
BioMed Research International

Translational Research in Peripheral 
Nerve Repair and Regeneration

Guest Editors: Nektarios Sinis, Stefano Geuna, and Fausto Viterbo 



Translational Research in Peripheral Nerve
Repair and Regeneration



BioMed Research International

Translational Research in Peripheral Nerve
Repair and Regeneration

Guest Editors: Nektarios Sinis, Stefano Geuna,
and Fausto Viterbo



Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “BioMed Research International.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Contents

Translational Research in Peripheral Nerve Repair and Regeneration, Nektarios Sinis, Stefano Geuna,
and Fausto Viterbo
Volume 2014, Article ID 381426, 2 pages

Characterization of Glial Cell Models and In VitroManipulation of the Neuregulin1/ErbB System,
Davide Pascal, Alessia Giovannelli, Sara Gnavi, Stefan Adriaan Hoyng, Fred de Winter, Michela Morano,
Federica Fregnan, Paola Dell’Albani, Damiano Zaccheo, Isabelle Perroteau, Rosalia Pellitteri,
and Giovanna Gambarotta
Volume 2014, Article ID 310215, 15 pages

Does Pulsed Magnetic FieldTherapy Influence Nerve Regeneration in the Median Nerve Model of the
Rat?, Benedicta E. Beck-Broichsitter, Androniki Lamia, Stefano Geuna, Federica Fregnan, Ralf Smeets,
Stephan T. Becker, and Nektarios Sinis
Volume 2014, Article ID 401760, 6 pages

Clinical Applications of End-to-Side Neurorrhaphy: An Update, Pierluigi Tos, Giulia Colzani,
Davide Ciclamini, Paolo Titolo, Pierfrancesco Pugliese, and Stefano Artiaco
Volume 2014, Article ID 646128, 5 pages

The Role of Neurotrophic Factors Conjugated to Iron Oxide Nanoparticles in Peripheral Nerve
Regeneration: In Vitro Studies, Ofra Ziv-Polat, Abraham Shahar, Itay Levy, Hadas Skaat, Sara Neuman,
Federica Fregnan, Stefano Geuna, Claudia Grothe, Kirsten Haastert-Talini, and Shlomo Margel
Volume 2014, Article ID 267808, 10 pages

Recovery of Peripheral Nerve with Massive Loss Defect by Tissue Engineered Guiding Regenerative Gel,
Shimon Rochkind and Zvi Nevo
Volume 2014, Article ID 327578, 7 pages

Challenges for Nerve Repair Using Chitosan-Siloxane Hybrid Porous Scaffolds, Yuki Shirosaki,
Satoshi Hayakawa, Akiyoshi Osaka, Maria A. Lopes, José D. Santos, Stefano Geuna, and Ana C. Mauricio
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The interest towards research in peripheral nerve repair
regeneration has seen a great and progressive increase in the
light of the continuous increase in the number of microsurgi-
cal nerve reconstructionsworldwide [1].While only few years
ago nerve reconstruction was a rare type of surgery carried
out in few high specialized centers only, it is becoming more
and more frequent and widespread today and, considering
the great number of traumatic events which could benefit
from such type of surgery, this increasing tendency is going
to continue in the next future making complex surgical
interventions (such as limb replantation and brachial plexus
reconstruction) more and more common worldwide.

In spite of the progress in the surgical techniques, it is
getting more and more clear that peripheral nerve repair
is no longer a matter of surgical reconstruction only but
rather a matter of multidisciplinary and integrated treatment
strategies [2].

This special issue brings together 11 reviews and research
articles which nicely illustrate themultidisciplinary approach
to translational research in peripheral nerve repair and
regeneration.

While some cutting-edge surgical strategies, such as end-
to-side neurorrhaphy [3], synthetic tubulization [4], and
muscle neurotization [5], are being introduced to the clinical
practice based on solid preclinical studies, basic research is
exploring innovative approaches along four main lines.

First, cell transplantation is being explored with the goal
to get information about the homing of transplanted cells in
the receiving nerve as well as to identify which cell type best
adapts to the nerve environment [6].

Second, various new types of biomimetic biomaterials are
being tested as peripheral nerve scaffolds with a special view
not only on the chemical composition of thematerial but also
on its 3D configuration whichmight facilitate the regrowth of
axons and the migration of Schwann cells [7].

Third, a large body of basic research is also dedicated to
the identification of newmolecules thatmight promote nerve
regeneration, for example, inflammatory cytokines [8] and
gliotrophic factors [9], as well as their controlled local release.

Last but not least, the possibility to promote nerve
regeneration by physical therapy, that is, the application of
physical agents, is also raising much interest among basic
scientists [10].

The collection of papers published in this special issue
nicely covers all these fields of study and we hope that it will
attract the interests of a large number of interdisciplinary sci-
entists as well as surgeons promoting successful translational
research aimed at improving the treatment of peripheral
nerve injury.

Nektarios Sinis
Stefano Geuna
Fausto Viterbo
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The neuregulin1/ErbB system plays an important role in Schwann cell behavior both in normal and pathological conditions. Upon
investigation of the expression of the neuregulin1/ErbB system in vitro, we explored the possibility to manipulate the system in
order to increase the migration of Schwann cells, that play a fundamental role in the peripheral nerve regeneration. Comparison
of primary cells and stable cell lines shows that both primary olfactory bulb ensheathing cells and a corresponding cell line express
ErbB1-ErbB2 and neuregulin1, and that both primary Schwann cells and a corresponding cell line express ErbB2-ErbB3, while only
primary Schwann cells express neuregulin1. To interfere with the neuregulin1/ErbB system, the soluble extracellular domain of the
neuregulin1 receptor ErbB4 (ecto-ErbB4) was expressed in vitro in the neuregulin1 expressing cell line, and an unexpected increase
in cell motility was observed. In vitro experiments suggest that the back signaling mediated by the transmembrane neuregulin1
plays a role in the migratory activity induced by ecto-ErbB4. These results indicate that ecto-ErbB4 could be used in vivo as a tool
to manipulate the neuregulin1/ErbB system.

1. Introduction

The neuregulin1/ErbB system plays an important role in
Schwann cell (SC) behavior both in normal and pathological
conditions [1] and the possibility to manipulate it gives new
perspectives to improve posttraumatic nerve regeneration
[2–4].

The ErbB receptor family consists of four tyrosine kinase
receptors: epidermal growth factor receptor (EGFR, also
called ErbB1 or HER1), ErbB2, ErbB3, and ErbB4 [5]. ErbB
receptors bind several structurally related growth factors.
Among them, neuregulin1 (NRG1) is the most characterized

and studied in the peripheral nervous system (PNS) for its
role in axon-glial signaling and SC activity. The NRG1 gene
codes for more than 20 different isoforms [1, 6–8] which
differ because of alternatively spliced exons. Actually, soluble
and transmembrane isoforms were described that differ in
the presence of N-terminal domains and their signaling
mode: soluble isoforms (types I and II) are mainly released
by glial cells and signal in a paracrine/autocrine manner;
transmembrane isoforms (type III) are mainly expressed
by axons and signal in a juxtacrine manner [8]. NRG1 are
further classified as alpha and beta isoforms, according to the
characteristics of their EGF-like domain.
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It has been shown that transmembrane ligand-receptor
interactions may lead to a process of back-signaling, which is
mediated by the action of a 𝛾-secretase enzyme which causes
the release of a cytoplasmic fragment able to translocate into
the nucleus [9, 10].

In order to better study the role of the NRG1/ErbB system
in the peripheral nerve, four different in vitro models were
analyzed: primary rat SC harvested from sciatic nerve, a SC
line (RT4-D6P2T) [11], primary glial cells of the olfactory
nerve, known as olfactory ensheathing cells (OEC), and
a neonatal olfactory bulb ensheathing cell line (NOBEC)
[12]. In vitro experiments were carried out to address these
questions.

Are NRG1 and ErbB receptor expressed in these
four cellular models? What are the in vitro effects of
manipulating theNRG1/ErbB systemby expression of
the soluble extracellular domain of theNRG1 receptor
ErbB4 (ecto-ErbB4) in glial cells?

2. Materials and Methods

2.1. In Vitro Assays

2.1.1. Cultures of NOBEC, RT4-D6P2T, and COS7. Neonatal
olfactory bulb ensheathing cells (NOBEC) line, derived from
primary cells dissociated from neonatal rat olfactory bulb
and immortalized by retroviral transduction of SV40 large T
antigen [12], was kindly provided by Dr. Jacobberger (Com-
prehensive Cancer Center, Case Western Reserve University,
10900 Euclid Avenue, Cleveland, OH 4106-4944, USA). Rat
RT4-D6P2T [11] and COS7 were provided by the American
Type Culture Collection (ATCC). Cell lines were grown as
monolayer at 37∘C in a humidified atmosphere of 5%CO

2
/air,

in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen,
UK) supplemented with 100U/mL penicillin, 100 𝜇g/mL
streptomycin, 1mMsodiumpyruvate, 2mM l-glutamine, and
10% heat-inactivated foetal bovine serum (FBS; Invitrogen).
Recombinant NRG1𝛽1 has been produced in the laboratory
as a His-tag fusion protein in E. coli [13].

2.1.2. Cultures of Primary Schwann Cells (SC). To harvest
Schwann cells (SC), rat sciatic nerves were exposed, removed,
and kept in DMEM plus glutamax (Invitrogen, UK) con-
taining 100U/mL penicillin and 100 𝜇g/mL streptomycin.
Nerves were then dissected in trunks, desheathed, and finally
chopped in 1mm segments. The segments were then plated
in a Petri dish in SC growth medium (DMEM plus glutamax
containing 100U/mL penicillin, 100 𝜇g/mL streptomycin,
14 𝜇Mforskolin, and 100 ng/mLNRG1𝛽1, R&DSystems, UK).
Cells were incubated for 2 weeks at 37∘C with fresh medium
added approximately every 72 h. After these 2 weeks medium
was aspirated and 0.125% (w/v) collagenase type IV and
117U/mg dispase were added to the Petri dish. After 24 hours
(h) incubation, cell suspension was filtered through a 70mm
cell strainer (Falcon; BD Biosciences Discovery Labware,
Bedford, MA) and centrifuged at 100×g for 5min to obtain
the cell pellet. Finally, the cell pellet was resuspended in SC
growth medium, seeded into a Petri dish pre-coated with

poly-D-lysine (Sigma, St Louis, MO, USA), and incubated
in the same conditions. The following day, the medium was
changed and cells were left to proliferate. When confluent,
SC were purified by an antibody complement method to
eradicate the remaining fibroblasts [14–16].

2.1.3. Cultures of Primary Olfactory Ensheathing Cells (OEC).
OEC were isolated from 2-day-old rat pups (P2) olfactory
bulbs using an already described method [17]. Ten neonatal
rats were used to produce each batch of OEC. Initial steps
involved peeling away the olfactory nerve layer from the rest
of the bulb and digesting the tissue in MEM-H containing
0.03% collagenase and 0.25% trypsin for 15min at 37∘C. This
step was repeated twice with a fresh solution. Trypsinization
was stopped by adding 10% foetal calf serum (FCS)-DMEM.
The digested tissue was mechanically dissociated by tritura-
tion and filtrated through a 80𝜇m nylon mesh followed by
centrifugation at 500×g for 10min. Cells were resuspended
and plated in flasks, fed with fresh 10% FCS-DMEM, and-
supplemented with 2mM L-glutamine, 50U/mL penicillin,
and 50 𝜇g/mL streptomycin. 24 h after initial plating, 10𝜇M
antimitotic agent cytosine arabinoside was added to reduce
the number of dividing fibroblasts. OEC cultures were further
processed by passing cells from one flask to another.This step
reduces contaminating cells because they adheremore readily
to plastic than OEC. In the last passage OEC were plated on
25 cm2 flasks and cultured in 10% FCS-DMEM supplemented
with bovine pituitary extract. OEC purity was verified using
immunocytochemistry with p75 and S-100. The percentage
of S-100/p75 positive cells in the cultures was ∼85–90% (data
not shown). Cells were incubated at 37∘C in 10% FCS-DMEM
and the medium was changed twice a week.

2.1.4. GDNF Stimulation Assay. Purified primary OEC and
NOBEC were plated on 14mm diameter poly-L-lysine (PLL,
10 𝜇g/mL, Sigma) coated glass coverslips at a final density
of 3 × 103 cells/coverslip and grown both in 10% FCS-
DMEM and in serum-free DMEM. Cells were cultured with
the addition of Glial Derived Neurotrophic Factor (GDNF,
1 ng/mL, Chemicon) for eight days, changing the medium
twice. Control cultures received medium with no addition
of trophic factor (CTR). Then, cells were processed by
immunocytochemical procedures and total RNA extraction.

2.1.5. Immunocytochemistry. OEC and NOBEC were fixed
in 0.1M phosphate buffer pH 7.4 (PBS) containing 4%
paraformaldehyde (PAF) for 30minutes (min). Afterwashing
in PBS cells were treated with PBS containing 5% normal goat
serum (NGS), 0.1% Triton X-100 at room temperature (RT)
for 15min.OEC andNOBECwere incubated overnight at 4∘C
with the following primary antibodies: anti-S-100 (mouse,
working dilution/w.d. 1 : 100; Sigma Aldrich), antinestin (rab-
bit, w.d. 1 : 100; Immunological Science), and antivimentin
(mouse, w.d. 1 : 50;Dako). Afterwashing, cells were incubated
for 45min at RTwith the correspondent anti-mouse and anti-
rabbit fluorescent secondary antibodies to visualize primary
antibodies. The immunostained coverslips were analyzed on
a Zeiss fluorescence microscope and images were captured
with an Axiovision Imaging System. No staining of cells
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Table 1: Primers used for quantitative real time-PCR reaction.

GENE Forward primer (5-3) Reverse primer (3-5) Sequence
accession number AMPLICON

ErbB1 CACCACGTACCAGATGGATG CGTAGTTTCTGGGGCATTTC U52529 85 bp
ErbB2 CACTTGGAGCTTACCTACGTGCC ACCTGGTTGTGAGCGATGAGC NM 017003 98 bp
ErbB3 TGCTGACCTTTCCTTCCTGCAATGG GAGGTTAGGCAAGGGAAGCACAGAG NM 017218.2 94 bp
NRG1
type I GGCGCAAACACTTCTTCATCCAC AAGTTTTCTCCTTCTCCGCGCAC AF 194993 82 bp

NRG1
type III CCCTGAGGTGAGAACACCCAAGTC TGGTCCCAGTCGTGGATGTTGATG AF 194439 103 bp

NRG1 𝛼 GCGGAGAAGGAGAAAACTTTC TTGCTCCAGTGAATCCAGGTTG RNU-02323 112 bp
NRG1 𝛽 GCGGAGAAGGAGAAAACTTTC AACGATCACCAGTAAACTCATTTGG RNU-02322 116 bp
GFAP GAGGCAGTGGCCACCAGTAACATG GGAAGCAACGTCTGTGAGGTCTGC NM 017009 81 bp
S100 GGGTGACAAGCACAAGCTGAAGAA TTGTCCACCACTTCCTGCTCTTTG NM 013191 102 bp
P75 AGCAGACCCATACGCAGACTG TCTCTACCTCCTCACGCTTGG NM 012610 95 bp

was observed in control incubations in which the primary
antibodies were omitted.

2.1.6. Cell Transfection. For transient transfection of plas-
midic DNA, NOBEC, RT4-D6P2T, and COS7 cells were
transfected with Lipofectamine 2000, according to manufac-
turer’s instructions. Efficient expression of the recombinant
protein was assessed by Western blot analysis.

2.1.7. Cell Migration Assay. Transwell assays were performed
48 h after DNA transfection as previously described [18]. To
inhibit the 𝛾-secretase, cells were pretreated with 100 𝜇M
DAPT (𝛾-secretase inhibitor compound IX, Calbiochem) for
3 days. Since DAPT was diluted with DMSO, the control was
carried out by treating cells with the same volume of this
solvent.

For each Transwell four images were analyzed and the
amount of migrated cells was evaluated as the total area of
migration (in pixel2) was calculated with the Image J software
and expressed as percentage of the total number of migrated
cells for each single experiment. Cells were discriminated by
the pores of the Transwell membrane by applying a threshold
of 300 pixel2. For each experimental condition a technical
triplicate wasmade and each experiment was repeated at least
3 times.

2.1.8. RNA Isolation and cDNA Preparation. Total RNA was
extracted with TRIzol (Invitrogen) according to the manu-
facturer’s instructions, adding 5 𝜇g glycogen as a carrier to
facilitate RNA precipitation. 1 𝜇g total RNA was subjected to
a reverse transcriptase (RT) reaction in 25𝜇L reaction vol-
ume containing 1X RT-Buffer (Fermentas); 0.1 𝜇g/𝜇L bovine
serum albumin (BSA, Sigma); 0.05% Triton X-100; 1mM
dNTPs; 7.5 𝜇M random exanucleotide primers (Fermentas);
1 U/𝜇L RIBOlock (Fermentas); and 200U RevertAid M-
MuLV reverse transcriptase (Fermentas). The reaction was
performed for 10min at 25∘C, 90min at 42∘C, and 10min at
90∘C. Control reactions “RT-” (without the enzyme RT) and
“H
2
O”, without RNA, were carried out.

2.1.9. Quantitative Real-Time PCR (qRT-PCR) Analysis.
Quantitative real-time PCR analysis was performed using
Sybr Green chemistry; data were analyzed by ΔΔCt rela-
tive quantification method normalizing to the housekeep-
ing gene Tata-box Binding Protein (TBP) (forward primer:
5-TAAGGCTGGAAGGCCTTGTG-3; reverse primer: 5-
TCCAGGAAATAATTCTGGCTCATAG-3). Real-time PCR
reactions were performed using the 7300 real-time PCR
system (Life Technology). Each sample was run in triplicate
on 96-well optical PCR plates (Life Technology). In each well
a PCR reaction was carried out on 5 𝜇L cDNA corresponding
to 20 ng starting RNA (1 𝜇g RNA retrotranscribed in 25 𝜇L,
diluted 1 : 10 in water), Sybr Green PCR Master Mix (Life
Technology) and 300 nMprimers (Life Technology) in a reac-
tion volume of 25 𝜇L. Specific primers designed to amplify
ErbB1, ErbB2, ErbB3, ErbB4, NRG1, p75NGFR, GFAP, and
S100 are listed in Table 1. After an initial denaturation step for
10min at 95∘C, denaturation in the subsequent 40 cycles was
performed for 15 seconds (sec) at 95∘C followed by primer
annealing and elongation at 60∘C for 1min. Relative amount
of mRNA that had been retrotranscripted into cDNA was
calculated by comparative (ΔΔCt) method. In the first step
of the method, the difference between Ct values of target
and housekeeping gene was calculated (ΔCt), whereas in the
second step the difference between the ΔCt values of the
samples and the calibrator was determined (ΔΔCt). For each
gene, the cells with the highest level of expressionwere chosen
as calibrator. The normalized relative quantity (NRQ) was
determined using the formula: NRQ = 2−(ΔΔCt). Results were
expressed as mean + SEM.

2.1.10. Total Protein Extraction and Western Blot Analysis.
Total proteins were extracted by solubilizing cells in boiling
Laemmli buffer (2.5% SDS, 0.125M Tris-HCl pH6.8), fol-
lowed by 3min at 100∘C. Protein concentration was deter-
mined by the BCA method, and equal amounts of proteins
(denaturated at 100∘C in 240mM 2-mercaptoethanol and
18% glycerol) were loaded onto each lane, separated by SDS-
PAGE, transferred to a HybondTM C Extra membrane as
previously described [19]. Primary antibodies used are ErbB1
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(#sc-03), ErbB2 (#sc-284), ErbB3 (#sc-285), ErbB4 (#sc-283),
NRG1 (#sc-347, #sc-348), w.d. 1 : 1000, from Santa Cruz; p-
AKT (#4051), AKT (#9272), p-ERK (#9106), ERK (#9102)
w.d. 1 : 1000, from Cell Signaling; flag (#F7425) w.d. 1 : 10000,
from Sigma; p75-NGFR (#ab52987), w.d. 1 : 2000, from
Abcam; GAPDH (#4300), w.d. 1 : 20000, and from Ambion;
secondary antibodies used are horseradish peroxidase-
linked anti-rabbit (#NA934) and anti-mouse (#NA931) w.d.
1 : 40000, from GE Health.

2.1.11. Nuclear andCytoplasmic Protein Extraction. Cell plates
were washed 3 times with PBS on ice. On each plate, 300𝜇L
of lysis buffer (20mM Tris-HCl pH8.0, 20mM NaCl, 0.5%
NP40, plus an anti-protease cocktail, Roche) was added for
10min at 4∘C.

After lysis, cells and nuclei were collected and centrifuged
for 30min at 3000 rpm at 4∘C, in order to separate the
nuclear and cytoplasmic material; the supernatant, which
contains the cytoplasmic extract, was separated from the
pellet, syringed with a G26 needle and then centrifuged
for 5min at 12000 rpm at 4∘C. Supernatant was collected,
aliquoted, and frozen at −80∘C. The pellet obtained after the
first centrifuge, containing nuclear material, was washed 3
times with lysis buffer and centrifuged, in order to remove
cytoplasmic protein traces. Pellet was resuspended in 30 𝜇L
buffer C (20mM Hepes pH8.0; 1.42mM NaCl, 1.5mM
MgCl

2

, 1.2mM EDTA); then, 30 𝜇L Buffer C containing 50%
glycerol was added, and nuclear proteins were incubated on
ice for 30min. The treatment with this hyperosmotic buffer
causes cell nucleus collapse and nuclear protein spillage. After
incubation, extracts were centrifuged for 90 sec at 12000 rpm
at 4∘C. The supernatant containing nuclear proteins was
collected, centrifuged again, diluted 1 : 3 in 20mMHepes pH
8.0, and stored at −20∘C.

2.2. Construct Preparation

2.2.1. Cloning Strategies for NRG1-ICD-NLS and NRG1-
ICD-ΔNLS Constructs. Because the C terminal cytoplasmic
domain is common to all NRG1 isoforms, the cDNA coding
for NRG1-typeI-𝛽1a (kindly provided by K. Lay, accession
number NM 013956) was used as template to clone the
cytoplasmic domain of NRG1. To allow expression of the
protein, an artificial start codon (ATG, shown in bold in the
primer sequence) was added on the forward primer, inserted
in a Kozac sequence. To obtain an intracellular domain (ICD)
containing the nuclear localization signal (NLS) the following
primers were used:

forward: 5-TAGCCTGCAGCATGGGCAAAACC
AAGAAACAGCG-3;
reverse: 5-ATCGATATCTACAGCAATAGGGTC
TTGGTTAG.

To obtain an intracellular domain (ICD) missing the
nuclear localization signal (ΔNLS), the following primers
were used:

forward: 5-TAGCCTGCAGCATGGAGCTTCAT
GATCGGCTCC-3;

reverse: 5-ATCGATATCTACAGCAATAGGGTC
TTGGTTAG.

Restriction enzymes sequences (underlined) were added
to the primers to facilitate the subcloning (PstI in the forward
primer, EcoRV in the reverse primer).

Amplification reactions were carried out using 0,8 ng
template (NRG1-tipoIII-𝛽1a) and the AmpliTaq Gold
enzyme, following manufacturer’s instructions, in the
Thermal Cycler GeneAmp PCR System 2400 (Perkin Elmer).
The amplification was performed according to the following
protocol: 5min at 94∘C; then 40 cycles: 30 sec at 94∘C, 30 sec
at 60∘C, 90 sec at 72∘C; and 20min at 72∘C. Amplification
products were cloned into the pGEM-T vector, using chemi-
cally competent JM-109 cells (Promega), following manu-
facturer’s instructions. Two clones, corresponding to the
constructs ICD-NLS and ICD-ΔNLS, were completely
sequenced (BMR Genomics Laboratories). Inserts were
recovered by EcoRV and NcoI digestions, sticky ends were
blunted and inserted into pIRESpuro2 (Clontech) previously
cut with NotI, blunted and dephosphorylated.

2.2.2. Cloning Strategies for Ecto-ErbB4-FLAG Construct and
Subcloning into Lentiviral Vector. To obtain a construct to
express the extracellular domain of ErbB4 (ecto-ErbB4) fused
with a FLAG epitope, the ErbB4 extracellular domain, recov-
ered from the pIRES-puro2-ErbB4-JMa-cyt2 construct [18]
by EcoRV and BbsI digestion and blunting, was subcloned
into the EcoRV site of the pCMV-Tag4a vector (Stratagene).
To obtain a lentiviral vector to express ecto-ErbB4-FLAG,
the insert with the FLAG and the following STOP codon
was recovered from pCMV-Tag4c vector by EcoRV and
KpnI digestion and blunting and subcloned into the multiple
cloning sites (mcs) of the lentiviral vector pRRL-CMV-mcs-
WPRE, flanked by the constitutively active CMV promoter
and the woodchuck hepatitis virus posttranscriptional regu-
latory element (WPRE).

2.3. Lentivirus Production and RT4-D6P2T Infection. LV
stocks were generated as previously described [20–22].
Briefly, two 15 cm diameter Petri dishes containing 1.25 × 107
HEK293T seeded in Iscoves modified Dulbecco’s medium
(IMDM) containing 10% FCS, 100U/mL penicillin,
100 𝜇g/mL streptomycin (PS), and Glutamax (Invitrogen)
were prepared. Using branched polyethylenimine (Sigma,
St Louis, MO) a triple transfection with the LV transfer,
packaging (pCMVdeltaR8.74) and envelope (pMD.G.2)
plasmid, was performed (ratio 3 : 2 : 1, total DNA90 𝜇g/plate).
After 14 h, the medium was replaced by IMDM containing
2% FCS, 1% PS and Glutamax. After 24 h, the medium was
harvested, filtered through a 0.22 𝜇m filter, and concentrated
by ultracentrifugation at 20.000 rpm for 2.5 h in a SW32Ti
rotor (Beckman Coulter B, The Netherlands). Viral pellets
were resuspended in PBS pH 7.4 aliquoted and stored at
−80∘C until further use. Serial dilutions (10−2,−3,−4 and
10
−2 to −7 for LV-GFP) of all viral stocks were used to infect
2 × 10

5 HEK293T in IMDM 2% FCS, 1% P/S and Glutamax
seeded in poly-L-lysine (PLL) coated 24-well culture plates.
After 48 h the number of transducing units per mL (TU/mL)
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for the LV-GFP stock was manually quantified by counting
transduction events in the LV-GFP transduced cells using
a fluorescence microscope (10−5,−6,−7) and genomic DNA
(gDNA) of all samples was extracted and measured for viral
integrating events by quantitative PCR (10−2,−3,−4). Briefly,
cells were harvested and gDNAwas extracted (DNeasy Blood
&TissueKit, Qiagen, Venlo, theNetherlands). Viralmediated
transgene integration was measured using primers directed
against the lentiviral WPRE on an ABI 7900HT detection
system (Applied Biosystems) using the SYBR green PCR
kit (Applied Biosystems). WPRE primers sequences were
as follows: 5-TTCCCGTATGGCTTTCATTT-3 and 5-
GAGACAGCAACCAGGATTTA-3. All expression values
were normalized to that of the reference gene GAPDH.
GAPDH primers were as follows: 5-TGCACCACCA-
ACTGCTTAGC-3 and 5-CGCATGGACTGTGGTCAT-
GA-3. The ratio between the TU/mL and gDNA WPRE
content of the LV-GFP stock was used to calculate relative
TU/mL titers for all stocks on the basis of their gDNAWPRE
content.

RT4-D6P2T cells seeded at 1 × 103 cells/well in a 96-
well plate were infected using LV-sGFP or a combination
of LV-sGFP and LV-Ecto-ErbB4 FLAG. Cells were infected
three times at a MOI of 100. Confluent cells were harvested,
expanded, and frozen.

Western blot and immunocytochemistry were per-
formed on confluent cells in order to evaluate virus infec-
tion efficiency and sGFP and ecto-ErbB4-FLAG expre-
ssion.

Confluent cells were fixed by incubation with 4% PFA
and permeabilized with 0.2% Triton X-100 diluted in PBS
by 45min incubation at RT. Blocking solution containing
5% FCS diluted in 0.2% Triton X-100 PBS was applied
for 1 h at RT. Monoclonal anti-GFP antibody (1 : 500 in
blocking solution, Abcam) and rabbit anti-FLAG primary
antibody (1 : 500 in blocking solution, Sigma) were incubated
overnight (o/n) at 4∘C. Following 3 washes of 15min each
goat-anti-rabbit IgG (H+L) Cy3 and goat-anti-mouse IgG
(H+L) Alexa 488 secondary antibody (Invitrogen, diluted
1 : 200 in PBS) were incubated for 2 h at RT. Following
3 washes of 15min nuclei were stained using Hoechst
(Sigma) diluted 1 : 1000 in PBS. Fluorescent images were
acquired using an inverted optical microscope (Axiovert 200,
Zeiss). Western blot analysis was performed as described
above.

2.4. Ecto-ErbB4-FLAG Protein Purification

2.4.1. Co-Immunoprecipitation Assay. Ecto-ErbB4-FLAG
protein for coimmunoprecipitation assay was obtained from
conditioned medium of COS7 transiently expressing the
protein. After three days of culture, medium was collected,
centrifuged and 1mL aliquots were incubated with either
100 ng or 200 ng recombinant NRG1𝛽1-Hys protein and
immunoprecipitated as previously described [18] using
an anti-FLAG polyclonal antibody (SIGMA #F7425).
Immunoprecipitated proteins were analyzed by western blot,
using an antibody directed to the hystidine tag.

2.4.2. Ecto-ErbB4-FLAG Protein Production and Purification.
Ecto-ErbB4-FLAG protein for in vitro experiments was
purified from conditioned medium of RT4-D6P2T stably
expressing the protein. After four days of culture in the
presence of serum free medium, medium was collected,
centrifuged, and filtered (0.22𝜇m filter). Target protein was
then purified using ANTI-FLAG M2 affinity gel (SIGMA
#A2220) and eluted by competitive elution using 100 𝜇g/mL
FLAG peptide. Eluted solution was collected in 10 fractions
and aWestern blot was performed to confirm the presence of
target protein. Only positive fractions were frozen in liquid
nitrogen, adding 15% glycerol to prevent protein damage, and
stored at −80∘C.

2.5. Statistical Analysis. Quantitative data are presented as
mean + SEM. All data were statistically analyzed using 𝑡-test
or one-way analysis of variance and post-hoc analysis by the
Bonferroni test (SPSS software).

3. Results

3.1. Comparative Characterization of Primary Glial Cell
Cultures and Glial Cell Lines

3.1.1. Cellular Differentiation of OEC and NOBEC upon GDNF
Treatment under Different Growth Conditions. To character-
ize these cell models in vitro, a stimulation assay was carried
out with Glial cell-derived neurotrophic factor (GDNF), a
well-recognized growth factor for glial cells [23], to both
primary OEC and NOBEC cell line cultures in order to
evaluate its effect on cell survival and expression of glial
differentiation markers. Concentration and exposure time of
the cultures to the GDNF were previously established [24].
In the presence of serum, the majority of OEC and NOBEC
exhibited both star and spindle shapes which are their in vitro
typical morphological features (Figure 1).

