor conduction capacity of the nerve.

During the process of axon regeneration, the nerve’s conduction capacity provides
information on speed of axon maturation and quantity of axon ingrowth. We conclude
that MNG is a sound methodology to obtain accurate, quantifiable neurophysiological
signals early in the regeneration process. This study demonstrated that recovery patterns
as assessed by MNG, a direct measure of axon regeneration, and by indirect measures
like MW and static TS, vary significantly. Furthermore, we demonstrated no existing
relation between poor conduction capacity and autotomy / contracture, and we showed
that the process of regeneration does not stop when functional recovery measured by
static TSF becomes stagnant.
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Abstract

Peripheral nerves in the limbs stretch to accommodate changes in length during
normal movement. The aim of this study was to determine how stretch is distributed
along the nerve relative to local variations in mechanical properties. Deformation
(strain) in joint and non-joint regions of rat median and sciatic nerves was measured in
situ during limb movement using optical image analysis. In each nerve the strain was
significantly greater in the joint rather than the non-joint regions (2-fold in the median
nerve, 5-10 fold in the sciatic). In addition, this difference in strain was conserved in the
median nerve ex vivo, demonstrating an in built longitudinal heterogeneity of mechan-
ical properties. Tensile testing of isolated samples of joint and non-joint regions of both
nerves showed that joint regions were less stiff (more compliant) than their non-joint
counterparts with joint : non-joint stiffness ratios of 0.5 + 0.07 in the median nerve, and
0.8 £ 0.02 in the sciatic. However, no structural differences identified at the light micro-
scope level in fascicular/non-fascicular tissue architecture between these two nerve
regions could explain the observed tensile heterogeneity. This identification of localised
functional heterogeneity in tensile properties is particularly important in understanding
normal dynamic nerve physiology, provides clues to why peripheral nerve repair out-
comes are variable, and suggests potential novel therapeutic targets.

Keywords: peripheral nerve, biomechanics, nerve stiffness

Introduction

Peripheral nerves are remarkable tissues that not only conduct electrical impulses,
but also must bend and stretch to accommodate the movement of limbs. In order to
achieve this they have a complex structure consisting of bundles of neurones packed
into fascicles and surrounded by connective tissue layers, the perineurium and epineuri-
um. Both neural and connective tissue elements are tethered proximally at the spinal
cord and have numerous branch points allowing neurones from a single nerve trunk to
synapse with various target organs. Despite some physiological connections to sur-
rounding tissue, nerve trunks are largely free to glide along their length within their tis-
sue bed. However, the nerve routes through the limbs tend to lie outside the plane of
movement of the joints making some degree of length change inevitable during normal
function. When this ability of nerves to stretch and glide freely is compromised by adhe-
sion to surrounding tissues, for example after surgical repair, limb movement can result
in localised increases in tension leading to loss of function, pain or fibrosis ”*.

Numerous studies have been undertaken to define the limits to which nerves can be
stretched before their function is compromised. It is known that straining nerves
beyond the physiological tension range can alter their conduction properties '*** and
intraneural blood flow " and can result in permanent loss of function believed to be
related to a breakdown in integrity of the perineurium **.

Identifying the maximum tension which nerves can withstand and understanding
the origin of their mechanical resilience is of great importance to improving the out-
come of surgical nerve repairs. Their behaviour under loading is viscoelastic and is like-
ly to be dependent upon a number of factors such as the internal fluid pressure main-
tained by the impermeable perineurium ", the outer-inner layer integrity *, the number
and arrangement of fascicles ”, and the molecular structural elements of the extracellu-
lar matrix such as collagen and elastin *>*. However, the concept that nerves are
mechanically homogenous may be inappropriate and misleading since the mechanical
environmental loading varies at points along the limb (relating to branch point, joint,
muscle, tendon and fascia location).

Since understanding the upper limit to which nerves can be stretched is such an
important clinical goal, the investigation of stretch properties within normal physiolog-
ical conditions has been somewhat neglected. In particular, there is scant information
available on whether increased tension generated by limb movement is focussed around
the articulation, or dissipated along the full length of the nerve. The transverse hetero-
geneity of the nerve trunk is often discussed in terms of the contribution of different
concentric anatomical layers to overall mechanical behaviour, but little is known about
the presence of any longitudinal variation in these structures. Variations in the number
of fascicles have been observed along the length of human nerves " and increased fasci-
culation has been suggested to be a protective feature of nerves crossing joints ". Such
variation could cause localised sections of tissue to exhibit distinct tensile properties, yet
little regard has been paid to this possibility where studies of mechanical properties are
concerned.
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The aim of this study was to test the hypothesis that mechanical properties of the
peripheral nerve are adapted to increased local strains resulting from joint articulation.

Here we have shown that rat median and sciatic nerves undergo increased local
strain in the region of articulations. This corresponds to an area of reduced stiffness rel-
ative to a region of the same nerve away from the joint. These variations in tensile prop-
erties do not correspond to variations in the distribution of fascicles or connective tis-
sue as determined by histology, and so are likely to be due to adapted connective tissue
architecture.

Materials ¢ Methods

Two different rat nerves were selected for the experiments by virtue of the fact that
they could be exposed with minimal disruption of their relationship to surrounding tis-
sues, and contained distinct regions which ran around joints. The first was the median
nerve in the rat forelimb, which runs around the inside of the elbow (joint region) then
straight along the distal part of the limb (non-joint region). The second was the sciatic
nerve, which runs around the outside of the hip joint (joint region) with straight (non-
joint) regions proximal and distal.

OPTICAL ANALYSIS OF MEDIAN NERVE MOVEMENT; IN SITU

Male Wistar rats (Harlan, U.K.) (200 - 250 g) were sacrificed by asphyxiation and
cervical dislocation according to Home Office guidelines and dissected within 30 min
post-mortem. To expose the median nerve, an incision was made midway between the
biceps and the cubital fossa and extended superficially to the wrist, opening the skin and
fascia down to the level of the muscles. Non nerve-related connective tissue and fat were
cleared from the area using microscopic dissection until the median nerve could be
observed between the proximal side of the cubital fossa and the wrist. The exposed tis-
sue was moistened continuously with phosphate buffered saline (PBS) at room temper-
ature. The rat was pinned to a board such that the shoulder joint was immobilised in its
extended position (defined as supine, shoulder abducted 90°, wrist 0° flexion/extension,
elbow at 180°). Four optical location markers were spaced evenly along the exposed
nerve, shown as A, B, C and D in . The markers were 0.25 mm in diameter and
were created by lightly applying Bonny’s Blue tissue dye with the tip of a fine blunt glass
needle. The first mark was placed midway between the distal limit of the biceps and the
centre of the cubital fossa, then the other marks were made distally at 2 mm intervals
with the limb in its extended position.

Following marking of the nerve the forelimb was held with the elbow extended and
photographed using a microscopic digital video camera (Moritex Scopeman® 504).
Images were captured to a PowerMacintosh using Openlab software (Improvision) and
calibrated against a millimetre scale positioned next to the nerve. The elbow was then
flexed to an angle of 90° and another image was obtained. Distances between the centre
points of the optical markers were measured using the digital images to give readings
accurate to 50 pm. The anatomy of the joint region was such that upon flexion marker

point A remained in the same plane as the other markers, allowing an accurate compar-
ison to be made between the markers in the two positions. In this way the local change
in length (strain) was measured across the “joint” region of the median nerve (AB) and
the “non-joint” region 2 mm distal (CD) in both forelimbs of 5 rats.

OPTICAL ANALYSIS OF MEDIAN NERVE MOVEMENT; EX VIVO

In order to investigate whether region-specific stretch was due to intrinsic structure
or the influence of surrounding tissue, median nerves were excised under controlled
conditions (below) and tested in isolation. Rats were prepared as described above and,
after marking, the median nerve was carefully mobilised by microscopic dissection. Two
additional marks were placed 2 mm outside the other four and denoted O and X
The distance between O and X was measured both with the limb extended and 90°
flexed using a vernier calliper. With the limb held in the extended position, the nerve was
clamped at points O and X in a purpose built jig which maintained the nerve at the
measured in situ elongated length, then the nerve was excised by transection each side
of the clamp . Digital images of the excised nerve were recorded as before,
and the clamp gauge-length was then adjusted to the previously measured 90° flexed
length, simulating the shortened nerve during flexion. Digital images were captured at
the shorter length and the distances AB and CD were measured for both positions to
allow calculation of strain.

OPTICAL ANALYSIS OF SCIATIC NERVE MOVEMENT

Similar experiments were carried out using the rat sciatic nerve, (i) at the joint
region’ that curves around the hip and (ii) at the ‘non-joint’ regions each side of this.
Eight Wistar rats (female, 250-400 g) were anaesthetized by inhalation of Isoflurane and
a mixture of O,/N,0O and subsequently sacrificed by cervical dislocation. The sciatic
nerve was exposed between 10 mm proximal to the hip joint and the trifurcation at mid
femoral level. During dissection the nerve was not mobilised from the tissue bed. To
indicate different regions on the nerve, epineurial marking sutures (10/0) were placed 3
mm apart, with the hip and knee joints positioned in 90 degrees of flexion. Four regions
were marked: (A) proximal to the hip joint, (B and C) at the level of the hip joint, and
(D) distal to the hip joint ( ). The distal edge of the tendinous insertion of the
external obturator muscle was used as an anatomical landmark to determine the posi-
tion of the initial marking suture between regions (B) and (C).

Images of the marked nerve were captured, with the hind leg in two different posi-
tions, using a digital video camera (Sony®, model DCR-TRV240E, Sony Corp., Japan).
In position 1 the hip, knee, and ankle joints were manually flexed to 90 degrees. In posi-
tion 2 the hip and knee joints were manually extended to 180°, whilst the ankle was
maintained at 90° flexion. To calibrate the recorded distances, a reference measuring
scale was placed alongside the nerve. Images were captured to PC using Studio DV®
software (Pinnacle Systems Inc, California) and length measurements were determined
using Image J (NIH). The ratio of change in length after extension against original
length (strain) was calculated for each of the four regions.
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REGION-SPECIFIC TENSILE TESTING
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Figure 1. Location of optical markings on median (A) (inset; jig for removal under native tension) and sciatic

(B) nerves. (C) shows the location of ligatures and transection sites on the median nerve for tensile testing.

In addition to the optical characterisation of nerve stretch, direct tensile tests were
carried out to compare the material stiffness at joint and non-joint regions of median
and sciatic nerves. Three male Wistar rats were sacrificed by CO, inhalation followed by
cervical dislocation then immediately dissected to harvest the nerves. In order to pre-
serve the internal fluid composition of the sections of nerve, the nerves were ligated
prior to transection *.

Figure 1c shows the position of the ligatures and the sites where the nerves were cut
for the median nerve. The joint and non-joint sections of the nerves were carefully dis-
sected away from the surrounding tissue and ligated using 6/0 prolene sutures (Ethicon)
placed 2 mm apart (fig I¢), then excised and stored in PBS prior to tensile testing. For
the sciatic nerve, the joint region was defined as a 2 mm region centred on the position
defined previously for the first marking suture used in the optical analysis. The non-
joint region was a 2 mm section located distally with 4 mm between the two regions. For
testing, the nerve sections were clamped firmly in a jig by the regions outside the liga-
tures and stretched from slack to breaking point at 10 mm/min using a tensile testing
machine (Testometric 220M, Testometric Co Ltd., Lancs, U.K.). Force was measured
using a 10N load cell (TEDEA-Huntleigh Ltd., Cardiff, U.K.) and extension via a linear
voltage differential transformer (LVDT). Force-extension signals from the transducers
were digitized using an ADC-100 analogue to digital converter (Picotech Ltd., UK.) and
data were recorded on a personal computer. The data files were exported to Microsoft
Excel for the production of force-extension curves. The gradient of the linear part of
each force-extension curve was recorded as a measure of the stiffness of each region, and
the stiffness ratio (joint stiffness/non-joint stiffness) was calculated for each nerve.

HISTOLOGICAL COMPARISON OF SITE-SPECIFIC CROSS-SECTIONAL MORPHOLOGY.

Samples of the joint and non-joint regions were harvested from fresh rat median
and sciatic nerve specimens. The nerves were gently dissected out and layers of fascia
connecting the nerve to surrounding tissue were trimmed away as close as possible to
the outer layer of the nerve. After fixation in 4% paraformaldehyde, the sciatic nerve
samples were wax embedded for routine histological sectioning and 6 um transverse
sections were stained with haematoxylin-eosin. The median nerve specimens were
embedded in OCT tissue-embedding medium (Tissue-Tek®; Sakura Finetek Europe
B.V.,, Zoeterwoude, NL) and frozen in liquid nitrogen. 8 pm cryostat sections were
stained with haematoxylin-eosin. Equivalent digital micrograph images were obtained
from a typical joint and non joint section of each nerve. For each section total nerve
area, fascicular, and non fascicular area were determined using Adobe® PhotoShop 4.0
(Adobe Systems Inc., California) and the number of fascicles recorded. The ratio of non
fascicular : total nerve area was calculated and compared between the joint and non
joint region using a paired t-test.
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OPTICAL ANALYSIS OF DIFFERENTIAL ELONGATION

Analysis of the movement of marker points on the nerves gave an indication of how
different regions responded to changes in overall length after repositioning the limbs.
The change in displacement between the markers showed the strain at each nerve
region. This strain is shown for the median nerve in When the forelimb was moved
in situ the nerve segment at the joint underwent more than twice the strain as the non-
joint region , (p < 0.05). In order to establish whether this difference reflected a
difference in material properties of the nerve tissue itself, or was a function of the inter-
nal limb environment, the procedure was repeated with the nerves excised .Once
again the local mean deformation (strain) in the joint region was significantly greater
(by a similar 2-fold factor to that in situ).
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Figure 2. The joint region of the median nerve experiences more strain than the non-joint region. Median
nerves were extended in situ by limb movement (A) or stretched after excision (B). Local strain at two regions
showed the same distinctive difference both in situ and ex vivo. Data are means * sem, n=5 or 6 nerves for (A)

and (B) respectively, p = 0.02 and 0.006 respectively (paired t-test).

