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CHAPTERS

Nerve graft porosity shortens the refractory
period of regenerating nerve fibres
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Abstract

In the present study we consider the influence of porosity of synthetic nerve grafts on pe -
ripheral nerve regeneration. Microporous (1-10 um) and non porous nerve grafts made of a
copolymer of trimethylene carbonate (TMC) and poly-e-caprolactone (CL) were tested. Twelve
weeks after surgery, nerve and muscle morphological and electrophysiological results of
regenerated nerves through the synthetic nerve grafts were compared to autografted and to
unoperated sciatic nerves. Based on the observed changes of the number and diameter of the
nerve fibres the predicted values of the electrophysiological parameters were calculated.

The values of the morphometrical parameters of the peroneal nerves and the gastrocnemic
and tibial muscles were similar if not equal in the synthetic nerve grafted rats. The refractory

5 periods however, were shorterin  porous compared to non porous grafted nerves, and thus

116 closer to unoperated values. A shorter refractory period enables the axon to follow the firing
frequency of the neuron more effectively and allows a more adequate target organ stimula -
tion. Therefore porous nerve grafts are preferred over non porous nerve grafts.



Introduction

The porosity of a synthetic nerve graft is one of the factors to consider in order to improve
nerve regeneration. Favorable effects of permeability are attributed to inward diffusion of
growth factors and extracellular matrix proteins [1], and to outward diffusion of waste
products. Impermeable tubes, conversely, may have a positive effect on nerve regeneration
because they insulate the area of axonal outgrowth, they prevent the invasion of connective
tissue that leads to scarring, and growth factors generated inside the tube may be unable to
diffuse away [2].

Literature data regarding porosity of synthetic nerve grafts are contradictory [2-8]. This is
at least partially due to the fact that the quality of regeneration is determined from histologi -
cal parameters. In a previous study we applied a broad array of evaluation methods, and we
demonstrated that a combination of the evaluation of nerve and muscle morphology and in
vivo electrophysiology could discern even subtle differences between  microporous and non
porous poly(e-caprolactone)(CL) nerve grafts (chapter 4, this thesis). The outcome was very
much in favour of the microporous nerve grafts mainly because the diameter of the tissue
bridge crossing the nerve graft was much larger. It was concluded that porosity positively
influenced the formation of a tissue bridge, and this was hypothesized to be the explanation
of the beneficial effect of pores. However, in microporous CL nerve grafts, in 2 of 6 nerve grafts
no tissue bridge could be demonstrated either. Apparently, the formation of a tissue bridge,
which is a prerequisite for nerve regeneration, was problematical in a nerve graft of 100% &-
caprolactone. We demonstrated that the formation of a tissue bridge was not problematical in
nerve grafts made of trimethylene carbonate (TMC) copolymerized with poly-g-caprolactone
(TMC/CL) (chapter 6, this thesis), because one of considerable size was present in all grafts. This
motivated us to judge the influence of micropores in TMC/CL synthetic nerve grafts on newly
regenerated axons again, this time with a presumed higher tissue bridge success ratio. Nerve
guides with an outer layer of TMC/CL and an inner layer of either non porous TMC (non porous
graft) or porous TMC (porous graft) were implanted in the rat sciatic nerve. Twelve weeks after
bridging a 6 mm sciatic nerve lesion in the rat, the morphology of nerve at midgraft, morpho -
metrical parameters of nerve and dependent muscle, and electrophysiological parameters
of the nerve were evaluated. Based on the observed changes of the number and diameter of
the regenerated nerve fibres predicted values of the electrophysiological parameters were
calculated, to be compared to the actually measured values. The goal was to analyse whether
the porosity of a synthetic nerve graft effects peripheral nerve regeneration, i.e. to assess the
desirability of porosity.
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Materials and methods

Synthetic nerve graft preparation

We implanted hollow synthetic nerve grafts consisting of two layers. The inner layer was fab -
ricated by a dipcoating technique and consisted of non porous TMC (referred to as ‘non porous
graft’) or porous TMC (referred to as ‘ porous graft’). To introduce micropores in the inner layer
sugar crystals (<20 pm) were added, which were later allowed to leach out. The macroporous
outer layer was nearly similar in both grafts and consisted of TMC/CL that was spun around

the inner layer (fig. 1). The preparation of these tubes was comprehensively described in previ -

Figure 1: Synthetic nerve grafts
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Scanning electron micrographs of cross-sections and details of the two-layer connections of synthetic nerve grafts. SEM
analyses were carried out using a Hitachi S800 field emission scanning electron microscope at voltages of 3-5 kV [10].