Results show a different intensity level in the expres-
sion of some glial markers both in OEC and in NOBEC,
grown in different conditions and treated with GDNF; S-
100 immunoreactivity was higher in OEC and NOBEC
grown in the presence of serum in comparison with cells
grown in serum free medium (SFM); when GDNF was
added to cultures in the presence of serum, an increased
number of positive S-100 both in OEC and in NOBEC was
observed.

Nestin immunoreactivity showed a more intense expres-
sion in NOBEC compared with OEC in all culture conditions
and the addition of GDNF determined an upregulation of
nestin both in serum and in SFM in NOBEC and OEC.
Vimentin was more expressed in OEC grown in the presence
of serum and GDNF addition increased the expression of
vimentin in OEC grown both in serum and in SFM. NOBEC
showed a major expression of vimentin compared with OEC,
especially when they were grown with GDNF both in serum
and in SFM (Figure 1). This different expression suggests that
NOBEC cell line is more resistant to stress thanOEC primary
cultures and that NOBEC might represent a good glial cell
model for in vitro assays.
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Figure 1: OEC andNOBEC respond similarly to GDNF stimulation. Figure shows representative fields of OEC andNOBEC immuno-stained
with anti-S-100, antinestin, and antivimentin antibodies. Cells were grown for eight days after plating with and without serum and GDNF.
Fields were chosen to clearly to show both the morphological aspect and the specific marker expression. Scale bars 50 𝜇m.

3.1.2. Expression Analysis of NRG1/ErbB System and Glial
Markers. ThemRNA expression level of the NRG1/ErbB sys-
tem (Figure 2) and of glial markers (Figure 3) was examined
by quantitative real-timePCR (qRT-PCR) in primary cultures
of Schwann cells (SC) and olfactory bulb ensheathing cells
(OEC) and was compared with the corresponding stable
cell lines RT4-D6P2T (derived from a Schwannoma) and
NOBEC (neonatal olfactory bulb ensheathing cells).

For each gene, the normalized relative quantity (NRQ)
was determined using the sample with the highest level of
expression as calibrator (NRQ= 1); therefore, the relative (and
not absolute) gene expression shown in the graphs cannot be
compared among different genes. Results show that ErbB1 is
expressed by OEC and NOBEC, while SC and RT4-D6P2T
do not express this receptor; ErbB2 is expressed by all cell
types; ErbB3 is expressed by SC and RT4-D6P2T cells, barely
detectable in OEC and NOBEC; ErbB4 mRNA is barely
detectable only in SC and OEC.

To investigate the presence of mRNA coding for NRG1,
different primer pairs were used that allow the amplification
of different NRG1 isoforms [25]. Results show that RT4-
D6P2T cells do not express any NRG1 isoform, whereas OEC
and NOBEC express different NRG1 isoforms (type I/II, 𝛼
and 𝛽, type III); SC express only NRG1 type I/II isoforms
(Figure 2). The glial gene GFAP is expressed by SC, OEC,
and RT4-D6P2T; S100 and p75 are expressed by all cell types,
mostly by SC and RT4-D6P2T (Figure 3).

Immunoblot analysis was performed to confirm protein
expression of some of the genes analyzed by qRT-PCR
(Figure 4). A faint band corresponding to ErbB1 protein is
visible in OEC and NOBEC samples; ErbB2 is expressed, at
different levels, in all samples; ErbB3 is strongly expressed by
SC and RT4-D6P2T and lowly expressed by NOBEC; ErbB4
is not detectable and for this reason a positive control was
added in the Western Blot.

Different NRG1 isoforms are detectable in OEC, NOBEC,
and SC. RT4-D6P2T cell line does not express NRG1.

3.2. Ecto-ErbB4 Stimulates NOBEC Migration. It has been
shown that SC migrate following stimulation with solu-
ble NRG1 and that the removal of soluble NRG1 with
recombinant soluble receptors, such as the soluble extra-
cellular fragment of ErbB3, strongly reduces SC migration
[26].

NOBEC are characterized by highmigratory activity [27],
which could be due to an autocrine stimulation mediated
by endogenous soluble NRG1 on endogenous ErbB3-ErbB2
heterodimer.

To verify this hypothesis, a construct to express the
soluble extracellular domain of ErbB4 (ecto-ErbB4) tagged
with a FLAG was produced (see Materials and Methods).
ByWestern blot analysis the expression of ecto-ErbB4-FLAG
was assayed both in the cell extract and in the supernatant of
transiently transfected COS7 cells, to verify that the soluble
extracellular domain of ErbB4 was expressed and released in
the extracellular environment (Figure 5(a)).

A coimmunoprecipitation assay was performed to verify
the ability of ecto-ErbB4-FLAG to interact with soluble
NRG1: different amounts of soluble recombinant NRG1𝛽1
tagged with 6 histidine [13] were incubated with condi-
tioned medium containing recombinant ecto-ErbB4 tagged
with FLAG. A coimmunoprecipitation against FLAG (ecto-
ErbB4) was performed and coimmunoprecipitated proteins
were analyzed byWestern blot using an antibody against his-
tidine (NRG1𝛽1). Data confirm that ecto-ErbB4 and NRG1𝛽1
interact (Figure 5(b)).

A three-dimensional migration assay (transwell assay)
was performed using NOBEC transiently transfected with
the expression vector for ecto-ErbB4-FLAG (Figure 6(a)).
Contrary to what expected, Transwell assays showed that
the expression of the soluble extracellular portion of
the receptor ErbB4 increased cell migration. The same
results were obtained when NOBEC were transiently trans-
fected with an expression vector for ecto-ErbB3-FLAG
(Figure 6(b)).
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Figure 2: Primary cultures and cell lines derived from OEC and SC express different levels of NRG1 isoforms and ErbB receptors. Graphs
show normalized relative quantification (NRQ) of the different NRG1 isoforms and ErbB receptors obtained by qRT-PCR. For each gene, the
cells with the highest level of expression were chosen as calibrator (NRQ = 1). Data are presented as mean + SEM.

3.3. Ecto-ErbB4-NRG1 Interaction. Thepromigratory activity
elicited by ecto-ErbB4 could be explained by two different
models.

(1) ecto-ErbB4, sequestering endogenous soluble NRG1,
stimulates migration. This hypothesis would be

confirmed if soluble NRG1 would have an inhibitory
effect on NOBEC migration. To test this hypothesis
a Transwell assay was performed in the presence of
50 ng/mL soluble recombinant NRG1𝛽1. Transwell
assay analysis demonstrates that NRG1𝛽1 does not
inhibit migration and, indeed, it slightly stimulates
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Figure 3: Primary cultures and cell lines derived from OEC and SC express different levels of glial genes. Graphs show normalized relative
quantification (NRQ) of GFAP, S100, and p75 obtained by qRT-PCR. For each gene, the cells with the highest level of expression were chosen
as calibrator (NRQ = 1). Data are presented as mean + SEM.

migration (Figure 6(c)). Therefore, the first model
does not explain the ecto-ErbB4 mediated migration.

(2) ecto-ErbB4, interacting with transmembrane NRG1,
stimulates migration. Actually, it is known that trans-
membrane NRG1 type III isoforms are able to medi-
ate reverse signaling [9, 10]: upon interaction with
ErbB receptor, transmembrane NRG1 undergoes a
proteolytic cleavage mediated by a 𝛾-secretase, which
releases a cytoplasmic fragment which is able to
translocate into the nucleus,mediating reverse signal-
ing.

To verify the expression of NRG1 type III isoforms, an
RT-PCR was carried out using specific primers that amplify
these isoforms on RNA extracted by NOBEC wild type
and NOBEC expressing ecto-ErbB4. RT-PCR confirmed that
these NRG1 isoforms are expressed by NOBEC (data not
shown), both wild type and expressing ecto-ErbB4.

To validate the reverse-signaling hypothesis, a Transwell
migration assay was performed by treating NOBEC express-
ing ecto-ErbB4 and wild type (WT) NOBEC with DAPT, a
specific inhibitor of 𝛾-secretase, the enzyme which mediates
NRG1 proteolytic cleavage, releasing a cytoplasmic fragment.

In both cell lines, treatment with DAPT inhibits the
migration in a consistent way. However, the migration is
inhibited more strongly in NOBEC expressing ecto-ErbB4,
supporting the hypothesis that this soluble fragment, binding
to NRG1-typeIII, leads to the production of a cytoplas-
mic fragment responsible of the stimulus for migration.
The migration is inhibited by 75% in NOBEC expressing
ecto-ErbB4 (Figure 6(e)), while only by 25% in wild type

NOBEC (Figure 6(d)). Actually, there are numerous signaling
pathways that require the presence of 𝛾-secretase for the
propagation of the signal; therefore, treatment with DAPT
could interfere also with the signaling produced by other
signal transduction pathways.

3.4. NRG1 Cytoplasmic Fragment Stimulates NOBEC Migra-
tion. To investigate the role of the cytoplasmic fragment
of NRG1 produced after interaction with ErbB receptors,
two different constructs were prepared to express the NRG1
intracellular domain (ICD): NRG1-ICD-NLS, containing the
nuclear localization sequence (NLS), and NRG1-ICD-ΔNLS,
missing NLS (Figure 7(a)). NLS is a sequence consisting of
eight amino acids (KTKKQRKK) following the transmem-
brane portion of the protein, present in all NRG1 isoforms
containing an ICD [9].

Specific primers were designed with the insertion of an
artificial ATG to allow the expression of the protein in trans-
fected cells; in one primer the nuclear localization sequence
was included; in the other one it was omitted. To verify that
the nuclear localization sequence (NLS) inserted into the
construct NRG1-ICD-NLS works properly, a Western blot
analysis of nuclear and cytoplasmic proteins was performed
(Figure 7(b)).

Western blot data show that cells transfected with the
construct NRG1-ICD-NLS express the protein both in the
cytoplasm and in the nucleus, while cells transfected with
the construct NRG1-ICD-ΔNLS, lacking the nuclear local-
ization sequence, express the protein predominantly in the
cytoplasm. A barely detectable signal can be observed also in
the nucleus; this could be due to the fact that this fragment
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Figure 6: NOBEC transiently expressing ecto-ErbB4 and ecto-ErbB3 migrate more than control cells and their migration is inhibited by
DAPT treatment. Migration activity of NOBEC transiently transfected with empty vector (AAV) was compared with migration activity of
NOBEC expressing ecto-ErbB4 (ErbB4, Panel (a)) or ecto-ErbB3 (ErbB3, Panel (b)). Soluble recombinant NRG1𝛽1 stimulates NOBEC wild
type (WT) migration (Panel (c)). NOBEC wild type (Panel (d)) or NOBEC expressing ecto-ErbB4 (Panel (e)) were pretreated for three days
with 100𝜇M DAPT (𝛾-secretase inhibitor) or DMSO (mock control). Cell migration was assessed by Transwell assays. Values represent the
average of three biological replicates performed as technical triplicates. Values of each replicate are expressed in percentage with respect to
the total number of cells that migrated in that experiment (∗∗, 𝑃 ≤ 0.01; ∗∗∗, 𝑃 ≤ 0.001).



BioMed Research International 11

ATG ICD

ATG ICD

NLS NRG1-ICD-NLS

NRG1-ICD-ΔNLS

(a)

N
uc

le
us

N
uc

le
us

N
uc

le
us

Cy
to

pl
as

m

Cy
to

pl
as

m

Cy
to

pl
as

m

NLSCTR

ICD

∗

ΔNLS

(b)

0

10

20

30

40

50

60

M
ig

ra
tio

n 
(%

)

NOBEC

AAV NLS

∗∗∗

∗∗

∗

ΔNLS

(c)

M
ig

ra
tio

n 
(%

)

0

10

20

30

40
RT4-D6P2T

AAV NLS ΔNLS

(d)

Figure 7: The expression of NRG1 intracellular domain stimulates cell migration. (a) To express the NRG1 intracellular domain (ICD),
two constructs were prepared: one containing the nuclear localization sequence (NLS) and one lacking it (ΔNLS). ICD is shown in blue,
NLS in yellow, and the inserted ATG in red. (b) Validation of nuclear and cytoplasmic localization of NRG1-ICD fragments. Nuclear
and cytoplasmic proteins were extracted from mock (CTR) and NRG1 transfected COS7 cells and subjected to SDS-PAGE and Western
blot analysis. Membranes were incubated with anti-NRG1 (sc-348) antibody. Asterisk indicates an unspecific band. (c) NOBEC transiently
expressing the NRG1 intracellular domain (ICD), containing (NLS) or lacking (ΔNLS) the nuclear localization sequence, were assayed for
migration activity; data show that the cytoplasmic protein confers a migratory activity higher than the migratory activity conferred by the
nuclear protein. (d) RT4-D6P2T cells transiently expressing the NRG1 intracellular domain (ICD), containing (NLS) or lacking (ΔNLS) the
nuclear localization sequence, were assayed for migration activity. No statistical difference between cells transfected with the empty vector
and cells transfected with the two constructs was observed. Values represent the average of three biological replicates performed as technical
triplicates. Values of each replicate are expressed in percentage with respect to the total number of cells that migrated in that experiment (∗,
𝑃 ≤ 0.01; ∗∗, 𝑃 ≤ 0.01; ∗∗∗, 𝑃 ≤ 0.001).

interacts with proteins, such as LIMK1 [28], able to enter the
nucleus carrying associated proteins.

Transwell migration assays were performed with wild
type NOBEC transiently transfected with NRG1-ICD-NLS
and NRG1-ICD-ΔNLS (Figure 7(c)).

Migration assay analysis shows that transient expression
of the NRG1 cytoplasmic domain able to translocate into
the nucleus confers a migratory activity that is significantly
higher compared to control cells. Unexpectedly, the expres-
sion of the NRG1 cytoplasmic fragment lacking NLS confers
to the cells a migratory activity that is significantly higher
than control and of the cells expressing the isoform with
NLS. These data suggest that NRG1-ICD plays a role in
the stimulation of the migratory activity, when it is in the
cytoplasm.

3.5. NRG1 Cytoplasmic Fragment Does Not Stimulate RT4-
D6P2T Migration. To understand if the cytoplasmic frag-
ment of NRG1 type III is able to confer migratory activity to
cells that do not express endogenously any isoform of NRG1,
the cell line RT4-D6P2T was transiently transfected with
vectors to express NRG1-ICD-NLS and NRG1-ICD-ΔNLS
and migratory activity was analyzed by Transwell assays
(Figure 7(d)).

Data show that transient expression of NRG1-ICD does
not confer migration activity, suggesting that these cells lack
pivotal factors necessary to mediate NRG1 migratory signal
transduction.

3.6. Signal Transduction Pathways Activated by Ecto-ErbB4 on
the NOBEC Cell Line. It has been shown that in neurons,
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expressing transmembrane NRG1-typeIII, stimulation with
soluble ErbB4 fragment produces an increase in AKT phos-
phorylation, while ERK phosphorylation remains unchanged
[29].

To further investigate the reverse signaling mediated by
ecto-ErbB4 in NOBEC cells, a time course of stimulation was
performed.

To obtain pure and highly concentrated recombinant
protein to stimulate cells, RT4-D6P2T were transduced
with a lentivirus expressing ecto-ErbB4-FLAG (Figure 8).
Conditioned medium was collected from RT4-D6P2T-ecto-
ErbB4-FLAG cells to purify ecto-ErbB4-FLAG through a
chromatographic column (Figure 8(j)). NOBEC cells were
starved 24 h in serum-free medium and then stimulated with
the purified recombinant protein for 5, 10, 15, 30, and 60min.
By Western blot analysis AKT and ERK 1/2 phosphorylation
was analyzed (Figure 9). Data analysis shows that in this glial
cell model, contrary to neuron cells, AKT phosphorylation
does not change, while ERK phosphorylation changes. In
particular, there is a strong increase in ERK2 phosphoryla-
tion and there is a low increase in ERK1 phosphorylation
(Figure 9(c)).

4. Discussion

The study of peripheral nerve repair and regeneration is an
emerging issue in biomedicine since, although peripheral
nerves retain a significant capacity for spontaneous regener-
ation after lesion, regeneration is almost never complete [30]
and functional recovery is often unsatisfactory [31].

Innovative strategies to improve peripheral nerve regen-
eration are expected to arise from the manipulation of the
several trophic factor loops playing a role in this process.
Among them the neuregulin1/ErbB system is attractingmuch
attention because of its action on SC [3, 4]. The aim of this
study was to further explore the role of the neuregulin1/ErbB
system and the potential of its manipulation.

4.1. Neuregulin1 Isoforms and ErbB Receptors Are Differ-
entially Expressed in SC and OEC (Both Primary Cultures
and Cell Lines). The NRG1/ErbB system is involved in the
development of the central and peripheral nervous system,
in which different members of the ErbB receptor family
and different NRG1 isoforms control processes are opposed
to each other, such as proliferation and cell death [32].
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NRG1/ErbB signaling plays a fundamental role in SC pre-
cursor growth and in interactions between SC (expressing
ErbB2-ErbB3 and soluble type I/II NRG1) and axons (mainly
expressing transmembrane NRG1-type III). NRG1-type III
plays an instructive role onmyelination and SC development,
determining the ensheathment fate of axons: its reduced
expression causes hypomyelination [33]. Moreover, NRG1-
type III absence [34] or the lack of coreceptors ErbB3 [35]
or ErbB2 [36, 37] gives rise to mice without or with severely
reduced amount of SC precursors.

In this paper, primary cultures of SC and OEC and
immortalized cultures of SC (RT4-D6P2T) and OEC
(NOBEC), commonly used in in vitro analysis, were
compared and characterized in terms of ErbB receptors,
NRG1 isoforms, P75, S100, and GFAP expression.

Data presented here have shown that RT4-D6P2T cells
are very similar to primary SC, since they express mRNAs for
ErbB2, ErbB3, and the glial genes GFAP, P75, S100, and do not
express mRNA for ErbB1 and NRG1 type III. RT4-D6P2T do
not, however, show detectable expression of NRG1, while SC
express NRG1 type I/II. OEC and NOBEC cell lines express
all NRG1 isoforms; ErbB1 and ErbB2 are expressed in both
OEC and NOBEC, while ErbB3 is slightly expressed. ErbB4
mRNA is barely expressed in OEC and SC, and its protein is
not detectable.

4.2. Ecto-ErbB4 In Vitro Expression Increases NOBEC Migra-
tion. Following the characterization of the four cell popula-
tions as well as the immunohistochemical assay to compare
OEC and NOBEC, we decided to proceed with the study

of NRG1/ErbB system manipulation using the NOBEC line,
which expresses the transcripts for different NRG1 isoforms.

Data previously obtained in our laboratory showed that
NOBEC have a high migratory activity [27]. We speculated
whether the high migration was due to an autocrine loop
induced by self-produced NRG1; in fact, it is known that
glial cells migrate following stimulation with NRG1 [26]. To
negatively interfere with NOBEC migration, we planned to
subtract soluble NRG1 using the recombinant soluble extra-
cellular fragment of ErbB3 or ErbB4 (ecto-ErbB). Contrary
to what expected, results showed that ecto-ErbB3 and ecto-
ErbB4 expression significantly increases cellular migration.

We hypothesized that this migration increase was due to
the interaction between the soluble portion of ErbB4 receptor
and the NRG1 type III expressed by the NOBEC cell line,
through a process of back-signaling that this transmembrane
isoform of NRG1 is able to generate. Usually, this NRG1
isoform is expressed by axons in which the back-signaling
is mediated by the action of a 𝛾-secretase that, following
ligand-receptor interaction, causes the release of a NRG1
cytoplasmic fragment able to translocate into the nucleus
[9], where it can regulate transcription of genes involved in
neuronal development [38].

Actually, we demonstrated that NRG1 intracellular
domain (NRG1-ICD) stimulates migration. Particularly, we
saw that the fragment localized in the cytoplasm, more than
the fragment localized in the nucleus, plays an important
role in the stimulation of the migratory activity. This action
could be due to the interaction between this intracellular
fragment and cytoplasmic binding partners, such as
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the LIMkinase1/LIMK1 [28] that is able to shuttle between the
cytoplasm and the nucleus, by regulating gene transcription
through interaction with the actin cytoskeleton [39].
Interaction between NRG1-ICD and LIMK1 has been found
at the level of synapses, where LIMK1 is involved in the
regulation of the reorganization of actin filaments in the
neuritic protuberances [28, 40, 41].

Transfection of NRG1-ICD in cells that do not express
any isoform of NRG1, like RT4-D6P2T cells line, does not
affectmigration, thus suggesting that these cells lack elements
necessary for the signal transduction mediated by NRG1.

Moreover, we found that stimulation of NOBEC with
the soluble portion of ErbB4 increases ERK phosphorylation
without affecting AKT phosphorylation, contrary to what
happens in neuron cells, in which there is an increase of
AKT phosphorylation [29]; these results suggest that the
back-signaling mediated by NRG1 type III activates signal
transduction pathways which differ according to the cell type.

4.3. Conclusion. This study shows that stable cell lines and the
corresponding primary cultures have many characteristics in
common, thus suggesting that cell lines are a good model
for in vitro studies. On the other hand, these results show
that glial olfactory ensheathing cells and Schwann cells differ
for the expression of some proteins, thus suggesting that the
choice of the cell model for in vitro studiesshould be done
carefully, after investigating the expression of the genes of
interest.

Finally, these results suggest that recombinant ecto-
ErbB4 can be used not only to sequester soluble NRG1,
but also to activate transmembrane NRG1 through a back
signaling pathway that can stimulate cell migration. Thus,
ecto-ErbB4, a protein fragment endogenously released by
cells expressing the cleavable isoform of the NRG1 receptor
ErbB4 [42], turns out to be a potential tool to manipulate
in vivo the neuregulin1/ErbB system. Nevertheless, further
studies are required to design a strategy for a finely tuned
ecto-ErbB4 delivery, to investigate the possibility to promote
posttraumatic peripheral nerve regeneration.
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The aim of this study was to evaluate the impact of pulsed magnetic field therapy on peripheral nerve regeneration after median
nerve injury and primary coaptation in the rat. Bothmedian nerveswere surgically exposed and denervated in 24 femaleWistar rats.
Amicrosurgical coaptationwas performed on the right side, whereas on the left side a spontaneous healingwas prevented.The study
group underwent a daily pulsedmagnetic field therapy; the other group served as a control group.The grasping force was recorded 2
weeks after the surgical intervention for a period of 12 weeks.The right median nerve was excised and histologically examined.The
histomorphometric data and the functional assessments were analyzed by t-test statistics and one-way ANOVA. One-way ANOVA
indicated a statistically significant influence of group affiliation and grasping force (𝑃 = 0.0078). Grasping strength was higher on a
significant level in the experimental group compared to the control group permanently from the 9th week to the end of the study.T-
test statistics revealed a significantly higher weight of the flexor digitorum sublimis muscle (𝑃 = 0.0385) in the experimental group.
The histological evaluation did not reveal any statistically significant differences concerning the histomorphometric parameters.
Our results suggest that the pulsed magnetic field therapy has a positive influence on the functional aspects of neural regeneration.
More studies are needed to precisely evaluate and optimize the intensity and duration of the application.

1. Introduction

Injuries of the peripheral nerve system still remain a great
challenge in reconstructive surgery [1]. The outcome of
recovering nerve function remains highly dependent on the
period of time between injury and nerve repair in order
to prevent irreversible muscular atrophy due to denervation
of the target muscles [2–4]. For decades now, operative
techniques have evolved to restore the nerve continuity from
primary coaptation to autologous nerve grafts [5, 6] in order
to achieve a reconstruction without any tension. If these
methods are not applicable and nerve continuity cannot

be restored otherwise [7–9], nerve transfer techniques are
performed. Here, scientific approaches to create artificial
nerve structures to improve the outcome and replace the
autologous nerve grafting procedures in order to avoid the
accompanying comorbidities have to be mentioned as well
[6, 10, 11]. But even if the nerve continuity is restored
immediately by means of a primary nerve coaptation or
even with complex nerve transfers, depending always on the
pattern of nerve injury, the patient oftentimes does not regain
full complete nerve function [12].

Due to the existing limitations of surgical repair, neural
regeneration may be additionally improved, supported, or
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influenced by perioperative management or applications, for
example, physiotherapy, electrophysiology, or pulsed mag-
netic field therapy. A positive influence on osteoblast activity
and bone healing processes as well as on neural regeneration
has already been shown in the past [13–16].

In this study, we aim to evaluate the valence of electro-
magnetic stimulation in the neural regenerative process of the
median nerve after neurotomy and primary coaptation in a
rat model.

2. Materials and Methods

After final approval of the experimental study protocol
according to the German and European Union guidelines
(Permit-Nr. V312-72241.121-14 (124-10/11)) a total of 24 3-
month-old female Wistar rats (Charles River Laboratories
International, Wilmington, USA) with an average weight of
180 to 200 grams were used. Food and water were provided
ad libitum in special housings for 4 animals in each cage.The
laboratory environment secured a room temperature of 20∘
Celsius with a relative humidity of 55 ± 10% and a night-day-
rhythm of 12 hours each.

2.1. Experimental Design. General anaesthesia with Sevoflu-
rane (Sevorane, Abbott, Baar, Switzerland) was applied for
every surgical procedure with additional use of a Zeiss
surgical microscope (Carl Zeiss AG, Jena, Germany) for
microsurgical techniques. The vaporisation of Sevoflurane
was guided through specialized devices (Vapor, Drägerwerk,
Lübeck, Germany).

Before the surgical procedure, the forelegs were shaved
and afterwards disinfected (Kodan, Schülke&Mayr, Norder-
stedt, Germany). In a state of sufficiently deep anesthesia,
the median nerve was carefully exposed from the axilla
to the cubital fossa after skin incision. After neurotomy of
the right median nerve, both nerve stumps were primarily
coapted applying two microepineural single knot sutures (11-
0 Nylon, Resolon, Ethicon, Norderstedt, Germany). The left
median nerve was dissected and, afterwards, 20 millimeters
were excised in order to prevent a spontaneous healing.
The wounds were closed with resorbable suturing materials
(Vicryl, Ethicon, Norderstedt, Germany).

Each of the 12 animals was then randomized in a control
and a study group. The surgical study setup schematically
displayed in Figures 1 and 2 provides an overview of the
anatomy.

Tramadol (Tramal, Grünenthal, Aachen, Germany;
0.002mg/g body weight) was applied after surgery for
additional 5 days. The study group received daily a pulsed
magnetic therapy provided by a magnetic matrace (Bemer
3000, Bemer Int., Triesen, Switzerland) since the first
day after the operation. The stimulus was applied for 12
minutes daily using a 35 Microtesla matrace, 33Hz, every
150 milliseconds. Two weeks after the surgery, functional
assessments were performed over an additional 12-week
period.

At the end of the study the right median nerve was
excised after sacrificing the animals by CO
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Figure 1: Scheme of surgical protocol. Both median nerves were
exposed and denervated. The right median nerve was mircrosurgi-
cally coapted. Spontaneous healing on the left side was prevented by
excision.

Figure 2: The drawing displays the rat’s anatomy of the upper
extremity (adopted from Greene 1935) [17]. The arrow points in the
area of denervation.

wet weight of the flexor digitorum sublimis muscle was
then determined. The analysis aimed to determine weight
development compared between both groups as a reference
for the degree of successful reconstruction of the innervating
median nerve under the additional influence of a pulsed
magnetic field therapy.

2.2. Functional Assessment. Two weeks after the nerve recon-
struction, grasping tests, first described by Bertelli and
Mira [18], were performed to follow the functional neural
regeneration after the median nerve injury. This test should
objectively describe the peripheral nerve regeneration in the
rat after amedian nerve injury:The flexor digitorum sublimis
muscle is solely innervated by the median nerve and leads
to finger flexion. Here, a wire grid (8 × 14 cm) is fixed on
an electric balance. Each animal is gently lifted by the tail
in order to grasp for the wire grid. After three attempts, the
maximal grasping force is recorded on the electronic balance
as soon as the animals lose their grip. The grasping of digits
without flexion of the elbow or wrist was evaluated. Only one
and always the same person performed the grasping tests in
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Table 1: Mean-values and standard deviations of grasping force during the observation period are compared for every single measurement.
𝑃 value indicated statistically significant differences in favor of the experimental group in the 9th week to the end of the observation period.

Time point Magnetic field Control
𝑃 value

Mean-value Standard deviation Mean-value Standard deviation
1 87.44 34.76 64.33 23.16 0.0683
2 118.33 59.86 72.28 17.72 0.0180
3 111.69 27.62 134.47 39.33 0.1149
4 128.36 39.94 189.14 42.41 0.0015
5 156.22 38.11 154.58 40.52 0.9196
6 140.81 33.07 168.39 38.33 0.0724
7 168.53 36.5 177.14 39.44 0.5844
8 166.89 33.96 141.81 25.71 0.0536
9 202.33 62.13 143.11 20.78 0.0049
10 233.31 81.34 141.03 35.24 0.0016
11 258.89 88.93 187.78 28.86 0.0151
12 238.06 72.17 175.17 40.58 0.0153

a blinded technique in order to avoid an observer bias. Body
weights were recorded previous to the grasping test weekly.

2.3. Histological Evaluation. After sacrificing the animals,
the median nerve cables on the right side were excised and
fixed in 2.5% glutaraldehyde, washed in Sorensen phosphate
buffer 0.1M (pH 7.4) with 1.5% sacarose, and post-fixed in 2%
osmium tetroxide for 2 hours. The samples were dehydrated
by means of ethanol and cleared in propylene oxide after-
wards. The samples were then covered in a Glauert’s embed-
ding mixture of resins, consisting of Araldite M and Araldite
Harter in equal parts, HY 964 (Merck, Darmstadt, Germany),
containing 0.5% of the plasticizer dibutyl phthalate, and 1-2%
of the accelerator 964, DY 064 (Merck).

2.4. Morphometric Assessment. The nerve samples were sta-
ined with toluidine blue after being cut from distally in
2.5 millimeter cross-sections with an ultramicrotome (Ultra-
cut, Leica, Wetzlar, Germany). Morphometric analysis was
conducted on 6 animals for each experimental condition.
The sections for the morphometrical analysis were randomly
chosen in the last third of the nerve cable and the analysis
was carried out using aDM4000Bmicroscopewith aDFC320
digital camera and an IM50 image manager system (Leica
Microsystems, Wetzlar, Germany).

A final 6600-fold magnification secured an accurate
identification of myelinated nerve fibers. At first, a randomly
selected nerve specimen and its total cross-sectional area
was evaluated at a lower magnification. Following a random-
ization protocol, a sampling of the nerve fibers was carried
out. According to a previous publication, a bias due to the
“edge effect” was avoided by adoption of a two-dimensional
dissector procedure [19]. A sample of myelinated nerve fibers
in two-dimensional dissector probes was also used to select
an unbiased representative. For each fiber, fiber and axon
surface were measured and the circle-fitting diameter of axon
(𝑑) and fiber (𝐷) was calculated. These data were used to
calculatemyelin thickness [(𝐷−𝑑)/2], myelin thickness/axon

diameter ratio [(𝐷−𝑑)/2𝑑], and axon/fiber diameter ratio, the
𝑔-ratio (D/d).

2.5. Statistical Analysis. The development of the grasping
force between the study and the control group during the
study was analyzed for statistical significant differences using
the one-way ANOVA. Here, group affiliation and time point
of measurements during the observation period (12 weeks)
were defined as influence factors. The animal was identified
as a random factor. Parameters andmeasured values gathered
from histomorphometric assessments as well as grasping
force comparisons at different time points were further
analyzed by unpaired two-sample 𝑡-test statistics accordingly.
The level of significance was set to 0.05.