To confirm that this site-specific difference in nerve deformation was not a special
feature of the median nerve, measurements were repeated in situ on the sciatic nerve. In
this case local anatomy made it possible to compare regions both proximal and distal to
the joint region (in the median nerve the region proximal to the joint is obscured by
muscle). In the sciatic nerve the joint region spanned two of the segments under test.

shows that the mean strain measured over the joint was between 5 and 10 fold
greater than the flanking non-joint segments. Interestingly these differences in strain
between nerve segments were seen at much lower levels of total applied strain (approx
1/3 that seen in median nerve). The difference between the joint region (B) and the
proximal and distal non-joint regions was significant (p < 0.01).
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Figure 3. In situ strain in the sciatic nerve during flexion and extension. Four adjacent regions were monitored
during flexion and extension of the rat sciatic nerve, proximal to the hip joint (A), level with the hip joint (B ¢
C) and distal to the hip joint (D). Data shown are means + SEM where n = 4 (A,C) or 6 (B,D). One way

analysis of variance (ANOVA) showed a significant difference between the means (p < 0.01) and Tukey’s multi-

ple comparison test showed significant differences where groups A and B or B and D were compared.

TENSILE TESTING
To compare directly the material properties of nerve tissue at joint and non-joint
regions it was necessary to measure their stiffness. Force/extension curves were plotted
for each region of each nerve tested, the gradient of which corresponded to the stiffness.
From these data a ratio of joint : non-joint zone stiffness was obtained for each nerve
. In all cases the ratio was less than 1, indicating a clear trend of lower stiffness
(greater compliance) in the joint segments. Mean ratio for median nerves was 0.5 = 0.07,
and 0.8 + 0.02 for the sciatic indicating a significantly greater stiffness at sites away from
joints (p < 0.01, t-test comparing each set of experimental ratio data to null stiffness
ratio of 1).

Figure 4. Stiffness ratios for joint and non-joint I

regions are less than 1 in both sciatic and medi-
an nerves. Stiffness ratios were calculated from
the slopes of the force-extension curves obtained
from stretching joint and non-joint regions of

sciatic and median nerves. Data are means +

Stiffmess ralbs
{joint non-joint}

sem, n = 5 (sciatic) or 6 (median). Dotted line

(ratio of 1) indicates position of null stiffness

ratio (i.e. no difference between regions). Sy s
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HisToLoGY

Histological examination revealed more fascicles present in the non-joint than the
joint regions of the sciatic nerve, but little difference between the two regions of the
median nerve . The proportion of the cross-sectional area of each nerve sample
which comprised fascicular endoneurium, and that which comprised interfascicular
epineurium (referred to as non-fascicular tissue) was calculated. shows the pro-
portion of the cross section from each nerve specimen which was made up of non-fas-
cicular tissue compared to the total cross section (non-fascicular + fascicular tissue
area). In the median nerve there was no significant difference between the proportion of
non-fascicular tissue measured in the joint (0.41 + 0.04) compared to the non-joint
(0.46 £ 0.03) samples. Interestingly there was almost twice as much non-fascicular tis-
sue in the median than the sciatic nerve by proportion. The difference between the rel-
ative areas in the sciatic nerve was significant with a mean non-fascicular tissue propor-
tion of 0.25 £ 0.006 in the joint region and 0.36 + 0.02 in the non-joint region (p =
<0.005). There was no significant difference between the mean total cross sectional area
at the joint and the non-joint region in either of the nerves which is consistent with the
lack of branching between the regions.

Harin of non-fazaicular
ared - kokal arsx
Jezinl Noariviol W, ol Dl
Marva i ragian SINE L oi-faine
Meadizn nerye
1 I A 3:3
F {58 1t |
| [ 13
3L [ 1:3
5 {141 1 i
Wean (5. FAL) 1AL 1o (0L}
M oindic merve
1.2 e 1
I 1.23 0,340 I:2
I () N 2
1.2% 140 1
5 .27 0,34 L:3
i 124 1t 2

Mean (5. F.AL) 0,25 (0,006 00, 3 L2 )

Table 1. Histological comparison of non-fascicular (connective tissue) area relative to the total nerve area in
transverse sections of the joint and non-joint region of median and sciatic nerve. The difference in the mean
ratio of joint vs. non joint was significant in the sciatic nerve (p<0.005), but not in the median nerve using a

paired t-test. Number of fascicles is also shown as determined for the two regions of each nerve.

Discussion

In situ experiments in both the sciatic and median nerves showed that during nor-
mal extension and flexion the joint regions underwent greater deformation than the
corresponding non-joint regions. Whilst this may seem intuitive, and was suggested as
likely by Sir Sydney Sunderland more than a decade ago ", it has not previously been
demonstrated in an experimental system. Here we have shown quantitatively, in two dif-
ferent nerves in the rat, that there are regions near joints which undergo greater elonga-
tion than other areas during limb movement. However, this is not a simple function of
greater loading over joints but rather reflects distinct material properties of the two
zones, joint regions being inherently more compliant.

When median nerve strain was optically analysed ex vivo, it was found that the joint
region stretched more than the non-joint region. This demonstrated that the structure
of the nerve varied along its length in terms of its capacity to respond to tensile loads
comparable to those generated during limb movement. This is in contrast to a previous
study in which no differences could be detected in the stretch properties of different seg-
ments of median nerve harvested from human cadavers *, although the experimental
details in that study were unclear and fixation may have affected the tissue.

Here we have confirmed the presence of distinct regional heterogeneities in terms
of functional tensile properties, by direct stiffness measurement in isolated tissues. This
revealed that the joint regions of both nerves were more compliant than the compara-
tor (non-joint) regions. There are a number of key differences between the sciatic and
median nerve in the rat. In particular, the sciatic nerve is of greater diameter and runs
around the outside of the hip joint whereas the median nerve follows the inside of the
elbow joint. Also, the regions chosen for comparison in the sciatic nerve were adjacent,
but more widely spaced in the median nerve. The results presented here do not seek to
compare these two nerves to each other, but use each as an independent demonstration
of localised heterogeneity. Since both the sciatic and the median nerve exhibit a number
of branch points along their length which may influence the local mechanical environ-
ment, care was taken to ensure the regions chosen for stiffness comparison were free
from branching, both by direct examination and consultation with an anatomical refer-
ence °.

Histological data showed that differences in stiffness cannot be explained simply by
the number of fascicles present. Previous work by Sunderland and Bradley *, who used
similar analyses to explore nerves in human cadavers, showed that more fascicles were
present (and therefore more non-fascicular connective tissue) in regions where the
nerves passed near joints, leading to the later suggestion that this was a protective fea-
ture by which vulnerable areas of nerves resisted mechanical injury ”. In contrast we
show here that in two regions of the rat median nerve with differences in mechanical
properties there were no differences in the proportion of connective (non-fascicular)
tissue between the joint and non-joint regions. In the sciatic nerve there were more fas-
cicles (and more non-fascicular connective tissue) in the non-joint region than at the
joint. This observation is opposite to that which might be predicted from Sunderland’s
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work on human nerves, and does not support the idea that increased fasciculation is a
means by which nerves reduce strain around joints. There is no simple relationship here
between morphology, connective tissue volume, and tensile properties. However, this is
not unusual in biomechanics and only suggests that functional tensile testing is a more
appropriate measure of the mechanical behaviour of nerves than histology.

Mechanical tension is an important issue for reconstructive surgery and nerve
repair and consequently a number of studies have investigated changes in tension in
human cadaveric nerves during limb movement "***. Previous investigators have
sought to place values on the degree to which nerves can be stretched before they
become compromised through changes in conduction, blood flow, or integrity of intra-
neural structures >'"'*'* 12} These studies have failed to agree on an absolute strain-
limit value, chiefly due to (i) difficulties in determining original length and disagree-
ment on what constitutes nerve resting tension and (ii) differences in post mortem
treatments (fixation, ligation, incubation etc). This study identifies a further cause in
that longitudinal heterogeneity will lead to variance in tensile testing experiments unless
properly controlled.

The observation that nerves exhibit longitudinal heterogeneity of material proper-
ties poses a number of intriguing questions regarding the way in which nerves are adapt-
ed to accommodate limb movement. The viscoelastic properties of nerves have been
measured extensively >>'*'>* but the key structural elements which permit this elastici-
ty remain elusive. For many years some observers have believed nerve fibers exhibit a
zigzag morphology which disappears upon stretching as the fibers straighten out. This
has been related to the presence of the spiral bands of Fontana that also fade with
stretching >. However, the zigzag arrangement of fibers has not always been observed in
vivo », and application of sufficient tension to straighten out the fibers ex vivo did not
result in disappearance of the bands of Fontana, which only occurred following a fur-
ther tension increase “. Earlier work by Glees * identified the incisures of Schmidt-
Lantermann as sites at which the myelin sheath could telescope to accommodate stretch,
and proposed that this could confer stretching ability. Further investigations are
required in order to investigate the properties of nerve fibers which allow them to
accommodate the strain experienced by the nerve trunk. At a molecular level, elastin
fibers are present throughout the tissue layers of peripheral nerves * and collagen fibers
are arranged in such as way as to allow some degree of longitudinal stretch **. The spe-
cialised arrangement of layers of collagen fibers is likely to be the underlying structural
component, in conjunction with fluid pressure, which provides the nerve with its vis-
coelasticity. There may also be differential movement possible between fascicle and non-
fascicle elements. Further studies are planned to investigate differences in collagen archi-
tecture in different regions of a nerve which could account for the local differences in
stiffness.

Another matter for consideration, which arises from these findings, is the means by
which regions of differing stiffness develop. It would be interesting to examine whether
reduced stiffness is an intrinsic property of nerve regions adjacent to joints or whether
this property is conferred upon the nerve by movement. An understanding of this phe-

nomenon may yield important information when undertaking surgical repair of
peripheral nerves. For example would movement be sufficient to decrease the stiffness
of a graft at a joint region, and if not, would inappropriate local stiffness compromise
the clinical outcome?

In conclusion, the results presented here demonstrate that the strain on nerves dur-
ing limb movement is not equally distributed along their length, but is increased at
articulations. Furthermore, the stiffness of nerve tissue varies longitudinally, with
regions near joints being more compliant to tensile loading than elsewhere. However,
these properties seem to result from complex tissue architecture rather than simple pro-
portion of connective tissue or fascicular number.
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Abstract

Object. Adhesion formation is a serious problem in peripheral nerve surgery, fre-
quently causing dysfunction and pain. The authors aimed to develop an objective bio-
mechanical method of quantifying nerve adhesions and to use this technique for the
evaluation of the efficacy of an autocrosslinked hyaluronic acid (HA) gel as an antiad-
hesion therapy.

Methods. Thirty-three female Wistar rats underwent dissection, crush injury, or
transection plus repair of the sciatic nerve. The nerves were or were not treated with the
HA-gel. Six weeks after surgery, the adhesions formed were assessed by measuring the
peak force required to break the adhesions over a standardized area. Results of biome-
chanical measurements demonstrated that the peak force significantly increased as the
severity of the injury increased. After using the HA gel to treat the nerve, the peak force
was significantly reduced in rats with any of the three types of injuries; peak force
decreased by 26% in the animals in the dissection group, 29% in the crush injury group,
and 38% in the transection and repair group, compared with the untreated animals.

Footprint analysis demonstrated an acceleration of static Toe Spread Factor (TSF)
recovery after crush injury by using the gel.

Conclusions. The biomechanical method described is an objective, quantitative tech-
nique for the assessment of nerve adherence to surrounding tissue. It will be a valuable
tool in future studies on antiadhesion therapies. Furthermore, HA-gel significantly
reduces nerve adhesions after different types of nerve injuries and accelerates static TSF
recovery after nerve crush injury.

Keywords: peripheral nerve, adhesion, hyaluronic acid, peak force, rat

Introduction

The formation of extraneural fibrosis often occurs after trauma to a peripheral
nerve. The severity of the injury—varying from local tissue damage to total nerve tran-
section—affects the migration and proliferation of fibroblasts and the deposition of
extraneural collagen. Over time, collagen fibers enveloping the nerve can contract,
increasing the risk of compression neuropathies that can be accompanied by dysfunc-
tion and pain. Furthermore, when a nerve adheres to its surrounding tissue, limb move-
ment and muscle contractions may cause painful traction neuropathies ***.