Table 1:Characterization of synthetic tubes

TMC/CL inner Wall thickness (um) Pore size (um)
ratio in diameter inner layer outer layer innerlayer  outer layer
outer layer (mm)
Non porous graft 11:89 1.5 27 235 - 15-265
Porous graft 11:89 1.5 30 179 1-13 15-80

Internal diameter, wall thickness and porosities of the inner and outer layer of non porous and porous tubes, examined by
scanning electron micrography (SEM).



ous studies [9, 10]. The physical properties of the resulting tubes were specified in table 1.
All tubes had good flexing characteristics, and bending caused only a small reduction of the
cross-sectional area of the tubal lumen.

In liquid nitrogen, tubes were cut into nerve grafts of 10 mm length. Prior to implantation,
the nerve grafts were sterilized by rinsing them for 10 seconds in a 70 vol% ethanol solution,
followed by a thorough rinse in sterilized water.

Animal model

A total of 30 female Wistar rats (HsdCpb:WU), weighing 220-240 grams, were used for this
study. Rats were housed in flat bottomed cages in a central animal-care facility, and maintained
on a 12-hour light cycle regime at a controlled temperature of 22°C. Standard rat chow and
water were available ad libitum. Animals were randomly assigned to the control or to one of
three sciatic nerve repair groups. Both sciatic nerves of 6 unoperated rats served as controls,

12 rats received an autograft, 6 rats received a  non porous nerve graft, and 6 rats received a
porous nerve graft. All grafting experiments were performed on the left sciatic nerve. Muscles
reinnervated by an autografted nerve will be referred to as ‘autograft muscles’, and peroneal
nerves distal to an autograft will be referred to as ‘autograft peroneal nerves’. A similar nomen-
clature will be used for the muscles reinnervated by synthetic grafted nerves, and peroneal
nerves distal to synthetic nerve grafts (forinstance’  porous graft muscle’ and’ porous graft
peroneal nerve’). All experiments were performed in accordance with international and local

laws governing the protection of animals used for experimental purposes (UDEC 99105).

Surgical procedures

For the grafting procedure, rats were given general inhalation anesthesia of isoflurane in a

1:1 mixture of O , and N ,0. To improve anesthesia and to diminish post-operative pain, bu -
prenorphine (0.1 ml of 0.3 mg/ml; Temgesic®, Schering-Plough, Maarssen, the Netherlands)
was injected intraperitoneally. Microsurgical dissection was performed with the aid of a

Zeiss operating microscope under aseptic conditions. All animals were operated on in the
same time span by the same surgeon. The left sciatic nerve was exposed and isolated at the
midthigh level via a dorsal approach. In rats receiving an autograft, a 6 mm nerve segment

was resected. The nerve segment (autograft) was reversed longitudinally and grafted into the
gap with 4 epineurial sutures (10-0 monofilament nylon) at each end. In rats receiving a syn -
thetic nerve graft, a 2 mm nerve segment was resected. The proximal and distal nerve stump
were inserted into the synthetic nerve graft, leaving an interstump distance of 6 mm. Fibrin
glue (Tissucol®, Baxter, Vienna, Austria) was used to affix the nerve stumps in the graft. The
wound was closed in layers. After a post-operative survival period of 12 weeks, the rats were
anaesthetized as described above, and the left sciatic nerve was exposed at the midthigh

level via a dorsal approach. The (grafted) sciatic nerve was inspected, resected and stored in

an electrolyte solution (140 mM NaCl, 3.0 MM KCl, 1.5 mM CaCl  , 1.25 mM MgSO ,,and 11.0
mM glucose in 5.0 mM Tris buffer, pH 7.4, 20 °C). Inmediately following resection of the sciatic
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nerves, the gastrocnemic and anterior tibial muscles were exposed, resected, embedded in
Tissuetek® (Sakura, Zoeterwoude, the Netherlands), rapidly frozen in liquid nitrogen cooled
isopentane [11], and stored at -80°C. Finally the animals were euthanized.

Midgraft nerve morphological analysis

First, it was evaluated whether the nerve graft allowed tissue to bridge the gap between the
nerve stumps. After the electrophysiological recordings were performed (see below), the
nerve was stored in 4% formaldehyde solution (0.1 M phosphate buffered at pH 7.2) for at
least a few weeks. Subsequently, 4 mm long samples were resected from the middle of the
graft for microscopic inspection. Upon dehydration in ascending series of ethanol, the tissue
samples were embedded in paraffin (Klinipath, Duiven, The Netherlands). Transverse 4 um
sections were cut and alternatingly stained for general appearance (haematoxylin/eosin), for

myelin (KlGver-Barrera [12]), and for collagen (Verhoef van Gieson [13]).