3. Results

3.1. Functional Assessment. In the beginning of the obser-
vation period, the mean grasping force was determined at
87.4 g (SD: ±34.8 g) in the experimental group and 64.3 g (SD:
±23.2 g) in the control group (𝑃 = 0.0683). Grasping strength
increased over time and led to a statistically significant
difference between the group receivingmagnetic field therapy
(238.1 g; SD ±88.9 g) compared to the control group 175.2 g
(SD: ±40.6 g) (𝑃 = 0.0153).

The statistical analysis of grasping force development
comparing both groups at every time point in the observation
period indicated a statistically significant difference in favor
of the experimental group starting from the 9th week on to
the end of the study. Table 1 provides an overview of group
comparisons and 𝑃 values, respectively.

The course of measurements is displayed in Figure 3.
One-way ANOVA of grasping forces revealed a significant
difference for grasping strength according to group affiliation
(𝑃 = 0.0078).

The comparison of muscle weight was also significantly
higher in the study group (𝑃 = 0.0385; Figure 4). Mean wet
muscle weight revealed 406.8mg (SD:±40.7mg) in the group
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Figure 3: Development of grasping force during the study com-
paring the study group receiving a pulsed magnetic field therapy
and the control group. Since the 7thmeasurement grasping strength
in the group of magnetic field therapy increases on a higher level
compared to the control group. Statistical analysis between both
groups revealed statistically significant differences from the 9th
measurement to the end of the observation period in favor for the
experimental group.
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Figure 4: Comparison of the flexor digitorum sublimis muscle
weight between study group and control group indicates a signif-
icantly higher weight in favor of the experimental group (𝑃 =
0.0385).

with the pulsed magnetic field therapy compared to 367.5mg
the control group (SD: ±46.5mg).

3.2. Histomorphometric Assessment. Table 2 includes the
total number of nerve fibers in the sample and their density
related to the total area of the nerve fibers. The total number
(mean 6517, SD: 3265) and surface area (mean 0.3916mm2,
SD: 0.2137mm2) were higher in the group with the pulsed
magnetic field treatment compared to the control group
(mean 5292, SD: 2248; mean 0.2718mm2, SD: 0.0707mm2),
whereas the density remained higher in the control group

(21022mm−2, SD: 10853mm−2; pulsed magnetic field treat-
ment: 17646mm−2, SD: 7374mm−2), but, statistically, there
were no differences found on a significance level of 5%.

In Table 3, parameters characterizing the nerve fiber are
summarized. The nerve fiber thickness remained apparently
not different between both groups (pulsed magnetic field
treatment: 3.65 𝜇m, SD: 0.21 𝜇m; control group: 3.62 𝜇m, SD:
0.35 𝜇m). The Myelin sheet revealed averagely higher values
in the pulsed magnetic field treatment group (1.32 𝜇m, SD:
0.65 𝜇m) compared to control group (1.05 𝜇m, SD: 0.51 𝜇m)
and so did the axon diameter (pulsed magnetic field treat-
ment: 2.47 𝜇m, SD: 0.33 𝜇m; control group: 2.28 𝜇m, SD:
0.24 𝜇m). These differences were not statistically different.

The 𝑔-ratio (0.97, SD: 0.31) andM/d-ratio (0.93, SD: 0.56)
brought higher values for the group with the pulsedmagnetic
field treatment compared to the control group (0.81, SD: 0.3;
0.68, SD: 0.49), whereas the D/d ratio revealed higher values
in the control group (1.62; SD: 0.13) than in the group with
pulsed magnetic field treatment (1.54, SD: 0.09). Statistically
significant differences could not be found on a significance
level of 5% for these indices.

4. Discussion

Besides the surgical challenge and technical feasibility to
restore the continuity of injured peripheral nerves, the
functional outcome is oftentimes not satisfying. A full nerve
recovery remains achievable for approximately 10% of the
patients [10, 20, 21]. Here, the positive influence of a pulsed
magnetic field, already shown concerning healing processes
of the bone [13, 14] and peripheral nerves [15, 16], might have
a positive impact on the functional postoperative outcome.
The success of the treatment may be evaluated when consid-
ering the functional and morhological as well as histological
aspects as a whole.

Thehistomorphometric assessments that were performed
in our study in order to evaluate the nerve coaptation
site for histological signs of neural regeneration indicated
that there was no statistically significant difference between
pulsed magnetic field treatment and the control group on
a histological as well as on a morphological level indicat-
ing no influence of pulsed magnetic field therapy on the
morphological aspects investigated in the study for signs
of the median nerve’s regeneration. These findings were
underpinned by the findings of another workgroup, who
performed a study on 34 mice, which partially underwent
a three week low-frequency pulsed magnetic field treatment
after a sciatic crush lesion. Histologically, there was no
difference between the study and the control group but
the histomorphometric evaluation revealed even a negative
effect of the pulsed magnetic field treatment expressed by
decreased regeneration and increased oxidative stress signs.
A difference in functional recovery could not be proven [22].
Another sciatic nerve injury model study in the rat indicated
that, after a low-frequency pulsed magnetic field therapy
for 38 days, the Wallerian degeneration as well as the elec-
trophysiological assessments remained comparable between
the group receiving the pulsed magnetic field treatment and



BioMed Research International 5

Table 2: When comparing histomorphometric parameters between both experimental and control group no statistically significant
differences could be determined.

Group Total Number Density (fibers/mm2) Area (mm2)
Mean SD Mean SD Mean SD

Magnetic Field 6517 3265 17646 7374 0.3916 0.2137
Control 5291 2248 21022 10853 0.2718 0.0707
𝑃-value 0.509 0.581 0.268

Table 3: When comparing histomorphometric parameters between both experimental and control group no statistically significant
differences could be determined.

Group Axon Diameter Nerve Fibre Diameter Myelin Thickness
Mean SD Mean SD Mean SD

Magnetic Field 2.47 0.33 3.65 0.21 1.32 0.65
Control 2.28 0.24 3.62 0.35 1.05 0.51
𝑃-value 0.341 0.912 0.485

control group [23]. In a rat model study of the facial nerve
regeneration after transection and reapproximation without
suturing, the animals were treated four hours a day for a
total of eight weeks with pulsed magnetic fields. To evaluate
the neural regeneration electroneurography, the eyelid force,
whisker movements, and voluntarily facial movements were
assessed in comparison to the preoperative state and in two-
week intervals after the intervention.They found behaviorally
and electrophysiological beneficial influences in the study
groups, though their results were not able to provide a
conclusive proof [24]. In another rat model, the influence of
a pulsed magnetic field application to a sciatic nerve lesion
was evaluated. The study group consisted of animals with a
primary coaptation and those having received an autologous
nerve graft. A pulsed magnetic field therapy was applied 6
hours daily over a four-week period. In the study group,
a larger number of myelinated nerve fibers as well as an
enzyme activity (acetyl cholinesterase) at the endplate were
recorded [25]. An acceleration of myelin sheath regeneration
was also discussed as a possible effect of a long-periodic
pulsed magnetic field treatment in another sciatic nerve
injury model in the rat [26]. Gunay and Mert assessed the
influence of conduction characteristics of a regenerating
peripheral nerve in a sciatic crush lesion model in the rat
over a 15- and 38-day period. Here, abnormalities in signaling
and aberrant ion channel functions were time-dependently
restored by the pulsed magnetic field therapy [27]. Another
in vitro study could show that neurite growth was influenced
by the direction of themagnetic field applied by nanoparticles
[28, 29].

The higher grasping forces recorded in the animal group
receiving the pulsed magnet field therapy during our obser-
vation period could indicate an improvement of aberrant cell
signalling as well as a direct influence of magnetic fields on
direction of cellular growth. This furthermore corresponds
to our findings that the flexor digitorum sublimis muscle’s
weight of the same animal group was significantly higher
signifying a positive impact on the biochemical processes
on the endplate, the cellular membrane, or the muscle itself.
We could also show that grasping strength was significantly

higher favoring the experimental group from the 9th week to
the end of the study indicating a significantly faster functional
recovery of strength after an initial healing period.

A study of Currier et al. demonstrated in a group of 17
patients after a reconstructive surgery of the anterior cruciate
ligament that a combination of neuromuscular electrical
stimulation and pulsed magnetic field therapy was superior
in the prevention of a massive girth reduction of the knee
extensor muscles in comparison to a neuromuscular elec-
trical stimulation alone [30]. A direct influence of a pulsed
magnetic field therapy on a muscular level was provided in
a study with a diabetic rat model investigating differences of
wound healing and observing and recording the anti-smooth
muscle actin immunohistochemistry. From their findings, it
could be hypothesized that pulsed magnetic field therapy
could increase themyofibroblast population [31].Theremight
also be a positive influence on striped skeletal muscle cells as
well but it is not described so far. In another rat model, the
gastrocnemiusmuscle was similarly denervated and the effect
of electric stimulation versus magnetic stimulation between
the two study groups was further evaluated. Muscular weight
was significantly higher in themagnetic field treatment group
when compared to electrical stimulation group [32].

5. Conclusion

We may conclude that a pulsed magnetic field therapy
can positively influence the functional regeneration after a
median nerve injury and primary coaptation in the rat. This
was displayed by a reduced muscular atrophy and a higher
grasping force at the end of the study observation period.
In order to optimize the effects of a pulsed magnetic field
therapy and apply them in the clinical field, more studies are
needed in order to evaluate the different application durations
and different pulsed magnetic fields intensities.
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End-to-side neurorrhaphy constitutes an interesting option to regain nerve function after damage in selected cases, in which
conventional techniques are not feasible. In the last twenty years, many experimental and clinical studies have been conducted
in order to understand the biological mechanisms and to test the effectiveness of this technique, with contrasting results. In this
updated review, we consider the state of the art about end-to-side coaptation, focusing on all the current clinical applications, such
as sensory and mixed nerve repair, treatment of facial palsy, and brachial plexus injuries and painful neuromas management.

1. Introduction

It is currently accepted that autologous nerve grafting is the
gold standard for nerve repair in presence of major loss of
substance after injury. Sometimes however this technique
is not feasible for many reasons, like the limited amount
of obtainable graft tissue in case of large and extended
loss of substance, the unavailability of the proximal nerve
stump, and the morbidity at the donor site. Many surgical
alternatives have been proposed over time, including the use
of synthetic and biological tubulization, the application of
cultured Schwann cells, and the end-to-side neurorrhaphy
[1].

End-to-side neurorrhaphy was first described by
Létiévant in the “Traité des Sections Nerveuses” in 1873
[2]. In the following years this technique inspired several
other clinical and experimental studies but then was quickly
abandoned due to poor clinical results probably related to the
use of nonmicrosurgical instruments and techniques, until a
new interest appeared at the beginning of the 1990s with the
publication of the studies of Lykissas et al. [1, 3]. Thereafter a
series of researches have been conducted, in order to further
understand the mechanisms at the base of this way of nerve
regeneration and to improve clinical applications and results.

The possibility to regain nerve function after damage
even if the proximal stump is not available is the aim of

this technique, based on the concept that collateral axonal
sprouting from a healthy neighbor donor nerve can involve a
distal stump of a transected nerve, if they are sutured in end-
to-side fashion [3].

The phenomenon of the sprouting from the terminal
portion of the proximal stump of a damaged nerve is a
well-known concept, induced by molecular changes in the
microenvironment in which the nerve lesion occurred, sus-
tained byWallerian degeneration, interruption of the normal
neuronal turnover and inflammatory local response. The
possibility that a healthy adult axon could generate collateral
sprouting to reinnervate the target organ of another nerve
was considered unlikely for a long time. In the last twenty
years several studies were conducted on this field and finally
demonstrated the existence of this phenomenon following
end-to-side neurorrhaphy. One of the most unsolved ques-
tions is the origin of the regenerating axons after end-to-
side neurorrhaphy. Some researchers support the idea that
they could come from the donor nerve’s axons which have
been injured during surgery by opening an epineural window,
especially in case of motor ones [4, 5].

Consequently, another point of discussion is whether the
technique of end-to-side suture may influence the amount
of regenerating axons originating from the donor nerve.
Regenerating axons may penetrate the connective layers
of the nerve (epineurium, perineurium, and endoneurium)
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[6]. Then, in clinical practice, most authors perform an
epineural window in the donor nerve before suture creating
a small not standardized nerve damage which enhances the
opportunity of axonal collateral sprouting. In experimental
study on rats, Viterbo et al. demonstrated that there is no
difference in the amount of regenerating axons after end-to-
side nerve suture with and without epineural window [7],
and Lundborg et al. confirmed these experimental results [8].
Subsequently, Viterbo et al. investigated nerve regeneration
after end-to-side nerve suture with and without perineural
window reporting similar results [9]. Other experimental
studies suggested that the ingrowth of regenerating axons
is significantly enhanced by breaching the epiperineural
sheath at the coaptation site [10] and that an epineural
window followed by terminolateral suture without damage
of underlying perineurium improves functional outcomes of
end-to-side nerve suture [1]. In fact, this procedure stimulates
nerve regeneration with better results without creating a
significant damage in the donor nerve [11–13].

The aim of this study is to present the clinical applications
of end-to-side neurorrhaphy on the basis of current knowl-
edge and the literature review.

2. Clinical Applications

From the analysis of the literature of the last two decades
we found an increasing interest in the application of this
technique in a wide pattern of peripheral nerve damages,
even if in the form of case reports and small clinical series.
No randomized clinical trials have been performed until
now, in order to compare end-to-side coaptation to other
reconstructive techniques. Despite the encouraging results
that come from experimental studies, the small series found
in the literature are difficult to compare and the contrasting
clinical outcomes do not permit to assume yet the real
effectiveness of this technique. The analysis of the most
documented clinical applications includes repair of digital
sensory nerves lesions treatment of brachial plexus and facial
nerve injuries, mixed nerves lesions, and painful neuromas.

2.1. Sensory Nerves

2.1.1. Digital Nerves. A small number of retrospective clinical
studies about the application of end-to-side neurorrhaphy
for treatment of sensory nerve lesions can be found in the
literatures [14–19].

In his comprehensive study on the use of end-to-side
nerve suture in clinical practice, Mennen described five
cases of palmar digital nerves terminolateral neurorrhaphy
reporting four good results based on the Highet British
Medical Research Council test [16]. Other studies confirmed
these favorable results.

According to the Highet British Medical Research Coun-
cil scale, Pelissier reported positive results in five out of
six patients with S3+ sensory recovery and a mean 2pd of
10mm (9–12mm) [17]. Voche and Quattara reported the

same degree of recovery S3+ in nine patients of his clinical
series with a mean 2pd of 8mm (range 6–11mm) [18].

In our personal experience we reported sensory recovery
in seven patients with end-to-side nerve suture of collateral
digital nerves observing S3+ recovery in six cases and S3 in
one case with a mean 2pd of 12.5mm (range 8–18mm) [19].
Moreoverwe evaluated the Semmes-Weinsteinmonofilament
test observing a 3.61 sensory threshold in two cases and a 4.61
threshold in five cases.

In line with these findings, end-to-side technique can
reasonably be considered as a valid treatment of nerve repair
in selected cases as an alternative to biologic or synthetic
tubulization and autograft, when direct suture is impossible
for the length of the gap, in traumatic and post surgical
conditions.

2.1.2. Other Sensory Nerves. In 1993 Viterbo et al. reported
restoration of sensitivity in the region on sural nerve, har-
vested as a graft, after end-to-side coaptation of its distal
stump to the superficial peroneal nerve in two patients [20].
A study of Santamaria compared end-to-side and end-to-
end neurorrhaphy in cases of innervated radial forearm
flaps for hemiglossectomy reconstruction, revealing a better
sensory recovery using end-to-end procedure [21]. In order
to ameliorate sensibility in paraplegics, to avoid the formation
of pressure ulcers, Viterbo and Ripari used sural nerve graft
linking the intercostal nerves above the level of cord injury
and the sciatic nerve below using end-to-side neurorrhaphy
in two patients [22].

2.2. Brachial Plexus. The first case of end-to-side neuror-
rhaphy applied on brachial plexus injury was reported by
Pienaar et al. in 1995, which sutured C5 and C6 roots to the
phrenic nerve [23]. Heterogeneous results can be found in
the literature, with the application of this technique in a wide
range of conditions [16, 24–28].

In 2003, Mennen published a series of eight cases of
brachial plexus repair in end-to-side but reported neither the
level of the lesion nor the associated procedures, showing
moderate motor and sensory recovery according to theMed-
ical Research Council evaluation scale [16]. Amr andMohar-
ram described eleven cases of repair of roots ruptures with
suture to phrenic and spinal accessory nerves, contralateral
C7, and other interplexus roots or cords. Functional recovery
was satisfying in all but one case in which deterioration of
the donor muscle was observed, which improved one year
later [24]. The study of Pienaar et al. on nine patients with
eight traumatic and one obstetric incomplete brachial plexus
lesions showed a partial sensory recovery only in two cases
and no useful motor recovery [27]. Haninec et al. reported
a homogeneous series of incomplete brachial plexus injuries
treated by intraplexual donor nerves (radial, median, and
ulnar) on the axillary nerve and musculocutaneous nerve.
The overall success rate of motor recovery after end-to-side
nerve suture was 43.5%. Reinnervation of deltoid muscle was
observed in 47.6% of patients and no recovery was seen as
for musculocutaneous nerve repair, with a motor recovery
on the deltoid muscle in 64% of the cases [26]. Battiston et
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al. reported eleven patients that underwent various end-to-
side nerve repairs, almost always in order to support shoulder
function in abduction and external rotationmovements.This
study did not demonstrate significant benefits in primary
reconstructive surgery for traumatic injuries in adults. In one
of these patients an end-to-side coaptation of the hypoglossal
to suprascapularis nerve resulted in the recovery of some
active shoulder abduction, in contrast to previous study of
Ferraresi et al. [25, 28, 29]. The usefulness of this technique
applied on brachial plexus injuries still remains questionable,
overall in adults, where standard neurotizations are more
reliable. However, this technique can be occasionally used to
support conventional procedures when other options are not
feasible.

2.3. Mixed Nerves. Treatment of mixed nerves defects can
be easily performed by end-to-side coaptation, particularly
between median and ulnar nerves at the forearm (Figures
1 and 2). Mennen reported thirty-three cases of ulnar to
median nerve suture and seven of median to ulnar nerve
suture, with satisfying sensory recovery despite poor motor
recovery [16]. This conformed previous findings by Luo et al.
[30]. Improvement in protective sensibility was also demon-
strated by some authors performing median to ulnar end-
to-side coaptation in several cases reported in the literature
with long nerve defects [31–34]. In such cases only partial
motor recovery was occasionally seen. Probably the cause has
to be found in the difficulty of regenerating axons to match
properly sensory and motor fibers in mixed nerve [31, 33]. In
these situations a neurotization seems to be a more reliable
surgical option.

2.4. Facial Nerve. The first application of end-to-side coap-
tation in facial palsy was reported by Viterbo in 1993,
who performed a cross-facial nerve graft transplantation,
obtaining reinnervation in selected patients. Sural grafts were
used to connect both buccal branches and both temporozy-
gomatic branches with end-to-side sutures in both endings
[35]. Subsequent papers published by Scaramella and Smith
confirmed the possibility to use this kind of grafts to cross the
face with minimal residual deficits on the donor site [36, 37].

At present the hypoglossal-facial anastomosis is a reliable
procedure for the reanimation of a long-lasting peripheral
facial nerve paralysis [38]. The use of an interposition graft
and its end-to-side anastomosis to the hypoglossal nerve
allows the preservation of the tongue function requires two
anastomosis sites and a free second donor nerve. A rat model
investigated such configuration of end-to-side nerve suture
and showed that axonal regeneration through interpositional
was bidirectional and preferentially directed towards the
injured side clarifying the basis of clinical application [39].

Favorable results on the treatment of facial paralysis were
also reported by Frey et al. with combination of end-to-
end and end-to-side neurorrhaphies in three out of seven
patients [40]. In our opinion these results could be explained
by the fact that the facial nerve is a pure motor structure, so
regenerating axons after end-to-side suture can directly and
exclusively reach the motor target.

Figure 1: Median nerve section with extensive loss of substance at
the forearm.

Figure 2: End-to-side neurorrhaphy: median to ulnar nerve.

2.5. Painful Neuromas. The concept of end-to-side nerve
suture has also been applied to the prevention and treatment
of painful neuromas secondary to damage of sensory nerves.
This application is based on the possibility to give a new
pathway and target organ to regenerating axons of the injured
nerve. Al-Qattan reported his experience on the use of end-
to-side coaptation for prevention and treatment of painful
neuromas of superficial branches of the radial nerve: the two
ends of the injured sensory nerve branch were sutured in
end-to-side fashion on a contiguous branch of the superficial
radial nerve. The author obtained positive results in eight
patients with preliminary application of such technique [41].
Favorable results were also confirmed by Aszmann et al. in
sixteen out of seventeen patients affected by painful neuromas
of sensory nerves located at the upper and lower limbs. No
motor sensory deficit was seen in the recipient nerves in
this case series [42]. An alternative technique for neuroma
management has been experimented on a rat model by
Isaacs et al. and Adelson et al. consisting in end-to-side
“jump grafts” which bypass a neuroma incontinuity. In such
technique the proximal repair is a conventional end-to-side
suture while in the distal connection the axons in the graft
must enter the side of the distal nerve in a reverse end-to-side
neurotization process [43, 44].The concept of reverse end-to-
side nerve suture with axonal supercharging of the recipient
nerve has been also experimentally investigated in rat model
with complete and incomplete sciatic nerve injuries. These
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studies demonstrated that functional recovery after periph-
eral nerve injury was promoted by axonal augmentation [45–
47]. Nevertheless, to our knowledge, no clinical applications
of such technique have been reported up to now.

3. Discussion

The research conducted in the last twenty years demonstrated
that end-to-side coaptation may be an effective mean of
nerve reconstruction in case of loss of substance superior
to 3-4 cm, or when the proximal nerve stump or nerve
donors are not available. Nevertheless, a discrepancy between
experimental and clinical results still exists, confirming the
great complexity of the mechanisms of nerve regeneration
that are far to be completely understood and the difficulty
to transfer the results obtained in laboratory to the clinical
application [48]. It has also been demonstrated that axon
growth after end-to-side neurorrhaphy is slower compared
to end-to-end suture, and this can be one of the possible
reasons for unsatisfactory outcomes [49, 50]. Experimental
studies have shown that physical and chemical agents could
stimulate nerve regeneration after end-to-side coaptation,
as phototherapy [51], FK506 [52], and acetyl-L-carnitine
[53]. These findings can address future research in order to
improve the effectiveness of this technique. However, it is
largely agreed that at present end-to-side neurorrhaphy could
not substitute standard techniques in most cases, as brachial
plexus repair, but can be considered a valid therapeutic option
in selected situations, optionally in combination with other
strategies, in case of failure of other previous attempts of
nerve repair or whenever other approaches are not feasible.
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to-side nerve neurorrhaphy in severe upper-extremity nerve
injuries,”Microsurgery, vol. 24, no. 5, pp. 363–368, 2004.

[35] F. Viterbo, “A new method for treatment of facial palsy: the
cross-face nerve transplantation with end-to-side neurorrha-
phy,” Revista da Sociedade Brasileira de Ciruǵıa Plástica, Estética
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Local delivery of neurotrophic factors is a pillar of neural repair strategies in the peripheral nervous system.Themain disadvantage
of the free growth factors is their short half-life of few minutes. In order to prolong their activity, we have conjugated to iron
oxide nanoparticles three neurotrophic factors: nerve growth factor (𝛽NGF), glial cell-derived neurotrophic factor (GDNF), and
basic fibroblast growth factor (FGF-2). Comparative stability studies of free versus conjugated factors revealed that the conjugated
neurotrophic factors were significantly more stable in tissue cultures and in medium at 37∘C. The biological effects of free versus
conjugated neurotrophic factors were examined on organotypic dorsal root ganglion (DRG) cultures performed in NVR-Gel,
composed mainly of hyaluronic acid and laminin. Results revealed that the conjugated neurotrophic factors enhanced early nerve
fiber sprouting compared to the corresponding free factors. The most meaningful result was that conjugated-GDNF, accelerated
the onset and progression of myelin significantly earlier than the free GDNF and the other free and conjugated factors. This is
probably due to the beneficial and long-acting effect that the stabilized conjugated-GDNF had on neurons and Schwann cells.
These conclusive results make NVR-Gel enriched with conjugated-GDNF, a desirable scaffold for the reconstruction of severed
peripheral nerve.

1. Introduction

In case of peripheral nerve injuries with long distance
defects (gaps), autologous nerve grafting is the treatment
of choice. However, the availability of autologous nerve
grafts is limited especially when a large amount of grafting
material is needed, because it requires sacrifices of healthy
nerves [1]. Therefore, many efforts are being made to develop
artificial nerve grafts. The artificial nerve grafts are usually
composed of conduits, which guide the regenerating axons

to the distal nerve stump, filled with biomaterials deco-
rated with neurotrophic factors (neuronal growth factors)
[2].

Neurotrophic factors are signaling proteins which sup-
port neural survival and axonal growth. In addition, neu-
rotrophic factors play a significant role in the maintenance
of neuronal function throughout an entire lifetime.There are
a variety of neurotrophic factors that have been identified
and studied at various levels from molecular interactions
to macroscopic tissue responses (reviewed in [3–6]). In the
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present studywe focused on three neurotrophic factors: nerve
growth factor (𝛽NGF), glial cell-derived neurotrophic factor
(GDNF), and basic fibroblast growth factor (FGF-2).

NGF (discovered in the early 1950s by Rita Levi-
Montalciniwhowon the 1986Nobel Prize inMedicine for this
discovery [7]) is a polypeptide composed of three subunits
alpha, beta, and gamma. Only the beta subunit (𝛽NGF) is
responsible for the physiological activity ascribed to NGF,
and it is active in the absence of the other two subunits [8].
𝛽NGF is vital for the development and maintenance of both
central and peripheral nervous system neurons. It is known
to regulate the growth and differentiation of sympathetic
and sensory neurons. In addition, 𝛽NGF plays a key role in
nerve injury repair and in preventing neuronal degeneration
(reviewed in [3, 9]).

GDNF has been demonstrated to enhance the survival
and outgrowth of motor neurons as well as sensory neurons
[3]. It also promotes in vivo myelination of unmyelinated
nerve fibers [10, 11]. This factor was also found to act on
dopaminergic neurons in the substantia nigra, whose death
is responsible for Parkinson’s disease [12, 13].

FGF-2 is a potent mitogenic polypeptide which induces
cell divisions in a variety of mesodermal cell types and
cells of neuroectodermal origin (reviewed in [14, 15]). FGF-
2 has been shown to promote neuron survival, spinal cord
regeneration, peripheral nerve regeneration, and neuritoge-
nesis of motor neurons [16–19]. FGF-2 also stimulates the
proliferation and differentiation of neuronal precursor cells
from mouse and human olfactory epithelium [3, 14, 20–22]
as well as of Schwann cells [23].

Because of their positive effect on neurons, neurotrophic
factors are attractive candidates for therapy of acute injuries
to the nervous system (such as reconstruction of peripheral
nerve after a severe segment loss, especially in cases of a long
distance nerve defect) as well as chronic neurodegenerative
diseases (such as Alzheimer’s, Huntington’s, and Parkinson’s
disease) (reviewed in [3, 4]). Also, in laboratory research,
it is common to add neurotrophic factors to cell cultures
to enhance neuronal cell regeneration. However, the main
disadvantage of free growth factors is their short in vivo half-
life time due to rapid enzymatic degradation, which leads to
the loss of their biological activity after a short period of time
[24]. For example, the half-life time of FGF-2, brain derived
neurotrophic factor (BDNF), and 𝛽NGF in blood is 1.5–3,
10, and 30min, respectively [25–29]. In order to prolong
their activity and bioavailability, it has been suggested to
conjugate the growth factors onto or encapsulated within
nanostructures of diverse types of synthetic and natural
materials [24, 30].

In the present study, iron oxide nanoparticles were used
for neurotrophic factor conjugation. These nanoparticles
provide magnetic properties, high surface-area-to-volume
ratio, biocompatibility, and biodegradability. Iron oxidemag-
netic nanoparticles are considered to be nontoxic and are
already being used for various biomedical applications, such
as diagnostics, cell labeling and sorting, DNA separation,
MRI and X-ray contrast agents, gene and drug delivery, and
hyperthermia (reviewed in [21, 22]).Themagnetic properties
of these nanoparticlesmay also be used for targeting of a drug

immobilized on magnetic materials under the action of an
external magnetic field [31]. In addition, the magnetic prop-
erties of the iron oxide nanoparticles enable their purification
from excess reagents, during the synthesis process, easily by
using magnetic columns.

The aim of the present study was to examine in vitro
the stability and the biological effects of 𝛽NGF, GDNF, and
FGF-2 conjugated covalently to iron oxide nanoparticles,
with the prospective to use them in artificial conduits for
peripheral nerve reconstruction. Our studies were conducted
on cultures of organotypic dorsal root ganglion (DRG) seeded
in NVR-Gel [32] as a possible hydrogel scaffold for filling
artificial conduit [2].

2. Materials and Methods

2.1. Synthesis of Iron Oxide Nanoparticles. Magnetic iron
oxide nanoparticles were prepared in two main ways as
follows.

(a) Gelatin coated iron oxide nanoparticles contain-
ing the fluorescent probe rhodamine of 15.0 ±
1.4 nm dry diameter were prepared by nucleation
and then controlled the growth of iron oxide layers
onto rhodamine isothiocyanate (RITC) conjugated
gelatin/iron oxide nuclei, according to our previous
publications [21, 33].

(b) Dextran coated iron oxide magnetic nanoparticles of
9.5 ± 0.9 nm dry diameter were prepared as described
previously by Molday and Mackenzie [34].

2.2. Conjugation of Neural Growth Factors to the Iron Oxide
Nanoparticles. Covalent conjugation of 𝛽NGF, GDNF, or
FGF-2 (PeproTechAsia, Israel) to the surface of the iron
oxide nanoparticles (each type individually) was performed
as described previously [21, 22, 33]. Briefly, the iron oxide
nanoparticles coated either with gelatin (which provides
hydroxyl and primary amine functional groups) or with dex-
tran (which provides hydroxyl groups) were functionalized
with activated double bonds by interacting the functional
groups of the gelatin or dextran with excess divinyl sulfone
(DVS) via the Michael addition reaction. The residual acti-
vated double bonds were then used for covalent binding
of the different neurotrophic factors, again via the Michael
addition reaction. The concentration of each neurotrophic
factor conjugated to the nanoparticles was determined by
using the appropriate ELISA Kit (PeproTech Asia, Israel, and
Boster Immunoleader, USA).

2.3. Comparative Stability Studies of Free versus Conjugated
Neurotrophic Factors

(a) Stability in Cell Cultures. Free or conjugated neu-
rotrophic factors were added once to the medium
of dissociated DRG cultures (final concentration
10 ng/mL, each factor). The cultures were placed in
a 5% CO

2
incubator at 37∘C for 9 days. The culture

medium was not changed during the entire period of
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the experiment, and aliquots from it were collected
at different points in time after cultivation. The
concentrations of the residual factors in the aliquots
were measured using the appropriate ELISA Kit.

(b) Stability at 37∘C inMedium. Samples of culturemedia
containing free or conjugated neurotrophic factors
(final concentration 10 ng/mL, each factor) were kept
at 37∘C. Aliquots were collected at different time
points, and the concentration of the residual free and
conjugated neurotrophic factors in the samples was
measured as described above.