The current gold standard in treating compression and traction neuropathies is sur-
gical neurolysis, optionally followed by a local muscle flap, fat grafts, vein wrapping, or
a temporarily placed silicone sheet °. Recently published experimental study data have
revealed that different devices reduce extraneural scarring after peripheral nerve surgery
172526 however, these preclinical studies have not yet led to an established antiadhesion
therapy in peripheral nerve repair.

The assessment of nerve adhesions in experimental models is complicated. The
staining of collagen fibers is semiquantitative at best, and the fiber architecture does not
allow for quantification at all. According to the literature, the most accepted method of
assessing nerve adhesions is through surgical evaluation of the wound; that is, an inves-
tigator scores the adhesions according to the difficulty experienced during nerve dissec-
tion . To our knowledge, there is currently no objective, validated method of quan-
tifying nerve adhesions.

Hyaluronic acid is a glycosaminoglycan in the extracellular matrix in which it plays
an important role in many tissue repair biological processes ° and has proven to have
antiadhesion effects > '*. Fetal wounds heal without scarring probably due to a persist-
ently high concentration of HA in the wound, which is not the case in adults, in whom
HA is rapidly degraded *.

HA-gel (Hyaloglide, Fidia Advanced Biopolymers Srl, Abano Terme, Italy) is a vis-
cous hydrogel developed as an antiadhesion device. It is obtained through the chemical
modification of HA. Crosslinking the polysaccharides of HA molecules creates a high-
viscosity gel and hampers fast metabolic degradation of HA *. The same modified HA
molecules have proven to reduce adhesions in gynaecological and intra abdominal sur-
gery, in which they are known as autocrosslinked polysaccharides (ACP series).* ' ">

In this study we described a novel biomechanical method to quantify nerve tether-
ing to adjacent tissue. By measuring the peak force required to break adhesions between
the nerve and surrounding tissue, we examined the efficacy of HA-gel in reducing nerve
adhesions in different types of injury to rat sciatic nerves. We also studied the effect of
HA-gel on the recovery of function after nerve trauma.
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Materials ¢ Methods

PREPARATION OF MATERIAL

The HA-gel was obtained by an autocrosslinking reaction between the carboxyl and
hydroxyl groups of the same and / or different HA molecules without insertion of a for-
eign molecule. Hyaluronic acid was isolated from bacteria by fermentation. The gel was
prepared by hydration of the crosslinked HA molecules at a 6% concentration and
steam sterilized in 2-ml glass syringes.

SURGICAL PROCEDURE

All procedures for the care and use of laboratory animals were conducted in accor-
dance with the guidelines outlined by the Experimental Animal Committee of the
Erasmus MC Rotterdam. Thirty-three female Wistar rats weighing approximately 200 g
were anesthetized by inhalation of isoflurane and a mixture of O2/N20. The sciatic
nerve was exposed through a gluteal muscle—splitting incision.

To mimic neurolysis (dissection group, five animals), the nerve was bilaterally
mobilized in the mid thigh over an area of 15 mm proximal from the trifurcation of the
sciatic nerve. Two 10-0 epineural sutures (Ethylon; Ethicon, Inc., Somerville, NJ) were
placed to mark a standardized 10-mm nerve segment. The right nerve was treated with
HA-gel and the left nerve was not.

In the crush injury group (crush group, 14 animals), only the right nerve was mobi-
lized in the mid thigh over an area of 15 mm proximal from the trifurcation. Two 10-0
epineural sutures were placed to mark a standardized 10-mm nerve segment. Using a
surgical needle holder, crush trauma was induced by applying a standardized force (57.5
N) for 30 seconds to the middle 5 mm of the marked nerve segment. Seven experimen-
tal animals were treated with HA-gel, whereas seven control animals did not receive
treatment.

In the transection group (14 rats), animals underwent total nerve transection and
repair. After mobilizing the right nerve in the mid thigh over an area of 15 mm proxi-
mal from the trifurcation, two 10-0 epineural sutures were placed to mark a standard-
ized 6-mm nerve segment. Note that the nerve segment in animals in the transection
group was reduced from 10 to 6 mm to account for the weakness of the suture line in
the repaired nerve vis 4 vis the adhesion strength. In a pilot study in untreated animals,
we observed that the pull-out force due to adhesion was in some cases greater than the
strength of the suture line.

The marked nerve segment was transected in the middle and immediately repaired
under magnification by using four to six 10-0 epineural sutures. Seven experimental
animals were treated with HA-gel, and seven control animals were not treated.

The HA-gel was applied at room temperature by using a sterile syringe and a can-
nula. Approximately 0.4 ml was used to envelope the 15-mm mobilized nerve area com-
pletely with a layer of gel. After the procedure, the muscle septum and skin were closed
using 5-0 Vicryl (Ethicon, Inc.). Following surgery, animals were housed in pairs and
had access to food and water ad libitum.

ANIMAL INSPECTION
On a daily basis, all wounds were inspected and scored for wound dehiscence and
infection.

PEAK PULL-OUT FORCE MEASUREMENTS

To evaluate the degree of nerve tethering to surrounding tissue, the peak force
required to break adhesions between the marked nerve segment and its surrounding tis-
sue was measured. Six weeks after surgery, the animals were anesthetized by inhalation
of isoflurane as well as a mixture of O2/N20 and were subsequently killed by cervical

Figure 1. Schematics (upper, top

view and lower, side view) and
pull direction
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dislocation. Sciatic nerves were dissected proximally and distally from the two epineur-
al sutures (marked previously X1 and X2 in ). By dissecting in this way, the stan-
dardized nerve segment remained attached to its surrounding tissue. The distal nerve
end was then transected at the level of the distal epineural suture initially marked (X2).
The proximal nerve end was transected 10 mm proximal from the proximal epineural
suture (X1).

Immobilization of the rat leg was accomplished by pinning down the upper hind
portion of the leg with 19-gauge needles (Sterican; B. Braun Mesungen AG, Melsungen,
Germany). The proximal nerve segment was held tightly with a stiff vascular clamp and
interconnected to a force transducer by using a silver wire suture ( upper and cen-
ter). A pulley was used to align the course of the sciatic nerve with the pull direction
( lower). Measurements in animals in the dissection and crush groups were
obtained using a force transducer with a range of 0 to 500 g (#52-9503; Harvard
Apparatus, Inc., Holliston, MA); measurements in the transection group were per-
formed using a force transducer with a range of 0 to 2000 g (7500 series; AIKOH
Engineering Co., Ltd., Nagoya, Japan). The force transducer was connected to a motor-
ized drive with a constant extension rate of 29 mm/minute. The peak force required to
pull the nerve segment out of its tissue bed was recorded.

To obtain a baseline value of the pull-out force related to the natural attachments of
the sciatic nerve, peak force measurements were also obtained for the uninjured con-
tralateral nerve in the animals in the crush group. Given that no marking sutures could
be placed on these nerves, a measuring rod of 10 mm was used to determine the stan-
dardized area, which remained attached to adjacent tissue prior to the peak force meas-
urements.

FOOTPRINT ANALYSIS

To obtain static footprints >*, a Plexiglas runway (10 x 15 x 100 cm) was used with
a mirror placed under the runway at an angle of 450. This way, a split screen provided a
lateral and a plantar view of the rat. Recordings were made of the hind feet using a dig-
ital video camera (Sony®, model DCR-TRV240E, Sony Corp., Japan) on a stand posi-
tioned at 200 cm from the runway.

In the crush group footprints were obtained pre operatively and at 1, 7, 14, 17, 21,
24,28, 35 and 42 days post operatively.

Static footprints were obtained by recording at least four occasional rest periods.
Three separate images of the operated (O) and non-operated (N) foot were loaded on a
personal computer using commercial software (Studio DV®, version 1.1.0.15, Pinnacle
Systems Inc, California). From the digitized footprints the distance between the first and
fifth toe (Toe Spread; TS) could be measured with the measure tool in Adobe®
PhotoShop 4.0 (Adobe Systems Inc., California). The averaged distance of three meas-
urements was used to calculate the following factor:

Static Toe Spread Factor (TSF) = (OTS — NTS) / NTS

ANIMAL INSPECTION
No animal in any of the three injury groups displayed wound dehiscence or wound
infections. None of the animals was lost during the study.
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Figure 2. Bar graph illustrating the results of peak force measurements. The vertical axis represents the force
required to break adhesions. Double asterisks indicate a significant difference (p<0.04) between the various
injury groups without treatment. In all injury groups, the single asterisk represents a significant decrease in the
required pull-out force (p<0.02) in gel treated animals. White bars indicate gel-treated animals; black bars rep-

resent untreated animals.

PEAK PULL-OUT FORCE MEASUREMENTS

The pull-out force required in the uninjured contra lateral nerves in animals in the
crush group was 38.83 £ 1.69 g (mean + standard error of the mean), indicating the
force necessary to break the natural attachments of a nerve to its surrounding issue. This
pull-out force was used as the control baseline value.

The more severe the nerve trauma, the greater the mean pull-out force required to
detach the nerve . The pull-out force significantly increased to 122.56 + 15.47 g
(Student t-test, p = 0.005) in the untreated animals in the dissection group. In animals
in the crush and transection groups, the mean pull-out forces also significantly
increased to 230.27 + 11.59 g (Student t-test, p < 0.001) and 297.14 + 23.06 g (Student
t-test, p = 0.03), respectively.

When the HA-gel was applied to the nerve, a significant reduction in the pull-out
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force occurred in all three injury groups . In the dissection group, the pull-out
force required in the gel-treated animals was reduced by 26% (122.56 + 15.47 g in the
untreated rats compared with 90.68 + 10.24 g in the treated rats; paired t-test, p =
0.015). In the crush group there was a decrease of 38% (230.26 £ 11.59 g in untreated
rats compared with 143.54 + 12.50 g in the treated rats; Student t-test, p < 0.01), and in
the transection group there was a decrease of 29% (297.14 + 23.06 g in untreated rats
compared with 210.00 + 13.63 g in treated rats; Student t-test, p < 0.01). In the transec-
tion group, the pull-out force caused suture line ruptures in two of seven control ani-
mals and one of seven gel-treated animals.

== Hyaloglide
Mo treatmient

static TSF

0 & 0 18 20 = 30 15 40 45
Days post operatively

Figure 3. Functional recovery after nerve crush injury assessed by static Toe Spread Factor. The black line indi-

cate gel treated animals; the grey line represents untreated animals.

FOOTPRINT ANALYSIS
shows the static TSF over time of the crush injury group. The gel treated ani-
mals expose a higher static TSF from 7 to 42 days after surgery. At day 21 and 24 the dif-
ference in functional loss is the most distinct. Multivariate tests of repeated measures
demonstrate a significant difference between the two recovery patterns (p=0.039).

Discussion

In this study, we described the use of a biomechanical model to quantify the degree
of nerve adherence to surrounding tissue in an experimental setting. Our peak force
model was used to demonstrate the antiadhesion effect of HA-gel applied following
peripheral nerve trauma. Besides a reduction in nerve adhesions, an acceleration of
function recovery is established using the gel.

In a non traumatized nerve, a minimal force is necessary to break the physiological
attachments of the nerve to surrounding tissue elements. Sunderland * stated that trau-
ma of increasing severity in turn affects the tissues and structures forming the bed of the
nerve. Damage to the nerve through dissection, crush, or transection plus repair will
cause more fibroblast activity, leading to more collagen connections between the nerve
and the tissue bed. Using our method, we were able to quantify this increase in adhe-
sions. The peak force measurements demonstrated that with an increasing severity of
trauma, a greater force was required to pull the nerve out of its tissue bed.

The pull-out force provides a quantitative outcome that is related to the most rigid
collagen connections. In experimental tendon research, the pull-out strength has fre-
quently been used as a measure for tendon adhesions '*'**. The same biomechanical
principle has been used to assess postlaminectomy adhesions in a dog study '. To deter-
mine the effect of free fat grafts on perineural scarring after epineurectomy, the stiffness
(that is, the force required to distract the nerve one unit of distance) of the rat sciatic
nerve was recorded “. Because the measured stiffness is also dependent on scarring of
surrounding tissue, it does not provide an absolute measure of the strength of the scar
connections between nerve and surrounding tissue. In a recent study on the prevention
of nerve adhesion, the force required to avulse the nerve at a 45° angle to the neural bed
was measured *'. Unfortunately, no specifics on the standardization of the nerve length
were provided. In contrast to other researchers, we successfully validated our standard-
ized method by assessing nerve adherence after various types of injury. The sensitivity
of this model allowed for discrimination in the degree of nerve adhesion between not
only control and gel treated animals, but also between different injury groups.

In previous studies on antiadhesion therapies in peripheral nerve surgery > ',
adhesions were scored based on the difficulty of surgical dissection by using a numeri-
cal grading scheme introduced by Petersen, et al. **. The outcome of this scoring system
is not completely quantitative, and despite blinded and randomized evaluation, a
numerical grading system is subjective and dependent on the investigator assigning the
scores. These factors will negatively influence inter observer variability. Another method
to evaluate the formation of fibrosis involves staining of collagen fibers, providing a
descriptive characterization of the formed adhesions. The degree of adherence depends
mainly on the architecture of the collagen fibers, which cannot be quantified by histo-
logical sections.