Peroneal morphological analysis

Histology

The preparation of cross-sections of peroneal nerves and the subsequent microscopy and im -
age analysis was comprehensively described in previous studies [14, 15]. In short, the nerves
were immersion fixated and embedded in Epon® (Merck, Amsterdam, The Netherlands). Trans -
verse 1 um sections were stained with a 1% toluidine blue / 1% borax solution [16]. The nerve
area, the mean nerve fibre diameter, the fibre density and the total number of nerve fibres
were determined. Subsequently, the diameters of the nerve fibres were distributed into 180
classes of 0.1 um each, and plotted against the percentage of the number of fibres present

in that class. By fitting the sum of two lognormal functions to the frequency distributions of
fibre diameters, the mean diameter and the number of fibres for the separate Aa- and Ap-fibre
populations were exposed. Fittings to two lognormal functions was compared to fittings with

a single lognormal function using Akaike’s Information Criterium (AIC).

Muscle morphological analysis

Immediately following the resection of the sciatic nerves, the gastrocnemic and anterior tibial
muscles were exposed, resected, embedded, cut in 10 um thick cross sections, and stained
for myofibrillar ATPase. Microscopic video images of the sections were taken and the muscle
cross sectional area (muscle CSA), the number of type | and type Il muscle fibres, and the
fibre cross sectional area of the type | and type Il muscle fibres was determined as described

elsewhere [15].

Electrophysiological evaluation

The in vitro electrophysiological evaluation of the sciatic nerve, including the peroneal and
tibial nerve, was comprehensively described in a previous study [14]. In short, the resected



nerve was mounted on a moist chamber filled with an electrolyte solution (see above) in such
a way that the grafted part was entirely floating in the middle pool. The nerve fibres were
progressively recruited by extra-cellular excitation, while the propagated monophasic action
potentials were measured and normalized in terms of compound action currents [14].

The presence perse of a measurable electrophysiological response was registered, and
expressed as the response rate . When a response was present, then the displaced electrical

charge was calculated (Q).Q __ was defined as the area under the curve of the maximum

ma
action current. The other parameters calculated were the mean conduction velocity (MCV),
the mean voltage threshold (V ), and the mean refractory period (t ). When a measurable
electrophysiological response was absent, Q _ was considered 0. As a consequence MCV,V |
and t, remained undetermined.

In order to discriminate the Aa- and AB-fibre populations, two  erf-functions were fitted to
the stimulus-recruitment and interpulse time-recruitment curves [14]. Consequently values
for Qmax’a, Q
separately), V

(calculated from stimulus-recruitment and interpulse time-recruitment curves

soa Vso,a' toa and o could be obtained.

Again, to evaluate the validity of fitting with two instead of one erf-function, AIC was used.

max,p

Prediction of firing threshold and refractory period based on diameter of nerve fibres

In the normal nerve there exists an empirical inverse relation between the diameter of the
nerve fibres and both the extracellular firing threshold [17, 18] and the refractory period [19].
This relation can be exploited to assess qualities of the regenerated nerve fibres. Based on
the observed mean diameter in the experimental groups and the mean diameter and mean
voltage threshold of the control group the predicted values of the mean voltage threshold in
the experimental group can be calculated using equation 1

V.

* dF
__ 50,c max,c
VSO,g,predicted - d (eq 1)

Fmax,g

The predicted value of the mean refractory period (eq. 2), as well as the predicted mean
thresholds and refractory periods of the Aa- and AB-fibre populations can be calculated with
the same equations, by substituting the appropriate values.

t C*d max,C
T (eq. 2)

Fmax,g

tSO,g, predicted d

Prediction of Q based on number and diameter of nerve fibres

The charge, Q,_ is proportional to the product of the number of excitable nerve fibres and the
square of their mean diameter [cf. 14, 20]. Hence the predicted value of Q _ can be calculated
with equation 3. Predicted values of Q__ of the Aa- and AB-fibre populations can be calculated
with the same equation, by substituting the appropriate values.

* * A2
Q "l (eq.3)
max,g, predicted 2 :
Nc * d Fmax,c
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Comparison of the experimentally measured values of these parameters to the predicted
values will yield some insight in the quality of regeneration (see discussion).

