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Abstract

There are several possibilities for repairing a nerve defect. These include nerve grafting, tissues for bridging,
biological or synthetic nerve conduits. Such conduits, alone or filled with different tissues or substances, may be
the key for a major breakthrough in the modern treatment of nerve defects. The easiest way to research these new
methods is by experimental in vivo research on live animals — such as the Wistar rats. The following article aims to
compare 4 different types of repairs for nerve defects: the nerve graft, a biologic nerve conduit (rat aorta), rat aorta
with platelet rich plasma and rat aorta with stem cells.

Keywords: peripheral nerve reconstruction, experimental microsurgery, stems cells, platelet rich plasma, nerve
conduit.

Rezumat

Printre posibilitatile de reparare a unui defect nervos se numara — grefa de nery, utilizarea a diverse tesuturi pentru
a umple spatiul gol dintre capetele nervoase in combinatie cu conductori nervosi sintetici sau biologici. Astfel
de conductori pot fi utilizati fara sau impreuna cu diverse substante sau solutii, acestea putand aduce un aport
semnificativ procesului de regenerare nervoasd. Metoda de experimentare in vivo pe animale de laborator precum
sobolanii Wistar, reprezinta cea mai buna cale de a cerceta eficacitatea acestor terapii. Urmatorul articol urmareste
compararea a 4 metode diferite de reparare a unui defect nervos — prin grefa de nerv, folosind un conduct biologic
(aorta de sobolan), folosind aorta in combinatie cu plasma imbogatita in trombocite si aorta umpluta cu celule stem.

Cuvinte cheie: reconstructie nervoasa periferica, microchirurgie experimentala, celule stem, plasma imbogatita in
trombocite, conductor nervos.
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INTRODUCTION

Experimental nerve microsurgery represents a real
challenge, not because it is hard to perform, but rather
because the results can be tardily acknowledged. This
implies a great deal of effort, as the results must be
measured in dynamics, at different intervals of time, in
order to point out a precise moment of recovery.

The challenge is even greater when it comes to
nerve defects, as there are several methods for bridging
the gap, each method having its own benefits as well as
shortcomings. Since clinical experiments are difficult
to perform because they require similar circumstances
to be fairly evaluated and compared, experimental in
vivo injuries on animals can be reproduced in order to
achieve similar circumstances so that the evaluation
and comparison could be accurately performed.

Nerve defects up to 3 cm are suitable candidates
for a nerve graft?. Considered to be golden standard,
there are other possibilities for replacing the nerve graft
in order to bridge nerve gaps. These include different
types of conduits — either biologic or synthetic. To
improve the outcomes by increasing the speed of nerve
regeneration, several biological substances or tissues
have been used in different experiments - degenerated
muscles, adipose tissue or platelet rich plasma’®?.

Rat sciatic nerve is frequently used when evaluating
nerve regeneration technics. This is due to the fact that
that Wistar rats are affordable, easy to manipulate; they
require lodging facilities which can be more easily to
obtain and the anesthesia is easy to perform®’. The
most important aspects however are the high similitude
between the human and the sciatic nerves as well as
the fact that the rat sciatic nerve has a considerable
size and length in order to perform different surgical
procedures®.

The sciatic nerve of the rat divides into 3 main
branches, although there may be some varieties to its
anatomy. These branches are from superior to inferior:
common peroneal nerve, tibial nerve and sural nerve’.

When evaluating the results of nerve recovery, one
must measure sensibility and movement. There are
special tests which can be performed on the animals
included in the experiment to evaluate these abilities.

Platelet rich plasma is well known to contain many
growth factors which aid recovery after injury. Studies
have shown its contribution to healing skin ulcers,
bone defects or even distraction osteogenesis'®. More

Sciatic nerve (prox)

Common
peroneal

recent studies have shown that PRP has improved

nerve regeneration after injury'*.