From our pilot study in animals that had undergone transection plus repair, it
appeared that 6 weeks after surgery the strength of the adhesions over the 10-mm area
was in some cases stronger than the strength of the suture line, thus causing failure
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strain at the suture line. Therefore, the standardized area over which the adhesions
formed would be broken was set at 6 mm in the transection group (compared with 10
mm in the other two injury groups). When analyzing the increase in the required pull-
out force in relation to the injury type, the force necessary to break adhesions over a 10-
mm area will be even greater in the transection group. Note that the required pull-out
force for the three types of injuries could be normalized by dividing the pull-out force
by the length of injury involved; however, we decided against this method because it is
not known whether the pull-out force follows a linear pattern.

By using the HA-gel, a significant reduction in pull-out force was established after
nerve dissection, crush injury, and transection plus repair (26, 29, and 38%, respective-
ly). This reduction indicates that fewer (rigid) connections were formed between the
nerve and its surrounding tissue bed.

During the active phase of wound repair, the reduction of adherence between dif-
ferent tissue layers can be approached at two levels. From a mechanical point of view,
contact should be avoided between the nerve and its surrounding tissue >*. From a cel-
lular point of view, proliferation of fibroblasts and/or the production of collagen by
these fibroblasts should be diminished *. We hypothesize that HA-gel affects both mech-
anisms of action. The HA-gel is highly viscous and can serve as a biodegradable barrier
to keep the injured nerve physically separated from adjacent tissue. Furthermore, after
slow deesterification of the molecules, liberated HA may have a cellular antiadhesion
effect at the injury site. Fetal wounds are known to heal without scarring, likely due to
the high concentration of HA throughout the entire course of healing. In adults, how-
ever, the rich HA state exists only in the early phase of wound healing *. The slow meta-
bolic degradation of the crosslinked HA molecules provides a sustained level of HA
within the injured site. Although the adhesion-reducing effect of HA has been demon-
strated at the cellular level 713182422 the exact mechanism of action remains unclear.

Peri operative application of HA diminished nerve adhesion after neurolysis in a
rabbit model *'. This effect was present only if the nerve and surrounding tissue were
immersed in HA during the entire neurolysis procedure, however. In the present study,
we demonstrated that HA-gel effectively reduces nerve adhesions after different types of
injury without the need for precoating, thereby enlarging the field of application.

During the last few years, biomaterials like ADCON-T/N (a carbohydrate polymer
gel) >, human amniotic fluid *, aprotinin (proteinase inhibitor) 7, and HA-CMC mem-
brane (a mixture of HA and carboxymethylcellulose) > have been studied for their anti-
adhesion effects in peripheral nerve surgery. Researchers in these studies have described
a significant reducing effect on nerve adhesions for each of the agents studied. Partly due
to differences in animal type, injury type, and time of healing, it was impossible to com-
pare the outcomes of these investigations, however. The current study differs from oth-
ers in that it offers an objective, quantitative method of measurement rather than a qual-
itative score obtained by histological analysis and/or graded dissection. Our biome-
chanical technique allows for a quantitative study to compare the efficacy of different
antiadhesion therapies.

Footprint analysis in the crush group shows that the gel treated animals approach

full function recovery on an earlier time point compared to the non treated animals. No
end point difference is seen between the sub groups as complete function recovery is
expected six weeks after nerve crush injury >'“*'. The evaluation of function does not
provide an exclusive outcome measure. The results shown, do not discriminate between
an increase of ingrowing axons, a faster ingrowth of axons or an improved function of
the nerve due to less adhesions.

HA has histologically proven to enhance neural regeneration in combination with
NGF in a gap model *. Furthermore, slow release of HA in a gap model demonstrated
to increase conduction velocity and axon counts *. This does not necessarily explain the
accelerating effect of the HA based gel on function recovery after nerve crush injury.

Conclusions

We demonstrated that the peak force model described is an objective method of
quantifying nerve adherence to surrounding tissue. It is a valuable tool for future stud-
ies on antiadhesion therapies in peripheral nerve surgery. Furthermore, we demonstrat-
ed a significant reducing effect on nerve adhesions when using HA-gel after different
types of peripheral nerve injury. Also, acceleration in function recovery was seen after
nerve crush injury. A clinical study is needed to confirm the adhesion-reducing effect
and to determine the overall effect on a patient’s recovery.
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Abstract

Objective. Extra- and intraneural scar formation after peripheral nerve injury fre-
quently causes tethering and compression of the nerve and inhibition of axonal regen-
eration. ReGeneraTing Agents (RGTAs) mimic the stabilizing and protective properties
of heparin sulfate towards heparin binding growth factors (HBGFs). The aim of this
study was to assess the effect of RGTAs on extraneural fibrosis and regeneration after
crush injury in a rat sciatic nerve model.

Methods. Thirty-two female Wistar rats underwent a standardized crush injury of
the sciatic nerve. The animals were randomly allocated to RGTA treatment or sham
treatment in a blinded design. To score neural adhesions, the peak force required to
break the adhesions between the nerve and its surrounding tissue was measured 6 weeks
after nerve crush injury. To assess axonal regeneration, magnetoneurography (MNG)
measurements were carried after 5 weeks. Static footprint analysis was performed pre
operatively and 1, 7, 14, 17, 21, 24, 28, 35 and 42 days post operatively.

Results. MNG data show no significant difference in conduction capacity between
the RGTA and the control group. Also, results of the static footprint analysis demon-
strate no improved or accelerated recovery pattern. However, the mean pull out force of
RGTA group (67.19 g + SEM 9.26) was significantly (p<0.01) lower compared to the
control group (206.96 g + SEM 13.90).

Conclusions. RGTAs have a strong positive effect on nerve adherence to surround-
ing tissue after nerve crush injury.

Keywords: nerve injury, rat, neural adhesions, regeneration, footprint analysis,
MNG

Introduction

Recovery after peripheral nerve injury is influenced by many factors, including scar
formation. Scar formation consists of extra- and intraneural collagen deposits. Collagen
fibers enveloping the nerve can contract, risking compression neuropathies that can be
accompanied with dysfunction and pain. During limb movement and muscle contrac-
tions, nerve adherence to surrounding tissue may lead to painful traction
neuropathies '>'**'. Furthermore, collagen deposition at the suture line and in the distal
nerve segment may interfere with axonal regeneration and subsequently lead to poor
functional outcome *.

The extracellular matrix (ECM) surrounding cells, in particular heparan sulfate,
play important roles in the regulation of wound healing, and have critical functions as
co-receptors for growth factors and matrix proteins '. ReGeneraTing Agents (RGTAs)
are chemically modified dextran polymers, which mimic the stabilizing and protective
properties of heparin sulfate towards heparin binding growth factors (HBGFs). RGTAs
are characterized by specific activity at injured sites *. In various experimental animal
models, i.e. bone regeneration, skin repair, colonic anastomosis and muscle regenera-
tion, RGTAs have proven to promote tissue remodelling and healing *'*'»*?**, In addi-
tion, in vitro studies demonstrated that RGTAs enhance the bioavailability of
HBGF **. RGTAs may decrease extra- and intraneural scarring after nerve injury and
enhance neural regeneration by binding natural signals at the site of injury.

The objective of this study was to assess the effect of RGTAs on the recovery process
after peripheral nerve injury in a rat sciatic nerve crush model. A quantitative biome-
chanical method is used assess the effect of RGTAs on neural adhesions. Additionally,
RGTAs are tested for their influence on the regenerative capacity of axons using neuro-
physiology (magnetoneurography) and footprint analysis.

Materials ¢ Methods

The experimental protocol was approved by the Animal Experiments Committee
under the national Experiments on Animals Act and adhered to the rules laid down in
this national law that serves the implementation of “Guidelines on the protection of
experimental animals” by the Council of Europe (1986), Directive 86/609/EC. Animals
were housed under standard conditions of light and accommodation and allowed to
become accustomed to laboratory conditions for 1 week before the start of the experi-
ment. They were fed a standard laboratory diet (Hope Farms, Woerden, The
Netherlands) with food and water ad libitum.
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SURGICAL PROCEDURE

A total of 32 female Wistar rats (Harlan Netherlands B.V., Horst, The Netherlands),
each weighing approximately 200 g, were randomly allocated to RGTA treatment or
sham treatment in a blinded design. Rats were anesthesized using isoflurane (Isofluran,
Rhodia Organique Fine Limited, Bristol, UK) in a mixture of oxygen and nitrous oxide.
In each animals, the right sciatic nerve was exposed through a gluteal muscle—splitting
incision. Under magnification the nerve was mobilised in the mid thigh and prior to
crush injury, a uniform area of 10 mm was marked by epineural sutures 10/0 Ethilon®
(Ethicon Inc, Somerville). To perform a standardized nerve crush injury, 5 mm of this
segment was crushed for 30 seconds using a surgical needle holder, providing a fixed
pressure of 57.5N. Following local treatment with RGTA or saline, the muscle septum
and skin incisions were closed with 5/0 Vicryl® (Ethicon Inc, Somerville).

RGTA

In the experimental RGTA group (RGTA type OTR4120-192, batch B104), 50 pl
RGTA / sterile saline solution (0.1 mg/ml, freshly prepared) is locally administered for a
period of 45 minutes post injury. At day 1,4, 8 and 15 after surgery,a RGTA / saline solu-
tion of 1 mg/kg is injected intramuscular. The sham-treated control group received
saline in an identical treatment protocol.

pull direction

cranial direction

Figure 1. Schematic top view demonstrating the experimental setup for biomechanical measurements. The shad-
ed zone represents the standardized area over which the adhesions were broken. FT = force transducer; MS =
motorized spiral; N = needle; P = pulley; S = proximal part of sciatic nerve; S+T = distal part of sciatic nerve

and trifurcation; VC = vascular clamp; X1 and X2 = marking sutures.

PEAK PULL-OUT FORCE MEASUREMENTS

To evaluate the degree of nerve tethering to surrounding tissue, the peak force
required to break adhesions between the marked nerve segment and its surrounding tis-
sue was measured, as described elsewhere *.

Six week after surgery, 16 animals were anesthetized by inhalation of isoflurane as
well as a mixture of O2/N20 and subsequently sacrificed by cervical dislocation. Sciatic
nerves were dissected proximally and distally from the marked nerve segment. The dis-
tal nerve end was then transected at the level of the distal epineural suture initially
marked (X2) . The proximal nerve end was transected 10 mm proximal from
the proximal epineural suture (X1). At this point, the standardized nerve segment is only
attached to its surrounding tissue.

Immobilization of the rat leg was accomplished by pinning down the upper hind
portion of the leg with 19-gauge needles (Sterican; B. Braun Mesungen AG, Melsungen,
Germany). The proximal nerve segment was held tightly with a stiff vascular clamp and
interconnected to a force transducer with a range of 0 to 500 g (#52-9503; Harvard
Apparatus, Inc., Holliston, MA) by using a silver wire suture. A pulley was used to align
the course of the sciatic nerve with the pull direction. The force transducer was con-
nected to a motorized drive with a constant extension rate of 29 mm/minute. The peak
force required to pull the nerve segment out of its tissue bed was recorded.

MAGNETONEUROGRAPHY (MNG)

MNG measurements were carried out 5 weeks after nerve crush injury, according to
the ex vivo MNG technique as described earlier . In short, 16 animals were anesthetized
and the sciatic nerve was exposed from its origin in the lumbar spine to distal to the tri-
furcation at knee level, to acquire a segment of maximum length. To prevent axon leak-
age, the proximal part as well as the three branches of the sciatic nerve were ligated with
a 6-0 suture and transected proximally and distally to the knots, respectively. The MNG
recording chamber was filled with a buffer solution (Ringers Lactate containing glucose,
1 g/L) and kept at 21 + 0.1 °C. The nerve was guided through the recording sensor coils
as well as the stimulation cuff and stretched to ‘in vivo’ length by clamping the two
sutures in the recording chamber . The distal nerve end was stimulated with a
biphasic constant current pulse of 50 us delivered by two isolated stimulus units
(Digitimer DS3), connected in parallel. To guarantee supramaximal stimulation, the
stimulator was finally set to 1.4 times the strength of the lowest current that produced a
maximal signal.

Both right (operated) and left (control) sciatic nerve were measured. In the record-
ing setting of the right nerve, the stimulation cuff cathode was positioned 10 mm distal
to the marking suture placed prior to the crush lesion. Sensor 1 and sensor 2 were posi-
tioned 4 mm and 14 mm proximal to the marking suture, respectively. By applying dis-
tal stimulation and proximal recording, only axons with fibres regenerating across the
lesion were stimulated and recorded. For the contralateral (unoperated) nerve similar
recording settings were used, and an imaginary suture line was created at the same dis-
tance from the distal nerve end as present in the crushed nerve.
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Figure 2. Schematic view of

MNG setup demonstrating distal
Computer Amplifier stimulation and proximal
recording. The dark shaded area

represents the crush lesion.