Statistical evaluation

The means of all parameters were shown with standard deviations (mean + sd). Student’s
t-tests were applied to the means to compare the control and autograft values with the
synthetic nerve graft values. If a statistical significant difference was found with two or more

of the synthetic nerve graft values, a one-way ANOVA was applied to the means, followed by
Tukey's least significant differences multiple comparisons test to investigate differences be -
tween the groups. Fisher exact tests were applied to the electrophysiological response rates.
Kolmogorov-Smirnow tests were applied to the different nerves and to the different samples
per nerve for comparison of size distributions [21, 22]. Paired Student’s t-tests were used to

compare calculated and predicted values of V t,,and Q . The SPSS statistical program,

50"
version 11.0, and Origin, version 5.0, were used to calculate means and standard deviations,
and to perform statistical analysis. P-values of less than 0.05 or, in case of the electrophysi -

ological-morfometrical relations 0.05 and 0.10, were regarded as significant.

Results

Upon macroscopic inspection, both the  non porous and the porous grafts had partially de -
graded. In all cases that received synthetic nerve grafts, a gel-like shell that surrounded the
tissue bridge at the implantation site was visible. A tissue bridge was present in all rats in both
synthetic nerve graft groups.

All autografted nerves exhibited a patent graft at 12 weeks after surgery. The grafted part
was slightly thinner. The distal nerves proved to be firm and shiny white, without the soften -
ing one would expect after Wallerian degeneration [23]. Some connective tissue was present
around the coaptation sites.

Midgraft morphology

The midgraft morphology of non porous and porous nerve grafts was similar. The cross-sections
of the regenerated structure had an oval shape and demonstrated a centrally located nerve-
like structure which was surrounded by a cellular outer layer, areas of trabecular structures

and a collagen-rich encapsulating structure (fig. 2).

In both types of grafts the centrally located nerve-like structure consisted of myelinated
nerve fibres, cell nuclei (at least some of them Schwann cell nuclei since myelin was present
around the nerve fibres) and amorphous extracellular matrix. This area was surrounded by a
cell-rich layer of circularly oriented fusiform cells (presumably fibroblasts) embedded in an
extracellular matrix rich in collagen. Thin walled blood vessels and capillaries were observed
throughout the cross section, though most of the larger vessels were located in the outer



Figure 2: Light microscopic midgraft cross-sections of regenerating nerves
A:Nonpor ousgraft
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Transverse (4 um) cross-sections of midgraft sciatic nerves, immersion fixed after electrophysiological evaluation, and stained
with haematoxylin/eosin, according to the method of Kliiver-Barrera to clearly identify myelin sheaths [12], and according

to the method of Verhoef van Gieson to clearly identify collagen [13] are depicted. In all figures, the left panel represents

the Verhoef van Gieson stained nerve section as a whole. Elastic fibres are stained black, nuclei blue and cytoplasm yellow/
brown. The middle panel represents an enlarged sample of the haematoxylin/eosin nerve section and demonstrates the
morphology of the nerve in detail. The right panel depicts an enlarged sample of the nerve section, stained according to the
method of Kliiver-Barrera, in which the myelin sheath is deep blue and is therefore more pronounced.

A. Cross-section of a non porous nerve graft. B. Cross-section of a porous nerve graft.

layer. Throughout this outer layer fragments of smooth material surrounded by rings of large
round cells could be distinguished. The smooth material appeared to be fragments of bio -
material, being broken down by the round large cells. The cell-rich layer was surrounded by
areas of trabecular structures, which seemed to be the remnants of the tubal wall. All grafts
were encapsulated by a continuous structure, which was rich in collagen. This encapsulating
structure also contained fragments of smooth material, which remarkably had round large
cells in the center, as though breakdown of the biomaterial took place from the inside of the
fragments of biomaterial.

Morphology of the peroneus

Light microscopy of sections demonstrated that regenerating peroneal nerves were vascular -
ized and enclosed in a connective-tissue sheath. They contained many myelinated axons,
abundant endoneurial connective tissue and blood vessels (fig. 3, left column). The myelin
sheaths of the nerve fibres in grafted nerves were obviously thin in comparison to those in
controls. The nerve fibres in autograft peroneal nerves, and sporadically in synthetic nerve
grafted nerves, were frequently bundled within areas of size comparable to the cross-section
of single myelinated fibres in control nerves, suggesting regeneration of several nerve fibres
through single Schwann cell basal laminar scaffolds that persisted after Wallerian degenera -
tion of the original myelinated nerve fibres [24]. The fibre diameter frequency distributions