The thrombocytes are fragments of cytoplasm of
the megakaryocytes with a diameter of 2 microns®6.
The platelets contain over 30 active bioproteins with
roles in hemostasis and regeneration '. 7 proteins
initiate all active regeneration processes and 3 proteins

act as adhesion molecules — vitronectine, fibronectine
and fibrin'®",

Platelet Growth

Factor Type Source

Platelets, endothelial cells,
osteoblasts, smooth muscle cells,
monocytes, macrophages

PDGF a-b (platelet
derived growth factor)

Platelets, cartilage/bone matrix, NK
cells, macrophages/monocytes,
neutrophils

TGF a-b (transforming
growth factor)

VEGF (vascular

endothelial growth Platelets, endothelial cells

factor)
EGF (epidermal growth
factor) Platelets, macrophages/monocytes
FGF (fibroblast growth | Platelets, chondrocytes, osteoblasts,
factor) macrophages

Fibroblasts, osteoblasts, smooth
muscle cells, endothelial cells

IGF-1 (Insulin growth
factor 1)

CTGF (connective tissue

growth factor) Platelets in bone marrow

Active bioproteins which initiate regenerative process

'The stem cells secrete growth factors and proteins which
form the lamina basalis, thus contributing to nerve
regeneration?*2. The neurotrophic molecules produced
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by the mesenchymal stem cells can delay cellular death,
at the same time taking part in the regeneration of the
neural tissue*%%.

Stem cells exercise their regenerative -effects
by releasing growth factors and other soluble
mediators which act on target cells creating a proper
microenvironment for nerve regeneration®.

Material and method

'The conducted experiment represents part of a PhD
thesis, in which several methods for nerve defects
have been compared. The active legislation for animal
experimentation was followed.

42 male Wistar rats were used for this experiment,
with similar age and weight. 2 rats were used to harvest
biological tissues for the experiments (the aortas to be
used as vascular conduits and blood to obtain platelet
rich plasma).

The 40 remaining rats were equally divided into the
4 groups and they were all operated on the right sciatic
nerve. The 4 methods considered for comparison were:

1. 1*lot - nerve allograft (autograft)

2. 2" ]ot — simple vascular conduct — rat aorta

3. 34 lot — rat aorta filled with platelet rich plasma
(PRP)

4. 4*]ot—rat aorta filled with mesenchymal stem cells.

2 rats from the first group were excluded from the
study, one due to postoperative death, the other one
due to nerve rupture at the suture site.

Table 1. General presentation of the groups

n=38 Lot 1 Lot 2 Lot 3 Lot 4 Total
Variable Median | Median | Median | Median | Median
(IQR) (IQR) (1QR) (IQR) (IQR)
Age (days) | 52 (4) 51(1) | 55(2) | 60(2) | 55(9)
Weight 258.5
2 2 245 (1 2 2
(grams) 69 (28) 5(18) 50 (5) 98 (30) (39)

'The anesthetic used was a mixture of 75-100mg/
kg ketamine with 10mg/kg xylazine, injected into the
peritoneum®. This provided a good muscle relaxation,
as well as analgesia and suppressor of visceral reflexes.

Before cutting the sciatic nerve to create the defect,
drops of lidocaine were added at the future injury site
to ensure proper analgesia.

Surgical intervention. After properly shaving
the posterior area around the gluteus and the biceps
femur, an incision was made 0.5cm inferior to the
femur. The dissection through the fibers of the biceps
femur muscle followed an oblique line (from supero-
medial to infero-lateral). The sciatic nerve was located
immediately beneath the biceps muscle in this region.

Sciatic nerve exposure

After nerve exposure, the nerve was incised proximal
to the bifurcation in order to achieve a 0.5cm nerve
graft. For the first batch, the nerve graft was sutured
in situ in its original place. For batches 2-4, the nerve
graft was discarded and replaced with a segment of rat
aorta, which was used as a nerve conductor.

Nerve autograft

Suture sites

1% batch. Nerve graft sutured in situ
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The rat aorta was harvested from its emergence
from the heart to its bifurcation into the common iliac
arteries. Each rat aorta was used for a number of 10
procedures by dividing each aorta in equal lengths in
order to supply nerve conduits for an entire batch.

The rat which died in the first batch was excluded
from the study but was used to harvest its aorta for the
second batch. By doing so, only 2 separate rats were
sacrificed for biological materials (for batches 3 and
4). The aortas were preserved in saline solution for the
duration of the 10 operations.

One aortic nerve conduit was about 0.6-0.7cm,
which was long enough to match the 0,5cm nerve
defect. The nerve endings were sutured inside the aortic
nerve conduit so that there was an overlapping surface
of ~ 0.1cm on each side.

