Sciatic nerve repair with tissue engineered nerve:
Olfactory ensheathing cells seeded poly(lactic-co-glygolic
acid) conduit in an animal model
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ABSTRACT

Background and Aim: Synthetic nerve conduits have been sought for repair of nerve defects as the autologous nerve grafts causes
donor site morbidity and possess other drawbacks. Many strategies have been investigated to improve nerve regeneration through
synthetic nerve guided conduits. Olfactory ensheathing cells (OECs) that share both Schwann cell and astrocytic characteristics
have been shown to promote axonal regeneration after transplantation. The present study was driven by the hypothesis that
tissue-engineered poly(lactic-co-glycolic acid) (PLGA) seeded with OECs would improve peripheral nerve regeneration in a long
sciatic nerve defect.

Materials and Methods: Sciatic nerve gap of 15 mm was created in six adult female Sprague-Dawley rats and implanted with
PLGA seeded with OECs. The nerve regeneration was assessed electrophysiologically at 2, 4 and 6 weeks following implantation.
Histopathological examination, scanning electron microscopic (SEM) examination and immunohistochemical analysis were
performed at the end of the study.

Results: Nerve conduction studies revealed a significant improvement of nerve conduction velocities whereby the mean nerve
conduction velocity increases from 4.2 + 0.4 m/s at week 2 to 27.3 £ 5.7 m/s at week 6 post-implantation (P < 0.0001). Histological
analysis revealed presence of spindle-shaped cells. Immunohistochemical analysis further demonstrated the expression of S100
protein in both cell nucleus and the cytoplasm in these cells, hence confirming their Schwann-cell-like property. Under SEM, these
cells were found to be actively secreting extracellular matrix.

Conclusion: Tissue-engineered PLGA conduit seeded with OECs provided a permissive environment to facilitate nerve
regeneration in a small animal model.
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Thus, there is a need for an alternative nerve conduit
with ideal characteristics such as biocompatibility, ability
to regenerate the nerve along the whole length of the
conduit, semi flexibility and easy handling during the
surgery.! Various synthetic biomaterials have been studied
in the evolution and development of artificial nerve
conduits. Poly lactic-co-glygolic acid (PLGA) is approved
by United States Food and Drug Administration (USFDA)
for therapeutic use and for use in medical devices owing
to its biodegradability and biocompatibility and is one of
the most used biodegradable synthetic polymers in tissue
engineering. It’s use is mainly due to ease of controlling its
mechanical properties and biodegradation rate.>® PLGA
hollow tubes have been long studied for use in nerve graft
and showed potentially encouraging results.> Neurotrophic
factors within the artificial nerve conduit improved the
adhesion, survival and movement of the neuronal cells
and assisted alignment of the nerve axons during the
regeneration comparable to the nerve regeneration in
autografts.®” Previously, artificial nerve conduits filled
with neural-differentiated human mesenchymal stem
cells (hMSCs) and Schwann cells have been studied for
use in nerve graft.!*> Besides hMSCs and Schwann cells,
olfactory ensheathing cells (OECs) are also potential
cells for nerve regeneration as they exhibit properties
of both Schwann cells and astrocytes and are known to
improve axonal regeneration and produce myelin after
transplantation.®° A previous in vivo study involving
transplantation of OECs on transected nerve showed that
the OECs integrated into the repaired nerves and the OEC
transplanted group had increased conduction velocity
and better functional recovery.™ It is widely accepted that
a 10 mm nerve gap for rat sciatic nerves can regenerate
spontaneously. Therefore, a nerve gap longer than 10 mm
is considered critical and would necessitate the use of a
nerve conduit to bridge the gap. !!

The present study was driven by the hypothesis that
PLGA nerve conduit seeded with OECs would facilitate
nerve regeneration in transected nerve injuries involving
longer nerve gaps (>10 mm). We evaluated the efficacy of
tissue-engineered PLGA nerve conduit seeded with OECs
in bridging nerve gaps of 15 mm following sciatic nerve
injury in the rat model. The nerve regeneration process
was analyzed histologically and the functional recovery of
the nerve was assessed electrophysiologically.