2.4. Culture Medium. The culture medium was prepared
from 90% Dulbecco’s modified eagle medium-nutrient mix-
ture F-12 (DMEM-F12), 10% heat-denatured fetal calf serum
(FCS), 6 g/L D-glucose, 2 nM glutamine, 25 𝜇g/mL gen-
tamycin, and 50 ng/mL IGF-I (all purchased from Biological
Industries, Israel).

2.5. NVR-Gel for Neuronal Cultivation. NVR-Gel (NVR Labs
proprietary [32]) is composed of twomain components: high
molecular hyaluronic acid (HA, 3× 106Da) and laminin, both
known to be inherent elements of the extracellular matrix.
For cell cultivation, HA of 1% (BTG Polymers, Israel) was
diluted with culture medium to the concentrations of 0.3–
0.5%. Laminin (Sigma) was then mixed with the diluted
HA to a final concentration of 10 ng/mL. Free or conjugated
neurotrophic factors (𝛽NGF, GDNF, and FGF-2) were finally
added, separately or together (10 ng/mL of each factor), to
complete the NVR-Gel composition.

2.6. Preparation of Organotypic DRG Cultures. All the exper-
iments were carried out and authorized by the local ethics
committee recognized by the Israeli authorities for animal
experimentation. Stationary organotypic DRG cultures were
prepared from rat fetuses (gestational day 15, Lewis inbred,
Harlan, Israel). Immediately after dissection, the isolated gan-
glia were cut with a McIlwain tissue chopper into small slices
(of 400 𝜇m thickness) which were then seeded in 12 well-
culture plates (either directly on the plastic or on glass cover
slips) containing 0.75mLofNVR-Gel (one explant eachwell).
Cultures received free or conjugated neurotrophic factors
(10 ng/mL final concentration, each factor separately) once in
the gel at seeding and subsequently with the nutrientmedium
at each consecutive feeding. Monitoring of the DRG growth
pattern (neuronal sprouting, establishment of cultures, and
myelin formation) was done by daily phase contrast micro-
scopic observations from 24 hours after setting the cultures
onward.

Experiments aimed at examining the effect of neu-
rotrophic factors on early neuronal sprouting; cultures were
performedwith 12 repetitions (12wells) for each neurotrophic
factor. During the first week in culture, ganglia which exhib-
ited nerve outgrowth were counted.

Experiments aimed at examining the effect of neu-
rotrophic factors on early onset and progressionof myelin
were performed in triplicate for each neurotrophic factor.
Cultures with myelinated fibers, which in phase contrast

microscopyappear confined by two dark lines along both
sides of the fiber (due to the optical property of the myelin
sheaths lipids), were recorded and photographed. The myeli-
nated cultures were fixed for histological and immunocy-
tochemical staining as well as for Transmission Electron
Microscopy (TEM).

2.7. Immunofluorescence of Myelinated DRG Cultures. After
removal of the culture medium, the DRG cultures were
washed with phosphate buffered salt solution (PBS) and fixed
in 4% paraformaldehyde for 15min and then washed again
with PBS. The fixed cells were permeabilized with 0.1% of
Triton X-100 in PBS and then immunoblocked (to avoid
nonspecific staining) with a 1% bovine serum albumin (BSA)
in PBS for 1 h at room temperature. The specimens were then
double incubated with mouse antimyelin basic protein anti-
bodies (MBP, Covance, Nr. SMI 94 R, 1: 250) to visualize the
myelin and rabbit antineurofilament antibodies (NF, Novus
Biologicals, 1: 500) to visualize the neurite outgrowth.Thepri-
mary antibodies were diluted in 0.1% BSA and 0.05% Tween-
20 in PBS (diluents buffer) and incubated with the specimens
overnight at 4∘C. After rinsing with 0.05% Tween-20 in PBS
(wash buffer), the DRG specimens were incubated for 1 h at
room temperature with the appropriate secondary antibod-
ies: Alexa-Fluor-488-conjugated donkey anti-mouse IgG or
Alexa-Fluor-594-conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch, USA, 1: 800 in a diluent buffer). Finally,
the samples were rinsed again with wash buffer and mounted
with mounting medium (Immco Diagnostics, USA). Myeli-
nated cultures were alternatively stained with Luxol Fast
Blue. All of the images were observed with an Olympus IX70
microscope.

2.8. Transmission Electron Microscopy (TEM) Analysis.
Organotypic DRG cultures, detached from the glass or
the plastic substrates, were fixed in 2.5% glutaraldehyde,
washed in Sorensen phosphate buffer 0.1M (pH 7.4) with
1.5% sucrose, and then fixed in 2% osmium tetroxide for
2 h. After dehydration in ethanol, samples were cleared in
propylene oxide and embedded in Glauerts’ embedding
mixture of resins consisting of equal parts of Araldite M
and Araldite Harter, HY 964 (Merck, Darmstadt, Germany),
containing 0.5% of the plasticizer dibutyl phthalate and
1-2% of the accelerator 964, DY 064 (Merck, Darmstadt,
Germany). Transverse cross sections of 70 nm were obtained
using an Ultracut UCT ultramicrotome (Leica, Wetzlar,
Germany). Sections were then stained with uranyl acetate
and lead citrate and examined by a JEM-1010 transmission
electron microscope (JEOL, Tokyo, Japan) equipped with
a Mega-View-III digital camera and a Soft-Imaging-System
(SIS, Münster, Germany) for the computerized acquisition
of the images.

2.9. Statistical Analysis. Statistical analysis was performed by
Student’s t-test. The results are expressed as mean ± standard
deviation (SD).𝑃 < 0.05was accepted as indicating statistical
significance.
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Figure 1: Stability of free versus conjugated neurotrophic factors at 37∘C in the absence ((a1), (b1), and (c1)) and in the presence ((a2), (b2),
and (c2)) of cells. In the upper row free or conjugated neurotrophic factors (GDNF, 𝛽NGF, and FGF-2) were added to culture medium,
each type separately (10 ng/mL, final concentration), and placed at 37∘C (in the absence of cells). Aliquots were collected after different time
points, and the concentration of the residual factor in the samples was measured using an appropriate ELISA kit. In the lower row, the
same concentrations of free or conjugated neurotrophic factors were added once to dissociate dorsal root ganglia (DRG) cell cultures at the
beginning of the experiment. The culture medium was not changed during the experiment and aliquots from it were collected at different
days after cultivation. The concentration of the residual factors in the aliquots was measured as described above. The data are presented as
mean ± SD in triplicate (∗𝑃 < 0.01, ∗ ∗ 𝑃 < 0.001).

3. Results

3.1. Long-Term Stability of Free versus Conjugated Neu-
rotrophic Factors. The stability of the free and conjugated
neurotrophic factors (GDNF, 𝛽NGF, and FGF-2) against
various enzymes and inhibitors, existing in serum or secreted
from cells, was examined in tissue cultures and in medium
alone at 37∘C.

Results shown in Figure 1 demonstrate that the concen-
tration of the neurotrophic factor decreased gradually over
time; however, the conjugated neurotrophic factors were
significantlymore stable than the free factors in bothmedium
alone ((a1)–(c1)) and tissue cultures ((a2)–(c2)). Among the
conjugated factors, themost stablewas the conjugated-GDNF
((a1) & (a2)), followed by the conjugated-FGF-2 with a

moderate stability ((c1) & (c2)), and the least stable was
the conjugated-𝛽NGF ((b1) & (b2)). During the 9 days of
the experiment, the concentration of the conjugated-GDNF
remained almost stable at around 100%, while the concentra-
tion of free GDNF was gradually decreased to 57.3 ± 7.0% in
medium and 31.2 ± 2.1% in culture. Regarding the stability
of FGF-2, after about a week, the residual concentrations
of the conjugated-FGF-2 in medium and in tissue culture
were reduced to 70.1 ± 5.7% and 38.6 ± 1.4%, respectively.
On the other hand, the residual concentrations of the free
FGF-2 were significantly lower than that of the conjugated
factor: 38.2 ± 1.6% and 18.7 ± 3.2%, in medium and in the
tissue culture, respectively. As to the 𝛽NGF, after 6 days,
the residual concentrations of the conjugated-𝛽NGF were
reduced to 32.6±2.0% inmedium and 14.6±1.0% in culture.
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Figure 2: Enhancement of early nerve fibre outgrowth by
conjugated-GDNF.The graph shows the percentage of explants (out
of 12) which exhibited nerve fiber sprouting in the absence and
the presence of free versus conjugated-GDNF as a function of time
(days) in culture. The data are presented as mean ± SD from 3
repeated experiments. ∗ Significant difference (𝑃 < 0.05) compared
to the corresponding free group.∗∗ Significant difference (𝑃 < 0.05)
compared to the corresponding control group.

However, the free 𝛽NGF was decreased more significantly to
14.6 ± 1.0% in medium and 2.8 ± 1.5% in tissue culture.

3.2. Effects of Free versus Conjugated Neurotrophic Fac-
tors on DRG Organotypic Cultures. The overall effect of
the exposure of DRG explants to each of the three con-
jugated neurotrophic factors is represented by the early
phenomenon of sprouting compared to cultures that were
exposed to free factors and control. During the first days
of cultivation, the number of DRG explants that exhibited
an early sprouting, following the exposure to conjugated-
GDNF, was increased significantly by 30% compared to free
GDNF and by 40% compared to controls (without neu-
rotrophic factors) (Figure 2). The most intensive sprouting
was observed in cultures which were exposed to 𝛽NGF
and GDNF (Figure 3). During the establishment of the
cultures (after the first week of cultivation), the regenerated
nerve fibers became longer, thicker, and ramified, until the
formation of neuronal networks, mainly in cultures exposed
to conjugated-GDNF and 𝛽NGF (Figure 4). However, only
conjugated-GDNF accelerated significantly the onset of
myelin.

The effect of free versus conjugated neurotrophic factors
on the onset of myelin in organotypic DRG cultures is shown
in Figure 5. The results demonstrate that the onset of myelin
(the appearance of initial segments of myelinated axons) was
observed first in cultures exposed to conjugated-GDNF. In
these cultures, onset of myelin was already observed after
14 ± 2.2 days of cultivation. Furthermore, during subsequent
days,most of the fibers in cultures incubatedwith conjugated-
GDNF became heavily myelinated (Figure 6). In contrast,
the onset of myelin in cultures exposed to free GDNF

was observed significantly later, that is, after 20.8 ± 4.3
days of cultivation (𝑃 = 0.0006, compared to conjugated-
GDNF). The onset of myelin in cultures exposed to free
and conjugated-𝛽NGF was observed only after more than
3 weeks of cultivation (on days 27.3 ± 2.9 and 23.8 ±
4.0, resp.). Although in these cultures the onset of myelin
was advanced (𝑃 < 0.05) in comparison to control cul-
tures (without neurotrophic factors), yet it was significantly
decelerated (𝑃 < 0.001) compared to cultures exposed to
conjugated-GDNF. The onset of myelin in cultures exposed
to free and conjugated-FGF-2 was observed around the
fourth week in culture, on days 29.3 ± 3.2 and 27.3 ±
6.0, respectively, which demonstrates a nonsignificant (𝑃 >
0.05) acceleration compared to controls, in which the phe-
nomenon occurred 34.0 ± 4.2 days after cultivation. Results
similar to those obtained from control cultures were also
obtained in cultures which were exposed to naked iron oxide
nanoparticles.

3.3. TEM Analysis. TEM analysis was made on early myeli-
nated DRG organotypic cultures (14 days after seeding)
performed in NVR-Gel enriched with conjugated-GDNF.
TEM observations (Figure 7) confirmed the light micro-
scopic observations regarding the existence of myelin around
the nerve fibers. However, TEM analysis allowed further
observation of the very small single iron oxide nanoparticles
and to determine their localization. In Figure 7, a transverse
section ((a) and (b)) and a longitudinal section ((c) and
(d)) of a nerve fiber with its myelin sheaths are shown. The
ultrastructural analysis allowed us to observe single/distinct
iron oxide nanoparticles (of average size of around 10–15 nm)
localized between the ensheathing myelin lamellae (black
arrows) and within the axon (white arrows). These TEM
observations clearly demonstrate that the GDNF-conjugated
iron oxide nanoparticles were internalized by neurons and by
Schwann cells.

4. Discussion

The present study describes a novel strategy for DRG culti-
vation in NVR-Gel containing neurotrophic factors (𝛽NGF,
GDNF, and FGF-2) covalently conjugated to iron oxide
nanoparticles.Theneurotrophic factors were stabilized by the
covalent conjugation to the iron oxide nanoparticles. This
was demonstrated by comparative stability studies (Figure 1)
in which the conjugated neurotrophic factors were signifi-
cantly more stable than the free factors in cell cultures and
medium at 37∘C. The increased stability of the conjugated
neurotrophic factors is probably due to the fact that the
coupling of proteins to nanoparticles protects them from
proteolytic enzymes and inhibitors existing in the serum or
secreted by the cells and thus prolongs their half-life time
and enhances their activity in vitro and in vivo, as described
previously [21, 22, 33, 35–39].

The biological activity of the neurotrophic factors was
examined in cultures prepared in NVR-Gel. The results
showed that the gel adhered easily the DRG slices to the
glass or plastic substrates and subsequently supported cell
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Figure 3: Early sprouting of thin and long nerve fibers from DRG explants 24 h after cultivation in NVR-Gel enriched with growth factors
conjugated to iron oxide nanoparticles as follows: (a) Conjugated-𝛽NGF, (b) Conjugated-GDNF, (c) Conjugated-FGF-2, (d) Control (without
growth factors) (phase-contrast microscopy).

maturation and nerve fiber outgrowth in a three-dimensional
pattern. Similar properties of the gel have been demonstrated
previously, both in neuronal cell cultures [21, 40] and in
in vivo models of peripheral nerve injuries and spinal cord
injuries [41, 42].

Comparative studies on the biological effect of free versus
conjugated-𝛽NGF, -GDNF, and -FGF-2 on DRG cultures
revealed that during the first days of cultivation the con-
jugated neurotrophic factors had more beneficial effects
than the corresponding free neurotrophic factors on the
enhancement of early nerve fiber regeneration (Figure 2).
In the long-term cultures, the conjugated-GDNF had the
most significant efficacy (Figure 5), which was expressed
in acceleration of the myelin onset and subsequently the
progression of myelination. This is probably due to covalent
binding of the GDNF to the iron oxide nanoparticles, which
increases the conjugated neurotrophic factor stability and
prolongs its biological activity. As far as we know, there are
no other publications who report that GDNF conjugated to
nanoparticles, of any kind, enhances onset and progression
of myelin. Free GDNF had a significantly reduced effect in
comparison to the conjugated-GDNF.

The difference in the effect of conjugated-GDNF and
conjugated-𝛽NGF on the acceleration of myelin formation
in DRG cultures is intriguing since both conjugated factors

had a similar beneficial effect on early neurite outgrowth
and formation of axonal networks. Since myelin of the
peripheral nervous system is known to be formed only
around axons that have a diameter of 2 𝜇m and more,
we expected that myelin will equivalently form around
the thick axons in cultures incubated with either of neu-
rotrophic factors. However, the conjugated-GDNF accel-
erated the early onset and progression of myelin signifi-
cantly over the conjugated-𝛽NGF (𝑃 < 0.0001) (Figure 5).
This strongly indicates that conjugated-GDNF, but not the
𝛽NGF, has an additional beneficial effect on Schwann cells,
which results in the enhancement of the peripheral myelin
formation.

Indeed, the TEM images (Figure 7) clearly demonstrate
that a large number of iron oxide nanoparticles conjugated to
GDNF were internalized by neurons as well as by Schwann
cells. These results strongly support the hypothesis that
GDNF activates both on DRG neurons and Schwann cells.
This hypothesis is strengthened by Zhang et al. [11] who
reported that free GDNF, beside its effect on enhance-
ment of axonal regeneration in vivo and in vitro, signifi-
cantly increases the number of myelin sheaths produced by
Schwann cells. Similarly, Höke et al. [10] found that admin-
istration of free GDNF to adult rats alters axon-Schwann cell
units and promotesmyelination of unmyelinated nerve fibers.
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Figure 4: Establishment of cultures: neuronal networks composed of long, thick, and ramified neurites which are originating from DRG
explants cultures, 10 days after set-up in NVR-Gel enriched with neurotrophic factors conjugated to iron oxide nanoparticles as follows: (a)
Conjugated-𝛽NGF, (b) Conjugated-GDNF, (c) Conjugated-FGF-2 (phase-contrast microscopy).
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Figure 5: Effect of neurotrophic factors conjugated to iron oxide
nanoparticles versus free factors on the onset of myelin in DRG
organotypic cultures. The graph shows time elapsed (days) until
the appearance of the first segments of myelinated axons. Control
cultures have not been exposed to neurotrophic factors. The data
represented showsmean± SD from 15 repeated experiments. In each
experiment cultures were performed in triplicate for each type of
neurotrophic factor (∗𝑃 < 0.05, ∗ ∗ 𝑃 < 0.01, ∗ ∗ ∗𝑃 < 0.001).

5. Conclusion

These studies demonstrate that the covalent conjugation of
neurotrophic factors to iron oxide nanoparticles increases
their stability, preserves their activity, and even improves it.
Comparative biological studies performed on DRG cultures
in NVR-Gel revealed that the gel enriched with conjugated-
𝛽NGF, -GDNF, and -FGF-2 induced early nerve fiber regen-
eration significantly before the corresponding free neu-
rotrophic factors. Among the three conjugated neurotrophic
factors, the conjugated-GDNF had the most meaningful
effect on the early onset and the progression of myelin in
DRG cultures. The onset of myelin in cultures enriched
with conjugated-GDNF was detected 7 days earlier than in
cultures incubated with free GDNF and 21 days earlier than
in control cultures.

Our culture strategy, which combines the employment
of NVR-Gel and stabilized conjugated-GDNF, reveals that
the biomaterials evaluated could become a scaffold mate-
rial for a bioartificial nerve graft for long gap peripheral
nerve reconstruction. Such an implant will most likely
enhance regeneration and myelin formation of the dam-
aged axons and thus has potential to shorten the recovery
period. The organotypic DRG cultures in NVR-Gel enriched
with conjugated factors can also serve as an in vitro phar-
macological model for the research of demyelination and
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Figure 6: Myelinated organotypic DRG cultures exposed to conjugated-GDNF (left column) versus nonmyelinated cultures (right column).
(a) and (b): Representative immunofluorescence images of a myelinated (day 12) versus nonmyelinated cultures, respectively. Neurites appear
in red (antineurofilament staining) and myelin sheaths appear in green (antimyelin basic protein staining). (c) and (d): Phase-contrast
microscope images of a heavily myelinated (day 16) versus nonmyelinated culture, respectively. Note the arrows in (c) which point to a
single birefringent myelinated nerve fibre (appears as a bright fibre confined by two dark lines along both its sides due to the optical property
of the myelin sheaths lipids). The arrows in (d) point to nonmyelinated fibres. (e): Staining of myelinated nerve fibres with Luxol Fast Blue.
(f): Phase-contrast microscope image (through a green filter) of individual DRG cells in a nonmyelinated culture.

remyelination in autoimmune diseases and in bacterial and
viral intoxications.
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Figure 7: TEM analysis of the localisation of GDNF-conjugated iron oxide nanoparticles: Myelinated organotypic DRG cultures 14 days after
seeding in NVR-Gel containing GDNF-conjugated nanoparticles were analysed. (a) and (b): Axon in transverse section. (c) and (d): Axon in
longitudinal section. The black arrows point to iron oxide nanoparticles between myelin lamellae and the white arrows point to iron oxide
nanoparticles in the axon.
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Objective. Guiding Regeneration Gel (GRG) was developed in response to the clinical need of improving treatment for peripheral
nerve injuries and helping patients regenerate massive regional losses in peripheral nerves. The efficacy of GRG based on tissue
engineering technology for the treatment of complete peripheral nerve injury with significant loss defect was investigated.
Background.Many severe peripheral nerve injuries can only be treated through surgical reconstructive procedures. Such procedures
are challenging, since functional recovery is slow and can be unsatisfactory. One of the most promising solutions already in clinical
practice is synthetic nerve conduits connecting the ends of damaged nerve supporting nerve regeneration. However, this solution
still does not enable recovery of massive nerve loss defect. The proposed technology is a biocompatible and biodegradable gel
enhancing axonal growth and nerve regeneration. It is composed of a complex of substances comprising transparent, highly viscous
gel resembling the extracellular matrix that is almost impermeable to liquids and gasses, flexible, elastic, malleable, and adaptable to
various shapes and formats.Preclinical study on ratmodel of peripheral nerve injury showed that GRG enhanced nerve regeneration
when placed in nerve conduits, enabling recovery of massive nerve loss, previously unbridgeable, and enabled nerve regeneration
at least as good as with autologous nerve graft “gold standard” treatment.

1. Introduction

Peripheral nerve injuries represent a major cause for morbid-
ity and disability and pose substantial costs for society from a
global perspective.Thepatientswith peripheral nerve injuries
acquire lifelong disability and require posttrauma peripheral
nerve rehabilitation treatments following a growing number
of traffic and work accidents, natural disasters, and military
activity that cause disability associated with loss of sensory
and motor functions and, in some cases, intractable pain.
Recovery following severe peripheral nerve injury is often
dismal despite the inherent capability for axonal regenera-
tion.

Many severe peripheral nerve injuries can only be treated
through surgical reconstructive procedures. The gold stan-
dard autograft repair of the damaged peripheral nerve is far
from being optimal and often disappointing [1]. A major

disadvantage of nerve autograft is the need to retrieve
donor material from the patient, with added morbidity and
concomitant loss of function. Significant prolonged disability
and socioeconomic dependency are inevitable.

It is widely documented that poor outcome is reflected
by microsurgical failure to adequately address nerve regen-
eration at the cellular level. This is compounded by insuf-
ficient autograft being available for major reconstruction.
One of the promising solutions already in clinical practice
is synthetic nerve conduits connecting the ends of damaged
nerve, enabling nerve regeneration [2–5]. There are many
advantages for using artificial nerve conduits in comparison
to autologous nerve graft, explaining the efforts invested in
optimizing this solution worldwide. Among the advantages
are the following: procedure is simpler, there is a significant
decrease in time of surgery, and finally, no sensation loss or
cosmetic defect in leg exists. The disadvantage of artificial
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nerve conduits is the inability to bridge more than 2 cm
long nerve loss. Therefore, the repair and regeneration of
peripheral nerve injuries with massive loss defect is a major
clinical issue for the relatively new fields of regenerative
medicine, biomaterials, and tissue engineering.

The scientific and clinical communities are waiting for
innovative therapies to be successfully applied in this field of
medicine. Successful outcome will have a substantial impact
on patient care, lifelong health, and wellbeing. The goals
described herein are aimed to develop new devices, either
alone or in combination with growth gels and cell therapy
following massive loss to peripheral nerve.

The idea to develop gel for nerve regeneration originated
from preliminary results that we received using previous
generation of the gel [2, 3]. In an animal study (in rats)
a polymer tube filled with gel was used for reconnection
of completely transected peripheral nerve [2]. We found
evidence of axonal sprouting through the gap inside the tube
in the peripheral nerve with massive loss defect.

The proposed technology for supporting nerve growth in
artificial nerve conduits (tubes) for treatment of peripheral
nerve injury with massive loss defect is a biocompatible
and biodegradable Guided Regeneration Gel (GRG) that
enhances axonal growth and nerve regeneration. It is com-
posed of a complex of substances comprising transparent,
highly viscous gel that is almost impermeable to liquids and
gasses, flexible, elastic, malleable, and adaptable to various
shapes and formats.Thegel resembles the extracellularmatrix
(ECM) and was found to support three dimensional growth
and differentiation of various cell types including neuronal
precursor cells, neurons, and neuronal accompanying cells.
The proposed combination of GRG filling the nerve conduits
is expected to provide an alternative to an autologous nerve
graft, by supporting and enhancing axonal regeneration
across a nerve gap, enabling reconnectingmassive nerve gaps
with nerve conduits.

2. Material and Methods

Double-blind randomized study on 32 Wistar rats was per-
formed in order to evaluate the efficacy of proposed GRG gel,
by using nerve guide conduits in complete peripheral nerve
injury with 15mm segmental loss.

2.1. GRG Preparation. Guided Regeneration Gel (GRG) is
made of three components:

(a) Hyaluronic acid (HA, hyaluronan) that is highly
hydrated and contributes to the success of the implant
to survive the initial period of integration and its
growth and regeneration by providing the proper
hydration protecting from drying, as well as serv-
ing as an additional antioxidant agent to the SOD,
protecting against oxygen stress. HA also serves as
a reservoir—a vehicle to carry various agents and
enabling their slow release.The typical richness in the
content of hyaluronic acid in fetal tissues, together
with the significant presence of stem cells, dictates

the characteristic rapid and smooth healing of fetal
wounds without scars.

(b) The 16 amino acid peptide simulating laminin activities
contains two sequences of two pentapeptides found in
laminin and shown as biologically active on various
cell types. For neurons theses peptides are guiding
their migration, differentiation, regeneration, and
survival.

(c) The enzyme-protein-long peptide, sodium dismutase is
a strong recombinant antioxidant protecting against
oxygenative stresses that works better in combination
with HA.

2.1.1. Preoperative Preparation. Animals were housed with
two animals per cage, in standard cages, and fed standard
chow and watered. All rats were induced under general anes-
thesia with an intraperitoneal injection of xylazine (15mg)
and ketamine (50mg). Depilation of the surgical site was
accomplished with an electric animal clipper. Procedures
were performed in a sterile manner in a room reserved for
aseptic survival surgery.

2.2. Blinding. The animals were not marked prior to surgery.
Each animal was given a unique ear mark before recovery
from anesthesia.

2.3. Experiment Design. The left sciatic nerve was exposed
and separated from the biceps femoris and semimembra-
nosus muscles. The sciatic nerve was transected and a 10mm
nerve segment was removed.

A 17mm conduit (tube) the NeuraGen hollow tube was
placed between the proximal and the distal parts of the
transected nerve for reconstruction enabling the nerve to
enter the tube 1mm each side providing a 15mm gap between
the proximal and distal end (Figure 1(a)). A 10mm instead
of 15mm of nerve was removed, leaving longer proximal and
distal parts. That was done in order to preserve elasticity of
the nerve, which has allowed avoidance of tension during leg
movement. The conduit (tube) was filled with GRG to align
both nerve ends (Figure 1(b)). Controls included autologous
nerve graft transplant (gold standard) (Figure 1(c)); empty
tubes; and tubes filled with hyaluronic acid (HA). Two 9-
0 nonabsorbable sutures were used for encoring of the tube
to the epineurium at the proximal and distal nerve stamp.
The muscular, subcutaneous, and skin layers were closed as
standard.

The peripheral nerve injury was treated according to one
of the treatments listed in Table 1 and followed for 90 days.

The study design was as shown in Table 1.

2.4. Histological Evaluation of the Operated Nerve. The rats
were sacrificed by injecting lethal doses of xylazine and keta-
mine 90 days following the surgical procedure. The operated
sciatic nerve was exposed.

Peripheral nerves fixed in 2.5%glutaraldehyde inCacody-
late bugger, ph 7.4 for overnight and postfixed in 1% osmium
tetroxide for one hour. Following dehydration in a graded
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Table 1

Number of rats Treatment of the segmental 15mm loss∗ Experimental length in time
8 Control operated and further implanted with autogenous peripheral nerve graft 90 days
8 Bridged with standard tube only 90 days
8 Bridged with standard tube and filled with gel vehicle including HA only 90 days
8 Bridged with standard tube filled with GRG 90 days
∗In rats model, regeneration within empty tube is possible when gap is up to 7mm long.

(a) 15mm gap (b) 17mm tube

(c) 15mm autologous nerve graft

Figure 1: (a) Creating 15mm segmental loss nerve damage; (b) nerve reconstruction using 17mm tube; (c) nerve reconstruction using 15mm
autologous nerve graft.

ethanol series and propylene-oxide, they were embedded
in Eponate 12 Resin (glycerol polyglycidyl ether). Semithin
sections were stained with Methylene Blue.

Histological slides were performed at three sites: 5mm
proximal to the tube/autograft, at the tube/autograft, and
5mm distal to the tube/autograft. Axons were evaluated
according to the followed histological score.

2.4.1. Histological Score (Blind Examination)

(5) Similar to proximal part of the nerve;
(4) good amount of large-diameter axons;
(3) good amount of axons;
(2) moderate amount of axons;
(1) mild amount of axons;
(0) scar tissue (no axons).

The study received the local Helsinki approval (IRB) for
animal research. It was performed in a double-blind and
randomized design. The rat group affiliation was disclosed
only after histological analysis for each nerve had been
completed.

2.5. Analysis and Statistics. Statistical analysis and calcula-
tions were done using nonparametric statistics (Mann-Whit-
ney U test and Kruskal-Wallis test).

Histological scores were measured in four groups.

3. Result

Histological observation of the nerve showed no axonal
growth into the tube in the empty tube reconstruction group
(Figure 2(a)). In the group treated with tube filled with GRG,
growth of myelinated axons was seen in the place where
nerve defect was replaced by composite nerve transplant
(Figure 2(b)), and continuation of axonal sprouting through
the place of the tube to the distal part of the nerve (𝑃 < 0.001)
was observed. The growth of myelinated axons through the
tube to the distal part of the nerve was significantly enhanced
(𝑃 < 0.014) as compared with group where tube was filled
with HA (Figure 3).

The histological pictures of the GRG group versus autol-
ogous nerve transplanted group shows that no significant
differences were found between both groups (Figure 4). GRG
enabled optimal axonal regeneration as compared to gold
standard.

4. Discussion

Peripheral nerve injury is of high consequence to civilians
suffering from motor vehicle, work injuries, and acts of
violence as well as tomilitary personnel injured while serving
their country. These injuries lead to partial or complete
paralysis, severe pain, disabilities, and deterioration in quality
of life. Many severe peripheral nerve injuries can only be
treated through surgical reconstructive procedures. Com-
plete peripheral nerve injury (PNI) always requires surgical
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(a) Empty tube (b) GRG
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Figure 2: (a) No axons, connective scar tissue; (b) massive growth of regenerative axons into the tube. The graph reflects histological score
of the distal part of the nerve (blind examination) in difference between amounts of axons in the GRG group (good amount of axons with
tendency to large-diameter axons) versus empty tube (scar tissue—no axons).

procedure to reconnect the nerve. For major nerve loss,
the current available option is autologous nerve grafts that
are considered the gold standard for treatment in these
cases. Such procedures aremost challenging, since functional
recovery is slow, and often unsatisfactory results occur with
the inherent morbidity of the donor site.

The alternative solution, already in clinical practice, is
synthetic nerve conduits connecting the ends of damaged
nerve. Most repair scaffolds consist of a hollow tube made
of polymeric materials such as silicone, biologic materials
such as collagen, chitosan, or biodegradable polymers [1–
11]. However, this solution enables optimal healing only
when gaps are minimal. Existing nerve guides are poor at
supporting regrowth and not designed to actively stimulate
Schwann or neuronal cell adhesion and migration necessary
for nerve repair. The future direction of peripheral nerve
repair is to find a milieu which can support axonal growth
through the conduit bridging massive nerve loss.This has led
us to the development of bioengineered nerve grafts.