Nerve graft (discarded)

Aorta as nerve conduit
A ‘

2" batch. Aorta as nerve conduit

Harvested aorta in
saline solution

For the 3" batch, blood was harvested for PRP
from the 2 rats which were sacrificed. The harvest was
performed after the rats were heavily sedated with
an overdose of the anesthetic mixture. After a small
sternotomy, intracardiac blood was taken using a 5 ml
syringe.

Because the platelets in the blood sample have a
short life spam, all interventions using the same PRP
solution were performed during the same day. For this
reason, the rats in batch 3 were operated in 2 different
days (5/day) with the PRP solution freshly prepared
earlier in the day.

After harvest, the blood was transferred inside
a special vacuum tube, which contained a separating
gel and sodium citrate. Sodium citrate is a useful
anticoagulant which acts by calcium chelation
preventing platelet aggregation. After 5 minutes in
a small centrifuge at 4000 rpm for 5 minutes, the
supernatant containing PRP solution was transferred
into a syringe.

After suturing the aortic conduit at proximal stump
of the sectioned nerve, few drops of the PRP solution
were ,spilled” inside the biologic nerve conduit using
the syringe and then the distal stump was sutured at
the aortic conduit in a manner so that the PRP inside
the aortic conduit not to leak out.

Because some spillage was inevitable, before placing
the final suture on the distal stump, a few more drops
of PRP were placed inside the aortic tube, in order to
have it as full as possible.

Aortic conduit with PRP inside it
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In the 4% batch, instead of the PRP solution, human
mesenchymal stem cells from the umbilical cord were
used. These stem cells were conserved in liquid nitrogen
and were provided from another research study.

'The transport and preservation conditions of these
stem cells were rigorous — immersed in liquid nitrogen
at a temperature of -196° Celsius and at high pressure,
the transport recipient contained enough liquid
nitrogen for a period of 2-3 days®.

After defrosting, the stem cells had a short life spam
(few hours). 2 different cryovials containing these cells
were needed in order to operate the 4® batch on 2
separate consecutive days.

'The defrosting protocol of the stem cells:

1. Sterile conditions were used for the process.

2. The cryogenic tube was extracted from -196°C.

3. 500 pL. PBS (phosphate-buffered saline) was

immediately added and the solution was gently
stirred.

4. 'The solution was centrifuged at 1500rpm for 5

minutes.

. 'The supernatant was removed.

6. Another 500 pL. PBS was added and the solution
was gently stirred.

7. 'The solution was centrifuged at 1500rpm for 5
minutes.

8. 'The supernatant was removed again.

9. The cells were suspended in Ringer solution.

w

'The operations of the 4™ batch followed the protocol
for the 3" batch, with the difference that instead of
PRP, stem cells were used.

Stem cells inside the aortic conduit

POSTOPERATIVE TREATMENT. NERVE
REGENERATION EVALUATION

All the rats in the 4 batches received antibiotic
prophylaxis with enroxil 0.003mg/kg subcutaneous for
3 days (first dose at the end of the procedure, the latter
2 doses in days 1 and 2 post operatory). For analgesia
and an anti-inflammatory response, meloxicam 1mg/
kg was used for 3 consecutive days.

All rats were clinically evaluated every other week
until the 12* week, when they were euthanized. The
sciatic nerve being a mixt nerve, the evaluation was
both sensitive as well as motor.

For the sensitive evaluation, a cage with metal
grills was used in order to perform the pinch test. The
operated limb was pinch at 3 different sites with an
anatomic forceps and graded as following:

e 3 points — limb retraction when stimulus applied
in the plantar region (the metatarsal area);

e 2 points — limb retraction when stimulus applied
at the ankle;

e 1 point — limb retraction when stimulus applied
at the calf area;

e 0 points — no retraction at any above given
stimulus.

'The motor function was also evaluated and marked
as following:

e 3 points — abduction and finger extension;

e 2 points — only finger abduction;

¢ 1 point — flexion or minimal movements;

e 0 points — no movements.

Another test for nerve regeneration was the
evaluation of the footprints. For this, 2 plastic cages
were united via a cuboid semitransparent plastic tube,
opened at the bottom, where an A3 paper was placed.
At the entrance in the tube, an ink pad was placed so
that the rats would walk on it before running along the
plastic tube.