JL

Stimulator Sensor 1 Sensor 2
crush
C R nerve ' . (0]
Distal Ar— G—— A— Proximal
10 mm 14 mm 10 mm

Each signal was calibrated by means of an accompanying 1 pA calibration signal,
which was recorded prior to every stimulus. Next, CNACs were analyzed on a personal
computer using custom-made software (DataCorr3 written in VBA for MS Excel). In
each recording setup, 4 consecutive batches of 256 CNACs were recorded and averaged.
Further analyses were performed using MatLab (The MathWorks, Natick, MA), after
which the following variables were calculated from the signal: (1) 1* peak amplitude
(1PA), (2) peak-peak amplitude (PPA), (3) area (A) and (4) conduction velocity (CV).
The biphasic character of the signal derived from sensor 1 enabled calculation of all of
these variables. Because of the generally monophasic character of the signal recorded
with sensor 2, only the 1PA and the CV were calculated for this sensor. Different neuro-
physiological variables are expressed as right — left ratios.

FOOTPRINT ANALYSIS

Static footprint analysis was performed pre operatively and at 1, 7, 14, 17, 21, 24, 28,
35 and 42 days post operatively, following the procedure described elsewhere *. From
the digitized footprints the distance between the first and fifth toe (Toe Spread; TS) was
measured. The averaged distances of three measurements were used to calculate the stat-
ic Toe Spread Factor (TSF) = (OTS — NTS) / NTS (O=operated/right; N=normal/left).
A value of —0.66 was allocated to the static TSF, in case no footprints were measurable
due to total impairment *.

The animals were meticulously examined for signs of autotomy and contracture. All
animals with absence of a part of the foot and/or showing contracture were excluded
from footprint analysis.

STATISTICAL ANALYSIS

The data were analysed using the Statistical Package for the Social Sciences version
10 (SPSS, Chicago, IL) software. Statistical significance was accepted at p < 0.05.
Individual statistical tests are mentioned where used.

No animals in any of the group displayed wound dehiscence or wound infections.
One animal died preoperatively. One animal was excluded from MNG and SFA evalua-
tion because of automutilation.
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Figure 3. Bar graph illustrating the results
of peak force measurements. The vertical
axis represents the force required to break

adhesions.
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PULL OUT FORCE

In the effect of RGTA on the POF is demonstrated. The unpaired Student’s
t-test demonstrates a significant reduction in the RGTA group (p < 0.01). The mean
POF in the control group was 206.96 g (SEM 13.90) and reduced by 67% to 67.19 g
(SEM 9.26) in the RGTA group.

MAGNETONEUROGRAPHY
shows the results of the neurophysiological examination after 5 weeks. All
six MNG outcome variables do not significantly differ between RGTA and control group
(unpaired Student’s t-test).

Group Mean {SEM] p-value
Table 1. MNG outcome
1PA 1 ntrol 0,445 (D,0305) 053
variables in means (SEM) of sensor I:EJG'I[E 0 477 :ECI 0331;
control animals and RGTA
treated animals: conduction PPA sensor 1 cantrol 0,313 (0,0331) 0,51
. RGTA 0,543 (0.0280)
velocity (CV) of sensor 1 &
2; 1" peak amplitude (1PA) CV sensor 1 cantrol 0.47G (0.0895) 039
of sensor 1 & 2; peak-peak RGTA 0.552(0,0507)
amplitude (PPA); and area A sensor 1 contral 0670 (0,0331) 096
(A) of sensor 1. P values of RGTA 0,671 (0,0483)
the unpaired Student’s t-test 1PA sensor 2 control 0644 (0,1328) 0,25
are given. RGTA 0,507 (0.0368)
CV sensor 2 cantrol 0,588 (0.0848) Q77
RGTA 0,715 (D,0494)
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FOOTPRINT ANALYSIS
The recovery patterns of static TSF over time after crush injury of RGTA and con-
trol group show similarity and no distinct difference in functional loss is visualized
. In concordance, multivariate tests of repeated measures demonstrate no sig-
nificant difference between the two recovery patterns (p=0.698).
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Figure 4. Mean static TSF (SEM) as a function of time after surgery of RGTA group (black circles) and control
group (grey diamonds).

Discussion

Our results demonstrate that RGTAs significantly reduce adhesions after peripher-
al nerve crush injury. Neurophysiological data show no enhanced regeneration in RGTA
treated animals. Nevertheless, RGTAs do not impede axonal regeneration or functional
recovery.

Heparan sulfate is a natural component of the extracellular matrix. Heparan sulfate
plays an important role in cellular processes by binding secreted growth factors and
cytokines. Heparan Sulphate controls the activity of these molecules by protection from
chemical and physiological degradation, thereby providing a reservoir for delayed
release .

After injury, heparin sulphates will becomes degraded by activated heparinase °.
RGTAs were engineered to replace the degraded heparan sulfate at the site of injury in
order to protect the natural signals without preventing these signals from operating
their natural stimulatory functions. Specific activity at injured sites was demonstrated in
a model of ischemic muscle healing using labeled RGTAs intravenously injected. RGTAs
in a non-injured rat were readily eliminated, whereas in animals after crushing muscle,
RGTAs remained solely localized in the damaged muscle until regeneration was com-
pleted *. Previous studies demonstrated that RGTAs enhance the bioavailability of

HBGF **. In various experimental animal models, RGTAs promote tissue remodelling
and healing, i.e. bone regeneration, skin repair, colonic anastomosis and muscle regen-
erathl’l 6,16,17,22-24,38

EXTRANEURAL SCARRING

This study revealed that nerve adherence to surrounding tissue is reduced by
RGTAs. In most studies on prevention of extraneural scarring in peripheral nerve sur-
gery, adhesions were evaluated by a description of histological findings or scored based
on the difficulties of surgical dissection using a numerical grading scheme introduced
by Peterson et al *. To assess the anti adhesion effect of RGTAs after nerve injury, we
used a biomechanical method previously described by Smit et al **. The measured pull
out force provides a quantitative outcome, strictly related to the connections between
nerve and its surrounding tissue. In slightly different experimental set ups, the pull out
force has been used in two other studies to score neural adhesions 7.

Many strategies have been used in an attempt to reduce extraneural scarring. Several
surgical techniques have been developed to create an autologous barrier, such as wrap-
ping the nerve with vein, dermo-fascial fat grafts or muscle flaps *'**"*, Foreign materi-
als providing a physical barrier, like silicone cuffing, have been studied as well *.
However, these devices may induce foreign body reaction or migrate. ADCON-T/N (a
carbohydrate polymer gel) and viscous injectable pure alginate sol can provide a
biodegradable barrier **. Agents, which may exert a pharmacological effect on adhesion
formation, include mitomycin C (chemotherapeutic agent), human amniotic fluid,
aprotinin (proteinase inhibitor), and anti-TGF-beta ®!"'*2#2» Hyaluronic acid gel, as
well as HA-CMC membrane (a mixture of hyaluronic acid and carboxymethylcellu-
lose), may affect adhesion formation at a cellular and mechanical level '>*.

The diminishing effect of RGTAs on extraneural scarring has not been reported ear-
lier. In vitro, RGTAs induce a decrease of collagen III production by different cultured
cells >*. Biopsies of human intestinal tissue from Crohn’s disease patients ex vivo
exposed to RGTAs show direct diminution of collagen III 2

AXONAL REGENERATION AND FUNCTIONAL RECOVERY

Neurophysiological measurements were performed using magnetoneurography.
MNG has proven to be a valuable tool to quantify peripheral nerve regeneration in rab-
bit and rat models **¥. MNG data show no significant difference in conduction capaci-
ty between the RGTA and the control group. This indicates no enhancement of axonal
regeneration, nor a negative effect of RGTAs in a crush model. Over the years, several
experimental strategies have proven to promote nerve regeneration and functional
recovery, including the use of electrical stimulation and the application of hyaluronic
acid, FK506, steroids and anti-TGF-beta **'>***  The effect of RGTAs on nerve regener-
ation has not been reported. We hypothesized that RGTAs enhance regeneration
through a reduction of intraneural fibrosis. Furthermore, RGTAs might affect regener-
ation through binding and protecting preexisting and newly synthesized HBGFs. We did
not disclose improvement of conduction capacity five weeks after injury. Also, no
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improved or accelerated recovery pattern of static TSF was demonstrated during the six
weeks following injury. Our results might be explained by the type of injury we applied
in our model. The crush model is a widely used model for studies on injuries of rat sci-
atic nerves. Nevertheless, a disadvantage is that functional recovery measured by foot-
print analysis following crush injury in rats is excellent. In the present study, the static
TSF was practically normalized at six weeks. Therefore, any effect on axonal regenera-
tion might not be observed. When the severity of the injury is increased, i.e. in a nerve
repair model, acceleration and improvement of regeneration might be demonstrated.
We emphasize the need for further studies to investigate the effect of RGTAs on periph-
eral nerve regeneration in a nerve transaction model.

In summary, we have proven the effectiveness of RGTAs in reducing the pull out
force after nerve crush injury. The results of this study do not reveal positive or negative
influence of RGTAs on axonal regeneration. We conclude that local and systemic appli-
cation of RGTAs after peripheral nerve trauma has a therapeutic effect on neural adhe-
sions and should further be investigated.
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General Discussion

To improve recovery after peripheral nerve injury, surgeon and patient have to win
the struggle at the site of nerve injury. This thesis is initiated to elucidate different prob-
lems and quantify different processes related to the site of peripheral nerve injury. These
problems and processes cannot be addressed to in randomized clinical outcome studies.
Patient and injury related variables influencing outcome after nerve injury are hetero-
geneous *, consequently leading to statistical problems. Therefore, well-designed exper-
imental research in the field nerve injury is of great value.

In chapter 1, experimental assessment techniques of peripheral nerve injury are
reviewed and discussed for their (dis)advantages. Furthermore, physiology and patho-
physiology of the peripheral nervous system are described with a focus on fundamental
problems related to the site of injury.

In this thesis, experimental evaluation techniques of function of target organs (foot-
print analysis), and axon regeneration (conduction capacity) are investigated for their
relation and value. Furthermore, peripheral nerves are studied for physiological biome-
chanical properties. Tensile forces are of paramount importance for nerve repair, espe-
cially when bridging nerve gaps. Biomechanical evaluation is also used to quantify neu-
ral adhesions after nerve injury and to test the effect of antiadhesion strategies.

The study in chapter 2 was designed to evaluate and validate different techniques of
functional evaluation, i.e. footprint analysis, after sciatic nerve injury in rats. The most
commonly used method of functional assessment after nerve repair in the rat is walking
track analysis, resulting in the Sciatic Function Index (SFI). Traditional and new video
techniques of walking track analysis are both known to be labour-intensive . In this
chapter, we demonstrate an excellent correlation between the laborious SFI and the time
efficient static footprint analysis used to assess functional recovery after repair of the rat
sciatic nerve. In 2000, Bervar introduced a new method that enabled reliable and fast
alternative footprint analysis, resulting in the Static Sciatic Index (SSI) *. The main ben-
efits of this digitized static video recording technique are ease and speed with which the
essential footprints could be collected and analysed. In this study, we confirm the time
effectiveness and moreover, we conclude that the use of the static Toe Spread Factor
(static TSF) is preferable, as the supplementary value of SSI over static TSF is not proven
and calculation of static TSF is easier than calculation of SSL

Over the years, the use of video analysis has been expanded by determining other
parameters of functional recovery, like stance phase of a gait cycle, stance duration and
ankle angle****. Such extensive, but labour-intensive, functional gait analyses indeed
have been proven to give an accurate reflection of the nerve’s target organ function.
However, the power to discriminate between experimental groups has not been con-
firmed in literature yet. As mentioned in chapter 1, the function of target organs is only
of relative value when studying fundamental problems at the site of injury. Recovery of
target organ function, for example measured by static footprint analysis, is dependent
on too many factors not related to the site of injury.

In conclusion, footprint analysis should only serve as additional evaluation method
of nerve injury, providing indirect evidence of the recovery process of the nerve at the
site of injury. Static footprint analysis is comparable to the traditional walking track
analysis but easier and more time efficient.

The aim in chapter 3 was to develop and validate a set up enabling accurate quan-
tification of the conduction capacity of a rat sciatic nerve. In vivo neurophysiological
measurements are heavily prone to errors, i.e. recording distances and temperature,
especially in small sized animals. In this chapter, a setup is described, developed to accu-
rately make ex vivo MNG measurements on rat sciatic nerves. Biphasic stimulation with
optimized grounding reduced the stimulus artifact. The mean variability (<5%) of
MNG signals demonstrated that the design of the recording chamber allows for a pre-
cise and reproducible setup. An inherent side effect of ex vivo measurements is a
decrease in nerve viability over time. However, ex vivo nerve viability was assured for at
least 2 hours after dissection, which is sufficient to perform multiple measurements.
Recent studies showed that ex vivo nerve measurements, enabling high reproducibility
and signal quantification, can be performed with ENG in (compartmental) bath solu-
tions '>'¢**
nerve’s conduction capacity. However, the advantage of magnetically recording neuro-

%7 Multiple chambers allow for evaluation of local drug influence on the

physiological signals (MNG) over electrically recording neurophysiological signals
(ENG) is that magnetic fields are less influenced by the impedance of biological tissue
surrounding the nerve, and by the position of the nerve in relation to the sensor *>*.
The general conclusion of this chapter is that ex vivo MNG can reliably quantify the
nerve’s conduction capacity (signal amplitude and conduction velocity). Irrespective of
the type of recording (electrical or magnetic), we emphasize the advantages of an ex vivo
set up for neurophysiological studies on the nerve’s conduction capacity of small sized
animals. This allows for better control of confounding factors of the measurements.