(fig. 3, middle and right column) demonstrated that in regenerating peroneal nerves fibre
diameters shifted to smaller sizes.
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Figure 3: Light microscopic cross-sections and frequency distributions of control and graft peroneal nerves
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Transverse semi-thin (1 pm) cross-sections of peroneal nerves, immersion fixed after electrophysiological evaluation, and
stained with a 1% toluidine blue / 1% borax solution [16] are depicted. In all figures, the left panel represents the nerve
section as a whole, whereas in the middle panel an enlarged sample of this nerve section (square) demonstrates the
morphology of the nerve in detail. The right panel depicts typical examples of the frequency distributions of fibre diameters
of control, autografted, non porous, and porous grafted peroneal nerves. In each graph, diameters of the nerve fibres were
distributed into 28 classes of 0.5 um each, and plotted against the fibre diameter class frequency. The dots represent the
calculated fibre diameter class frequency per fibre diameter class, the straight line represents the fit of total curve, the
dotted line represents the AB-fibre population, and the dashed line represents the Aa-fibre population.



Figure 4: Morphometric analysis
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Morphometric data of the control, autografted and synthetic grafted nerves are depicted. A. The total surface of the nerve
cross section (nerve area), B. the nerve fibre diameter, C. the number of nerve fibres, D. the nerve fibre density, E. the number
of nerve fibres for the Aa- and AB-fibre population separately, and F. the nerve fibre diameter for the Aa- and AB-fibre
population separately. Data are represented as mean (+ sd). (*) Different compared to control nerves. (#) Different compared
to autograft nerves.

All nerve areas were of comparable size (fig. 4A), and the fibre diameters of grafted nerves
were halved compared to controls (fig. 4B). The total number and the density of nerve fibres
were doubled after autografting, and remained unchanged in synthethic grafted nerves (fig.
4Cand D). In porous, but notin non porous nerve grafts the number of nerve fibres and the
nerve fibre density was smaller compared to autografts.

Kolmogorov-Smirnow tests revealed a homogeneous fibre size distribution throughout
control nerves, and a homogeneous fibre size distribution within individual control nerves.

In the regenerating nerves, both heterogeneity and homogeneity in fibre size distributions
between nerves, and within individual nerves, were encountered.

The sum of two lognormal distributions could satisfactorily be fitted to the fibre diameter
distributions of both control and graft peroneal nerves (fig. 3, right column). In all examined
nerves, the AIC was determined and shown to be smaller (p<10 ) for two populations com -
pared to one, indicating that the fibre diameter distribution could be more aptly described by

the sum of two lognormal distributions rather than by one lognormal distribution.




Table 2: Muscle CSA and reorganization of type | and type Il musclefibres after reinnervation

Tibial muscle muscle CSA number of type | type | muscle fibore  number of type Il type Il muscle
(x 10° um?) muscle fibres CSA (um?) muscle fibres fibre CSA (um?)
Control 38.1+6.5 170+ 97 1410 + 256 7774 £ 1154 4883 + 587
Autograft 22.6 +6.5% 314 £ 209 2093 £623 6113 £ 1866 3636+ 721*
Non porous graft 274+85 164£119 1894 + 478 7961 + 2288 3485 +921*
Porous graft 19.2 +3.4* 20 + 4% 1294 + 275 7541 £ 1088 2620 + 673*
Gastrocnemic muscle muscle CSA number of type | type I muscle fibre number of type Il type Il muscle
(x 10° um?) muscle fibres CSA (um?) muscle fibres fibre CSA (um?)
Control 73.8+6.4 1256 + 462 2322 +405 11079+ 1777 6474 +520
Autograft 432+87* 635 +397* 3002 £ 703 11459 + 2720 3700 +661*
Non porous graft 41.1+£13.5% 639 + 327 2431+1133 9939 + 2065 4191 £ 1390*
5 Porous graft 32,6 +8.7% 451 + 248* 1427 + 458*# 10945 + 1895 3007 +974*
126 Muscle CSA, type | and type Il muscle fibre number and CSA in muscles innervated by control, autografted,  non porous,

and porous nerve grafted sciatic nerves. Data are represented as mean (+ sd). (*) Different compared to control muscles. (#)
Different compared to autograft muscles.