MATERIALS AND METHODS

Fabrication of PLGA nerve guide conduit

Porous PLGA nerve conduit was fabricated by immersion
precipitation technique.'? The PLGA with a lactide-glycolide
ratio of 50:50 was used in the present study. One gram of

PLGA was dissolved in 15 ml of methylene chloride. To
form the conduit tubes, 18-gauge needles were utilized. The
dip-molding process was performed within a fume hood to
prevent toxic effects of methylene chloride fumes. Needles
were dipped into the solution for 1 min, ensuring at least
three quarters or more of the needle surface was beneath
the solution line. They were then removed and hung within
the fume hood for 5 min. This process was repeated for
50 cycles before the needles were left to dry for 24 h. This
whole cycle was repeated twice within 4 days. After the
4t day, a clear structure was seen forming on the outer
layer of the needle. The conduits were then removed from
the needle scaffold by pushing the conduits off manually
and sterilized using 70% ethanol. PLGA conduits of 20 mm
length and about 0.5 mm diameter were obtained. There
was no difficulty in handling the conduit during implantation
and suturing.

Cell culture and seeding

OECswere harvested from adult female Sprague-Dawley (SD)
rats. The OEC layer was stripped away from the rest
of the bulb through the septum portion.!® The tissue
was minced and then digested with collagenase type |
0.3% solution. Subsequently, the cell suspension was
centrifuged and cultured in Minimum Essential Medium
Alpha (o-MEM) medium until passage 2. Characterization
by immunostaining showed that OECs were positive for glial
fibrillary acidic protein (GFAP), S100b and cytokeratin 18.13
Atotal of 3 X 10° cells were seeded on each nerve conduit.
The PLGA conduit was immersed in the cell suspension
for 2 h to facilitate equal cell distribution throughout the
conduit.

Animals

All animal work was conducted according to the Universiti
Kebangsaan Malaysia (UKM) Animal Ethics Committee
guidelines and prior ethical approval was obtained for the
study. Six adult female SD rats weighing 250-350 g were
used. The animals were given rat pellet and water and
were allowed normal cage activities. Saw dust was used
as bedding and was changed twice a week.

Operative procedure for implantation

Rats were placed prone under sterile conditions and
skin from the clipped lateral right thigh scrubbed in a
routine fashion with povidone solution. Surgeries were
performed under the operating microscope (Carl Zeiss,
Germany). Under deep anesthesia (ketamine 80 mg/kg,
xylazine 10 mg/kg; intravenous), the right sciatic nerve
was exposed through a skin incision extending from the
greater trochanter to the midway distally followed by deep
dissection. After nerve mobilization, a transection injury
of 15 mm was performed (neurotmesis) using straight
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microsurgical scissors. The nerve was injured at a level as
low as possible, in general, immediately above the terminal
nerve ramification. The injured nerve was repaired using
PLGA incorporated with OECs. Fifteen mm conduits were
interposed between the proximal and distal stumps with
three sutures (10/0 Ethilon) at each junction [Figure 1].
Following the implantation, the intermuscular plane was
closed using a 5/0 chromic catgut suture (Ethicon) and
the skin was closed using a 5/0 nylon suture (Ethicon).
Chloramphenicol cream was applied to sutured skin area to
protect it from infection. The contralateral left sciatic nerves
were left intact in all groups and these served as controls.
After the surgery, all animals were nursed in an individual
ventilated cage, housed in a temperature-controlled and
humidity-controlled room and were closely monitored for
3 days; there was no postoperative mortality. Incontinent
sheet was used as the bedding for 3-4 days to maintain
hygiene and prevent wound infection. Intramuscular
ceftriaxone (Rocephin) 100 mg/kg daily was given for 3
doses and syrup Paracetamol 200 mg/kg/day was given
to relieve pain. Feeding was also monitored in terms of
pellets eaten and amount of fluids taken. All the animals
were monitored for 6 weeks before being euthanized for
further analysis.