The study described in chapter 4 reports on the recovery pattern of neurophysio-
logical features, and function of target organs after rat sciatic nerve transection followed
by direct repair. Previous investigations studying electrophysiology of nerve regenera-
tion and its relation to other outcome measures used conventional EMG or ENG,
accompanied by the disadvantages mentioned earlier '****. Using ex vivo MNG, more
profound conclusions can be drawn on the neurophysiological outcome after nerve
injury and its relation to function of target organs as measured by static TSF and mus-
cle weight (MW).

Neurophysiological experiments of nerve regeneration are known to require long
term study end points. This study, however, demonstrated that 8 weeks after nerve
repair, neurophysiological features like 1* peak amplitude (1PA), peak peak amplitude
(PPA), area (A) and conduction velocity (CV) have already reached approximately two
thirds of the values measured 24 weeks postoperatively. Thus, recovery of neurophysio-
logical signals is primarily established within the early weeks of regeneration.
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Electrophysiological changes in aging animals have been reported extensively"**
*. The need of right - left ratios in longitudinal studies is therefore of outmost impor-
tance. Our finding, that up to an age of 35 weeks, conduction capacity enhances, agrees
with literature.

The moderate correlations found between static TSF (function) and MNG variables
(conduction capacity) can be explained by the difference in recovery pattern as meas-
ured by static TSF and MNG. After approximately 10 weeks, static TSF recovery levels
off, whereas in case of MNG, neurophysiological variables still increase significantly
after this period. This plateau phase has been described in previous studies using the sci-
atic function index *"*', however not compared to the recovery pattern of neurophysio-
logical features. From this chapter it becomes clear that the process of axon regeneration
continues, even though improvement of function appears to stagnate. It might be con-
cluded that maturation of axons does not have consequences for final function. This
would probably be true if static TSF was an adequate measure of final nerve function.
However, it is more likely that spreading of the toes already can be established by
ingrowth of relatively few or immature axons. Footprint analysis does not allow for
quantification of refined movements or strength of various muscles as possible in a
human setting. Thus, when studying axon growth after nerve injury, the function of tar-
get organs, as measured by footprint analysis is only of relative value.

A widely discussed drawback of footprint analysis is the loss of animals due to auto-
tomy and contracture of the rat’s hind paw ”***. No relation exists between autotomy
and / or contracture and poor conduction capacity. A possible bias in footprint analysis
caused by exclusion of autotomy / contracture animals is therefore confuted.

Reinnervation of the muscle after sciatic nerve repair causes a significant increase in
MW up to at least 24 weeks after surgery. Regression analysis demonstrated that an
increase in number and / or maturation of regenerated nerve fibers is strongly related to
the weight of the muscle. There was no significant relation between static TSF and MW.
Apparently, both indirect measures are totally different derivatives of the regeneration
process. For experimental rat studies of nerve fiber regeneration after injury, we recom-
mend the use of a more direct derivative of the regeneration process, such as MNG.

The discrepancy between neurophysiology and function of target organs also exists
in a clinical setting * In contrast to the rat model in which recovery of function stag-
nates in the early phase after injury, in humans functional improvement is seen up to 5-
6 years after surgery *. From literature, there is no consensus on the neurophysiologi-
cal recovery after nerve repair in humans. In conceptual models a recovery period of 18
months is suggested . It should be noted that a major difference exists between clinical
and experimental evaluation of (1) neurophysiology and (2) function of target organs
after nerve injury. The disadvantages of assessment of function of target organs in an
animal model are extensive and have been discussed earlier, whereas the possibilities of
functional evaluation after nerve repair in a clinical setting are extensive and precise .
Conversely, in human, neurophysiological assessment is restricted to (most often) non
invasive techniques where animal models allow invasive and accurate neurophysiologi-
cal measurements.

The study in chapter 5 describes how stretch is distributed along the nerve relative
to articulations. During normal extension and flexion the joint regions underwent
greater deformation than the corresponding non-joint regions. Tensile testing of isolat-
ed samples of both regions of both nerves showed that joint regions were less stiff (more
compliant) than their non-joint counterparts. Thus, is not a simple function of greater
loading over joints but rather reflects distinct material properties of the two zones, joint
regions being inherently more compliant. This could not be explained by structural dif-
ferences identified by fascicular/non-fascicular tissue architecture, as suggested by
Sunderland *'. From this study and from literature, it is unclear by which means regions
of differing stiffness develop. The point to which nerves reach their physiological The
tension range of peripheral nerves at which the neural function is compromised has
been subject of many investigations >,

When repairing a nerve defect, the surgeon has to decide whether to use a nerve
graft (or interponate) or an end-to-end repair under tension. In literature, there is dis-
agreement about this decision point and attempts have been made to express the signif-
icant level of nerve gap in centimeters or percentage of dissected nerve *. From our
study, we conclude that during decision making to treat nerve defects, indications can-
not be expressed in length of gap or as a percentage of the dissected nerve segment in
situ as great variation exists along the length of the nerve.

Chapter 6 compromises a study on neural scarring. Adhesion formation is a serious
problem in peripheral nerve surgery, frequently causing dysfunction and pain **'. The
assessment of nerve adhesions in experimental models is complicated. Histology and
surgical evaluation of the wound are widely accepted methods of assessing nerve adhe-
sions ¥4 but critically reviewed in this chapter. Adhesion formation between nerve
and surrounding tissue (extraneural scarring) was assessed and validated in a newly
developed biomechanical model by measuring the peak force required to break the
adhesions. With an increasing severity of trauma, adhesions increased significantly. We
emphasize that a simple nerve dissection (= neurolysis) can cause substantial extra-
neural scarring. Having proven that neural adhesions can be accurately quantified using
the described model, the role of other evaluation methods should be reconsidered.
Although histology is only semi quantitative it may have an additional role in investiga-
tions on strategies to prevent neural scarring. Staining of collagen can help to under-
stand the working mechanism of antiadhesion therapies. Furthermore, intraneural scar-
ring cannot be assessed by a biomechanical model and requires histology.

Hyaluronic acid (HA) a glycosaminoglycan in the extracellular matrix, where it
plays an important role in many tissue repair biological processes *and has proven to
have antiadhesion effects **. Hyaloglide (Fidia Advanced Biopolymers Srl, Abano
Terme, Italy) is a viscous hydrogel, developed as an antiadhesion device. In gynaecolog-
ical and intra-abdominal surgery (ACP-gel), it has proven to reduce adhesions >'*'-*.
The study in this chapter demonstrates a significant reducing effect on nerve adhesions,
when using Hyaloglide after different types of peripheral nerve injury. The working
mechanism of Hyaloglide is not revealed from this study. This autocrosslinked HA based

113



114

General Discussion, Conclusions and Research Perspectives

gel is highly viscous and can serve as a biodegradable barrier to physically keep the
injured nerve separated from the adjacent tissue >*. Furthermore, after slow deesterifi-
cation of the molecules, liberated HA may have a cellular antiadhesion effect at the
injured site > %>,

Various strategies have proven to effectuate an antiadhesion effect after nerve injury
b1819.24 3639409 Due to different experimental models and evaluation methods it is not
possible to compare these strategies and up to now, these strategies have not been
weighed against each other in one quantitative study. To our knowledge, these experi-
mental studies have not yet resulted in randomized clinical trials concerning neural
adhesion following peripheral nerve injury. The feasibility of such trials is disputable as
quantitative evaluation of neural adhesions is almost impossible in human.
Nevertheless, a device like Hyaloglide ** is currently used in a clinical setting.

The aim of chapter 7 was to assess the effect of RGTAs on extraneural fibrosis and
regeneration after crush injury in a rat sciatic nerve model. ReGeneraTing Agents
(RGTAs) mimic the stabilizing and protective properties of heparin sulfate towards
heparin binding growth factors (HBGFs). RGTAs have proven to promote tissue remod-
elling and healing in various experimental animal models, i.e. bone regeneration, skin
repair, colonic anastomosis and muscle regeneration.

Using the biomechanical model (chapter 6) we demonstrated that RGTAs are effec-
tive in reducing the pull out force, i.e. neural adhesions, after nerve crush injury.
Regulation of HBGF activity by RGTAs effectuates a reduction of extraneural scar for-
mation, in particular regulation of TGF-beta, which promotes collagen deposition and
fibrosis.

The results of this study do not reveal positive or negative influence of RGTAs on
axonal regeneration as measured by magnetoneurography (chapter 3 & 4). Also, no
improved or accelerated recovery pattern of static TSF (chapter 2) was demonstrated
during the six weeks following injury. A lack of improved conduction capacity using
RGTAs may be explained by the type of injury. Following crush injury (axontmesis),
axonal regeneration is complete and relatively fast compared to total transection of a
nerve (neurontmesis). It is possible that the positive effect of RGTAs, i.e. reduction of
intraneural fibrosis, is not relevant in this type of injury in the rat model. When severi-
ty of injury is increased, for example in a nerve repair model, acceleration and improve-
ment of regeneration by the use of RGTAs may be demonstrated.

When comparing pull out force (POF) results of chapter 6 and chapter 7, there is no
significant difference between crush injury control groups six weeks after crush injury.
Mean POF (+ SEM) of control HA-gel study is 230.26 (+ 11.59 g) and mean POF (+
SEM) of control RGTA study is 206.96 g (+ SEM 13.90). The small difference may be
caused by the fact that these studies were performed by different investigators at differ-
ent time points. Yet, a striking difference is noted between the antiadhesion effect of HA-
gel and RGTAs. HA-gel effectuates a decrease of 29% in peak force, whereas RGTAs
accomplish a decrease of 67% in peak force after nerve crush injury. To demonstrate a
significant difference between both antiadhesion therapies both strategies should be

investigated in one study. Then, a possible synergy of RGTAs and HA-gel can also be
studied.
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Main conclusions of this thesis

From the studies performed in our experimental rat model, the following conclu-
sions can be drawn:

- Static TSF derived from digitized static footprint analysis reveals identical infor-
mation on function of target organs as SFI derived from the more time consum-
ing (digitized) walking track analysis.

- MNG of rat sciatic nerve in an ex vivo recording chamber can reliably quantify
the nerve’s conduction capacity, from early on in the regeneration process.

- Despite isolation of the nerve, (ex vivo) viability is assured for at least 2 hours
after dissection using the described recording chamber.

- After sciatic nerve injury recovery patterns as assessed by MNG (direct measure
of axon regeneration) and by MW and static TSF (indirect measures of axon
regeneration) vary significantly.

- The process of regeneration does not stop when functional recovery, as measured
by footprint analysis becomes stagnant.

- When studying axon growth after nerve injury, the function of target organs, as
measured by footprint analysis, is only of relative value.

- No relation exists between poor conduction capacity, and autotomy and con-
tractures.

- For studies of nerve fiber regeneration after injury, the use of a direct measure,
i.e. conduction capacity, of the regeneration process is recommended over indi-
rect measures, i.e. muscle weight and footprint analysis.

- At articulations, peripheral nerves exhibit increased strain during limb move-
ment and decreased stiffness.

- The localised heterogeneity of tensile properties is not related to fascicular/non-
fascicular tissue architecture.

- Biomechanical assessment enables a quantitative and objective measure of neu-
ral adhesions and is to be preferred over surgical evaluation of the wound.

- Hyaloglide en RGTA are both effective in reducing neural adhesions after nerve
injury

- Hyaloglide effectuates a faster recovery process of the static TSF after nerve
injury

- After nerve injury, RGTA does not have an effect on the recovery of static TSF
and on the recovery of conduction capacity.

- The struggle at the site of nerve injury can well be studied in a rat sciatic nerve
model

Research Perspectives

The general aim of this thesis was to quantify physiological and pathophysiological
processes, associated with the site of a possible nerve injury, in the rat sciatic nerve
model. Validated experimental methods providing quantifiable outcome data can pro-
vide solid evidence for potential beneficial strategies to promote recovery after periph-
eral nerve injury. It is not feasible to review all future possibilities in this field of
research. However, a few research perspectives can be summarized, which are directly
related to this thesis:

- In future experimental studies on promotion of recovery after nerve injury, the
type of assessment technique should carefully be considered. A quantifiable
measure is preferred, which is directly related to the hypothesis of the experi-
ment.

- Experimental research using Magnetoneurography requires an investment in
technical knowledge. The financial aspects of the recording set up are compara-
ble to other conventional neurophysiological methods. When deciding to per-
form neurophysiological measurements as an assessment method, ex vivo meas-
urements are preferable over conventional electrophysiology.