The footprint test was useful to calculate the sciatic
functional index (SFI) after the Bain and MacKinnon
formula, which takes into account 3 parameters —
plantar length (between the heel and the longest toe),
the intermediary interdigital length (between the 2
and 4™ toe) and the maximum interdigital distance
(between 1°*t and 5™ toe) 3*.

To calculate this index, values from both operated
and non-operated limb were necessary:
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Footprint test

Tunnel

EPL — plantar length on operated limb;
NPL - plantar length on non-operated limb;
EIT - intermediary interdigital length on
operated limb;

e NIT - intermediary interdigital length on non-

operated limb;

e ETS — maximum interdigital distance on

operated limb;

e NTS — maximum interdigital distance on non-

operated limb.

The sciatic functional index can be calculated after
the formula: SFI=- 38.3 x EPL-NPL/NPL + 109.5 x
ETS-NTS/NTS+13.3x EIT-NIT/NIT - 8.8.

The normal value of this index has the 0 value (in case
of a perfectly normal function), while -100 represents
total loss of function. The 0 value was attributed to the
left non-operated limb.

At 12 weeks after the operation, all rats were
sacrificed in order to harvest the gastrocnemius muscles
bilaterally and the right sciatic nerve for histologic
examination. The euthanasia protocol consisted of an
overdose of the anesthetic solution (ketamine 200mg/
kg and xylazine 20mg/kg), injected intraperitoneally,
followed by a direct intracardiac injection of KCI. This
induced a hyperkalemia, consequently altering the
cardiac contractility and exitus via cardiac arrest.

RESULTS

42 male rats were used for the study. 2 were sacrificed
in order to harvest biologic materials (PRP and aortic
conduits). The 40 rats were equally divided into the 4
research groups. All rats were operated on the right
sciatic nerve.

2 rats from the first group were excluded from the
study, one due to postoperative death, the other one
due to nerve rupture. The rat with the nerve rupture
was kept for the duration of the study (12 weeks) in
order to compare the final results of nerve regeneration
after nerve repair to the situation in which no repair
was performed.

The biostatistics was done using SPSS. For the
analysis of the continuous variables non-parametric
tests were performed (for the variables without normal
distribution) - Median test. For this type of data, the
median and Inter Quartile Range (IQR) were reported.

'The threshold for statistical significance was p<0.05.
'The analysis for the ordinal variables was done using
the Likehood Ration test, the results being reported
as percentages. The correlation between the continuous
non-parametric variables was done using the Kendall
Tau b test. The graphic representation was done using
box-plot graphics, columns, scatter-dot and line.

Sensitivity, motor function and SFI at 12 weeks

n=38 Batch 1 | Batch 2 | Batch 3 | Batch 4 Total

i Medi- Medi- Medi- Medi- Medi-
Variable

an(lIQR) [an(IQR) |an(lQR) [an(lQR) |an(IQR)

Sensitivity
at 12 weeks 3(0) 3(0) 3(0) 3(0) 3(0)
Motor
functionat | 2.5(1) 2(2) 2 (1) 2(1) 2(1)
12 weeks
SFlat12 -575 -58.5 -55.5
weeks ©) a2 | o | 376 | 576

Median test for sensitivity, motor function and SFI at 12 weeks

Median test
Variable P value
(Degree of freedom)
Sensitivity at 12 weeks - -
Motor function at 12 0.7 3) 0.862
weeks
SFl at 12 weeks 2(3) 0.572
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Sensitivity at 12 weeks had a maximum result for all
4 batches, without any difference. The motor function
at 12 weeks had the best result in the nerve graft batch,