In control peroneal nerves, the number of AB-fibres was somewhat higher compared to the
number of Aa-fibres (fig. 4E). In regenerated nerves it was the other way round: the number of
Aa-fibres was higher than the number of AB-fibres. In autograft peroneal nerves, the number
of Aa-fibres increased fivefold, while in the synthetic grafted nerves the number of Aa-fibres
remained equal ( porous grafts) or doubled ( non porous grafts). In all regenerated nerves, the
number of AB-fibres remained unchanged. The diameter of Aa-fibres decreased three times
and the diameter of AB-fibres halved in all experimental nerve fibres (fig. 4F).

Morphology of the muscles

The muscle CSA diminished to half its size in grafted muscles (table 2).

The type Il muscle fibre CSA also declined to half its size in graft muscles, which was not
surprising, regarding the predominance of type Il muscle fibres. The number of type Il muscle
fibres remained equal. An overall impression of the changes in type | muscle fibres is that
the opposite took place. Type | muscle fibre CSA remained equal in graft muscles, while the
number of type | muscle fibres declined. The number of type | muscle fibres in tibial muscles
was very small, and therefore varied considerably.

Electrophysiology

Electrophysiological response rates in the four groups ranged from 67 to 100%, which was

not statistically different (figure 5B). Q __ was highest in control nerves, lower in autografted

ma.

nerves, and lowest in the synthetic grafted nerves (fig. 5Cand D).Q  _ of synthetic grafted
nerves did not demonstrate differences between the groups, and the mean value of Q

max

derived from the interpulse time-recruitment curves was not different from that obtained
from the stimulus-recruitment curves. The MCV was three to four times slower in auto- and



Figure 5: Recordings of compound nerve action currents
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A. Examples of the time courses of compound action currents as a function of stimulus voltage of synthetic grafted sciatic
nerves. In each graph, the curves from bottom to top represent compound action currents, evoked by increasing stimulus
voltages. Stimulus artifacts were erased. Due to the virtual cathode effect [42] the onset of the current moves closer to
the stimulus artifact upon increasing the stimuli. The amplitude of the monophasic action current gradually increased in
response to increasing stimulus voltages, until a maximum amplitude was reached. The voltage stimulus necessary to attain
the maximum action current amounted to approximately 4 V in control nerves and 10 V in grafted nerves.

B. Electrophysiological response rate.

C.Q,,, derived from stimulus-recruitment data.

D.Q,,, derived from interpulse time-recruitment data.

E. MCV.

Data are represented as mean = sd. (*) Different compared to control nerves. (#) Different compared to autograft nerves.

synthetic grafted nerves, and the differences between grafted nerves were not significant (fig.
5E).

The stimulus-recruitment curves (fig. 6A), corresponding to the figures representing the
monophasic action currents (fig. 5A), demonstrated that in the  non porous grafts there was a
tendency that the contribution of the Aa- and the AB-fibresto Q _ was comparable, but that
in porous grafted nerves the contribution of the Aa-fibresto Q | was larger than that of the
AB-fibres. However, this did not lead to significant differences betweenQ __ and Q, s 1N the

synthetic nerve graft groups (fig. 6B).

The mean voltage threshold (V _ ) was higher in grafted nerves in comparison to control

50)
nerves. The V_ in non porous nerves increased only moderately, and was significantly smaller
50,a and V
,and Vs

were comparable to those in control nerves (fig. 6D). In all regenerating nerves, the mean

in comparison to autografted nerves (fig. 6C). Both V doubled in all regenerat -

50,8

ing nerves, with the exception of the values of V in the non porous group, which

50,
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Figure 6: Stimulus-recruitment curves
A:Q/V graphs

.
40 .« ° . 40 . o O :
P L e .
- &
.
v
~ ~ 0 Aa
Q Q
& &
C ©
Ap
10 04
/’ /“
/. e
e .
1 2 3 4 5 6 7 8 9 1 2 3 4 5 8 9
Voltage (V) Voltage (V)
Nonporous Porous
B:Q max,StR C: Vg, D: Vso,a/B
5 5 ®
800 [ .
*
5 4q 4 T
A
2 5 ( z
Py Z ;] 2 4
= S >3 * T A
£ 400 * A ® X T P
© T 24 # T 2 T
T w T T 1
# # A
H T -
AT 4 * -
=1l DR
EE
g = 2 = E
— £ e - 8" @ — w S
g & 5 g E5 g z & g g
£ S 2 s £ s & ¢ b= ) & e
S 4 S =g g = = 5] £
=) = =l 5] =) = =l I3 = =3 =)
o < z &~ O « Z = 9] < z [