Electrophysiological evaluation

For the experimental rats, electrophysiological evaluation
was performed at an interval of 2™, 4t and 6% weeks
after tissue-engineered PLGA implantation. Under
anesthesia (ketamine 80 mg/kg, xylazine 10 mg/kg;
intravenous), a recording needle electrode was placed
at the sciatic nerve and stimulated at 98 mA by stainless
wire electrode connected to a DC electrical stimulator.
The stimulus duration was 0.1 ms. The ground electrode
was also placed in surrounding muscle tissues. The

Figure 1: Implantation of poly(lactic-co-glygolic acid) nerve conduit
seeded with olfactory ensheathing cells at transected sciatic nerve
injury

corresponding nerve conduction velocities were determined
for all the six rats.

Histological evaluation

For the histological analysis (6 weeks following implantation),
the animals were euthanized with pentobarbital
administration. The animals were carefully dissected and the
implanted constructs were removed. The regenerated nerve
specimens were fixed and dehydrated. The mid-portions
of the specimens were embedded in paraffin and cut into
4 um thickness sections with an ultramicrotome and stained
with hematoxylin and eosin (H and E) for observation by
a light microscopy. At the same time, the specimens were
observed by scanning electron microscopy.

Immunohistochemical analysis

For the immunostaining with S100, the paraffin-embedded
sections were deparaffinized, rehydrated and subsequently
immersed into preheated target retrieval solution in
a water bath (95-98°C) for 30 min. The slides were
placed under room temperature for 20 min before they
were rinsed 2 or 3 times with tris buffered saline (TBS)
and followed by 1 h blocking with 10% goat serum in
TBS. Polyclonal anti-S100b (mouse; 1:4000; BD) was
then applied overnight at 4°C. Primary antibody was
detected by fluorescein isothiocyanate (FITC) anti-mouse
IgG (goat; 1:50; Chemicon) and counter-staining was
done with 4’,6-diamidino-2-phenylindole (DAPI) (nuclear
staining). The sections were examined using a fluorescence
microscope (eclipse Ti, Nikon).

Statistical analysis

Data is expressed as mean =* standard error
of mean. Electrophysiological data with intergroup
(3 groups) differences were tested by one-way analysis
of variance (ANOVA) using SPPS 14.0 software. Before
each ANOVA, a Levene’s test was used to determine if the
variances across the groups are homogenous. If ANOVA
analysis identified a significant effect of the experimental
group (between subjects factor), the post hoc HSD Tukey’s
test was applied for paired comparisons. Descriptive analysis
was used for both immunohistochemical and histological
results.

REesuLTs

In vivo regeneration

All animals survived the surgery. The initial three rats
developed ulcers on the 3% day post-surgery. Eventually,
these rats nibbled at the extremity of their toes. This may
be due to post-surgical pain. Hence, for the subsequent
rats, Paracetamol was administered for 7 days immediately
post-surgery and the problem resolved.
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All conduits were intact after 6 weeks of implantation,
without any anastomotic disruptions in the conduits.

Electrophysiological evaluation

Nerve conduction study was used to assess neurophysiological
recovery. The nerve conduction velocities at 2, 4 and
6 weeks postimplantation were compared to each other.
One-way ANOVA of the three groups of data revealed
a P < 0.0001. Two weeks postoperative and 4 weeks
postoperative data showed no statistical difference in nerve
conduction velocities. However, 6 weeks postoperative
data showed a significant difference and consistently
higher values compared to those at 2 and 4 weeks
postimplantation [Figure 2].

Histological evaluation

Six weeks following implantation, the tissue-engineered
PLGA showed the presence of spindle-shaped Schwann
cell-like cells and red blood cells [Figure 3]. No marked
presence of inflammatory cells was noted in the histological
sections of the post-implanted conduits. Histological section
from normal sciatic nerve was used as a reference.
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Figure 2: A bar diagram showing nerve conduction velocities at 2, 4 and
6 weeks following implantation of olfactory ensheathing cells seeded
poly(lactic-co-glygolic acid) conduit into transected sciatic nerve.
*One-way ANOVA of the three groups of data revealed P <0.0001. The
6™ weeks post implantation mean conduction velocity was significantly
higher compared to the 2™ and 4™ week post-implantation mean
conduction velocity
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Figure 4: Scanning electron micrograph of:

(a) olfactory ensheathing
cells seeded poly(lactic-co-glygolic acid) nerve conduit at 6 weeks
postimplantation at transected sciatic nerve (x3000), (b) normal
Schwann cell (x10000)

Scanning electron microscopy

Scanning electron microscopy following 6 weeks
implantation of the OECs-seeded PLGA conduit showed
presence of Schwann cell-like cells that were actively
secreting extracellular matrix [Figure 4]. Normal sciatic
nerve was used as a reference.