Motor function analysis — comparison between

the 4 batches in evolution

followed by the other 3 batches without significant n=38 Batch 1 [Batch2 |Batch3 |Batch4 |Total
statistical differences. Variable | Median [Median Median |Median | Median
'The sciatic functional index at 12 weeks presented anable  1aar) |aam) (IQR) (IQR) (IQR)
similar results among the 4 groups, with best results in Motor
the PRP group, followed by the stem cell group, then function [0 0 0 0 0
the nerve graft and last being the simple aortic conduit at 2 weeks
batch. Motor
function |0 0 0 0 0
at 4 weeks
Sensitivity test analysis — comparison between
. . Motor
the 4 batch, I .
¢ 4 batehes In evolution function |1(1)  [o() 1(0) 1(0) 1)
n=38 Batch 1 | Batch 2 | Batch3 | Batch4 | Total at 6 weeks
. - . " - Motor
Variable | Medi- | Medi- | Medi- | Medi- | Medi- function (1) |1(2) 101) 1510 |10)
an(IQR) | an(IQR) | an(IQR) | an(IQR) | an(IQR) at 8 weeks
Sensitivity 100 0 101 101 101 Motor
at 2 weeks function
A 2(2) 1.5(7) 2(1) 2(0) 2(1)
septtvl Ly | ) | 10 | 10 | 10 atio
at 4 weeks weeks
Sensitivity Motor
2(1) 1M 2(0) 2(1) 2(0) i
at 6 weeks function
: "_Vt_ - at1o 2.5(1) |2(2) 21) 2(1) 21)
ensitivity
at8weeks | 2( 2(0) 2(1) 2(0) 2(0) weeks
Sensitivity
2(1 2(1 30 3(1 3(1
at 10 weeks M M © M M Median test for sensitivity evaluation
Sensitivity
at 12 weeks 300 300) 300 300) 300) . Median Test (Degree of free-
Variable dom) P value
Median test for sensitivity evaluation Motor function at 2
Woeks 3.851 (3) 0.278
- Median test Motor function at 4
Variable (Degree of freedom) P value weeks 3.851 (3) 0.278
Sensitivity at 2 weeks | 3.851 (3) 0.278 Motor functionat6 |, ;) 0.493
weeks
Sensitivity at 4 weeks | 7.917 (3) 0.05 Motor function at 8 2.122 (3) 0.547
weeks ’ ’
Sensitivity at 6 weeks 3.851 (3) 0.278 Motor function at 10
Woeks 0.749 (3) 0.862
Sensitivity at 8 weeks 3.254 (3) 0.354 Motor function at 12 1994.3) 017
o weeks : :
Sensitivity at 10 weeks |- -
Sensitivity at 12 weeks | - i The best nerve recovery when analyzing motor

For the 10* and 12* week evaluation, all values
are smaller or equal to the median; therefore the test
cannot be applied.

The tables above prove that the best sensitivity
recovery is among the PRP batch at 10 weeks (without
any statistical difference).

function can be seen in the nerve graft batch. The
median of the test showed no statistical differences
between the batches.

Sciatic functional index (SFI)

Determining the SFI was done starting with the 6™
week because prior to this time the footprints could
not be fairly evaluated.
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SFI analysis — comparison between the 4 batches in evolution

n=38 Batch1 |Batch2 ([Batch3 [Batch4 |Total
Variable | Medi- Medi- Medi- Medi- Medi-

an(lQR) |an(IQR) [an(lQR) |an(lQR) |an(IQR)
SFlat6 |-755(8) [-76 (@) |-76(7) |-76.5(4) |-76(4)
weeks
SFlat8 |-69.5(6) |- 70.5 -69 (7) -69.5(4) |-69.5(4)
weeks am
SFI -63.5(7) [-64(12) [-62(6) [-62(5) [-62.5(4)
at10
weeks
SFI -57.5(9) |-58.5 -55.5 -57(5) |-57(6)
at12 (12) (10)
weeks

Median test for SFI evaluation

Variable Median Test(Degree of freedom) (P value
SFl at 6 weeks 1.08 (3) 0.782
SFI at 8 weeks 0.8 (3) 0.849
SFl at 10 weeks 0.8 (3) 0.849
SFl at 12 weeks 2(3) 0.572

The footprint test showed an improvement in all 4
batches. The best results at 12 weeks were recorded in
the PRP batch, followed by the stem cell batch, then
the nerve graft batch and finally the simple aortic
conduit batch.

SFI at 10 weeks

2

< == ? = 5

Nerve graft ~ Simple aortic conduit PRP Stem cells

Lot

Graphic distribution of SFI at 10 weeks for each batch

SFl at 12 weeks

wi??{-

Simple aortic conduit PRP

Nerve graft Stem cells

Lot

Graphic distribution of SFI at 12 weeks for each batch

DISCUSSIONS

The nerve graft is considered gold standard when
repairing a nerve defect. There are several issues to be
considered both in research and in clinical practice
when using nerve grafts. Great suture tension, incorrect
alignment, lack of symmetry of the nerve endings can
all lead to a poor result®. Improper traction may harm
the noble tissue, while passing the needle too profound
or tying the knot too firm may create a misalignment,
with axoplasmatic protrusion’.