A: Stimulus-recruitment graphs corresponding to the examples depicted in figure 5A. Solid circles represent data points.
Continuous lines represent the fitted curves. The AIC proved to be smaller (p<10 ) for two populations compared to one.
B.TheQ,,,, (dark grey) and Q o (light grey) of control, autografted, non porous and porous grafted nerves derived from
the stimulus-recruitment data. The predicted values of Q | and Q, _ - are represented by unfilled bars. C. Mean voltage
threshold (V) of control, autografted, and synthetic grafted sciatic nerves. D. Mean firing threshold for the Aa- and AB-
fibres separately (V,, and Vg of control, autografted, and synthetic grafted sciatic nerves. The predicted values of V
and Vy,pare represented by unfilled bars. Data are represented as mean (+ sd). (*) Different compared to control group.
(#) Different compared to autograft group. () Different compared to predicted values, p<0.05. (") Different compared to
predicted values, p<0.10.
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threshold voltage of the Aa-fibres (V

control nerves.

s0a) Was approximately half the value of V asinthe
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The interpulse time-recruitment curves, corresponding to those nerves of which the stimu -
lus-recruitment curves were depicted in figure 6A, demonstrated again that the contribution
of the Aa-fibres to Q _was larger than the contribution of the AB-fibres (fig. 7A), as in control
and autografted nerves (fig 7B). Likewise, between synthetic nerve grafts no differences in
Q0 OF Q5 Were encountered (fig 7B).

The response in the grafted nerves was characterized by a longer mean refractory period (t,)
compared to control nerves (fig. 7C). The refractory period doubled in autografted and porous
grafted nerves, but quadrupled in non porous grafted nerves. The value of t,,  demonstrated a

similar pattern (fig. 7D). The value of t s0p aPProximately doubled in the autografted, tripled in



Figure 7: Interpulse time-recruitment curves
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A: Interpulse time-recruitment graphs corresponding to the examples depicted in figure 5A. Solid circles represent data
points. Continuous lines represent the fitted curves. The theoretical dataset (At = 0, Q = 0) was added to the data. The

AIC proved to be smaller (p<10 ) for two populations compared to one.B.TheQ __ (black)andQ _ . (white) of control,
autografted, non porous and porous grafted nerves derived from the interpulse time-recruitment data. The predicted values
ofQ__ andQ are represented by unfilled bars. C. Mean refractory period (t ) of control, autografted, and synthetic

maxa max

grafted sciatic nerves. D. Mean refractory period for the Aa- and AB-fibres separately (t ,,, and t,, ) of control, autografted,

and synthetic grafted sciatic nerves. The predicted values oft ~ _  andt sopdre represented by unfilled bars. Data are

represented as mean (+ sd). (*) Different compared to control group. (#) Different compared to autograft group. ($) Different
compared to fast degradable and slowly degradable group. (") Different compared to predicted values, p<0.05. (**) Different
compared to predicted values, p<0.10.

the porous group, and quadrupled in the non porous group. The mean refractory period of the

Aa-fibres (t., ) was approximately one third of t _ , both in control and in grafted nerves.

50,a 50,8"

Relation of morphometric and electrophysiological data

Both the measured V, and t, in the Aa-fibres were lower than predicted in the porous, but not
in the non porous nerve graft group (fig. 6 and 7D). In the AB-fibres, the measured V., and t,;
were according to predictions.

In both porous and non porous grafted nerves, the measured charge in the Aa-fibres was
lower than predicted (fig. 6 and 7B). The measured charge in the AB-fibres was just as was
predicted based on morphological changes.
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Discussion

Twelve weeks after surgery, the morphometrical parameters of the peroneal nerves

and the gastrocnemic and tibial muscles were similar if not equal in the synthetic nerve
grafted rats. Electrophysiologically, however, a distinction could be made between porous
and non porous grafts. The refractory period lenghtened in all regenerated nerves, but
ty,,andt s0p WEre significantly shorterin  porous grafted nerves comparedto  non porous

grafted nerves.

In contrastV _, _enV, . wereincreasedin porous grafted nerves, whereas these thresh -

50,
olds remained equal in rson porous grafted nerves, both compared to unoperated nerves.
The closer to normal the refractory period is, the better the regenerated axon will be
able to pass all axon potentials generated by the motorneuron. A moderate increase of
the firing threshold along the axon is of little influence on the capacity of the axon to
transmit action potentials, indeed an increase of the firing threshold will decrease the
probability of the generation of spontaneous action potentials along the axon. For these
reasons we deem the refractory period to be the most important parameter. The firing
threshold is not as influential on the function of the axon, though its value should not be
lower than normal, which would result in hyperexcitability and neuropathic pain [25, 26,
271. Given the tendency of injured and regenerating axons to spontaneous firing [28, 29]
a higher than normal threshold (within limits) might even be preferable. Based on this line
of reasoning the porous nerve grafts, possessed of the shorter refractory periods and the
higher firing thresholds are preferable.