Immunohistochemical evaluation
Six weeks following implantation of tissue-engineered
PLGA, immunohistochemical analysis revealed the
distribution of S100 protein in both the nucleus and the
cytoplasm of the Schwann cell-like cells [Figure 5]. Normal
sciatic nerve was used as a reference.

DiscussioN

After an event of peripheral nerve injury, restoration of
function with sufficient recovery continues to be a clinical
challenge.'* The use of artificial nerve guide conduits to
bridge the gap between severed peripheral nerve stumps
is widely accepted as a useful alternative.! Previous animal
studies used PLGA conduits to bridge the gap between the
transected nerve ends to enable axonal growth across the
gap and histological analysis has revealed the presence of

A ) T,
Figure 3: H and E staining of cross-sectional nerve

> - 38

(x100

).
Mid-portion of: (a) the implanted olfactory ensheathing cell seeded
poly(lactic-co-glygolic acid) conduit (6 weeks), (b) normal sciatic nerve.
The black arrow shows Schwann cell-like cells and the red arrow show
red blood cells

Figure 5: Immunofluorescence staining of the normal nerve and
implanted conduits’ cross section (x100). Cells with DAPI-counterstained
nucleus (blue) are expressing S-100 (green fluorescence). (a) olfactory
ensheathing cells seeded poly(lactic-co-glygolic acid) nerve conduit
6 weeks post implantation at transected sciatic nerve (6 weeks),
(b) normal sciatic nerve
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Schwann cells along these conduit.!>!® Use of PLGA has
several advantages. Being biodegradable, it does not leave
any residual foreign material. Furthermore, PLGA can be
tailored to release substances over a protracted period as
demonstrated by its use as a drug delivery vehicle.!” The
PLGA with a lactide-glycolide ratio of 50:50 was used in
the present study as our previous studies had shown that
PLGA (50:50) can form scaffolds of good mechanical
property and hence suitable for tissue engineering.>181°

The immersion precipitation technique was chosen for
fabrication of PLGA nerve guide as this method is simple
and can be used to form hollow conduits of various
thicknesses.'?2°21 Qur previous physicomechanical and
ultrastructural study on the PLGA conduits have shown
that they have good flexibility, ability to stretch and have
a porous outer layer.?? In this study, porous PLGA nerve
conduit with OECs was used to facilitate nerve regeneration.
Porous conduits were utilized to encourage vascular
ingrowth and nutrient permeation into the tube wall as also
concurred with other studies.'??® In our study, the blood
cells that were observed in the regenerated nerve tissues
could be an early sign of angiogenesis. The postimplanted
conduits showed the presence of S100-positive cells. As
S100 is a specific marker for Schwann cells, we used the
term Schwann-cell-like cells to refer to these S100 positive
cells throughout the paper. In this study, we did not perform
cell tracking on the implanted cells, hence, we could not

Neurotrophic factors promote a variety of neural responses,
like the survival and outgrowth of the motor and sensory
nerve fibers and are implicated in peripheral nerve
regeneration.'?° OEC is a useful cellular system to produce
and deliver these neurotrophic factors.>® OECs can be
regarded as peripheral nerve progenitor cells since they
develop from a peripheral origin, the olfactory placode.
OEC:s are able to self-renew and differentiate to promote
axonal regrowth and remyelination in the peripheral
nervous system under experimental conditions.® This was
the basis for incorporating OECs in the biodegradable nerve
conduit in our study.

To conclude, the results of our preliminary study support
the use of OECs-seeded porous PLGA conduit to facilitate
nerve regeneration. Proof of efficacy in a study with larger
sample number and in large animal model needs to be
conducted before this tissue engineered nerve conduit
can be considered for use in patients for peripheral nerve
reconstruction. It will be an alternative to autograft nerve
transplant in future clinical settings.
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