In the present study we propose an alternative to the
“gold standard” autologous nerve by using GRG within
nerve conduits, which significantly improve peripheral nerve
recovery in cases with massive nerve defect.

Guiding Regeneration Gel (GRG) was developed to simu-
late the extracellular milieu and support growth and activity
of axons and cells in vitro and in vivo upon implantation, as
well as destined to serve as a regenerative and repair source
for nerve tissue reconstruction [12]. The novel GRG has been
composed of a highly hydrated, viscous, semisolid gel of high
molecular weight (3 × 106 Daltons) hyaluronic acid (HA) and
a linear molecule exhibiting antioxidant, anti-inflammatory,
healing, repair, and regeneration features. Laminin was
added as a synthetic 16 amino acids peptide containing the
known cellular active pentapeptides (IKVAV and YIGSR)
found in basement membranes which function as adhesive
molecules important for mediating and interacting with
cytoskeletons elements, integrins, cadherins, cell adhesive
molecules (CAMs), and extracellular matrix (ECM) con-
stituents for supporting and guiding cell-neuronal migration,
attachment, proliferation, differentiation, survival, regener-
ation, and growth [13–17]. Similar gels but not the same,
especially notwith unique features, do exist [18–22].The third
component of the GRG is superoxide dismutase (SOD) for
preventing oxidative stress.The combination of HA and SOD
is synergistically antioxidant, nonimmunogenic, and anti-
inflammatory [23–25].
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Figure 3: (a) Regenerated small axons in the HA treated group. (b) Regenerated axons in the GRG treated group (increased quality and
quantity). The graph reflects histological score of the distal part of the nerve (blind examination) in difference between amounts of axons in
the GRG group (good amount of axons with tendency to large-diameter axons) versus HA group (mild to moderate amount of axons).

In in vivo experiments performed in peripheral nerve
injury model in rats, we compared repair of major nerve
loss with GRG in nerve conduit, with empty nerve con-
duit, with HA in nerve conduit, and with gold standard
autologous nerve graft. We found that GRG gel enabled
axonal regeneration of 15mm long nerve gap that was not
possible when bridging with an empty tube. GRG gel was
shown to enable nerve regeneration at least as good as with
autologous nerve graft “gold standard” treatment and enabled
significantly enhanced axonal regeneration as compared with
HA.

The efficacy of GRG shown with histological methods
prompts us to continue our investigation, assessing func-
tional improvement in rats and further establishing GRG
capabilities in rabbit experimental model.

5. Conclusion

Utilization of an innovative composite implant to bridge a
gap shows promise, suggesting the feasibility of this approach
for reconstruction of complete peripheral nerve injury with
massive loss defect. GRG gel may serve as a vital component

of the bridging station. The proposed technology is expected
to provide an alternative to autologous nerve graft.
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This study received the local Helsinki approval for animal
research.

Disclosure

Guiding Regenerative Gel is a patent owned by Tel Aviv Uni-
versity and Tel Aviv Medical Center, with Shimon Rochkind
and Zvi Nevo being the inventors of the patent. The authors
have no other relevant affiliation or financial involvement
with any organization or entry with a financial interest in
or financial conflict with the subject matter or materials
discussed in the paper apart from those disclosed.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.



6 BioMed Research International

Regenerated axons
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Figure 4: GRG gel is shown to enable nerve regeneration similar to autologous nerve graft reconstruction (gold standard).The graph reflects
histological score of the distal part of the nerve (blind examination) in difference between amounts of axons in the GRG group (good amount
of axons with tendency to large-diameter axons) versus autologous nerve graft group (good amount of axons).
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The treatment of peripheral nerve injuries remains one of the greatest challenges of neurosurgery, as functional recover is rarely
satisfactory in these patients. Recently, biodegradable nerve guides have shown great potential for enhancing nerve regeneration. A
major advantage of these nerve guides is that no foreignmaterial remains after the device has fulfilled its task, which spares a second
surgical intervention. Recently, we studied peripheral nerve regeneration using chitosan-𝛾-glycidoxypropyltrimethoxysilane
(chitosan-GPTMS) porous hybrid membranes. In our studies, these porous membranes significantly improved nerve fiber
regeneration and functional recovery in rat models of axonotmetic and neurotmetic sciatic nerve injuries. In particular, the number
of regenerated myelinated nerve fibers and myelin thickness were significantly higher in rat treated with chitosan porous hybrid
membranes, whether or not they were used in combination with mesenchymal stem cells isolated from the Wharton’s jelly of the
umbilical cord. In this review, we describe our findings on the use of chitosan-GPTMS hybrids for nerve regeneration.

1. Introduction

Nerve regeneration is a complex biological process. While
approaches for peripheral nerve repair have improved over
the last few decades, functional recovery is usually incom-
plete. As a result, much attention has been given by
researchers and clinicians to cell-based therapies and tissue
engineering [1–4]. Autografts are commonly used to treat
peripheral nerve damage caused by accidents or diseases;
however, there are several disadvantages to this approach
[5, 6]. In addition, although microsurgical techniques have

substantially improved, peripheral nerve repair remains one
of the greatest challenges of neurosurgery [2, 4, 7, 8]. Many
basic research and clinical studies have demonstrated that
entubulation promotes peripheral nerve reconstruction in
neurotmetic injuries with a gap, permitting reconstruction
of the defect without tension at the suture and creating a
favorable microenvironment at the injury site.The implanted
tube guides hasten Wallerian degeneration and promote
regeneration from the lesioned proximal end without the
disadvantages of a graft procedure. Over the last decade,
many researchers have used artificial biomaterials to produce
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these tube guides [9–11]. Nerve cells can regenerate into
the cylinder-shaped tubes, where the microenvironment
promotes regeneration towards the distal nerve stump.These
tube guides can be made of different biomaterials, and they
allow the incorporation of various molecules and cellular
systems [12]. The tube guides should be biocompatible,
nontoxic, biodegradable, permeable, and noninflammatory,
like other tissue engineering scaffolds. They should prevent
fibrous scar tissue invasion but allow local revascularization
to improve nutrient and oxygen supply. Consequently, appro-
priate biomaterial microporosity is fundamental to a positive
clinical outcome [13–26]. The tube guides should also have
an adequatemechanical strength tomaintain a stable support
structure for nerve regeneration over the healing period [27].

2. Nerve Conduits Prepared from
Chitosan-Based Materials

Chitosan and its complexes have been studied for a num-
ber of biomedical applications, including wound dressings,
drug delivery systems, and space-filling implants, because
of their biocompatibility, biodegradability, wound-healing,
and antibacterial properties [28]. Nerve conduits derived
from chitosan have favorable mechanical properties and slow
biodegradability. Many chitosan nerve conduits modified
with other biodegradable polymers have been investigated
by numerous laboratories. Optimal hydrophilicity has been
found to be essential for preventing fibrous scar tissue
invasion and for promoting nerve regeneration. Cheng et
al. prepared chitosan-poly(L-lysine) composites and reported
that their hydrophilic surfaces improved nerve cell affinity,
showing better results compared with collagen [29]. Gelatin
has also been blended with chitosan to improve elasticity
and enhance nerve cell affinity [30]. Cell differentiation on
chitosan films is also improved by blending with gelatin.
Wang et al. succeeded in obtaining regeneration across a large
nerve gap of 30mm using chitosan-polyglycolic acid (PGA)
[31]. The chitosan/PGA graft-reconstructed peripheral nerve
allowed the restoration of nerve continuity and functional
recovery, that is, locomotion, of the operated limb [31].

Chitosan nerve tube guides have also been modified
by some research groups with inorganic components. For
example, Gärtner et al. prepared chitosan hollow tubes
from crab tendons [32] and modified them with apatite to
enhance mechanical strength, thereby preventing swelling.
After implantation in a neurotmetic model of sciatic nerve
injury with a 10 mm gap, the regenerated nerve tissues
contained newly formed vessels, and macrophages were
found to phagocytize the debris of the walls 4 weeks after
surgery, demonstrating appropriate Wallerian degeneration,
a crucial step toward regeneration.

Wallerian degeneration is the process of degeneration of
the axon distal to the site of transection. Once a peripheral
nerve has been transected, Wallerian degeneration of the
distal axons begins andmacrophages enter the area to remove
the myelin and axonal debris. The surrounding basement
membrane and Schwann cells play important roles in this
process. Schwann cells line up along the basementmembrane

tube and synthesize growth factors that attract axonal sprouts
formed at the terminal of the proximal segment of the severed
axon [8]. Adding a cellular system capable of producing
these important growth factors to a tube guide to direct
nerve regrowth will also improve the first and essential
stage of the regenerative process: Wallerian degeneration
[32]. The basement membrane tubes and the artificial tube
guides implanted using microsurgical techniques provide
pathways for the regenerating axons to correctly innervate
target muscles.The Schwann cells then remyelinate the newly
formed axons; however, the newly formed myelin is thinner
than normal and the newly formed internodes are shorter
than normal [32].

Yamaguchi et al. [33, 34] modified chitosan/apatite com-
posite tubes with laminin peptides to improve nerve regen-
eration [34]. The tubes incorporating laminin-1 and laminin
peptides induced a more rapid regenerative response by
improving the migration of Schwann cells and the bridging
of axons. However, the recovery of nociceptive function was
delayed compared with autograft treatment [34]. Chitosan-
gold nanocomposite materials have also been studied and
tested for use as nerve conduits [35]. The gold nanoparticles
improved the mechanical strength of the chitosan. The
gold in the composite affected the behavior of neural stem
cells (NSCs) in vitro. Because NSCs are multipotent stem
cells that can follow multiple differentiation pathways, using
this differentiated cellular system may allow resident cell
replacement and create an environment that supports and
improves axon regeneration. The authors found that 50 ppm
of gold nanoparticles stimulated cell proliferation and gene
expression. After 6 weeks of implantation, a better and faster
functional recovery was observed in animals treated with
the chitosan-gold nanocomposite and NSCs compared with
the composite alone in their model of neurotmetic injury
with a gap. Histomorphometric analysis revealed that the
number of myelinated axons in the regenerated nerve fibers
was higher in animals where the nerve was reconstructed
with the chitosan-gold nanocomposite and NSCs [35].

3. Challenges for Nerve Repair Using
Chitosan-Siloxane Hybrids

Our grouphas synthesized inorganic-organic hybrids derived
from chitosan and 𝛾-glycidoxypropyltrimethoxysilane
(GPTMS) units using sol-gel methods [36–42]. Different
formats can be easily obtained, such as solid membranes,
porous membranes, hydrogels, and tube guides. 29Si and
13C CP-MAS NMR analysis, FT-IR spectroscopy, ninhydrin
assay, and contact angle analysis revealed the following
physical characteristics of these hybrids [36, 38]: (1) the
amino groups in chitosan reacted with the epoxy groups
and interacted with silanol groups derived from GPTMS,
(2) the silanol groups condensed to form 2D or 3D siloxane
networks, and (3) some of the silanol groups remained in
the hybrids and were orientated towards the surface of the
structure.

The solid chitosan hybrid membranes allowed for good
proliferation and differentiation of the human osteoblastic



BioMed Research International 3

Table 1: Histomorphometrical assessment of the regenerated rat sciatic nerve wrapped with the solid or porous membranes during a healing
period of 12 weeks after axonotmetic injury.

Group Density
(N/mm2)

Number
(N)

Fiber diameter
(mm)

Axon diameter
(mm)

Myelin thickness
(mm)

Control 10,123 ± 8,340 7,621 ± 198 8.27 ± 0.29 5.34 ± 0.23 1.21 ± 0.05
Crush 18,452 ± 1,952 10,180 ± 964 5.31 ± 0.34 4.12 ± 0.32 0.60 ± 0.08
Solid membrane 17,196 ± 3,364 9,774 ± 359 5.77 ± 0.45 4.54 ± 0.35 0.62 ± 0.06
Porous membrane 14,210 ± 1,600 7,780 ± 1,053 6.72 ± 0.26 5.00 ± 0.19 0.86 ± 0.05
NEUROLAC
(commercial PLGA nerve guided tube) [31] 21,982 ± 1,927 10,532 ± 2,195 3.49 ± 0.11 — 0.40 ± 0.02

cell line MG63 and harvested human bone marrow cells. The
attachment, proliferation, and alkaline phosphatase (ALP)
activity ofMG63 cells were higher when cultured on chitosan
hybrid membranes compared with chitosan membranes [36,
38]. Human bone marrow cells were found to produce
mineralized matrix on the hybrid chitosan membranes even
without supplementation of the culture medium with dex-
amethasone [38], which is commonly used to improve the
proliferation and differentiation of osteoblastic cells [43].
The porous hybrid chitosan membranes have interconnected
pores with a size between 50 and 150 𝜇m and a very high
porosity, normally more than 85% [37]. The cells adhere on
the pore walls with long and numerous pseudopodia and are
able to proliferate and establish connections with each other
even in the middle of the porous hybrid chitosan membranes
[37].

Amado et al. studied nerve regeneration using solid and
porous chitosan-GPTMSmembranes in a standardized crush
or axonotmetic injury of the rat sciatic nerve [44]. The 3
mm long axonotmetic lesion was wrapped with solid or
porous chitosan-GPTMS membranes. Functional recovery
was evaluated using the sciatic functional index, the static
sciatic index, the extensor postural thrust (EPT), the with-
drawal reflex latency (WRL), and ankle kinematics [45–
48]. Nerve fiber regeneration was also assessed morpholog-
ically using quantitative stereological analysis and electron
microscopy. The porous hybrid chitosan membrane signif-
icantly improved nerve fiber regeneration in their mode,
assessed using functional and morphological criteria, in
comparison with untreated animals or animals treated with
the solid membrane. The numbers of fibers and axons and
fiber size andmyelin thickness were significantly improved in
the chitosan porous membrane groups (Table 1). Functional
recovery also improved during the healing period of 12weeks,
as evaluated using the EPT and WRL tests. The porous
hybrid chitosan membranes, which have interconnected
pores, permit an adequate revascularization of the regener-
ating tissue and help restore metabolic communication with
the surrounding microenvironment, including nutrient and
O
2
exchange [37]. These physicochemical properties help

enhance nerve regeneration likely by promoting Schwann cell
proliferation, neurite extension, and myelination [49–51].

Simões et al. tested the histocompatibility of the bio-
materials developed for nerve regeneration by implanting
the solid and porous membranes subcutaneously in the rat

model. These membranes were subsequently used in exper-
iments on sciatic nerve regeneration after axonotmetic and
neurotmetic injuries [49]. The porous membranes induced
a robust infiltration by multinucleated giant cells and some
mast cells, whereas the solid membranes elicited mild fibrous
capsule formation and a discrete inflammatory reaction.
Differences in the inflammatory reaction might underlie the
comparatively better regeneration obtained with the porous
membranes. It should be noted that the porous membranes
have a higher surface/volume ratio than the solid ones.
Greater contact with the host immune system might cause
the substantial cellular infiltration [49].

Simões et al. investigated the effect of the porous
membranes in surgical neurotmetic repair either by direct
suture, autograft, or tubulization and also compared a tube
guide made of poly(lactide-co-glycolic) acid, where the two
monomers, the lactic acid and the glycolic acid, were in a ratio
of 90 : 10 (PLGA 90 : 10) [50]. As shown in Figure 1, the rats
were divided into the following six experimental groups of
six or seven animals each: Group 1, end-to-end neurorrhaphy
wrapped by the porous membrane (End-to-EndChitIII);
Group 2, 10mm nerve gap bridged by an autologous nerve
graft wrapped by the porous membrane (Graft180∘ChitIII);
Group 3, 10mm nerve gap bridged by the porous membrane-
like tube (GapChitIII); Group 4, 10mm nerve gap bridged
by an autologous nerve graft (Graft180∘); Group 5, 10mm
nerve gap bridged by PLGA 90 : 10 tube guides (PLGA);
and Group 6, end-to-end neurorrhaphy alone (End-to-End).
After 2 weeks, the WRL test had to be interrupted at the
selected cut-off time of 12 s in all experimental animals in the
different groups, except the ones in the End-to-End group.
The recovery of WRL was faster in the End-to-End and End-
to-EndChitIII groups during the healing period of 20 weeks.
After 2weeks, EPT commenced recovery and proceeded until
week 20 to a similar extent in all groups, except in the PLGA
group. In the groupswith the porous chitosan-GPTMhybrids
(End-to-EndChitIII, Graft180∘ChitIII, and GapChitIII), the
EPT recovery rate was faster than in the nonhybrids groups
(End-to-End, Graft180∘, and PLGA). Histomorphometric
analysis of the nerves was performed after the healing period
of 20 weeks, which showed that a good pattern of axon
regeneration occurred in all treated groups; however, the
pattern of regeneration in the PLGAgroupwas comparatively
inferior. In the GapChitIII group, nerve fibers regenerated
along the chitosan tube guide, which helped establish an
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Six adult male Sasco Sprague-Dawley rats/group

(1) End-to-End ChitIII

End-to-end neurorrhaphy
enwrapped by chitosan
membrane. enwrapped by chitosan

membrane.

(3) GapChitIII

Nerve gap bridged by
chitosan membrane.

(4) End-to-End

Only neurorrhaphy Nerve gap bridged by an
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Figure 1: Illustration of the surgical neurotmetic repair by direct suture, autograft, or tubulization.

extensive perineural connective architecture that contributed
to axonal fasciculation. The neuroregenerative properties of
the porous chitosan GPTMS might arise from its ability to
promote the expression of myelin genes.The silica ions in the
hybridmight induce expression of several glycoproteins, such
as RCL, cyclinD1, andCD44. [52, 53]. Our results suggest that
porous chitosan-GPTMS hybrids can be a valuable material
for fashioning nerve guides aimed at bridging nerve defects.

Schwann cells, mesenchymal stem cells, embryonic stem
cells, and marrow stromal cells have been extensively studied
for their ability to promote nerve regeneration. We focused
our research on the in vitro differentiated N1E-115 cell line
[47–51] and on mesenchymal stem cells (MSCs) from the
Wharton’s jelly of the umbilical cord [32]. In vivo experiments
using the rat sciatic nerve model were performed using the
porous hybrid chitosan membranes seeded with neuroglial-
like cells obtained from in vitro differentiated N1E-115 cells.
The combination of the porous hybrid membranes with
these neuroglial-like cells was tested in axonotmetic and
neurotmetic injuries.The implantation of cultured cells (N1E-
115 cells, MSCs, Schwann cells, and other cellular systems)
into defective nerves can be achieved using two different
techniques. The cellular system can be directly injected into
the neural scaffold that has been interposed between the
proximal and distal nerve stumps or around the crush injury
(in neurotmetic and axonotmetic injuries, resp.). Alterna-
tively, implantation can be achieved by preadding the cells
to the neural scaffold via injection or coculture (in most of
the cellular systems, it is allowed to form a monolayer), and
then the biomaterial with the cellular system is implanted into
the injured nerve [47–51]. The N1E-115 cell line is a mouse
neuroblastoma cell line that can undergo neuronal differenti-
ation in response to dimethylsulfoxide, adenosine 3;5-cyclic

monophosphate, or serum withdrawal [51, 54]. The cellular
system was tested in axonotmetic and neurotmetic lesions to
locally produce and deliver neurotrophic factors, which are
crucial for nerve regeneration. Also, this cellular system was
used as an inexpensive and easy in vitro cultured model of
stem cells [51, 54].

Simões et al., in 2010, used the rat sciatic nerve model for
investigating the effect of porous hybrid chitosanmembranes
in a neurotmetic injury, used together with standard micro-
surgical repair methods (i.e., direct epineural end-to-end
suture without tension, inverted autograft, and tubulization)
[50]. Morphological analysis showed that nerve regeneration
had occurred when the porous hybrid chitosan membrane
was used in neurotmetic injuries. At week 20, it could be
observed that Wallerian degeneration was complete and
followed by the regrowth of axons and Schwann cell myelin-
ization. The results obtained with these membranes were
significantly better, in terms of functional andmorphological
recovery, compared with PLGA 90 : 10, where regeneration
was weak [50]. The favorable physicochemical properties of
porous hybrid chitosan membranes compared with regular
chitosan and the presence of silicamight underlie their ability
to enhance nerve regeneration [50]. The porous hybrid chi-
tosan membranes might provide better mechanical support
during nerve regeneration and, simultaneously, might work
as an inducer of nerve regeneration, supporting the survival
and ability of the Schwann cells to myelinate [50].

Light and electron microscopy analysis of PLGA 90 : 10
and chitosan tube guides containing in vitro differentiated
N1E-115 cells suggested that the impairment in nerve fiber
regeneration in these systems might have been caused by
the presence of a large number of neuroblastoma-like cells
colonizing large areas of the nerve profile, which might
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Table 2: Histomorphometrical assessment of the regenerated rat sciatic nerve, treated with hMSCs and porous membranes, during a healing
period of 12 weeks after axonotmetic injury.

Group Density (N/mm2) Number (N) Fiber diameter (mm) Axon diameter (mm) Myelin thickness (mm)
CrushCell 20,200 ± 4,971 9,806 ± 2,695 5.31 ± 0.19 3.74 ± 0.49 0.78 ± 0.10
CrushChCell 21,514 ± 6,308 11,413 ± 3,752 4.90 ± 0.97 3.41 ± 0.72 0.75 ± 0.14
CrushCh 15,533 ± 7,713 7,982 ± 3,092 5.29 ± 1.05 3.50 ± 0.55 1.02 ± 0.22
Control 15,905 ± 287 7,666 ± 190 6.66 ± 0.12 4.26 ± 0.07 1.19 ± 0.03

have interfered with nerve regeneration inside the nerve
guides. Interestingly, the presence of many blood vessels was
observed inside the large neuroblastoma-like clusters, sug-
gesting that transplanted cells can deprive the regenerating
nerve fibers of blood supply [46, 50]. It should be noted
that neurotrophic factors play an important role in nerve
regeneration after injury or disease, and it is conceivable
that if neurotrophic factors are applied in the close vicinity
of the injured nerve, their healing potency is optimized.
However, contrary to our initial hypothesis, the N1E-115
cells, in vitro differentiated into neuroglial-like cells, did not
facilitate either nerve regeneration or functional recovery
in neurotmetic injuries when used in combination with
PLGA 90 : 10 or porous chitosan membranes. Indeed the
presence of this cellular system reduced the number and
size of the regenerated fibers, thus suggesting that this type
of cellular system can partially impair nerve regeneration,
at least from a morphological point of view. The impaired
axonal regeneration seems to be the result of N1E-115 cells
surrounding and invading the regenerating nerve, sincemany
of these cells were seen colonizing the nerve and might have
deprived the regenerating nerve fibers of blood supply. Taken
together, these results suggested that the N1E-115 cells do not
promote nerve healing, and their usemight even impair nerve
regeneration. For this reason, we started using human MSCs
[46, 50].

Gärtner et al. seeded the porous membranes with undif-
ferentiated human MSCs (hMSCs) isolated from Wharton’s
jelly [32]. MSCs isolated from Wharton’s jelly are capable
of being differentiated into multiple mesodermal cell types,
including skeletal muscle and neurons [55–57], and therefore
may be valuable for repairing the peripheral nervous system.
In the study, the axonotmetic lesion of 3mm in the rat
sciatic nerve was wrapped with (1) the porous membrane
or (2) the porous membrane covered with a monolayer of
undifferentiated hMSCs or (3) was directly infiltrated with a
suspension of hMSCs. WRL data showed a slightly delayed
recovery in the porous membrane group compared with
the other groups during the healing period of 12 weeks. In
contrast, EPT performance was similar in all treated groups
during the healing period. Fiber regeneration was good
in all treated experimental groups. The regenerated nerves
contained smaller myelinated fibers than normal nerves
without injury, which is expected with axon regeneration
(Table 2). The myelin thickness in the regenerated nerves
was higher in groups wrapped with the porous membranes
alone, confirming previous results [44, 49, 52, 53], or when
the lesion site was directly infiltrated with undifferentiated

hMSCs [32]. The negative effects observed with the neo-
plastic neuroblastoma-derived N1E-115 cell line [44] were
not observed with hMSCs. hMSCs enhanced functional
recovery by modulating the inflammatory reaction during
Wallerian degeneration and by stimulating the production of
growth factors. hMSCs may have an even more pronounced
effect when applied to human injures. Taken together, these
findings demonstrate the therapeutic potential of hMSC and
porous hybrid chitosan membranes in promoting myelin
production in surgically reconstructed nerves after axonot-
metic and neurotmetic injuries. These stem cells and hybrid
porous chitosanmembranesmay also have clinical efficacy in
neurodegenerative diseases that are typified by demyelination
[58].

4. Conclusions

In vivo studies indicate that chitosan-GPTMS porous hybrid
membranes are a very promising clinical tool in periph-
eral nerve reconstructive surgery. The combination of the
chitosan-GPTMS porous hybrid membranes and hMSCs
has a slight advantage in comparison to untreated controls.
An enhancement of nerve regeneration was observed when
hMSCs or the porous hybrid chitosan membranes were
used alone but not when used in combination. An increase
in myelin production, visible as higher myelin thickness
measured by histomorphometry, was observed in surgically
reconstructed nerves after axonotmetic and neurotmetic
injury. These findings demonstrate the therapeutic potential
of these cells and biomembranes in neurodegenerative dis-
eases that are typified by demyelination. Further investigation
using animal models is required to determine the efficacy of
these systems in the treatment of critical nerve defects and
neurodegenerative diseases.
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Autologous nerve transplantation (ANT) is the clinical gold standard for the reconstruction of peripheral nerve defects. A large
number of bioengineered nerve guides have been tested under laboratory conditions as an alternative to the ANT. The step from
experimental studies to the implementation of the device in the clinical setting is often substantial and the outcome is unpredictable.
This is mainly linked to the heterogeneity of clinical peripheral nerve injuries, which is very different from standardized animal
studies. In search of a reproducible humanmodel for the implantation of bioengineered nerve guides, we propose the reconstruction
of sural nerve defects after routine nerve biopsy as a first or baseline study. Our concept uses the medial sural nerve of patients
undergoing diagnostic nerve biopsy (≥2 cm).The biopsy-induced nerve gap was immediately reconstructed by implantation of the
novel microstructured nerve guide, Neuromaix, as part of an ongoing first-in-human study. Here we present (i) a detailed list of
inclusion and exclusion criteria, (ii) a detailed description of the surgical procedure, and (iii) a follow-up concept with multimodal
sensory evaluation techniques. The proximal medial sural nerve biopsy model can serve as a preliminarynature of the injuries
or baseline nerve lesion model. In a subsequent step, newly developed nerve guides could be tested in more unpredictable and
challenging clinical peripheral nerve lesions (e.g., following trauma) which have reduced comparability due to the different nature
of the injuries (e.g., site of injury and length of nerve gap).

1. Introduction

Injury to peripheral nerves leads to loss of motor sensory,
and autonomic functions and is associated with a substantial
risk of developing secondary complications. Peripheral nerve
injuries not only impair patient quality of life, but also have
substantial socioeconomic impact because the patients are

often unable to work and require lifelong medical treatment
and support [1, 2].

To date, autologous nerve transplantation (ANT) is gen-
erally accepted as the clinical gold standard for the recon-
struction of overcritical peripheral nerve defects, where a ten-
sionless direct nerve coaptation is not possible. In such cases,
donor sensory nerves are usually used as autologous nerve
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Table 1: Patient selection: inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria
(i) Patients between 18 and ≤70 years of age.
(ii) Patients with clinical and electrophysiological diagnosis of peripheral
neuropathy with the indication for a nerve biopsy to establish the cause of the
neuropathy.

(i) Alcohol-related polyneuropathy (PNP)
(ii) Paraneoplastic PNP
(iii) Ongoing immunosuppressive therapy
(iv) Malignant tumour
(v) Peripheral vascular disease
(vi) Collagenous diseases
(vii) Diabetes mellitus
(viii) Chronic venous insufficiency
(ix) Deep vein thrombosis
(x) Skin diseases of the lower extremity
(xi) Coagulopathy or anticoagulant therapy
(xii) Pregnancy
(xiii) Infectious diseases (i.e., HIV, hepatitis)

(a) Perimaix (b) Epimaix (c) Neuromaix

Figure 1: Scanning electron microscopy (SEM) of the two-component nerve guide Neuromaix (c), consisting of an outer hollow conduit (b)
and inner microstructured nerve guide with longitudinal pore channels (a).

transplants [3, 4]. However, despite innovative microsurgical
techniques and extensive knowledge on peripheral nerve
regeneration, functional nerve recovery is often partial and
unsatisfactory [5, 6]. Even excellent coaptation techniques
with exact matching of proximal and distal nerve stump
fascicles do not guarantee full recovery of nerve function.
Furthermore, ANThas been associatedwith loss of sensitivity
and comorbidity at the donor site (e.g., painful neuroma
formation). Another problem is the limited availability of
donor nerves. Thus, there is a great demand for alternatives
to ANT and much effort has been spent in developing
alternative repair strategies [3].

Over recent decades, several nerve guide concepts have
been developed, using natural and synthetic, resorbable
or nonresorbable materials. A large number of in vitro
and in vivo preclinical studies have been performed to
assess the potential of bioengineered nerve conduits as
alternatives to ANT using animal models [3, 7]. Subsequent
substantial advances in experimental repair strategies (e.g.,
in material sciences including matrix design, topography

and, surface functionalisation) have provided sufficient back-
ground knowledge to develop conduits for future clinical
use. Such conduits require approval by the US Food and
Drug Administration (FDA) or from the European Union
with a Conformité Européenne (or CE) certification [8]
for clinical application. Unfortunately, a direct comparison
of the various nerve guide developments and with ANT
is limited. The step from basic, experimental studies to
the device implementation in the clinical setting is often
substantial and unpredictable. This is mainly due to the
heterogeneous nature of human peripheral nerve injuries,
being particularly distinct from the standardised lesions used
in experimental studies [9–12]. Such animal models have
two major advantages: firstly, the rat sciatic or median nerve
models are themostwidespread animalmodels for peripheral
nerve regeneration.The location and size of the nerve gaps in
these models can be adjusted or calibrated according to the
study goals. These parameters, along with the regeneration
period are the most critical influencing factors that influence
the degree of functional recovery. Secondly, animal models
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(a) (b)

Figure 2: Macroscopic examples (a)-(b) of the 4 cm long Neuromaix nerve guide.

Table 2: List of sensory testing.

Multimodal sensory testing
Sensory modality Testing strategy Unit/scale

Clinical evaluation
(Delayed wound healing, redness, swelling, pus, seroma,
hypertrophic scarring, allergy, and foreign body sensation)

(1) Nociception Visual Analog Scale (VAS) used for pain estimation Value: 0–10

(2) Loss of sensation
(hypesthesia)

Measurement and photo documentation of the area on the
lateral aspect of the foot with loss of sensation Value: cm2

Sharp-blunt discrimination Value: yes/no

(3) Tinel’s sign
Palpation revealing Tinel’s sign and documentation of
location in relation to the landmarks Value: relationship to landmarks in cm

(4) Spatial resolution Static and moving/dynamic two-point discrimination Value: s/m 2-PD in mm

(5) Pressure Semmes-Weinstein monofilament test Value: monofilament strength in g

(6) Thermoception Cold-warm discrimination Value: yes/no
(7) Vibration 128Hz tuning fork Value: scale from 0–8

are, to a certain extent, comparable, reproducible, and reliable
with established and clear cut analytical techniques (i.e.,
histology, functional tests, and electrophysiology) [9, 10, 13,
14]. Yet, all these advantages are absent in a clinical domain,
making it challenging to reliably compare and evaluate the
effectiveness of different nerve guides in the clinic.Thismight
be the major reason for the lack of comparability of the
FDA and CE approved nerve guides [8]. The range of lesion
severities amongst the wide range of peripheral nerves (e.g.,
cranial nerves, brachial and lumbar plexus nerves, and their
branches) creates enormous variability in clinical studies.
Moreover, the lack of control over nerve gap size and the level
of injury (e.g., proximal versus distal nerve injury) further
hinder direct comparison between the different studies [8].