- Proving beneficial effect of antiadhesion therapies in randomized clinical trials is
rarely feasible. Negative side effects of antiadhesion strategies should be avoided
and disclosed. Then, when experimental evidence of antiadhesion strategies is
clear, one should consider clinical use without testing in randomized clinical tri-
als.

- The localised heterogeneity of tensile properties is not related to fascicular/non-
fascicular tissue architecture. Further studies should be planned to investigate
differences in collagen architecture in different regions of a nerve which could
account for the local differences in tensile properties.

- After nerve injury, Hyaloglide has an antiadhesion effect and accelerates recovery
of static TSE. The working mechanisms of the findings remain unrevealed in this
thesis. The exact antiadhesion working mechanism of Hyaloglide should be fur-
ther investigated. Furthermore, it is interesting to know whether the acceleration
of recovery of static TSF is due to increased conduction capacity or due to better
gliding properties of the nerve.

- After nerve injury, RGTA has an antiadhesion effect but no effect on the recov-
ery of conduction capacity. We emphasize that the study on RTGA includes only
one time point and one type of trauma (crush). The effect of RGTA on recovery
of conduction capacity after different types of injury and the effect on intra neu-
ral scarring should further be investigated.

- Hyaloglide is locally applied to the injured nerve. Therefore, its effect will be
accomplished within early days after nerve injury. RGTA can be applied locally
and systemically. RGTA may have a longer time range in which its antiadhesion
effect is successful. This possible synergy of Hyaloglide and RGTA should be fur-
ther investigated.
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Om het klinische herstel na letsel van een perifere zenuw te verbeteren, moet zowel
patiént als chirurg de strijd winnen ter plaatse van het zenuwletsel. Dit promotieonder-
zoek is opgezet met als doelstelling (patho)fysiologische processen, die zich afspelen op
de plek van het letsel, in kaart te brengen en in maat en getal uit te kunnen drukken. Een
groeiende kennis op het gebied van de (patho)fysiologie van de neurobiologie heeft zich
de afgelopen decennia maar deels vertaald in een klinisch functionele verbetering na
perifeer zenuwletsel. Het proefdiermodel speelt een cruciale rol in deze vertaalslag.
Klinisch onderzoek op het gebied zenuwletsel wordt bemoeilijkt door heterogeniteit van
letsels en patiéntenpopulatie. Gerichte en kwantitatieve evaluatietechnieken van perifeer
zenuwletsel in een proefdiermodel maken de uiteindelijke vertaalslag naar de kliniek
kleiner en/of makkelijker.

In hoofdstuk 1 wordt de fysiologie en pathosfysiologie van het perifere zenuwstel-
sel besproken, waarbij speciale aandacht uitgaat naar fundamentele problemen gerela-
teerd aan de plaats van het zenuwletsel. De nervus ischiadicus van de rat is een veel
gebruikt experimenteel model voor het evalueren van perifeer zenuwletsel. Dit hoofd-
stuk omvat een kritisch overzicht van experimentele technieken die beschikbaar zijn
voor de evaluatie van perifeer zenuwletsel in het rattenmodel. Grofweg worden de eva-
luatietechnieken onderverdeeld naar histologie, neurofysiologie, functie van eindorga-
nen en biomechanica.

In dit proefschrift vindt een vergelijking plaats tussen evaluatietechnieken van func-
tioneel herstel van eindorganen (zoals voetafdruk analyse), en axonregeneratie (zoals
geleidingscapaciteit). Daarnaast worden de biomechanische eigenschappen onderzocht
van perifere zenuwen onder fysiologische omstandigheden. De rekeigenschappen van
een zenuw zijn van groot belang bij het chirurgisch herstel van zenuwletsel, in het bij-
zonder indien er een defect bestaat tussen twee zenuwuiteinden. De biomechanica
wordt ook gebruikt bij het ontwikkelen van een model waarin neurale verklevingen
kunnen worden gekwantificeerd voor het testen van anti-verkleving strategieén.

De studie in hoofdstuk 2 is opgezet met als doelstelling het evalueren en valideren
van verschillende methoden van functie analyse na zenuwletsel gebruikmakend van
voetafdrukken. Het looppatroon van de rat geldt al jaren als functionele maat voor her-
stel van de zenuw in een rattenmodel. De meest gangbare techniek van voetafdruk ana-
lyse is ‘Walking Track Analysis. Hierbij worden middels verf, inkt of (digitale) video
opnames diverse voetafdruk parameters vastgelegd van een lopende rat, uiteindelijk
resulterend in de ‘Sciatic Function Index’ (SFI). Een nadeel van deze methode is o.a. het
tijdrovende aspect. Een vereenvoudigde methode van deze functie analyse is de statische
voetzool analyse. De studie in dit hoofdstuk laat een uitstekende correlatie zien tussen
de tijdrovende SFI en de meer tijd efficiénte statische voetzool analyse ter evaluatie van
functieherstel na letsel van de nervus ischiadicus van de rat. In 2000 introduceerde
Bervar een nieuw, betrouwbaar en statisch alternatief voor ‘Walking Track Analysis),
resulterend in de ‘Static Sciatic Index’ (SSI). De winst van deze digitale statische video

techniek wordt behaald door het gemak en snelheid waarmee de benodigde voetafdruk-
ken kunnen worden verzameld. Deze studie bevestigt de efficiéntie van de statische tech-
niek en laat bovendien zien dat de ‘static Toe Spread Factor’ (static TSF) de voorkeur
heeft boven de uitkomst van de SSI. De aanvullende waarde van de SSI boven de ‘static
TSF kan namelijk niet worden bewezen en de berekening van de ‘static TSF’ is gemak-
kelijker dan die van de SSI.

In de introductie is reeds beschreven dat de functie van het eindorgaan, zoals
bepaald met bijvoorbeeld voetafdruk analyse, slechts van relatieve waarde is bij experi-
mentele studies naar fundamentele problematiek ter plaatse van het zenuwletsel. Het
herstel van eindorgaan functie is namelijk athankelijk van te veel factoren die niet gere-
lateerd zijn aan de plaats van het zenuwletsel.

Wij concluderen dat voetzool analyse alleen als supplementaire evaluatie techniek
van perifeer zenuwletsel gebruikt moet worden, daar het slechts een indirecte uitkomst-
maat geeft van het herstelproces ter plaatse van het trauma. Statische voetzool analyse is
vergelijkbaar met de traditionele “Walking Track Analysis) maar is te prefereren daar het
minder tijd in beslag neemt.

De doelstelling van hoofdstuk 3 is het ontwikkelen en valideren van een opstelling
waarin de gdeidingscapaciteit van de rattenzenuw gekwantificeerd kan worden.
Neurofysiologische metingen in kleine proefdieren die in vivo verricht worden zijn ern-
stig onderhevig aan artefacten, o.a. veroorzaakt door korte en variérende geleidingsat-
standen en temperatuurwisselingen. In deze studie wordt een opstelling ontwikkeld
waarbij, in een ex vivo setting, in een meetkamer zeer accurate magenetoneurografische
metingen (MNG) kunnen worden verricht op de nervus ischiadicus van de rat.
Bifasische stimulatie en optimale aarding zorgen voor een forse reductie van het stimu-
lus artefact. De lage variabiliteit (<5%) van de MNG signalen bewijst dat het ontwerp
van de meetkamer zorg draagt voor precieze en reproduceerbare metingen. Een inherent
effect van neurofysiologische ex vivo metingen is de uitdoving van het signaal in de tijd.
Deze studie laat zien dat de gepresenteerde opstelling een overlevingstijd van de MNG
signalen waarborgt van minimaal twee uur, hetgeen genoeg tijd is voor meerdere MNG
metingen.

Ook electroneurografische metingen (ENG) kunnen in een ex vivo bad worden ver-
richt. Het voordeel van MNG boven ENG metingen is dat magnetische velden nauwe-
lijks worden beinvloed door de weerstand van vocht en of weefsel tussen de sensor en de
zenuw. Dit leidt tot een verhoogde reproduceerbaarheid van de MNG signalen.

De conclusie van dit hoofdstuk is dat ex vivo MNG metingen betrouwbaar de gelei-
dingscapaciteit van de zenuw kunnen kwantificeren. Ongeacht het type meting (elek-
trisch of magnetisch) benadrukken wij de voordelen van neurofysiologische ex vivo
metingen boven in vivo metingen in kleinere proefdiermodellen.

Hoofdstuk 4 beschrijft het herstelpatroon in de tijd na doorsnijding en herstel van
de nervus ischiadicus van de rat, weergeven in neurofysiologische kenmerken en weer-
gegeven in functie van eindorganen. In eerdere onderzoeken naar de relatie tussen
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neurofysiologie en andere experimentele evaluatietechnieken van perifeer zenuwletsel,
is altijd gebruik gemaakt van conventionele electroneurografie (ENG) en / of electro-
myografie. Met de ex vivo MNG techniek uit hoofdstuk 2 kunnen krachtigere conclusies
worden getrokken over de relatie tussen neurofysiologie en de functie van eindorganen,
zoals static TSF en spiergewicht (MW).

Deze studie laat zien dat het herstel van neurofysiologische parameters als 1° piek
amplitude (1PA), piek piek amplitude (PPA), oppervlakte van het signaal (A) en gelei-
dingssnelheid (CV) voor een groot deel plaats vindt in de eerste weken van het regene-
ratieproces. Neurofysiologische eigenschappen van een zenuw veranderen met de leef-
tijd, hetgeen ook wordt aangetoond in dit hoofdstuk. Wij benadrukken daarom de
noodzaak voor rechts - links vergelijkingen in longitudinale neurofysiologische studies,
waardoor de invloed van het leeftijdsaspect wordt meegenomen in de evaluatie.

Er bestaat slechts een matige correlatie tussen functie (static TSF) en geleidingsca-
paciteit (MNG). Dit kan worden verklaard door het verschil in herstelpatronen in de
tijd, welke worden uitgedrukt in static TSF en de verschillende MNG parameters. Het is
duidelijk dat het herstelproces van static TSF na 10 weken stagneert, terwijl na deze peri-
ode de MNG parameters nog wel een significante toename laat zien. Het regeneratie-
proces gaat dus door op het moment dat functieherstel gemeten door static TSF stag-
neert. Het lijkt waarschijnlijk dat het spreiden van de tenen door de rat al kan worden
bereikt, bij ingroei van relatief weinig of matig ontwikkelde axonen. De functie van
eindorganen, zoals gemeten met de static TSF is slechts van geringe waarde bij de eva-
luatie van axongroei na zenuwletsel.

Een groot en bekend nadeel van voetzool analyse (statisch of dynamisch) is de uit-
val van proefdieren door contracturen en / of automutilatie. Deze studie laat geen rela-
tie zien tussen uitval door contracturen en / of automutilatie, en verminderde gelei-
dingscapaciteit. Een mogelijke bias, als gevolg van exclusie van proefdieren, wordt daar-
om uitgesloten.

Er bestaat een duidelijke en significante relatie tussen spiergewicht, welke samen-
hangt met reinnervatie van de spier, en de geleidingscapaciteit van een zenuw.
Desalniettemin, bestaat er geen significante relatie tussen spiergewicht en static TSE.
Blijkbaar zijn deze twee indirecte uitkomstmaten totaal verschillende afgeleiden van het
regeneratieproces. Onze aanbeveling is dat bij experimentele studies naar axonregenera-
tie na zenuwletsel, beter een direct afgeleide van het regeneratieproces gebruikt kan wor-
den, zoals bijvoorbeeld MNG.

De studie in hoofdstuk 5 beschrijft de verdeling van rek over het verloop van een
zenuw en met betrekking tot de gewrichten. Tijdens fysiologische bewegingen (flexie en
extensie) ondergaat een zenuwsegment ter plaatse van een gewricht (gewrichtsregio)
meer verandering in lengte, dan een zenuwsegment lopend in een niet-gewricht regio.
Rektesten van geisoleerde stukken zenuw uit beide regio’s tonen aan dat de zenuw min-
der stijf is in een gewrichtsregio. Bovengenoemde bevindingen bewijzen dat er niet
slechts een grotere belasting bestaat op het zenuwsegment ter plaatse van een gewricht;
er moet echter ook een verschil bestaan in biomechanische eigenschappen van de

zenuwsegmenten in beide regio’s. Dit resulteert in een grotere compliantie van de zenuw
in een gewrichtsregio. Histologie laat zien dat dit verschil niet kan worden verklaard
door structurele verschillen in de fascikel / niet fascikel weefselverdeling.

In de kliniek zijn de rekeigenschappen van een zenuw van groot belang bij het chi-
rurgisch herstel van een zenuw, in het bijzonder als er een defect (‘nerve gap’) bestaat
wat overbrugd moet worden. Het kritieke punt, waarop besloten moet worden dit
zenuwdefect ‘end to end’ te herstellen, of juist met een interponaat te overbruggen, is
discutabel. Gezien de resultaten van deze studie is het duidelijk dat de besluitvorming
hierover niet uitgedrukt kan worden in centimeters zenuwdefect of in percentage van
het vrij geprepareerde zenuwsegment.