Great attention was paid to selecting the correct
area where the incisions were placed, realizing a proper
dissection, correct nerve identification and choosing
the proper place where to make the incision in the
sciatic nerve in order to create a nerve graft.

Using a biological nerve conduit poses the
problem of right conservation, in order to preserve its
properties for a longer period of time. Ringer solution
was described in a study by Matos et al as a proper
conservation solution for splenic tissue, which could
be implanted after 24 hours at the level of the greater
omentum, preserving its structural morphology as well
as a good functional regeneration®.

Choosing the right nervous conduit is done taking
into consideration the diameter of the injured nerve, as
well as the length of the defect. There are situations in
which, to obtain a longer range for nerve defects, the
surgeon could also combine nerve grafting and nerve
conduits. Francel et al demonstrated in a study the
benefits of using a nerve graft inside a silicon conduit
in comparison to the silicon conduit used alone™.
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Although the rat aorta was a suitable choice to use as
a nerve conduit, it did have some disadvantages. Firstly
it required the euthanasia of the 2 extra rats (which
were also used to harvest PRP). Secondly, there was
also the risk of reject (as it was an allograft which could
generate an immune reaction). Thirdly, being a biologic
material, there was a great need to be conserved for
several days in order to be used for multiple surgical
interventions.

For the immune reaction, administrating immu-
nosuppression medicine could prevent this problem,
with the risk of increasing infection. Therefore, the op-
tion was to administer immunosuppression medicine
only in case of clinical manifestation of graft rejection
(which never occurred). One explanation for this could
be the fact that the immune system is different in hu-
mans and in rats — rodents present in majority lympho-
cytes, while humans present neutrophils®.

'The Ringer solution was appropriate to conserve
the aorta up to one week at 4°C, without macroscopic
differences. Preserving biological conduits usually
require a tissue bank with special conditions. Glycerol
solution 15% is an optimal preservation environment;
this has been proved useful for both skin grafts as well
as corneal tissue*®*.

Asfor PRP and stem cells used in nerve regeneration,
Quertainmont et al support this idea, PRP having slight
better results compared to stem cells. The same study
mitigates for a combined use of the 2 substances, this
combination having higher results compared to each of
them used separately*. Teymor et al added thrombine
to the PRP solution to achieve better results®.

The original idea to obtain the stem cells was by
harvesting adipose cells. This idea had some limitations:
increasing the morbidity and operating times, increasing
the anesthesia doses and having small quantities of
adipose tissue which could be harvested from young
rats. For these reason, human stem cells (xenografts)
were harvested from the umbilical cord and preserved
in liquid nitrogen. One important advantage of these
stem cells was the ease of use.

The clinical measurements were performed
periodically in small time frames in order to have a
better representation of the regenerative process.

CONCLUSIONS

In vivo nerve repair represents the most accurate
evaluation of special nerve repair techniques. Right

anesthesia, correct protocols before starting and
experience in the field of microsurgery are the premises
of a properly conducted experiment. Even though the
study didn’t have statistical power due to the small
number of rats used in the 4 groups, some conclusions
can be drawn and may be subject to further research.

Although the nerve graft achieved the best results
when referring to overall motor function (from the
clinical perspective), the PRP group had the best
results in prevention muscle atrophy (indicated by
the gastrocnemius index), as well as the best results
obtained in the periodical sensitivity tests. This makes
the PRP with a nerve conduit a suitable replacement
for the traditional nerve graft.

The stem cells group also provided good results in
preventing muscle atrophy, above the nerve graft batch.
However these cells are difficult to obtain and may im-
plicate legal aspects if they were to be used in humans.

'The simple aortic nerve graft had the poorest results,
both when referring to sensitivity and motor function.
For this reason, adding different types of substances or
tissues inside the nerve conduit (such as PRP or stem
cells) could make a significant difference in the final
results.

Compliance with ethics requirements: The authors
declare no conflict of interest regarding this article. The
authors declare that all the procedures and experiments
of this study respect the ethical standards in the
Helsinki Declaration of 1975, as revised in 2008(5), as
well as the national law. Informed consent was obtained
from all the patients included in the study.
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