In search of a reproducible, standardised, and baseline
human nerve injury model for the implantation of the
recently developed peripheral nerve guide, Neuromaix (Fig-
ures 1 and 2) [15–17], we employed the proximal medial
sural nerve biopsy to test issue of nerve guide safety and
effectiveness. Here, we present detailed patient inclusion and
exclusion criteria, the surgical procedure, and follow-up tech-
niques for multimodal sensory outcomes.This clinical model

is a safe, standardised, reproducible, and valid concept for
assessing novel bioengineered peripheral nerve guides. Itmay
not only serve as a first step in providing baseline information
about the safety and performance of nerve guides, but it
also clearly depends on the neuropathological condition of
the patient and its influence of nerve fibre regeneration. The
results from the present proximal medial sural nerve biopsy
model may provide the basis for testing newly developed
nerve guides under more challenging peripheral nerve injury
conditions with different gaps sizes and varying location of
nerve injuries.

2. Patients and Methods

2.1. Patients. A total of 11 patients undergoing routine
diagnostic nerve biopsy were implanted with the bioengi-
neered nerve guide, Neuromaix (Figures 1 and 2) (Matricel
GmbH, Herzogenrath, Germany), with the permission of
the local ethical review committee and the Federal Insti-
tute for Drugs and Medical Devices (Bundesinstitut für
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Arzneimittel und Medizinprodukte, BfArM) (see “Perepair-
”study on www.clinicaltrials.gov). Patients were referred by
the Neuromuscular Clinic of the Neurological Department
at the RWTH Aachen University Hospital with medical
assignment of unclear neuro- and/or myopathies. Patients
were selected after careful neurologic history and physi-
cal examination, nerve conduction studies, and appropriate
diagnostic workup for (e.g., for vasculitis, see Table 1). All
patients voluntarily participated in the present study. Prior to
the patients’ participation in the clinical trial, a consent form
was signed and personally dated by both patient and surgeon
(A.B., the first author of this paper). The medical briefing
included verbal and written information about possible
specific complications (i.e., foreign body reactions and the
prospect of success) and general complications (i.e., wound
healing problems, haematoma, and necrosis).

2.2. Screening: Inclusion and Exclusion Criteria. We devel-
oped the following inclusion and exclusion criteria shown in
Table 1.

2.3. Nerve Guide: Neuromaix. All patients were treated
with Neuromaix (Matricel GmbH, Herzogenrath), a novel
bioengineered nerve guide specifically designed for the
reconstruction of peripheral nerve defects (Figures 1 and
2). Neuromaix is a collagen-based, two-component nerve
guide with an outer “shell” hollow conduit (Epimaix) and an
inner “core” sponge-like nerve guide (Perimaix). The latter
is a microstructured three-dimensional scaffold contain-
ing numerous longitudinally orientated guidance channels
with dimensions (approximately 50𝜇mdiameter) resembling
natural endoneurial tubes [15]. The microchannels of the
Perimaix collagen scaffold were created by a patented uni-
directional freezing process developed by Matricel GmbH
(Herzogenrath, Germany) [15–17]. For the present study,
Neuromaix nerve guides were provided with a standard
length of 4 cm and a diameter of 3mm and were shortened
according to the required length of the respective nerve defect
(Figures 1 and 2).

3. The Proximal Medial Sural Nerve Biopsy
Model Surgery: Operative Technique

The nerve biopsy was performed on an outpatient basis with
the patient lying in prone position without any sedation.
All patients received prophylactic intravenous antibiotic
(Ampicillin/Sulbactam, 3 g). The palpable raphe between the
lateral and medial gastrocnemius was identified by asking
the patient to perform plantar- and dorsiflexion against
resistance. All patients were treated under local anaesthesia
with a subcutaneous injection of approximately 10mL of
Xylonest 1% supplemented with noradrenaline (1 : 200.000).
A 4-5 cm lazy-S incision was performed along the midline
axis of the posterior lower leg between the lateral and medial
gastrocnemius muscle at the musculotendinous transition
(Figure 3(a)). A tourniquet was not necessary. After inci-
sion of the skin and fascia and identification of the lesser
saphenous vein, the medial sural nerve and sural artery

Table 3: Landmarks and distances.

Landmarks and distances
from to distance (in cm)

Intraoperative
PC IOAT
PC LM
PC MOMV
PNS PC
PNS IOAT
PNS LM
PNS MOMV
DNS PC
DNS IOAT
DNS LM
DNS MOMV
MOS PC
MOS IOAT
MOS LM
MOS MOMV
LONB
LOS
NPLIDE
AWLOSLF

Postoperative follow-up
AWLOSLF
LOTS PC
LOTS IOAT
LOTS LM
LOTS MOMV

Abbreviation
IOAT Insertion of Achilles tendon
PC Popliteal crease
LM Lateral malleolus
MOMV Midpoint of metatarsus V
PNS Proximal nerve stump
DNS Distal nerve stump
MOS Midpoint of scar
LONB Length of nerve biopsy
NPLIDE Nerve gap length in dorsal extension
LOS Length of scar
AWLOSLF Area with loss of sensibility lateral foot
LOTS Location of Tinel’s sign

were identified in the subfascial plane between the medial
and lateral head of the gastrocnemius muscle (Figure 3(b)).
Using magnifying glasses, an atraumatic external neurolysis
was performed (Figure 3(c)). The nerve was then flushed
with approximately 2mL of the local anaesthetic in order
to abolish the pain associated with the excision of the
sural nerve. A 2 cm segment of the medial sural nerve
was excised without crushing the nerve stumps and trans-
ferred to the Institute of Neuropathology in normal saline
solution (Figure 3(d)). The bleeding from the proximal and
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Table 4: Patient data.

Number Gender Age Site Additional muscle biopsy Histopathologic diagnosis Histopathology: regenerating cluster
1 M 56 y Right — Neuritis (inflammatory) Yes
2 F 61 y Right — Idiopathic PNP Yes
3 F 65 y Right Gastrocnemius muscle Idiopathic PNP Yes
4 M 49 y Right Gastrocnemius muscle Neuritis (inflammatory) Yes
5 M 52 y Right — Hereditary PNP Yes
6 M 61 y Left Gastrocnemius muscle Neuritis (inflammatory) Yes
7 M 59 y Left Lateral vastus muscle Hereditary PNP Yes
8 M 54 y Left Gastrocnemius muscle Neuritis (inflammatory) Yes
9 M 61 y Left Gastrocnemius muscle Hereditary PNP Yes
10 M 57 y Right Gastrocnemius muscle Neuritis (inflammatory) Yes
11 M 67 y Left — Neuritis (inflammatory) Yes

(a) (b)

(c) (d)

Figure 3: Operative technique (Part I). Marking the outline of the medial and lateral heads of the gastrocnemius muscle, the popliteal crease,
the insertion of the Achilles tendon, and the lazy-S-line of incision on the proximal part of the lower leg (a). Exposure of the medial sural
nerve between the medial and lateral heads (white arrows) of the gastrocnemius muscle before (b) and after (c) external neurolysis. Excision
of a 2 cm nerve biopsy segment for neuropathological examination (d).

distal stumps was treated by covering the nerve ends with
a saline soaked compress. The nerve guide was prepared
by immersion in sterile normal saline solution. When the
bleeding from the nerve stumps had stopped, the nerve guide
was implanted by means of the entubulization technique
[18]. Neuromaix was interposed between the nerve stumps
(Figure 4(a)) with an overlap of 2-3mm at each end. At
each end, a single 8-0 horizontal interrupted mattress suture
(Ethilon 8.0, Ethicon Inc, Somerville, USA) was used to

secure the outer epineurium of the nerve stumps within
Neuromaix nerve guide. We preferred to start the mattress
suture at the side of the nerve guide, positioning the knot
on the nerve guide with the following sequence of the needle
penetration: Neuromaix → Epineurium → Epineurium →
Neuromaix (Figure 4(b)). The nerve stumps could then be
gently drawn into the open ends of the nerve guide. For
further protection against dislocation, the mattress suture
was flanked by two accompanying single 8.0 stitches, taking
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(a) (b)

(c) (d)

(e) (f)

Figure 4: Operative technique (Part II). Gap between the proximal and distal nerve stumps resulting from excision of a 2 cm nerve biopsy
(a). Please note that the resulting nerve gap (approximately 3 cm) is larger than the length of the nerve biopsy (approximately 2 cm) due to the
elastic retraction of the nerve stumps. Implantation of the nerve guide using the entubulization technique by means of 8.0 mattress sutures.
Note the start of the mattress suture at the side of the nerve guide, positioning the knot on the nerve guide with the following sequence
of needle penetration: 1 Neuromaix → 2 epineurium → 3 epineurium → 4 Neuromaix (b)-(c). After completion of the entubulization
procedure, the implanted nerve guide is located in its wound bed between the medial and lateral heads of the gastrocnemius muscle (d).
Wound closure in anatomic layers (e) after insertion of a minivacuum drainage system (f).

care that only the outer epineurium was grasped (Figures
4(b)–4(d)). If a muscle biopsy was required it was harvested
from the gastrocnemius muscle. Before wound closure, the
proximal and distal ends of the medial sural nerve were
noted in relation to defined landmarks, that is, the popliteal
crease, the lateral malleolus, the insertion of the Achilles
tendon, and the midlateral point of the fifth metatarsus for
later documentation and sensory evaluation (see Figure 5
and Table 3). The closure of healthy soft tissue over the
nerve guide was critical to achieve proper wound healing

(Figures 4(e) and 4(f)). After insertion of a minivacuum
drainage system, the incision was closed in anatomical layers
using inverted single Monocryl 2.0 and 3.0 stitches and
a continuous intracutaneous skin suture using Prolene 3.0
(Ethilon, Ethicon Inc, Somerville, USA) (Figures 4(c) and
4(d)). Finally a sterile dressing was applied. Postoperative
management consisted of removal of the drainage system at
day 1 or day 2, and removal of sutures at day 14. Antithrombo-
sis prophylaxis was performed by subcutaneous injection of
low molecular weight heparin (Clexane, 20mg) for patients
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(a) (b)

(c) (d)

Figure 5: Landmarks for the documentation of sensory reinnervation. Relationship between the site of nerve guide implantation (possible
regeneration along the course of themedial sural nerve) and the popliteal crease, insertion of the Achilles tendon (a) and lateral malleolus (b).
Note the circumscribed hypesthetic area at the lateral aspect of the foot (c)-(d). This area is also assessed in relation to the lateral malleolus
and midlateral point of the fifth metatarsal bone.

with risk factors (e.g., obesity, use of contraceptives, or
cigarette smoking) and the use of forearm crutches was
recommended for the first 10–12 days.

3.1. Multimodal Sensory Testing. Sensory testing of the lower
leg and the lateral aspect of the foot will be performed in
a multimodal approach (Table 2) pre- and postoperatively:
directly after surgery, and at 1, 3, 6, and 12 months. Test-
ing will be performed on the ipsilateral and contralateral
(untreated) sides for intraindividual comparison (Figure 5)
and estimation of the nerve regeneration in relationship to
landmarks (Table 3). For sensory evaluations, the following
landmarks and measurements will be documented: popliteal
crease, lateral malleolus, insertion of the Achilles tendon, and
midlateral point of the 5th metatarsus (Figure 5).

4. Preliminary Clinical Results

Between July 2013 and January 2014, a total of 𝑛 = 11
patients (male = 9, female: 2) with a mean age of 58.36 years
(range = 49–67 years) were enrolled in the present study
with diagnostic sural nerve biopsy (biopsy length: 2 cm) and
subsequent Neuromaix implantation. Seven patients had an
additional muscle biopsy (gastrocnemius muscle: 𝑛 = 6,
lateral vastus muscle: 𝑛 = 1). All patients recovered well

without any wound healing problems (see Figure 6). There
was no need for any kind of revision. Sutures could be
removed after 14–21 days.

Histopathological examination revealed an inflamma-
tory neuritis in 6 patients (i.e., 54,5%) and an idiopathic
or hereditary polyneuropathy in five patients (i.e. 45,5%)
(Table 4). Most importantly, histopathology revealed clusters
of regenerating axons in all 11 patients (i.e., 100%) (Figure 7).

5. Discussion

The ANT is still the clinical gold standard for the recon-
struction of overcritical sized peripheral nerve defects [4].
However, depending on the initial injury pattern, functional
outcome is often only partial or unsatisfactory [6, 19]. The
ANT is associated with comorbidities at the donor site and
the availability of donor nerves is limited. Therefore, a wide
range of nerve conduits have been developed from diverse
natural and synthetic polymers (e.g., collagen, chitosan, or
polycaprolactone) in combination with sophisticated surface
modifications [20]. These conduits have been evaluated in
preclinical, experimental studies for their efficacy in sup-
porting nerve regeneration. According to Chalfoun and
colleagues [21], the ideal bioengineered nerve guide should
meet several critical requirements: it should protect the
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(a) (b)

(c) (d)

Figure 6: Representative images of wound healing at the site of the nerve biopsy in the lower leg of 4 patients (a)–(d), 3 months after surgery.
There were no signs of delayed wound healing or other complications (no foreign body or allergic reaction, no infection, etc.) at the 3 month
endpoint of the safety phase.

regenerating axons from the surrounding environment and
provide a permissive environment to Schwann cells (which
can be transplanted or can migrate into the nerve guide
from the proximal and distal nerve stumps). Furthermore,
it is assumed that nerve regeneration is promoted by the
increased accumulation of neurotrophic factors within the
lumen of the conduit [22, 23]. Apart from autologous
veins [24–26], clinical alternatives to the ANT are either
processed (decellularized) nerve allografts [27] or hollow
nerve conduits with FDA and/or CE approval [8]. The use
of nerve conduits is much faster and simpler in clinical
practice (“off the shelf approach” with unlimited material
available) than harvesting a donor nerve that demands extra
surgery with subsequent increased operation time and risk
of complications [28]. However, such clinically approved
alternatives to ANT are still not widely accepted and are
viewed critically [8]. There is clearly the need for a safe,
standardised, and reproducible human nerve lesion model
for assessing and comparing the range of currently available
and newly developed peripheral nerve guides. As described
in the present study, the proximal medial sural nerve biopsy
model offers a number of advantages. The patients enrolled
for a diagnostic nerve biopsy would normally be left with
an untreated nerve defect. However, implantation of a nerve
guide into the medial sural nerve defect could facilitate the
elimination or reduction of (i) possible painful neuroma
formation and/or (ii) loss of sensitivity at the lateral aspect

of the foot, which are the most common long-term problems
after complete or partial sural nerve biopsy [29–31]. Three
previous publications have followed the same line of logic but
with some differences. Flores and colleagues reconstructed
the biopsied sural nerve with autologous saphenous vein
grafts [24]. They assumed that the time for recovery was not
shortened but the quality of regeneration mediated reinner-
vationwas considered superior than in patientswithout nerve
repair. More recently, and independent of our ongoing study,
Radtke and colleagues correctly hypothesised that biopsy-
mediated sural nerve defects might be used as a regeneration
model for testing the efficacy of nerve conduits in humans
[32]. Schoeller and colleagues [31] performed nerve biopsies
at the lateral malleolus by resecting a 10mm segment and
directly suturing both nerve ends after neurolysis. We do not
recommend performing the nerve biopsy with subsequent
reconstruction with conduits at the lateral malleolus for three
striking reasons: firstly, although the “traditional approach” at
the lateral malleolus is easier to perform and has a shorter
distance to the target area (lateral aspect of the foot), the
incidence of comorbidities (i.e., wound dehiscence, wound
infection, healing problems, loss of sensation, chronic pain,
and formation of painful neuromas) is significantly higher at
the lateral malleolus when compared to the proximal lower
leg “modified approach” that provides improved soft tissue
coverage [33]. Secondly, a muscle biopsy is often performed
simultaneously to the nerve biopsy, but the posterolateral
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(a) (b)

(c) (d)

Figure 7: Representative histology (semithin section, toluidine blue staining) of a patient with an inflammatory neuritis (see Table 4) (a)–
(d). Note parallel appearance of large diameter, myelinated axons (approximately 50% reduced in number when compared to a normal sural
nerve), and the large number of regenerating fibers arranged in clusters (see white arrows in (d)).

aspect of the leg is not an optimal location for such a
procedure, as the muscles located there are predominantly
tendonous. Thirdly, the traditional approach at the lateral
malleolus involves the complete sural nerve “common sural
nerve,” while the modified approach at the proximal lower
leg involves a part of the sural nerve “medial sural nerve,”
partially preserving sensation in the target territory of the
sural nerve [33, 34]. Thus, although the traditional approach
is easier and has a shorter distance for the axon regener-
ation, the present modified approach is substantially safer
with respect to wound healing (as it has a better blood
supply) and exhibits a lower incidence of wound infection
or dehiscence, preventing dislocation of the reconstructed
nerve. Furthermore, in our experience and in that reported
by others nerve biopsies should ideally be longer than 10mm
in order to enable multiple processing techniques (including
paraffin wax embedding, cryostat sections, and semithin
sections of resin embeddedmaterial for electronmicroscopy)
[16, 18]. Moreover, the detection of focal lesions in many
neuropathies, such as in vasculitis- or amyloidosis-associated
neuropathies, often requires sampling over extended lengths
of nerve [35, 36].

Some aspects of the present concept require specific
consideration. The patients included in this study presented
with particular neurological symptoms that required a nerve

biopsy (see Table 1 for inclusion and exclusion criteria).These
patients can clearly not be regarded as comparable with
“healthy” or “normal” patients who have suffered from a
traumatic peripheral nerve injury. However, the diagnosis of
neuropathy does not exclude peripheral nerve regeneration.
On the contrary, axonal clusters with short internodes have
regularly been found in nerve biopsies, indicating that some
degree of axonal degeneration and regeneration is possi-
ble (see also Figure 7). Furthermore, in some neuropathies
regenerating axon clusters are so numerous that fiber diam-
eter histograms reveal an absolute increase in the number
small diameter, myelinated fibres.This must be differentiated
from neuropathies that are characterized by degenerating
neuronal cell bodies and the lack of regenerating axonal
clusters [37].

The current model should only be considered as a
first step in the translational approach for the implantable
bioengineered nerve guides. The presented model is safe,
standardized, reproducible, and valid but limited concept
in testing and evaluation of peripheral nerve guides. It
may serve as a first step providing baseline information
regarding the safety and performance of a nerve guide under
relatively comparable conditions, which is depending on
the regenerative capacity of the respective patients with a
neuropathy. The results from the presented proximal medial
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sural nerve model in nerve biopsy patients may serve as a
preliminary study for testing the respective nerve guide under
more challenging conditions which are mostly hampered by
the two factors: size of the nerve gap and site of the injury.

6. Conclusion

The aim of the present (ongoing) study is to present a safe,
effective, standardised, and reproducible human model for
nerve guide implantation as a first step in enabling the transi-
tion of newly developed nerve guides into the clinical setting
(from bench to bedside). The modified proximal medial
sural nerve biopsy approach provides an improvement in
standardisation of lesion parameters, thus presenting itself as
a valid technique in the assessment of peripheral nerve guides
in humans.
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A variety of new bioartificial nerve guides have been tested preclinically for their safety and nerve regeneration supporting
properties. So far, only a limited number of biomaterials have been tested in humans since the step frompreclinical work to a clinical
application is challenging. We here present an in vitro model with human Schwann cells (hSCs) as an intermediate step towards
clinical application of the nerve guide Perimaix, a collagen-based microstructured 3D scaffold containing numerous longitudinal
guidance channels for directed axonal growth. hSCs were seeded onto different prototypes of Perimaix and cultivated for 14 days.
hSC adhered to the scaffold, proliferated, and demonstrated healthy Schwann cell morphology (spindle shaped cell bodies, bipolar
oriented processes) not only at the surface of the material, but also in the deeper layers of the scaffold.The general well-being of the
cells was quantitatively confirmed by low levels of lactate dehydrogenase release into the culture medium. Moreover, conditioned
medium of hSCs that were cultivated on Perimaix was able tomodify neurite outgrowth from sensory dorsal root ganglion neurons.
Overall these data indicate that Perimaix is able to provide amatrix that can promote the attachment and supports process extension,
migration, and proliferation of hSC.

1. Introduction

Peripheral nerve injuries (PNI) can lead to the perma-
nent loss of motor, sensory, or autonomic function [1, 2]
and repair strategies often appear insufficient. Currently
autologous nerve transplantation (ANT) is regarded as the
gold standard in the repair of severe PNI. Yet harvesting
these nerves is obviously associated with comorbidities at
the donor site and the source of donor nerves is only
limited. As a consequence, much effort has been invested

in the preclinical testing of novel biomaterials intended as
nerve guidance structures that can serve as an alternative to
ANT. A key requirement is that these biodegradable nerve
guides have to be cytocompatible (i.e., non-toxic, enabling
cell adhesion, promoting migration, and proliferation) with
cells and axons resident in the microenvironment of the
peripheral nerve [3–6]. Schwann cells (SC) are, under normal
physiological conditions, in intimate contact with axons and
are responsible for myelin production and ensheathment of
the axon. Their prominent role becomes even more evident
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in response to PNI, where these cells not only create an
axonal growth permissive environment by the production of
trophic factors, but also direct and provide physical support
to regrowing axons by creating “Bands of Büngner.” These
SC can be either endogenously present, migrating from the
proximal and distal nerve stumps, or exogenously derived by
functionalizing nerve implants with SC. Regardless of their
origin, materials intended as nerve guidance structures need
to be cytocompatible with regrowing axons and SC [3–6].
Previous in vitro studies from our group demonstrated the
cytocompatibility and growth supporting properties of the
collagen-based microstructured 3D nerve guide, Perimaix,
with rat Schwann cells (rSC) [3, 4]. Viable rSC did not only
adhere to the nerve guide, but also migrated throughout
the guidance channels. Of particular importance was the
observation that rSC formed cellular columns within the
guidance channels reminiscent of “Bands of Büngner,” which
are crucial structures for successful peripheral nerve regen-
eration and that are formed during the natural process of
Wallerian degeneration [4]. Furthermore axonal guidance
by Perimaix was demonstrated by explanting rat dorsal root
ganglia (DRG) onto the collagen scaffolds; SC resident in
the DRGmigrated into the longitudinal oriented channels of
Perimaix, adhered to the collagen, and provided a physical
support to outgrowing neurites [3]. Moreover general cyto-
toxicity tests confirmed the biocompatibility of Perimaix with
rSC [3, 4].

Nevertheless, envisioning a clinical application for Peri-
maix requires the critical step of verifying its cytocompat-
ibility with cells of human origin. Hence, we investigated
whether human Schwann cells (hSCs) were able to adhere,
proliferate, and migrate on different prototypes of Peri-
maix. Additionally, the axonal growth supportive properties
of these cells were investigated by obtaining conditioned
medium from the Perimaix-adherent hSC and demonstrating
its growth promoting effects on rat DRG neurons.

Our data demonstrate that hSCs adhere to and grow
on the collagen material. The adherent hSCs on Perimaix
were viable demonstrated by expression of the Schwann cell
markers vimentin and S100𝛽, and cells adopted a healthy
Schwann cell morphology (i.e., spindle shaped cell bodies
with bipolar processes). Lactate dehydrogenase release of hSC
seeded on Perimaix was very low and comparable to normal
culture conditions, indicative of the general well-being of the
cells on the scaffold.

2. Material and Methods

2.1. Isolation and Purification ofHuman SchwannCells (hSCs).
Schwann cells from human peripheral nerves were kindly
provided by Haastert et al. (Department of Neuroanatomy,
Hannover Medical School, Germany) with permission of
their local ethical review committee. HSCs were isolated
and highly enriched under serum-free conditions [7] and
further cultivated according to an established protocol, which
was previously used for the cultivation of rat Schwann
cells (rSC) [4]. As such, for propagation of hSC cultures,
medium consisted of advanced Dulbecco’s Modified Eagle’s

Medium (DMEM: Gibco, 21969-035), 10% fetal calf serum
(FCS) gold (PAA, 49/A15-151), 1% Glutamax, and 0.1% gen-
tamicin (Sigma-Aldrich, G1397) supplemented with growth
factors: 0.0417 ng/mL human basic Fibroblast Growth Factor
(bFGF) (PeproTech, 100-18b), 0.0417 ng/mL human hereg-
ulin (PeproTech, 100-03), 0.475 ng/mL Forskolin (Sigma-
Aldrich, F6886), 0.1% gentamicin (Sigma-Aldrich, G1397),
and 1% Glutamax. Plates and culture flasks were always
coated with poly-L-lysine (100𝜇g/mL, Sigma-Aldrich P2636,
overnight at 37∘C)/laminin (50 𝜇g/mL, Sigma-Aldrich). After
propagation in serum, hSC cultures needed additional purifi-
cation via p75NGFR antibody labeling (AHU0302, Invit-
rogen) followed by magnetic bead cell separation (MACS,
Miltenyi Biotec). This additional purification method again
yielded Schwann cell cultures of approximately 98% purity.

2.2. Preparation of Perimaix Prototypes. Perimaix was pro-
vided by Matricel GmbH (Herzogenrath, Germany). The
preparation of these nerve guides with longitudinal pore
channels (patented “unidirectional freezing” process fol-
lowed by freeze-drying) has been described previously [3, 4].
Briefly, collagen was isolated from porcine tissues harvested
under veterinary supervision from animals declared “fit
for human consumption.” The prepared collagen solution,
containing 10% to 15% (w/w) elastin, was used to prepare
a 1.5 wt% aqueous dispersion. The dispersion was cooled
and frozen using a defined temperature gradient and a
constant cooling rate. Longitudinal micropores were created
via directed ice crystal growth across the collagen material
induced by constitutional supercooling with appropriate
freezing parameters (see also [3]).

Sublimation of the finger-shaped ice crystals during the
freeze-drying process generated the dried, longitudinally
orientated pores. As such, the ice crystal morphology in the
frozen dispersion determines the pore structure. The pore
size can be adjusted between 20𝜇m and 100 𝜇m. Details
on techniques to vary pore size were described previously
[3]. The in vitro and in vivo stability of the material were
tailored using a non-toxic cross-linking method based on the
use of 1-ethyl-3(3-dimethylaminopropyl) carbodiimide and
samples were sterilized using gamma irradiation (25 kGy).
Scaffolds were provided with different modifications and
were characterized by the manufacturer as described in
Table 1.

2.3. Scaffold Seeding. hSCs were harvested by standard
trypsinization and 500,000 cells were seeded on each variant
of the collagen scaffolds (dimensions cylinder: 5mm length ×
2mm diameter) in a total volume of 25𝜇L [20,000 cells/𝜇L].
Cells were kept in culture for 3, 7, and 14 days with every
second day medium renewal. Conditioned medium derived
from scaffold-adherent hSC was collected at every medium
change and immediately frozen at −80∘C.

2.4. Dorsal Root Ganglia (DRG) Isolation. DRGs were iso-
lated from the spinal dorsal column of donor adult female
LEWIS rats as previously described [8]. Briefly, following
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Table 1: Different prototypes of Perimaix used in this study.

Scaffold
name Abbreviation Characterization

Scaffold 1 S1 Low degree of cross-linking/low
collagen content

Scaffold 2 S2 Medium degree of cross-linking/low
collagen content

Scaffold 3 S3 High degree of cross-linking/low
collagen content

Scaffold 4 S4 High degree of cross-linking/high
collagen content

isoflurane anesthesia rats were quickly decapitated and the
vertebral column was exposed by the removal of overlying
skin and muscles. Under a dissection microscope, the verte-
bral column was opened and DRGs were dissected and col-
lected in ice cold HBSS (Hank’s Balanced Salt Solution: Invit-
rogen 14170-088). Subsequently, spinal nerves were removed
and DRGs were transferred into a HBSS filled falcon tube.
Chemical dissociation of DRGs was performed under sterile
culture conditions by incubation in collagenase type 1 (0.8%
Collagenase type 1, Biochrom, C1–22) in collagenase buffer
(100mM HEPES, 120mMNaCl, 50mMKCl, 1mMCaCl

2
,

5mM glucose, 3% BSA, pH 7.4) for 2 hrs followed by 30
0.25% Trypsine treatment at 37∘C. DRGs were mechanically
dissociated and separated from debris and Schwann cells
by centrifugation through a Percoll density gradient (1.3mL
Percoll: 450 𝜇L 0.1M PBS: 3.2mL H

2
O) at 1200 g (rcf) for

12min. Neurons were resuspended in DRG medium (Neu-
robasal A (Gibco, 21103-049), 2% B27 supplement (Gibco,
17504-044), 1% Glutamax, 1% pen/strep) and seeded onto
poly-L-lysine/laminin-coated plates at a density of 400–500
neurons per well in 24-well-plates. DRG sensory neurons
were incubated with conditioned media derived from hSCs
cultivated on Perimaix diluted 1 : 2 with DRG medium.
The negative control (nC) condition received DRG medium
combined with normal SC medium. The positive control
condition consisted of 1 : 2 dilution of medium derived
from hSC grown in normal culture plates (pC). Sensory
neurons were then incubated with the conditioned media at
37∘C, in humidified atmosphere with 5% carbon dioxide for
2 days.

2.5. Scanning Electron Microscopy. After in vitro cultivation,
SC seeded scaffolds were processed for scanning electron
microscopy (SEM). As such, the scaffolds were fixed for 24 h
in 4% glutaraldehyde in 0.1M PBS. After dehydration in
acetone using a Polaron E3000 critical point dryer (Polaron
Equipment Ltd., Watford, UK), the specimens were mounted
on stubs and sputter was coated with gold, loaded into an
ESEM XL30 FEG scanning electron microscope (Philips EO,
Eindhoven, NL), and viewed under an accelerating voltage
of 5 kV. Surface analysis after hSC seeding was done by
scanning of the complete scaffolds, whereas analysis of hSCs
that migrated into the microchannels was performed after
dividing the scaffolds in halves.

2.6. Immunocytochemistry. Additionally, hSC-loaded scaf-
folds were used for cell specific immunocytochemical
stainings. Therefore scaffolds were fixed for 30 in 4%
paraformaldehyde solution in 0.1M phosphate buffer (PB,
4∘C) and subsequently cut in 100𝜇m sections on a vibratome
(Leica VT1000S3) and mounted on glass slides. Then sec-
tions were washed 3x with 0.1M PBS and blocked with
3% normal goat serum (Sigma, Munich, Germany), 0.5%
bovine serum albumin (BSA, fraction V), and 1% Triton X-
100 in 0.1M PBS for 60min. Sections were then incubated
overnight using the following primary antibodies: mouse
monoclonal antineurofilament 200 kDa (NF200; clone NE14,
1 : 5000, Sigma), mouse monoclonal antivimentin (clone V9,
1 : 20,000, Sigma), or rabbit polyclonal anti-S100𝛽 (1 : 1000,
Dako, Hamburg, Germany). Subsequently, fluorescent conju-
gated secondary antibodies (goat anti-rabbit, Alexa-488, and
goat anti-mouse, Alexa-594, both 1 : 500, Molecular Probes,
Paisley, UK) were incubated with primary antibodies 3 h at
room temperature. Subsequently every consecutive section
was counterstained using the nuclear dye 40,6-diamidino-
2-phenylindole (DAPI, 1mg/mL, 5min). Negative controls
were performed via omitting primary antibodies and revealed
no non-specific immunostaining.