In hoofdstuk 6 is een experimentele studie verricht naar neurale verklevingen. De
vorming van adhesies is een groot probleem op het gebied van perifeer zenuwletsel, zich
Kklinisch uitend in functieverlies en ernstige pijnsyndromen. Het scoren van zenuwver-
klevingen in een experimentele setting is niet eenvoudig. Histologie en chirurgische
beoordeling van het wondgebied worden veel gebruikt in de literatuur, maar hebben
grote tekortkomingen zoals beschreven in de introductie van dit proefschrift. Voor deze
studie is een biomechanisch model ontworpen waarin verklevingen tussen zenuw en
omliggend weefselbed (extraneurale littekenvorming) worden gekwantificeerd aan de
hand van de kracht die nodig is om de verkleving te breken. Er wordt aangetoond dat
bij een toename in de ernst van het trauma, er significant meer kracht nodig is om de
ontstane verklevingen te breken. Met het beschreven biomechanische model kunnen
dus objectief en kwantitatief zenuwverklevingen worden gescoord. Het chirurgisch
beoordelen van de wond ter evaluatie van extraneurale littekenvorming moet worden
beschouwd als een inferieure techniek.

Hyaluronzuur (HA) is een glycosaminoglycaan in de extracellulaire matrix. HA
speelt een belangrijke rol in diverse biologische processen van weefselherstel en heeft
reeds aangetoond een anti-adhesieve werking te hebben op andere chirurgische gebie-
den. HA-gel (Hyaloglide, Fidia Advanced Biopolymers Srl, Abano Terme, Italy) is een
viskeuze gel op basis van water en HA, en is ontwikkeld als een anti-verkleving strategie.
Het ontwikkelde biomechanische model toont aan dat er een significant verlagend effect
op de neurale verklevingen optreedt, indien HA-gel wordt gebruikt na verschillende
soorten trauma van de perifere zenuw. In de literatuur worden meerdere experimentele
strategieén beschreven die een anti-adhesief effect hebben na perifeer zenuwletsel. Dit
heeft echter nog niet geleid tot een klinisch gerandomiseerde studie waarin dit effect
wordt bewezen. De haalbaarheid van een goed opgezette klinische studie naar zenuw-
verklevingen is ook discutabel. De klinische implementatie van anti-adhesieve strategie-
én zou al overwogen moeten worden op het moment dat toxiciteit en andere nevenef-
fecten zijn uitgesloten en er goede experimentele studies aan ten grondslag liggen.

Het doel van hoofdstuk 7 was het bestuderen van het effect van RGTAs op extra-
neurale verklevingen en op de regeneratie van axonen na crush trauma van de perifere
zenuw. ReGeneraTing Agents (RGTAs) bevatten de stabiliserende en beschermende
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eigenschappen van heparine sulfaat op heparine bindende groeifactoren (HBGFs). In
eerdere experimentele studies o.a. op het gebied van bot regeneratie, huidgenezing,
darmnaden en spierregeneratie hebben RGTAs bewezen een positief effect te hebben op
weefselherstel.

Met behulp van het biomechanische model uit hoofdstuk 6 wordt aangetoond dat
RGTASs een significant reducerend effect hebben op neurale verklevingen na crush trau-
ma van de perifere zenuw. De resultaten van deze studie tonen noch een positieve noch
een negatieve werking aan op het herstel van geleidingscapaciteit van de zenuw, welke
werd bepaald met MNG metingen (hoofdstuk 3 & 4). Ook werd er geen verschil gezien
in het herstelpatroon van de static TSF (hoofdstuk 2) in de zes weken na het trauma. Een
voorzichtige vergelijking van de resultaten uit hoofdstuk 6 & 7 laat zien dat na crush
trauma van de perifere zenuw het gebruik van HA-gel een reductie in bre ekkracht
bewerkstelligt van 29% en het gebruik van RGTAs een reductie in breekkracht bewerk-
stelligt van 67%. Een mogelijke synergetische werking van beide strategieén zou nader
onderzocht moeten worden.

In hoofdstuk 8 worden na de discussie de belangrijkste conclusies uiteengezet.
Tevens wordt een voorzet gegeven voor toekomstig experimenteel onderzoek naar peri-
feer zenuwletsel.
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Dankwoord

Professor Hovius, beste prof, het is ruim tien jaar geleden dat ik begon met laser
doppler metingen op de afdeling. Een opleiding of promotie lagen voor mij in die peri-
ode nog volledig buiten beschouwing. Ik had er een goed gevoel bij! In de jaren hierop
volgend heeft u mij altijd de mogelijkheid gegeven mijn gevoel te volgen en mij gesteund
daar waar nodig was. Dit heeft onder andere geleid tot dit proefschrift. Ik ben u hier-
voor erg dankbaar.

Han van Neck, beste Han, ik betwijfel ernstig of ik hier (nu al) had gestaan, als jij
niet was aangetrokken voor het NeuroTE project. Beiden niet geremd door enige kennis
van de neurobiologie ontstond er een plan, kwam er overzicht, werden er studies gestart
en produceerden we papers. Ik ben blij jou als copromotor te mogen hebben. Ik dank je
voor de afgelopen jaren.

De gehele promotiecommissie wil ik bedanken:

Professor de Zeeuw, beste Chris, op de 12° verdieping begon mijn promotie-onder-
zoek. Enkele jaren én een tussentijdse verhuizing naar de 15° later, was jij zonder enige
twijfel bereid om mijn manuscript te beoordelen. Dank hiervoor. Ik kan de manier
waarop jij de 12¢ verdieping onderzoek laat ademen, zeer waarderen.

Beste professor Snijders, beste professor Thomeer, ik was zeer verrast door het
enthousiasme waarmee jullie hebben gereageerd op het verzoek mijn manuscript te
beoordelen. Veel dank voor jullie tijd en interesse voor mijn onderzoek en voor het
plaatsnemen in mijn promotiecommissie.

Beste professor Stegeman, beste professor Ritt, dank voor het plaatsnemen in mijn
promotiecommissie. Het was prettig met enthousiasme ontvangen te worden om over
mijn onderzoek te praten.

Gerhard Visser, beste Gerhard, vanaf het begin van het onderzoek ben jij op de
achtergrond aanwezig geweest. Tijdens gezamenlijke meetings is mij opgevallen dat jij,
ondanks de betrokkenheid op de achtergrond, vaak het juiste punt van discussie naar
voren haalde. Tk dank je voor je hulp de afgelopen jaren.

Erik Walbeehm, beste Erik, jouw gedrevenheid heeft mij warm gemaakt voor
London, voor de anatomie van de hand, voor het experimentele onderzoek en voor de
plastische chirurgie in het algemeen. Ik ben je hiervoor erg dankbaar.

Joleen Blok, beste Joleen, jij bent te hulp geschoten bij het al lopende MNG experi-
ment. Ik ben je dankbaar voor de manier waarop je zonder enige weerstand bent gaan
meedenken en zodoende deze studie naar een hoger niveau hebt geholpen.

Stefan de Kool, beste Stefan, jij bent het genie achter het bakje. (Te) vaak hebben we
zitten turen in dat bakje. Het werd het uiteindelijk allemaal waard toen de resultaten
kwamen. Dank voor onze prettige samenwerking.

Michiel Dudok van Heel, beste Michiel, jij kon als geen ander op een duidelijke
manier helderheid verschaffen bij, voor mij, lastige neurofysiologische vraagstukken.
Het heeft allemaal veel te kort geduurd.

Robert Brown, dear Robert, the connection with London will not stop here. Over
the years, I have learned so much from the way you approach research. I am grateful for
the many pleasant years working with you.

Vivek Mudera, dear Vivek, you introduced me to the world of research. I thank you
for that. I will always remember the many nice moments in London.

Andrew Afoke, dear Andrew, after secondary school education I did not think that
physics would continue to play an important role in my life. You have taught me that the
role of biomechanics in research should not be underestimated. I am grateful to have
had the opportunity to work with you.

James Philips, dear James, I enjoyed the many NeuroTE meetings, your visits in
Rotterdam and my visits in London, the paper we wrote together and the pub discus-
sions we had. I still owe you a pint!

Beste Rob de Widt sr., Rob de Widt jr. en Tony Vierling, het oog wil ook wat en daar
hebben jullie voor gezorgd! Veel dank daarvoor.

Ineke Hekking, beste Ineke, altijd was jij bereid te helpen met het verbeteren en uit-
voeren van experimenten in wéér een nieuwe opstelling, uitgestald in het lab. Ik dank je
hiervoor en voor de gezellige uren en uren achter de microscoop.

Carin Oostdijk, beste C, het is ongelooflijk hoe jij de boel draaiende houdt. Ik dank
je voor het kopje thee voor m'n sollicitatie, het briefje hier, de email daar, de afspraak
dan en de kletspraatjes tussendoor. Tnx!

Irene Mathijssen, beste Irene, aan een half woord heb jij genoeg. Dank voor je steun
en het vele plezier.

De maatschap heelkunde uit het Ikazia Ziekenhuis, beste bazen, jullie hebben mij
opgeleid tot dokter. De compacte sfeer in het Ikazia is 6ngelooflijk waardevol. Dank voor
deze mooie periode.

Beste Teun Luysterburg, Chantal Moues, Thijs de Wit, Michiel Zuidam, Mischa
Zuijdendorp, Sanne Moolenburgh en Sarah Versnel, korte of langere tijd hebben wij
samen op de onderzoeksafdeling gewerkt. Allemaal zaten we in hetzelfde schuitje. Dat
gaf een goed gevoel!
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Dankwoord

Beste vrienden, het gebeurt niet vaak dat je bewust nadenkt over de vrienden om je
heen. Ik besef me dat jullie mijn leven een stuk rijker maken!

Hinne Rakhorst, beste Hinne, wellicht heeft het met 5 april 1974 te maken, maar dat
kan het niet alleen zijn. In relatief korte tijd ben jij een goed maatje geworden. Ik bewon-
der de spirit waarmee jij zaken weet aan te pakken. Ik kijk uit naar de komende jaren en
ben er trots op dat jij op deze dag aan mijn zijde staat.

Jean Bart Jaquet, beste Sjaak, de afgelopen jaren is er tussen ons een band ontstaan
die niet zomaar te beschrijven valt. Dat doe ik dus ook niet. Het gebeurd dus dat colle-
ga’s vrienden worden. Ik denk dat de zaken bij ons omgekeerd liggen. Jij bent een goede
vriend die collega is geworden. Ik ben hier ongelooflijk trots op.

Rob en Lies, lieve broer en zus, meer dan begrijpelijk was mijn onderzoek een com-
pleet mysterie voor jullie. Daarentegen begrepen jullie volledig dat dit onderzoek veel
voor mij betekende en dat ik er veel energie in stak. Dat gaf mij een erg goed gevoel. Ik
ben enorm blij jullie als broer en zus te hebben!

Lieve papa en mama, het is moeilijk uit te drukken hoe fijn het is om jullie om mij
heen te hebben. Jullie stralen liefde en vertrouwen uit en dat geeft mij steun in alles wat
ik doe. Ik dank jullie daarvoor.

Lieve Niki, jij bent mijn meisje. We horen bij elkaar en daar zijn geen woorden voor
nodig. Ik houd van je!
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Xander Smit werd op 5 april 1974 geboren in Eindhoven. In 1992 werd het VWO
diploma behaald aan het Sint-Laurenscollege te Rotterdam. In het zelfde jaar startte hij
met de studie geneeskunde aan de Erasmus Universiteit in Rotterdam. Gedurende zijn
studie werkte hij als “Forgeron” op de afdeling spoedeisende hulp van het Ikazia
Ziekenhuis te Rotterdam. Hiernaast werkte hij mee aan laser doppler metingen, tijdens
en na microvasculaire ingrepen op de afdeling Plastische en Reconstructieve Chirurgie
van het huidige Erasmus MC Rotterdam. Zijn afstudeerproject werd verricht aan “the
Tissue Repair Unit of the University College of London” (dr. R.A. Brown and prof.dr.
D.A. McGrouther). De samenwerking en contacten met London werden de onder-
zoeksjaren hierop volgend voortgezet. Na het behalen van het artsexamen in 1999, werd
gestart met promotie-onderzoek naar perifeer zenuwletsel aan de afdeling Plastische en
Reconstructieve Chirurgie van het Erasmus MC Rotterdam, hetgeen uiteindelijk heeft
geresulteerd in dit proefschrift. Na een tussentijdse AGNIO periode in 2002 op dezelfde
afdeling, werd de opleiding tot plastisch chirurg in het vooruitzicht gesteld. In een ver-
trouwde omgeving volgde hij vanaf 1 april 2004 de tweejarige vooropleiding algemene
chirurgie in het Ikazia Ziekenhuis te Rotterdam (opleider dr. W.F. Weidema). De perio-
de tussen vooropleiding en opleiding werd overbrugd door een fellowship in het Groote
Schuur Ziekenhuis te Kaapstad (dr. M. Solomons) waar ervaring werd opgedaan in trau-
ma gerelateerde handchirurgie. Per 1 september 2006 is hij gestart met de opleiding tot
plastisch chirurg aan de afdeling Plastische en Reconstructieve Chirurgie van het
Erasmus MC Rotterdam (opleider prof.dr. S.E.R. Hovius).