In order to interpret the changes in especially t butalsoinV  thefactorsthatde -

50"
termine the value of those electrophysiological parameters were considered. Since an
empirical inverse relation exists between the diameter of the nerve fibres and both the
extracellular firing threshold and the refractory period, measured values of V candt
were compared to predicted values. Equality of the measured and predicted values in -
dicates that no other changes but changes of diameter have occurred, while inequality
indicates that additionally other changes must have occurred. The most obvious and best
documented of those are changes in the expression of ion channels at or near the Ranvier
nodes [30-34].

In porous nerve grafts a faster repolarization and a lower voltage threshold than pre -
dicted was observed in the Aa-fibres, indicating that compensatory mechanisms were
active and thus that presumably the ion channel composition changed. Upregulation of
the Na |
period can also be caused by a faster potassium efflux, which can be effectuated by an

.5 channels would lead to a shorter refractory period [31, 35]. A shorter refractory
increase in the number of channels in the membrane or by a more effective closing of the
channels [36]. Such an upregulation was described before in spinal sensory neurons after
axotomy [37] and in crushed nerves [39]. Although the measured V. in porous nerve grafts
was higher, the value was still lower than predicted. This can be due to a downregulation



ofNa ,and Na  , channels, as demonstrated before to occur after axotomy [28, 38]. These
assumptions can easily be verified by immunohistochemically staining the ion channels in
the nerve fibre membrane. It was demonstrated before that the ion channel composition
changed indeed after peripheral nerve injury and subsequent repair [37].

Thus, empirically the presence of pores can be related to a shorter refractory period,
which hypothetically can be related to a compensatory change in ion channel composi -
tion of the axonal membrane. However, it is interesting to consider how the distribution
of different kinds of ion channels over the (para)nodal regions can be influenced by the
presence of pores in the synthetic nerve grafts. It is well known that plasticity of Na+
channel gene expression occurs in the normal nervous system [28], and also that the
sodium channel expression changes continuously in the weeks after axotomy [31, 34, 28,

29, 38].

In this paper, it is hypothesized that the capacity to adapt the ion channel composition
towards the situation that the nerve fibres have a refractory period and threshold voltage
alike the unoperated situation, which is considered the most favorable situation, increases
upon maturation of the nerve fibres.

It is further hypothesized here that porosity of the nerve graft positively influences
maturation of the nerve fibres by speeding up the formation of a tissue bridge. We dem -
onstrated before that the diameter of the tissue bridge was convincingly larger in po -
rous vs. non porous nerve grafts (chapter 4, this thesis). Now, it is proposed that pores
positively influence the size of the tissue bridge by allowing inward diffusion of growth
factors and extracellular matrix proteins [1], and outward diffusion of waste products.

Such assumptions were also made by others [39]. We presume that TMC at least partially
degraded within the survival period of 12 weeks, based on results on the invitro and in
vivo degradation of TMC [10, 40]. It is thus very likely that the inner layer of the non porous
nerve grafts became porous during this survival period. Possibly, the tissue bridge was

formed or the quality of the tissue bridge improved only after the graft became porous,
thereby causing a delay in maturation of the nerve fibres in the non porous nerve grafts.

The formation of a tissue bridge can hypothetically also be influenced by the microge -
ometry of the inner layer of synthetic nerve grafts [41, 42]. The inner layer of the porous
nerve graft is somewhat rough, in contrast to the smooth inner layer of the non porous
nerve graft (fig. 1). A rough inner layer seems more favorable for the formation of a tissue
bridge, and may have contributed to a prompt formation of a tissue bridge.

Besides all this, it is remarkable that the number of nerve fibres inthe  porous nerve graft
was lower in comparison to autografted nerves, in contrast to the number of fibres in non
porous nerve grafts which demonstrated an equal number of fibres. It can be presumed
that the pruning of an overflow of regenerating nerve fibres is still going on [43] and this
corresponds very well to a delay in the maturation of regenerating nerve fibres.
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In conclusion, porous nerve grafts are favoured over  non porous nerve grafts, because
the refractory period is shorter and because it is likely that the nerve fibres were able to
compensate for their smaller diameter by changing their ion channel composition.
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