2.7. Two-Photon Laser Scanning Microscopy (TPLSM). Sec-
tions were analyzed using a pulsed Ti-Sapphire laser (MaiTai
DeepSee, SpectraPhysics) attached to an upright two-photon
microscope system (FV1000MPE, Olympus Corp., Tokyo,
Japan). A 25x water immersion objective was used for imag-
ing (1.05NA, WD2.0). For fluorescence excitation of Alexa
488 and Alexa 594 the laser was tuned to the wavelength
of 860 nm. The collagen matrix was visualized by the non-
linear optical effect of second harmonic generation (SHG)
at the same wavelength. The emission signals of Alexa 488,
Alexa 594, and SHG were collected with bandpass filters
at 505–525 nm, 560–660 nm, and 430–470 nm, respectively.
Series of subsequent 𝑥𝑦-frames with 1024 × 1024 pixels in
1 𝜇m 𝑧-steps were obtained for structural 3D reconstruction
of the sample. A 𝑧-projection of the image stacks using the
software FluoView ASW (Olympus) and merge of channels
was used to define hSCmorphology and alignment along the
microporous channels. Image analysis was conducted with
Imaris Software (Bitplane, Zürich, Switzerland). Contrast
enhancement was performed using Adobe Photoshop 7
software (Adobe Systems, Munich, Germany).

2.8. Cell Toxicity: Lactate Dehydrogenase (LDH) Release. In
addition to immunocytochemical observations, described
below, cytotoxicity of treatment conditions was measured
using lactate dehydrogenase (LDH) release into the medium
(RocheCytotoxicityDetectionKit). LDH releasewas normal-
ized with respect to maximal LDH release after total cell lysis
[9, 10].

2.9. Statistical Analysis. All data are represented as means
with +/− standard error of the mean (SEM). All statistical
analyses were performed using Graphpad Prism Software
(San Diego, USA). After passing normality test, One Way
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Figure 1: Macroscopic and TPLSM images of Perimaix. (a) Macroscopic photograph (scale bar 10mm). (b) TPLSM 3D computer processing
after visualisation of the collagen structure via SHG at 860 nm (the collagen structure was artificially coloured blue by the computer software,
scale bar 100 𝜇m). Note the collagen interconnections (red arrows) providing structural support to the material and preventing collapsing of
the microchannels. (c) Original TPLSM image after SHG and immunocytochemistry (white arrows indicate channel-orientation).

ANOVA with Bonferroni posttest was performed. A 𝑃 value
of 0.05 was considered as the level of statistical significance.

3. Results

3.1. Perimaix. Figure 1 demonstrates the nerve guide Per-
imaix, which comprises porcine collagen type 1 and is
manufactured with longitudinal oriented and continuous
microchannels for directed axonal growth. Figure 1(a) shows
amacroscopic image of the scaffold, whereas Figures 1(b) and
1(c) demonstrate TPSLM images after SHG. Note the clear
orientation of the longitudinal microchannels (white arrows)
and interconnections in the material (red arrows) that pro-
videmechanical support and prevent themicrochannels from
collapsing.

3.2. Human Schwann Cell Purification. Human Schwann
cells (hSCs) were derived from human mixed (sensory and
motor) donor nerves. Highly enriched cell cultures [7] were
isolated under serum-free conditions and propagated in
serum-containingmedium, so to warrant cell purity cells that
were additionally purified according to MACS procedure.
After propagation in serum-containing medium (prior to
MACS procedure) the cultures contained approximately 60%
S100𝛽 positive and vimentin positive hSC and approximately
40% vimentin positive/S100𝛽 negative fibroblasts (Figure 2).

After MACS procedure, the p75NGF positive cell fraction
was positive for S100𝛽 and vimentin. Cell counting showed
a highly purified hSC culture of approximately 98 +/− 1%
hSC and 2 +/− 0.5% fibroblasts (Figure 3, quantification of
cell purity after additional MACS procedure). This level of
cell purity was maintained and monitored until cells were
seeded onto the scaffolds (Figures 2 and 3). White arrows
demonstrate vimentin positive/S100𝛽 negative fibroblasts.

3.3. Cell Seeding and Cell Toxicity. After seeding onto the
different Perimaix prototypes, LDH release into the culture
medium was assessed over a period of 14 days hSC resided
on Perimaix until medium change occurred (2 and 5 days).
Hence, maximally five days of uninterrupted LDH release
into the medium revealed very low levels of LDH (in samples
1–4; 11.97%; 11.51%; 10.76%; 16.07%, resp.) when compared to
maximal LDH release (total cell lysis, Figure 4). Furthermore
LDH levels were in the range of normal LDH release under
standard culture conditions (27.03%), indicative of the gen-
eral well-being of the cells on Perimaix.

3.4. Cell Seeding and Morphology. At the surface of the
scaffold, hSCs were abundant and covered the walls of the
microchannels. hSC formed bundles and clusters of cells that
attached to the collagen material. Moreover cells displayed
a healthy morphology (i.e., spindle shaped cell bodies with
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Figure 2: HSC cultures after propagation in serum-containing medium contained approximately 60% Schwann cells (S100𝛽/vimentin
positive) and 40% fibroblasts (S100𝛽 negative/vimentin positive (scale bar 200 𝜇m), white arrows. (a) vimentin. (c) S100𝛽. (e) Merge with
DAPI nuclear staining. MACS purification method resulted in Schwann cell cultures of approximately >98% purity (b), (d), and (f), scale bar
500 𝜇m. Cell purity was maintained along the culture period as well as after cell seeding onto the collagen scaffolds.

long bipolar projections), oriented along the microchannels,
and extended their processes.

Scaffolds were cut in half along the axis to examine
the deeper layers of the scaffold (Figure 5). hSCs were
found in the center of the scaffold, demonstrating a healthy
morphology and displaying attachment to the collagen walls
(Figure 5, red arrows). However, occasional cells appeared to
be suspended with the lumen of the micropores, probably
straddling contact points on adjacent facing walls. No differ-
ence in adherence, cell morphology, or LDH release could be
observed between the different Perimaix prototypes.

Cells were analysed at different time points after cell
seeding (Figure 6). Three days after seeding hSCs were

already detectable in the inner parts of the scaffold (Figures
6(a) and 6(b)) and adhering to the collagen walls. One week
after seeding, cells were abundant and spreading into the
microchannels, orientating along the collagen structure and
adopting a spindle shapedmorphologywith long slender pro-
cesses extending in bipolar direction (red arrows). Moreover,
after two weeks hSCs were still present in the center of the
scaffold (Figures 6(e) and 6(f) magnifications).

Figure 7 demonstrates immunohistochemically the clus-
tering of multiple aligned cells and processes (particularly
evident in Figures 7(b), 7(e), and 7(h)) forming Bands of
Büngner-like profiles within the scaffolds microchannels.
Cells and processes expressed both markers S100𝛽 and
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Figure 3: Quantification of cell purity. After MACS procedure,
cultures revealed only occasionally fibroblasts (<2%) of the total
amount of cells counted.
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Figure 4: Human Schwann cell viability seeded on Perimaix pro-
totypes S1–4: LDH release into the medium was measured at 2 and
5 days in culture (until medium change occurred). All investigated
prototypes of Perimaix demonstrated LDH levels similar to the
low control condition (cells in normal culture plate without any
treatment).

vimentin, confirming the maintained purity of the cell popu-
lation and also indicating that, under the present conditions,
the small fibroblast contamination was unable to expand to
the extent that it could compete with the hSC for space within
the microchannels.

HSCs were found abundantly on the surface of the scaf-
fold already after 3 days after seeding, clustering in bundles
and extending their processes along the microchannels of the
collagenmaterial (Figures 7(a), 7(d), 7(g), and 7(j)). By 7 days
and 14 days after seeding, hSCs were abundant and covered
the complete surface of the scaffold.

Thick sections (100 𝜇m) were made on a vibratome to
investigate the deeper layers of the scaffold.Also in themiddle
of the scaffold cells adhered to the collagen and expressed
both vimentin and S100𝛽 (Figure 8).

Cells elongated along the microchannels and adhered to
the collagen material. They demonstrated normal Schwann
cell phenotype, that is, spindle shaped cell bodies with slender
processes extending along the microchannels and expressing
the markers vimentin and S100𝛽.

3.5. Neurite Outgrowth Assay. To verify whether hSC seeded
on Perimaix released factors that are supportive to neurite
outgrowth, conditioned medium was collected from hSC
seeded on Perimaix and administered to primary sensory
neurons isolated from rat DRG.

Figures 9(a) and 9(b) demonstrate the different pheno-
types primary sensory neurons generally adopted in culture.
When DRG sensory neurons received normal (uncondi-
tioned) hSC culture medium for 48 hrs they extended no
neurites (negative control, nC Figure 9(c)). In contrast, when
these sensory neurons received conditioned medium from
hSC cultivated on Perimaix for two days, they extended long
neurites (Figure 9(e)).This neurite outgrowthwas of a similar
extent as when DRG neurons received medium from hSC
cultivated in a normal culture plate (positive control, pC,
Figure 9(d)).

4. Discussion

Currently the autologous nerve transplantation (ANT) is
still regarded as the gold standard for the reconstruction of
severe nerve injuries in humans. Despite the fact that during
the last decades many biomaterials have been successfully
tested and evaluated preclinically as an alternative to the
ANT, relatively few new conduits or scaffolds have been
studied in the clinical domain yet. This may be the result
of several causes, prominent by the fact that human nerve
injuries are heterogeneous in location and severity and are
obviously not as standardized as animal models [5]. This
may have contributed to the fact that there are, at present,
only a small number of conduits that have been approved
by the FDA and the EU for use for bridging short gaps (less
than 30mm) in lesioned human peripheral nerves [12, 13].
Nonetheless, the steady rise in the number of alternative
conduits and scaffolds made from synthetic and/or natural
polymers and with different structures and topographies
dictates that at some point the critical step of evaluating
biomaterials intended as nerve guides for human use must be
made. In this respect we suggest that evaluating nerve guides
with cells of human origin in vitro is a logical intermediate
stage in this development process.

We have therefore seeded Perimaix, a collagen-based
nerve guide, with Schwann cells from human origin and
evaluated its biocompatibility. Originally, the nerve guide
was developed as a substitute for the natural perineurium
of the nerve. With its longitudinal oriented microchannels,
Perimaix provides mechanical support to regenerating axons
[3, 6] and provides a protective niche for nerve resident
cells (e.g., Schwann cells, perineurial cells, and endothelial
cells) that can migrate from the nerve stumps into the
scaffold to support axonal regeneration. As the scaffold is
made of collagen type 1, integral structural component of the
nerve’s connective tissue, the construct itself can also provide



BioMed Research International 7

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5: SEM images of hSCs seeded onto the different Perimaix prototypes for 14 days ((a), (c), (e), and (g) are S1–4, respectively, images
(b), (d), (f) and (g) are magnifications of the rectangles in (a), (c), (e) and (g). Scale bars in (a), (c), (e) and (g): 50 𝜇m). Morphology and
Schwann cell behaviour was qualitatively analysed in the inner structures (center) of the different scaffold prototypes 14 days after seeding,
revealing spindle shaped cells that extended bipolar processes along the microchannels.
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Figure 6: SEM images of hSC seeded on Perimaix S3 in time. hSCs were already visible in the microchannels in the center of the scaffold at 3
days ((a), (b)) after seeding, where cells adhered (magnification, scale bar 20 𝜇m) to the collagen material. hSCs remained in the scaffold and
were detectable up to 7 ((c), (d)) and 14 days after seeding ((e), (f): images (b), (d), (f) and (g) are magnifications of the rectangles in (a), (c)
and (e). Scale bars in (a), (c), (e): 100𝜇m).

the molecular attachment and guidance cues required by
migrating Schwann cells and regenerating axons. The nerve
guide was already evaluated for its biocompatibility with
cells from rat origin in previous studies of our group [3,
4]. Moreover, in vivo studies revealed excellent host tissue
integration through the nerve guide bridging 20mm nerve
gaps after a regeneration period of 6 weeks and 12 weeks [6].
These promising results obtained in the sciatic nerve model
prompted us to evaluate the scaffold with Schwann cells from
human origin as a vital step towards clinical application.

Human Schwann cells seeded on Perimaix displayed a
healthy and dedifferentiated phenotype (i.e., spindle shaped
cell bodies and slender bipolar processes extending in bipolar
direction) as observed by SEM and expressed the classical

Schwann-cell markers vimentin and S100𝛽. The orientation
of the Schwann cell processes generally adopted the orienta-
tion of the microchannels of the nerve guide. The adoption
of the unipolar and bipolar spindle shape by the seeded
Schwann cell is reminiscent of the range of morphologies
demonstrated by Schwann cells during migratory activity in
simple 2D tissue culture [14].

This supports the notion of the seeded human Schwann
cells migrating along the longitudinal axis of the scaffold
microchannels. The same morphology was adopted by rat
olfactory ensheathing cells migrating through a similarly
orientated microporous collagen scaffold [15].

This healthy phenotype of the seeded hSC was confirmed
quantitatively by acute cytotoxicity tests which showed no
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Figure 7: TPSLM images of hSCs seeded onto Perimaix S2 prototypes at 3 ((a), (d), (g), and (j)), 7 ((b), (e), (h), and (k)), and 14 ((c), (f),
(i), and (l)) days after seeding. (a), (b), and (c): S100𝛽; (d), (e), and (f): vimentin; (g), (h), and (i): collagen structure visualized by SHG;
(j), (k). (l) Merge, scale bar 50 𝜇m. Surface analysis of the scaffolds demonstrated many hSCs that clustered in bundles orienting along the
microchannels. Note in blue the clear length orientation (channel-orientation indicated by the white arrow) of the microchannels, with
collagen interconnections to provide stability.

indications of excessive cell death throughout the 14-day
cultivation time. More importantly, hSCs were also found in
the deeper layers of the scaffold and even in the center of
the conduit. As such, these data suggest a high permeability
of the material to nutritional factors that are crucial for
cell survival and growth. Therefore the structural concept
presented here already meets one of the vital criteria for
nerve guides intended for human application; it provides a
protective and beneficial niche for migrating host cells.

In the framework of a supportive scaffold polymer, no
difference in cell behavior could be observed between the
different Perimaix prototypes, suggesting that a higher col-
lagen content as nor the collagen content or the crosslinking
degree had influence on cell adherence or growth. Probably
the presence of extracellular matrix molecules (ECM), such
as collagen in general, is more decisive for proper cell
growth and adherence. Other studies already showed that
the presence of ECM can trigger Schwann cells to produce
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Figure 8: TPSLM images of hSCs in the center of the scaffold 14 days after seeding. (a) S100𝛽, (b) vimentin. (c) Collagen structure visualized
by SHG. (d) Merge. This example of Perimaix prototype S1 served as a growth permissive niche for hSCs; cells expressed the classical SC
markers vimentin and S100𝛽, adhered to the collagenwalls as well as to each other, and oriented along themicrochannels (channel-orientation
indicated by the white arrow), adopting a bipolar morphology typical for SCs. Scale bar 50𝜇m.

beneficial factors to axonal growth [16]. Moreover Schwann
cells themselves are also able to produce ECM molecules
fibronectin, collagens [17–19], and laminins [20, 21] creating a
basal lamina that makes part of the microenvironment of the
peripheral nerve (endoneurium) [22, 23]. The basal lamina
is essential in the Schwann cell-axon interaction and during
peripheral nerve regeneration it is particularly this nerve
element that is followed by the Schwann cells (creating Bands
of Büngner) guiding regenerating axons [24, 25]. It is for this
reason that new innovative tissue engineering approaches
aim for utilizing Schwann cells to build up the scaffoldmatrix
or that the basal lamina produced by nerve resident cells is
preserved [26–28].

So as our scaffold provides a proper matrix for the
hSC and we observed elongation and adherence of the cells
along the collagen microchannels, this may also suggest
that ECM are produced by the hSC. Amstrong and others
already demonstrated that it was not the ECM molecules
that influenced neurite outgrowth directly, but it was par-
ticularly the SCs that served as an intermediated cellular
step responding to ECM molecules by producing factors
beneficial to neurite outgrowth [16]. Here we see the same

phenomenon; as the sensory neurons were treated with
conditioned medium derived from human cells within the
scaffold, any cell-cell interactions can be excluded in this
experimental setting, and it must be soluble factors released
by hSC that are influencing neurite outgrowth. We cannot
rule out that in a coculture setup, contact-mediated support
of neurite outgrowth is also important for neurite outgrowth.
Nevertheless these current data show that hSCs seeded on
the scaffold maintain their functionality regarding trophic
factor secretion. Similar positive effects of human cells on
neurite outgrowth were demonstrated with human dental
pulp stem cells differentiated into Schwann cells which were
used to manufacture an aligned tissue-engineered collagen
construct [29]. In addition, also human umbilical cordWhar-
ton’s jelly-derived mesenchymal stem cells differentiated into
Schwann cells had a positive effect on neurite outgrowth
[30].

Since we used primary sensory neuron cultures that were
inevitably associated with some satellite cells, we cannot rule
out that at least a part of the effects induced by the soluble
factors released by hSCs might be mediated via this cell
type.
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Figure 9: Neurite outgrowth of primary DRG sensory neurons treated with conditioned medium of hSC cultivated on Perimaix. ((a), (b))
In culture DRG sensory neurons adopt primarily two phenotypes: elongated (a) or arborised (b) [11]. (c) Normal culture medium (negative
control, nC) did not induce neurite outgrowth. (e) hSCs cultivated on Perimaix released soluble factors that induced neurite outgrowth in rat
DRG neurons to a similar extent as when neurons were treated with conditioned medium derived from hSC grown in a normal culture plate,
(positive control pC, (d)).

Future experiments are planned to demonstrate the
cell-cell interactions of hSC within the scaffold in relation to
direct, contact-mediated support of axonal regeneration.

5. Conclusion

Our data demonstrate that hSCs are adhered to and grow
on Perimaix. Cells demonstrated a healthy morphology also
in the center of the scaffold, which was confirmed by low
levels of LDH release into the medium. As such, we can
conclude that the scaffold is able to substantiate a beneficial
environment to these cells.

We did not observe any differences in hSC behavior
between the different prototypes suggesting that all four
investigated prototypes were sufficiently capable of support-
ing hSC adherence and survival. Additionally, conditioned
medium derived from hSCs grown on Perimaix was able to
influence neurite outgrowth, indicating that hSC residing in
a collagen matrix responded by releasing soluble factors that
were beneficial to neurite growth.Thismay have implications
for the clinical application of Perimaix, as it could also serve
as a beneficial environment for nerve resident SC migrating
from the nerve endings into the scaffold to support axonal
regeneration.
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We investigated (a) if activation of the mitogen activated protein kinase (MAPK) pathway was linked to the stress activated protein
kinase (SAPK) pathway and (b) if JNK was required for activation of c-Jun in Schwann cells of rat sciatic nerve following injury. To
this aim, ERK1/2 and the transcription factors c-Jun and ATF-3 were studied by immunohistochemistry in segments of transected
nerves.Weutilized pharmacological inhibitors of both signal transduction pathways in vitro to determine the effects on downstream
signalling events, such as c-Jun activation, and on Schwann cell survival and proliferation. A transection induces c-Jun and ATF-3
transcription in Schwann cells. These events are followed by Schwann cell activation of c-Jun in the injured nerve. The MAPK
inhibitor U0126 blocked ERK1/2 activation and reduced Schwann cell proliferation as well as induction of c-Jun transcription. The
JNK inhibitor SP600125 reduced Schwann cell proliferation, but did not affect the expression of ERK1/2 or injury-induced increases
in c-Jun or ATF-3 levels. Importantly, nerve injury induces Schwann cell activation of c-Jun by phosphorylation, which, in contrast
to in sensory neurons, is JNK independent. MAP kinases, other than JNK, can potentially activate c-Jun in Schwann cells following
injury; information that is crucial to create new nerve reconstruction strategies.

1. Introduction

Nerve injuries are difficult to treat and the outcome of surgery
may be frustrating both for the patient and for the surgeon. In
order to develop new treatment strategies, the understanding
about the delicate mechanisms that orchestrate the nerve
regeneration process has to be deepened and such knowledge
is crucial also for the surgeon that repairs and reconstructs
nerve injuries. Different signalling pathways are activated in
cells after injury with the purpose of initiating the nerve
regeneration process. The mitogen activated protein kinase
(MAPK) ERK1/2 (extracellular signal-related kinase) and
the stress activated protein kinase (SAPK) c-Jun N-terminal
kinase (JNK) are examples of pathways that are activated by
nerve injury in both neurons and Schwann cells (SCs) [1–4].
JNKs are activated most potently by inflammatory cytokines
and a variety of chemical and radiant stress conditions. JNK

is encoded by the JNK1, JNK2, and JNK3 genes [5–8], and ten
different JNK isoforms have been identified [5–7, 9].

Myelinating SCs express the transcription factor c-Jun,
a specific JNK target, following transection of a peripheral
nerve [10]. JNK mediates activation of c-Jun, which is
followed by the nuclear translocation of ATF-3 [11], the
latter being a member of the ATF/CREB subfamily of bZip
transcription factors [12–14]. ATF-3 is induced by various
signals, such as cytokines, nerve growth factor depletion,
and oxidative stress, and the JNK/SAPK pathway plays an
important role in induction of ATF-3 transcription [15].

Others and we have shown that the transcription factor
c-Jun is activated by JNK-mediated phosphorylation and
both c-Jun and ATF-3 are upregulated in neurons and SCs
after nerve injury [12, 14, 16, 17]. In dorsal root ganglia (DRG)
neurons, JNK inhibition blocks c-Jun activation and ATF-3
induction with concomitant inhibition of axonal outgrowth
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[11]. However, the impact of these transcription factors on
SC proliferation and other injury-associated events, such as
survival and cell death, has yet to be investigated. We have,
however, previously shown that ERK1/2 is activated in SC
at the site of a nerve injury. Furthermore, inhibition of the
activation of ERK1/2 significantly reduces the number of
proliferating SCs [18].

In this study, we raised the question of whether ERK1/2
activation could be linked to the SAPK pathway and whether
JNK was required for activation of c-Jun in SCs in a manner
similar to that observed in sensory neurons [11]. We also
wanted to determine the roles of these pathways in SC
survival and proliferation in the injured nerve. In order to
answer these questions, we studied signal transduction in SCs
in response to a nerve injury in the rat sciatic nervewith focus
on the activation and upregulation of signalling molecules
in the MAP- and SAP-kinase pathways. In this context, our
results illustrate that sciatic nerve axotomy triggers a chain
of events. First, c-Jun, which is present in the SC nuclei at
the time of the injury, is activated. Such activation triggers
transcription of the c-Jun and ATF-3 genes, followed by a
second wave of c-Jun activation, where newly transcribed c-
Jun is phosphorylated. The MAPK inhibitor U0126 blocked
ERK1/2 activation and reduced SC proliferation and also the
upregulation of c-Jun. The JNK inhibitor SP600125 reduced
SC proliferation but did not have any effect on ERK1/2, c-
Jun, or ATF-3 induction in the SCs. Knowledge about these
mechanisms is an example of steps in translational research
in nerve injury and repair.

2. Materials and Methods

2.1. Animals. Adult female Sprague-Dawley rats (Mollegaard,
Denmark) were used in all experiments.The ethical commit-
tee on experimental animals in Lund, Sweden, approved the
experimental procedures. The animals were kept on a 12/12 h
light/dark cycle with water and food ad libitum.

2.2. In Vivo Experiments. Rats were anesthetised with an
intraperitoneal (i.p.) injection of 0.25mL mixture of diaz-
epam (5mg/mL) (Alpharma, Denmark), sodium pentobar-
bital (60mg/mL) (Apoteksbolaget, Sweden), and 0.9% NaCl
(2 : 1 : 1 volume proportions). The right sciatic nerve was
exposed at midthigh level and transected, while the con-
tralateral sciatic nerve was exposed but was not transected.
The wounds were closed with sutures and the animals were
allowed to recover for specific periods of time.

All animals were sacrificed by an i.p. overdose of sodium
pentobarbital (60mg/mL) (Apoteksbolaget, Sweden) fol-
lowed by heart puncture.The sciatic nerve was exposed bilat-
erally and segments proximal and distal to the transection
site on the experimental nerve, as well as their contralateral
counterparts, were dissected and fixed in Stefanini’s fixative
(4% paraformaldehyde, 0.03% saturated picric acid in 0.1M
phosphate buffered saline (PBS)), overnight (o.n.).They were
then washed for 3 × 20min in PBS and cryoprotected in 20%
sucrose in PBS overnight. The nerve pieces were frozen in
Tissue-Tek (Sakura, Japan) and sectioned longitudinally on a
cryostat at a thickness of 10 𝜇m. Sections were collected on

Table 1: Primary and secondary antibodies.

Primary antibodies Manufacturer Dilution
Rabbit-anti p-ERK
#9101

Cell Signalling
Technology, USA 1 : 500

Rabbit-anti-c-Jun
#9165

Cell Signalling
Technology, USA 1 : 200

Rabbit-anti-pc-Jun
#9261

Cell Signalling
Technology, USA 1 : 200

Rabbit-anti-ATF-3
sc-188

Santa Cruz
Biotechnology,
USA

1 : 200

Mouse-anti-BrdU
M0744 DAKO, Denmark 1 : 50

Secondary antibodies Manufacturer Dilution
Goat-anti-rabbit AlexaFluor 488
A11034

Molecular Probes,
USA 1 : 500

Goat-anti-mouse AlexaFluor 594
A11032

Molecular Probes,
USA 1 : 320

poly-L-lysine coated microscope slides (Menzel, Germany)
and stored at −20∘C before further processing (see Immuno-
histochemistry).

2.3. In Vitro Experiments: Organotypic Culture of Sciatic Nerve
Segments. Thesciatic nerves on both sideswere dissected and
cut into 4mm long pieces. The pieces were placed in culture
dishes containing serum-free RPMI-1640 medium supple-
mented with penicillin/streptomycin (Invitrogen, UK). The
nerve segments were incubated at 37∘C for specific time
points from 10min to 48 h.

Separate nerve segments were cultured for either 2 h
or 48 h in the presence of the MAPK inhibitor U0126
(Alexis Corporation, USA) or the SAPK inhibitor SP600125
(Calbiochem, Germany) at final concentrations of 5𝜇M and
10 𝜇M, respectively. To verify the specificity of the SAPK
inhibitor, explanted L4 and L5 DRG were cocultured with
the nerve segments for 48 h. To examine SC proliferation,
the thymidine analogue and cell cycle marker bromod-
eoxyuridine (BrdU) (Sigma, Sweden) was added to cultures
at a final concentration of 55 𝜇M after 24 h of culturing.
In these experiments, the preparations were incubated for
an additional 24 h before the nerve pieces were fixed and
sectioned as described above.

2.4. Immunohistochemistry. For immunohistochemical de-
tection, sections were washed for 3 × 5min with PBS (used
for all washing steps) and incubated overnight at 4∘C with
specific antibodies (Table 1). All antibodies were diluted in
PBS containing 0.25% BSA and 0.25% Triton X-100. The
sections were then washed, followed by incubation for 1 h in
room temperature (RT) with secondary antibodies (Table 1).
The sections were then washed again and incubated for
3min with the nuclear counterstain bisbenzimide (1 : 10000
in PBS). Finally, the sections were washed and coverslipped
with PBS/glycerol (1 : 1).



BioMed Research International 3

(a)

c-
Ju

n 
im

m
un

op
os

iti
ve

 n
uc

le
i/

to
ta

l n
um

be
r o

f n
uc

le
i (

%
)

50

40

30

20

10

0
1h 2h 24h 48h

Recovery time after axotomy

∗

∗∗

∗∗∗

∗∗∗
∗∗∗

∗∗∗
∗∗∗

∗

10min 30min 6h

(b)

Figure 1: Induction of c-Jun in the axotomized sciatic nerve. (a) c-Jun immunopositive nuclei in the distal rat sciatic nerve segment in vivo
48 h after axotomy (to the left on the section). Scale bar = 500 𝜇m. (b) c-Jun immunoreactivity 10min to 48 h after axotomy in vivo. The
immunopositive nuclei are expressed as a percentage of the total number of nuclei in the nerve sections. Black bars show contralateral control
nerve segments, white bars show proximal nerve segments, and grey bars show distal nerve segments. Mean values ± SEM, 𝑛 = 5. ∗𝑃 < 0.05,
∗∗

𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

For detection of BrdU, the sections were washed for 3 ×
5min with PBS, incubated for 10min with 0.5% Triton X-
100 in PBS, and washed again and incubated with 2M HCl
for 1 h at 37∘C. After washing and blocking with 0.5% dry-
milk in PBS for 30min, the sectionswere incubated overnight
at 4∘C with a primary mouse-anti-BrdU antibody (DAKO,
Denmark) diluted 1 : 50 in PBS with Triton X-100. After
washing, the sections were incubated for 1 h with a goat-
anti-mouse AlexaFluor 594 antibody (Molecular Probes,
USA) diluted 1 : 320 in PBS with Triton X-100. Nuclei were
counterstained as described above and the sections were
coverslipped in PBS/glycerol (1 : 1). As an example of co-
localization of the different markers, a double staining with
ATF-3 and S-100 was performed as previously described [19].

2.5. Photography and Image Analysis. Images were captured
using an Olympus AX70 fluorescence microscope (Olympus,
Japan) equipped with a Nikon DS-Ri1 camera and the
NIS-Elements BR3.0 image acquisition programme (Nikon,
Japan). The images were converted to 8-bit greyscale TIFF
using Adobe Photoshop 9.0.2 (Adobe, USA) and imported
into ImageJ 1.40 g (a public domain image analysis program
developed at the US National Institutes of Health and avail-
able on the Internet at http://rsb.info.nih.gov/nih-image/).
The ImageJ tool Threshold was used to determine the
immunopositive area of the nerve sections. The image analy-
sis was performed on images captured using the 10x objective.

A region of interest (ROI; 100× 100 pixels) was selected
in the endoneurial area furthest away from the transection
site in order to estimate the background labelling intensity.
To determine immunolabeling, the threshold was then set
to ±3 standard deviations of the background level. The
immunopositive area was then measured on the entire
section and expressed in percent of the total area of the nerve
section. The number of immunopositive and bisbenzimide-
positive nuclei was quantified using the tool ImageJ tool

Particle Analysis, where theminimum andmaximumparticle
sizes were set to 20 and 200 pixels, respectively, using the 10x
objective. In all cases, the number of immunopositive nuclei
is expressed as a percentage of the total number of nuclei in
the sciatic nerve sections.

If not otherwise indicated, a total of five sections per
time point and section site (distal, proximal, and con-
tralateral control; number of nerves = 5) were analysed for
immunoreactivity in vivo and a total of six sections per
time point (number of nerves = 6) were analysed in the in
vitro experiments. In the DRG and control experiments, the
number of specimens analysed was 𝑛 = 3.

2.6. Statistics. Analysis of variance (ANOVA) was used to
determine the significance of the injury-induced immunore-
activity. The Mann-Whitney 𝑈 test (MW) was used to evalu-
ate if there were any significant changes in immunoreactivity
after nerve segment treatment with inhibitors. The software
used for the statistical analyses was StatView 5.0.1 (SAS
Institute Inc., USA).

3. Results

3.1. In Vivo Sciatic Nerve Axotomy

3.1.1. c-Jun. After sciatic nerve axotomy, c-Jun was gradually
upregulated both distal and proximal to the site of transection
(Figures 1(a) and 1(b)). The c-Jun immunoreactivity was
found in SC nuclei throughout the whole nerve segment
section (Figure 1(a)).The increase in c-Jun immunoreactivity
was first visible at 1 h and continued to increase for up to
48 h both distal and proximal to the lesion. At 2 h, the c-
Jun immunoreactivity in the injured nerve was significantly
higher in both the proximal (𝑃 = 0.016) and distal
(𝑃 = 0.022) segments compared to the control nerve. At
48 h, the number of c-Jun positive SC nuclei had increased
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Figure 2: Activation of c-Jun following sciatic nerve axotomy. (a) pc-Jun immunopositive nuclei in the proximal rat sciatic nerve segment in
vivo 2 h after axotomy (to the left on the specimen). Scale bar = 500𝜇m. (b) pc-Jun immunoreactivity 10min to 48 h after axotomy in vivo.
The immunopositive nuclei are expressed as a percentage of the total number of nuclei in the nerve sections. Black bars show contralateral
control nerve sections, white bars show proximal nerve segments, and grey bars show distal nerve segments. Mean values ± SEM, 𝑛 = 5.
∗∗∗

𝑃 < 0.001.
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Figure 3: ATF-3 is upregulated in sciatic nerve Schwann cells following axotomy. (a) ATF-3 immunopositive nuclei in the distal rat sciatic
nerve segment in vivo 48 h after axotomy (to the left on the specimen). Scale bar = 500𝜇m. The insert shows double staining of ATF-3
(green) and S-100 (red); scale bar = 100 𝜇m. (b) ATF-3 immunoreactivity 10min to 48 h after axotomy in vivo. The immunopositive nuclei
are expressed as a percentage of the total number of nuclei in the nerve sections. Black bars show contralateral control nerve segments, white
bars show proximal nerve segments, and grey bars show distal nerve segments. Mean values ± SEM, 𝑛 = 5. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and
∗∗∗

𝑃 < 0.001.

significantly (𝑃 < 0.0001) for both the proximal and distal
sciatic nerve segments as compared to the control.

3.1.2. pc-Jun. The number of pc-Jun immunopositive nuclei
increased as early as 10 minutes after axotomy and continued
to increase for up to 2 h but then decreased again at 6 h
(Figures 2(a) and 2(b)). At 1 h, the increase in immunoreac-
tivity was significant in the distal segment compared to the
control (𝑃 = 0.0004), and at 2 h, both the proximal and distal
segments displayed a significant increase in number of pc-
Jun positive nuclei (𝑃 = 0.0009 and 𝑃 < 0.0001, resp.). At
6 h, there was no significant difference in the number of pc-
Jun immunopositive SC nuclei as compared to in the control
sections, but this was followed by a new increase at 24 h
(𝑃 < 0.0001 for both proximal and distal segments) followed
by another decline at 48 h. At 48 h, however, the number of

immunopositive nuclei in the distal nerve segment was still
significantly higher than in the control nerve (𝑃 = 0.0007).
The pc-Jun immunoreactivity was mainly observed in SC
nuclei in proximity to the transection site, but some positive
nuclei were dispersed along the entire section (Figure 2(a)).

3.1.3. ATF-3. ATF-3 was upregulated in increasing numbers
of SC nuclei following sciatic nerve transection in vivo both
distal and proximal to the transection site (Figures 3(a) and
3(b)). The ATF-3 immunoreactivity was found in SC nuclei,
as indicated by double staining with ATF-3 and S-100 (insert
in Figure 3(a)), throughout the whole nerve section, although
the numbers were at their highest close to the transection site
(Figure 3(a)). The numbers of ATF-3 immunopositive nuclei
had increased significantly in the distal nerve segment at 2 h,
compared to in the control (𝑃 = 0.04), and this increase was
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Figure 4: Induction of c-Jun in Schwann cells in the in vitro cultured sciatic nerve. (a) c-Jun immunopositive areas in the rat sciatic nerve
after 48 h of culturing (edge of nerve to the right). Scale bar = 500 𝜇m. (b) c-Jun immunoreactivity in rat sciatic nerve sections after culturing
for 10min to 48 h in vitro. The immunopositive nuclei are expressed as a percentage of the total number of nuclei in the nerve sections. Mean
values ± SEM, 𝑛 = 6. ∗𝑃 < 0.05, and ∗∗∗𝑃 < 0.001.
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Figure 5: c-Jun in Schwann cells is activated by phosphorylation following in vitro axotomy. (a) pc-Jun immunopositive areas in the rat
sciatic nerve after 6 h of culturing (edge of nerve to the right). Scale bar = 500 𝜇m. (b) pc-Jun immunoreactivity in rat sciatic nerve sections
after culturing for 10min to 48 h in vitro. The immunopositive nuclei are expressed as a percentage of the total number of nuclei in the nerve
sections. Mean values ± SEM, 𝑛 = 6. ∗𝑃 < 0.05, and ∗∗∗𝑃 < 0.001.

continuous from 6 h for up to 48 h both proximal and distal
to the lesion (𝑃 < 0.0001).

3.2. Organotypic Sciatic Nerve Cultures. In order to manipu-
late and control the environment of the injured nerve and to
perform experiments with inhibitors, transected sciatic nerve
pieces were cultured in vitro. We have previously shown that,
with respect to proliferation, SCs respond to these conditions
in the same way as they do following in vivo axotomy [18].
The present experiments confirm and extend those previous
findings.

3.2.1. c-Jun. In cultured pieces of the sciatic nerve, c-Jun was
upregulated in SC nuclei throughout the length of the nerve
section (Figure 4(a)). The c-Jun upregulation became visible
at 30min after dissection and the upregulation increased
continuously for up to 48 h (Figure 4(b)). After 1 h of cultur-
ing, the increase in numbers of c-Jun immunopositive SCs

was significantly higher than in the control nerve section
(𝑃 = 0.011), and after 2 h, the relative number of c-Jun
immunopositive cells had increased 6-fold (𝑃 < 0.0001).

3.2.2. pc-Jun. In cultured sciatic nerve segments, increasing
numbers of SCs displayed pc-Jun immunoreactivity from as
early as 10min after dissection to reach its peak at 6 h (𝑃 =
0.04 for 10min and 𝑃 < 0.0001 for 6 h compared to the
control). This early increase was then followed by a decrease
over the next few hours (𝑃 = 0.024 for the difference in pc-
Jun immunopositive SC nuclei between 6 h and 24 h; Figures
5(a) and 5(b)). However, the number of immunopositive SC
nuclei in the cultured nerve segments, compared to control
sections, was still significant at 24 and 48 h (𝑃 < 0.0001).
No significant difference in the numbers of pc-Jun positive
SC nuclei between 24 and 48 h was however observed (𝑃 =
0.301). The pc-Jun immunoreactivity was found in the SC
nuclei in high numbers close to the transection site and
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Figure 6: ATF-3 is induced in SCs by sciatic nerve axotomy in vitro. (a) ATF-3 immunopositive areas in the rat sciatic nerve after 48 hours
of culturing (edge of nerve to the left). Scale bar = 500 𝜇m. (b) ATF-3 immunoreactivity in rat sciatic nerve sections after culturing for 10min
to 48 h in vitro. The immunopositive nuclei are expressed as a percentage of the total number of nuclei in the nerve sections. Mean values ±
SEM, 𝑛 = 6. ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

in fewer numbers dispersed along the length of the nerve
segment (Figure 5(a)).

3.2.3. ATF-3. ATF-3 was upregulated over time in SC nuclei
throughout the length of the cultured sciatic nerve seg-
ments, although the highest numbers were observed close
to the transection site (Figure 6(a)). The increase in ATF-
3 immunoreactivity was first visible at 1 h after dissection
and then continued for up to 48 h (Figure 6(b)). At 6 h,
the number of ATF-3 immunopositive SCs had increased
significantly as compared to the control (𝑃 < 0.0018) and the
increase was still significant at 24 and 48 h (𝑃 < 0.0001).

3.2.4. Effects of theMAPK Inhibitor. In sciatic nerve segments
that had been treated with the MAPK inhibitor U0126, the
upregulation of c-Jun was significantly reduced (𝑃 = 0.0158),
but this treatment had no inhibitory effect on activation
of c-Jun (i.e., the number of pc-Jun immunopositive SCs)
(Figures 7(a)–7(d)). The phosphorylation of ERK1/2 in the
SC cytoplasm and also BrdU incorporation were blocked by
U0126 (𝑃 = 0.0018 for p-ERK1/2 and 𝑃 = 0.0077 for BrdU)
in accordance with our previous results [18] (Figures 7(e) and
7(g)).

3.2.5. Effects of the SAPK Inhibitor. In the present exper-
iments, SP600125 inhibited SC BrdU incorporation in the
organotypic sciatic nerve cultures (𝑃 = 0.022) (Figure 7(h)).
However, no effect on the immunoreactivity of c-Jun, pc-Jun,
ATF-3, or ERK1/2 in the SCs was observed (Figures 7(a)–
7(f)).

Since these results were very different from previous
experiments on DRG sensory neurons [17], control exper-
iments were made to ensure that the inhibitor was not
defective or improperly handled. Therefore, we co-cultured
nerve segments andDRGand treated themwith the SP600125
inhibitor. In accordance with our previous results, we found
that the SAPK inhibitor had no effect on the activation of

c-Jun (Figures 8(a), 8(b), and 8(e)), or on the upregulation
of ATF-3 (Figures 9(a), 9(b), and 9(e)) in the sciatic nerve
segments. However, in the DRG, both c-Jun activation (Fig-
ures 8(c), 8(d), and 8(f)) and ATF-3 (Figures 9(c), 9(d), and
9(f)) upregulation were reduced (𝑃 = 0.0304 for pc-Jun
and 𝑃 = 0.0093 for ATF-3) in neuronal nuclei, confirming
that the SP600125 inhibitor was working. However, this result
indicated that separate signalling mechanisms are operative
in neurons and Schwann cells following transection of the
sciatic nerve.

4. Discussion

Here we report that a sciatic nerve injury gives rise to c-
Jun activation followed by an upregulation of both c-Jun
and ATF-3 in SCs within the nerve. Interestingly, using
MAPK and SAPK inhibitors, we also demonstrate that c-Jun
activation is JNK independent in the SCs of the rat sciatic
nerve. This novel discovery represents the principal finding
of the present study, which, for the first time, illustrates that
activation of c-Jun is differently regulated in SCs compared to
in DRG sensory neurons.

In DRG neurons, activation of c-Jun and induction of
ATF-3 are events, which are associated with survival and
axonal outgrowth following a peripheral nerve injury [11].
The present study shows that c-Jun activation also occurs in
SCs within the nerve following a sciatic nerve injury and that
this activation is associated with Schwann cell survival and
proliferation. In SCs, we found that c-Junwas upregulated as a
response to nerve injury following sciatic nerve transection in
both in vivo and in vitro cultured nerve segments. Induction
of c-Jun transcription in SCs was, however, preceded by
activation of already existing c-Jun through phosphorylation,
which could be observed in the SC nuclei as early as 10
minutes after the nerve injury. The time course of c-Jun
activation and induction is consistentwith the suggestion that
c-Jun regulates its own transcription [20]. The numbers of
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Figure 7: Inhibition of MAPK and SAPK in the organotypic sciatic nerve cultures. The effect of the MAPK inhibitor U0126 and the SAPK
inhibitor SP600125 on nerve pieces cultured for either 2 h ((a), (b), (c), (d), and (e)) or 48 h ((f), (g), and (h)). The graphs show JNK (a),
p-JNK (b), and p-ERK1/2 (e) immunopositive area and c-Jun (c), pc-Jun (d), and ATF-3 (f) immunopositive nuclei. Error bars = mean values
± SEM, 𝑛 = 6 ((a)–(f)), 𝑛 = 5 ((g) and (h)). ∗𝑃 < 0.05, and ∗∗𝑃 < 0.01.

c-Jun- and pc-Jun-stained SCs were initially, that is, within
2 h, somewhat different. We have no clear explanation, but
the differences were rather small and the extent of SD (i.e.,
SEM in figures) may contribute to the discrepancy and
the explanation. ATF-3 was also rapidly upregulated in the
transected nerve as a response to the injury and was observed
in SC nuclei close to the transection site, but also along
the length of the nerve. We have previously established a
connection between activation of c-Jun and the induction
of ATF-3 in sensory neurons, where ATF-3 is associated
with cell survival and regeneration [17]. In addition, it has
been shown that ATF-3 expression in both SCs and neurons
is important for axonal outgrowth after a peripheral nerve

repair with respect to the timing of such a procedure [21, 22].
Our results therefore further indicate that Schwann cells in
the injured peripheral nerve are involved in the early repair
process, a clinically important aspect.

The possible relationship between the MAPK and SAPK
pathwayswas investigated by the use of inhibitors of these sig-
nalling pathways in vitro. As expected, the ERK1/2 inhibitor
U0126 effectively suppressed ERK1/2 activation and reduced
SC proliferation [18]. Although U0126 had no inhibitory
effect on c-Jun activation, it reduced c-Jun upregulation in
the sciatic nerve, indicating a link between the ERK1/2 and
JNK pathways at the level of SC transcription. The effect on
c-Jun induction is in accordance with the findings of Clerk
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Figure 8: The effect of the SAPK inhibitor SP600125 on c-Jun activation in sciatic nerve segments and in DRGs cultured for 48 h. pc-Jun
immunoreactivity in a nerve piece (edge of nerve segments to the right (a) and left (b)) culturedwithout the inhibitor (a) andwith the inhibitor
(b). pc-Jun immunoreactivity in a DRG cultured without the inhibitor (c) andwith the inhibitor (d).The graphs show pc-Jun immunopositive
SC nuclei as ‰ of the total area of the nerve section (e) and pc-Jun immunopositive nerve cell nuclei as ‰ of the total area of the section of
the DRG (f). Error bars = mean values ± SEM, 𝑛 = 3. ∗𝑃 < 0.05.
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Figure 9: The effect of the SAPK inhibitor SP600125 on ATF-3 upregulation in sciatic nerve segments and DRGs cultured for 48 h. ATF-3
immunoreactivity in a nerve piece (edge of nerve segments to the right) cultured without the inhibitor (a) and with the inhibitor (b). ATF-3
immunoreactivity in a DRG cultured without the inhibitor (c) and with the inhibitor (d). The graphs show ATF-3 immunopositive SC nuclei
as ‰ of the total area of the nerve section (e) and pc-Jun immunopositive nerve cell nuclei as ‰ of the total area of the section of the DRG
(f). Error bars = mean values ± SEM, 𝑛 = 3. ∗∗𝑃 < 0.01.
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et al. [23, 24], who demonstrated that ERK1/2 is involved in
the upregulation of c-Jun in cardiac myocytes. A coupling
between ERK1/2 and c-Jun is also indicated by the findings
that c-Jun activation in the transected sciatic nerve exhibited
a biphasic response, that is, the same pattern as that of ERK1/2
activation in our previous study [18].

The JNK inhibitor SP600125 inhibited SC proliferation
in the transected sciatic nerve, lending additional evidence
to the suggestion that the JNK pathway is involved in the
regulation of SC proliferation. We believe this to be a very
interesting result, which, however, requires further investiga-
tion. Although the SP600125 inhibitor efficiently suppresses
activation of c-Jun and the upregulation of ATF-3 in sensory
neurons [11], it did not inhibit neither c-Jun activation nor
ATF-3 upregulation in SCs. Thus, there is a major difference
between neurons and SCs following nerve injury with respect
to regulation of c-Jun activation and the upregulation of ATF-
3. These results further corroborate the suggestion that MAP
kinases other than JNK have the potential to activate c-Jun
in glial cells. Therefore, we suggest that a JNK-independent
activation of c-Jun occurs in Schwann cells following a
peripheral nerve injury. Such JNK-independent activation of
c-Jun has also been demonstrated in sympathetic neurons
[25], supporting our observations in SCs in the sciatic nerve.

Taken together, we interpret these results that sciatic
nerve SCs respond to nerve transection by activation of c-
Jun followed by transcription of the c-Jun and ATF-3 genes.
Activation of both MAPK and SAPK pathways in response
to nerve injury could therefore be linked to Schwann cell
proliferation. In addition, this would also support the theory
that the SAPK pathway is linked to Schwann cell survival, as
without survival, there would not be any proliferation and
thus a possibility of an impaired axonal outgrowth.

5. Clinical Implications and Conclusions

The complex signal transduction pathways initiated in cells
after a peripheral nerve injury and the interplay between
neurons and SCs following such an injury pose a fundamental
challenge for research on peripheral nerve injury and repair.
One of these challenges is the significant aspect on timing
of the nerve repair, which is illustrated by the present and
other similar studies showing a dynamic activation in the
SCs and neurons. Although mechanisms of the inherent
regenerative properties of DRG sensory neurons are pivotal,
it is imperative to also study other aspects of injury-induced
mechanisms to gain further understanding of other cell types
and signalling mechanisms that are involved in peripheral
nerve regeneration. The major and novel finding of the
present study is the differential regulation of c-Jun activation
in SCs of the rat sciatic nerve compared to what has been
previously described for DRG sensory neurons. It has been
previously discussed that the SAPK signalling pathway could
be a potential therapeutic target in peripheral nerve injury
and repair due to its response to a wide range of cellular
stresses as well as in response to inflammatory mediators,
which are also involved in a nerve injury. Furthermore,
the latter statement may be relevant in conditions where

the nervous system is affected by a disease, such as diabetes,
where also an additional nerve injury may be present. This is
of crucial importance in view of the expected global increase
in diabetes. Complications in the peripheral nervous system
are common in diabetes, that is, diabetic neuropathy. An
aberrant activation in the SAPK signaling pathway may have
implication in normal aging and particularly for the devel-
opment of Alzheimer’s disease [26]. In conclusion, a detailed
description and understanding of the delicate mechanisms,
such as alterations in the signal transduction pathways after
nerve injury, behind survival and proliferation in SCs, and
the switch into a regenerative state in neurons is an essential
part in our efforts to improve the outcome of nerve repair
and reconstruction after a nerve injury. The present data
may be another small piece of knowledge in the complicated
puzzle that we have to create to solve the clinical problem
with an insufficient outcome after nerve injury and repair and
reconstruction; thus, a true translational research.
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[18] L.Mårtensson, P. Gustavsson, L. B. Dahlin, andM. Kanje, “Acti-
vation of extracellular-signal-regulated kinase-1/2 precedes and
is required for injury-induced Schwann cell proliferation,”
NeuroReport, vol. 18, no. 10, pp. 957–961, 2007.

[19] Y. Tsuda, M. Kanje, and L. B. Dahlin, “Axonal outgrowth is
associated with increased ERK 1/2 activation but decreased
caspase 3 linked cell death in Schwann cells after immediate
nerve repair in rats,” BMC Neuroscience, vol. 12, article 12, 2011.

[20] J. Ham, A. Eilers, J. Whitfield, S. J. Neame, and B. Shah, “c-Jun
and the transcriptional control of neuronal apoptosis,”Biochem-
ical Pharmacology, vol. 60, no. 8, pp. 1015–1021, 2000.

[21] K. Kataoka,M. Kanje, and L. B. Dahlin, “Induction of activating
transcription factor 3 after different sciatic nerve injuries in
adult rats,” Scandinavian Journal of Plastic and Reconstructive
Surgery and Hand Surgery, vol. 41, no. 4, pp. 158–166, 2007.

[22] H. Saito and L. B. Dahlin, “Expression of ATF3 and axonal
outgrowth are impaired after delayed nerve repair,” BMC Neu-
roscience, vol. 9, article 88, 2008.

[23] A. Clerk, J. G. Harrison, C. S. Long, and P. H. Sugden, “Pro-
inflammatory cytokines stimulate mitogen-activated protein
kinase subfamilies, increase phosphorylation of c-Jun andATF2
and upregulate c-Jun protein in neonatal rat ventricular
myocytes,” Journal of Molecular and Cellular Cardiology, vol. 31,
no. 12, pp. 2087–2099, 1999.

[24] A. Clerk, T. J. Kemp, J. G. Harrison, A. J. Mullen, P. J. R.
Barton, and P. H. Sugden, “Up-regulation of c-jun mRNA
in cardiac myocytes requires the extracellular signal-regulated
kinase cascade, but c-Jun N-terminal kinases are required for
efficient up-regulation of c-Jun protein,” Biochemical Journal,
vol. 368, no. 1, pp. 101–110, 2002.

[25] C. G. Besirli and E. M. Johnson Jr., “JNK-independent activa-
tion of c-Jun during neuronal apoptosis induced by multiple
DNA-damaging agents,” The Journal of Biological Chemistry,
vol. 278, no. 25, pp. 22357–22366, 2003.

[26] S. Mehan, H.Meena, D. Sharma, and R. Sankhla, “JNK: a stress-
activated protein kinase therapeutic strategies and involvement
in Alzheimer’s and various neurodegenerative abnormalities,”
Journal of Molecular Neuroscience, vol. 43, no. 3, pp. 376–390,
2011.



Research Article
Inflammatory Profiling of Schwann Cells in Contact with
Growing Axons Distal to Nerve Injury

Petr Dubový, Ilona Klusáková, and Ivana Hradilová SvíDenská

Department of Anatomy, Division of Neuroanatomy, Medical Faculty and Central European Institute of Technology (CEITEC),
Masaryk University, 625 00 Brno, Czech Republic

Correspondence should be addressed to Petr Dubový; pdubovy@med.muni.cz
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Activated Schwann cells distal to nerve injury upregulate inflammatory mediators, including cytokines. The goal of the present
study was to investigate expression of proinflammatory (IL-1𝛽, TNF𝛼) and anti-inflammatory cytokines (IL-4, IL-10) in activated
Schwann cells in relation to growing axons distal to crush injury of rat sciatic nerves. Seven days from sciatic nerve crush, transverse
cryostat sections were cut 5 mm distal to lesion and incubated for double immunostaining to indicate Schwann cells (GFAP
or S100b) and individual investigated cytokines or to demonstrate growing axons (GAP43). The Schwann cells of naı̈ve sciatic
nerves and those removed from sham-operated rats displayed similar weak immunoreactivity for the investigated cytokines. In
contrast, increased intensity of cytokine immunofluorescence was found in Schwann cells distal to crush lesion. The cytokine-
positive Schwann cells were found in close contact with growing axons detected by immunostaining for GAP43. The results
of immunohistochemical analysis distal to nerve crush injury suggest that inflammatory profiling of Schwann cells including
upregulation of both pro- and anti-inflammatory cytokines does not prevent growth of axons distal to nerve crush injury.

1. Introduction

Inflammation is a response of the innate immune system to
protect and defend the body after bacterial or viral invasions
and tissue damage. The inflammatory response is orches-
trated by the mobilization and interaction of several cell
types and signaling molecules, thereby producing a response
that is both local and systemic. Inflammatory response not
only eliminates impaired cells and invading pathogens, but it
also actively promotes wound healing. However, progressive
and/or chronic inflammatory reaction can result in a failure
to remove or resolve the initiating insult or in a dysreg-
ulated injury response that impairs tissue recovery [1]. In
contrast to inflammation in other tissues, where immune
cells are the main source of inflammatory mediators, the
principle cells of the nervous system—neurons and activated
glial cells—contribute significantly to neuroinflammatory
reactions. Nervous system injuries induce upregulation of
inflammatory mediators like cytokines in the neurons as well
as glial cells of the central and peripheral nervous systems

[2, 3]. Many studies have been directed to investigating
the detrimental effects of neuroinflammation after nerve
injury, including neurodegeneration or neuropathic pain
induction [4, 5], but little is known about the beneficial effects
of neuroinflammatory mediators.

Wallerian degeneration is a cascade of stereotypical cel-
lular and molecular events distal to injury of nerve fibers
and is considered to be a sort of innate immune reaction
or neuroinflammation. The cellular events comprise inflam-
matory activation of Schwann cells and invasion of various
types of immune cells, including macrophages, that produce
cytokines and chemokines. It is well known that proinflam-
matory cytokines and chemokines play key roles during
the early phase of Wallerian degeneration in managing the
invasion of macrophages and cleaning of the myelin debris
[6, 7] and that they contribute indirectly to axon regeneration.
Recently, only studies directed to neuropoietic cytokines
provide evidence about the direct effects of cytokines on
activating the intrinsic capacity of the neurons to regenerate
their axons or overcome external inhibitory cues [8].
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Little is known, however, about the beneficial effects
of pro- and anti-inflammatory cytokines upregulated by
activated Schwann cells upon axonal growth distal to nerve
injury. The goal of the present study was to investigate
expression of proinflammatory (IL-1𝛽, TNF𝛼) and anti-
inflammatory cytokines (IL-4, IL-10) in activated Schwann
cells in relation to growing axons distal to crush injury of rat
sciatic nerves.

2. Materials and Methods

2.1. Animals and Surgical Procedures. Eighteen pathogen-free
Wistar rats (male, 250–300 g) used for the experiments were
housed on a 12 h light/dark cycle at 22–24∘C under specific
pathogen-free conditions in the animal housing area of the
Masaryk University. Sterilized standard rodent food and
water were available ad libitum. All surgical procedures were
carried out under deep anesthesia induced through amixture
of ketamine (40mg/kg) and xylazine (4mg/kg) and sterile
conditions. All surgery was conducted by the same person
according to protocols approved by the Animal Investigation
Committee of the Faculty ofMedicine, Brno, Czech Republic.

To create the nerve injury, the right sciatic nerve was
exposed at the level of the midthigh by blunt dissection just
proximal to its trifurcation. The nerve crush injury (𝑛 = 6)
was carried out using a No. 5 jeweler’s forceps to clamp the
nerve for 30 s. Animals operated on to create nerve crush
were left to survive for 7 d. Intact rats (𝑛 = 6) were used as
näıve control, and the right sciatic nerves of sham-operated
rats (𝑛 = 6) were exposed only without nerve injury.

2.2. Sections and Immunohistochemical Staining. Nerve sam-
ples were removed from rats perfused transcardially with
Zamboni’s fixative. The distal nerve segments were harvested
5mm from injury point and corresponding nerve samples
were also removed from the sciatic nerve of näıve and sham-
operated rats.

Cryostat sections (12 𝜇m) cut transversally through näıve,
sham-, and crush-operated sciatic nerves were immunos-
tained for IL-1𝛽, TNF𝛼, IL-4, and IL-10 under identical
conditions. A part of the nerve sections distal to lesion was
double immunostained for S100b or GFAP to detect Schwann
cells and GAP-43 to indicate regrowing axons. The sections
were incubated with a mixture (1 : 1) of antibody against the
detected molecule and antibodies for immunostaining of
Schwann cells or growing axons of a different host animal
(Table 1). A mixture (1 : 1) of affinity purified TRITC- or
Alexa 350-conjugated donkey anti-rabbit and TRITC- or
FITC-conjugated donkey anti-mouse secondary antibodies
was applied with a final dilution of 1 : 100 at room temper-
ature for 90min. The control sections were incubated while
omitting the primary antibodies. Immunostained sections
were rinsed andmounted in a Vectashield aqueousmounting
medium (Vector Laboratories Inc., Burlingame, CA, USA)
and analyzed using a Leica DMLB epifluorescence micro-
scope equipped with appropriate filter combinations and a
Leica DFC-480 camera (Leica MicrosystemsWetzlar GmbH,
Germany).

Table 1: Primary antibodies used for immunofluorescence detec-
tion of cytokines, Schwann cells, and growing axons.

Antibody Source Product Dilution
IL-1𝛽 mAb Mouse Serotec 1 : 100
IL-4 pAb Rabbit Santa Cruz 1 : 100
IL-10 pAb Rabbit Serotec 1 : 500
TNF𝛼 pAb Rabbit Abcam 1 : 1000
S100 mAb Mouse Sigma 1 : 500
GFAP pAb Rabbit Dako 1 : 250
GAP43 mAb Mouse Abcam 1 : 500
GAP43 pAb Rabbit MyBioSource 1 : 500
Monoclonal (mAb), polyclonal (pAb) antibody.

3. Results

Cryostat cross sections through the sciatic nerves from
näıve or sham-operated rats displayed very low intensity
of immunofluorescence for IL-1𝛽, TNF𝛼, IL-4, and IL-10.
In contrast, an increased intensity of immunostaining was
detected in sections cut distal to nerve crush for 7 d. A robust
increase of immunofluorescence intensity was detected for
IL-1𝛽, TNF𝛼, and IL-10, but only moderate elevation was
observed after IL-4 immunostaining when sections were
incubated under the same conditions (Figures 1(a)–1(c), 2(a)–
2(c), 3(a)–3(c), and 4(a)–4(c)).

In addition to activated ED-1+ macrophages and other
immune cells that invaded distal nerve stumps (data not
shown), immunostaining for the investigated cytokines
was observed in ring-shaped cells or in patches. Dou-
ble immunostaining with S100b or GFAP revealed the
immunopositivity to be related to Schwann cells (Figures
1(d)–1(f), 2(d)–2(f), 3(d)–3(f), and 4(d)–4(f)). The results
indicated that both proinflammatory (IL-1𝛽, TNF𝛼) and
anti-inflammatory (IL-4, IL-10) cytokines are dominantly
expressed by activated Schwann cells. The growing axons
visualized by immunostaining for GAP43 were frequently
observed in close contact with Schwann cells which displayed
simultaneously immune reactions for IL-1𝛽, TNF𝛼, IL-4,
or IL-10. In some cases, the GAP43+ axonal sprouts were
completely enveloped by cells with immunopositivity for
cytokines (Figures 1(g)–1(i), 2(g)–2(i), 3(g)–3(i), and 4(g)–
4(i)).

Our results have shown that nerve crush injury for 7 d
induced a higher intensity of immunostaining for proin-
flammatory (IL-1𝛽, TNF𝛼) and anti-inflammatory (IL-4, IL-
10) cytokines when compared with sections through the
sciatic nerves from näıve or sham-operated rats. Strong
increase of immunofluorescence intensity distal to crush
injury was found for IL-1𝛽, TNF𝛼, and IL-10 while only
moderate intensity was observed for IL-4 immunoreaction.
Double immunostaining revealed that both proinflammatory
and anti-inflammatory cytokines were produced not only by
resident and recruited immune cells but also by Schwann cells
5mm distal to nerve crush injury.
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Figure 1: Cryostat cross sections through naı̈ve rat sciatic nerve (a), after shamoperation (b), and distal to crush for 7 d (c) immunostained for
IL-1𝛽 revealed robust increase of immunofluorescence distal to nerve injury. Increased IL-1𝛽 immunofluorescence was found dominantly in
Schwann cells detected by colocalization with GFAP (arrowheads, (d)–(f)). Growing axons and sprouts immunostained with GAP43 (arrows)
were found in close contact with Schwann cells decorated by IL-1𝛽 immunostaining (arrowheads) ((g)–(i)). Scale bars for (a)–(c) = 20𝜇m,
for (d)–(i) = 5 𝜇m.

4. Discussion

It is well known that synthesis of proinflammatory and
anti-inflammatory cytokines is increased distal to nerve
injury [9, 10]. Most cytokines are upregulated in the distal
stump of injured nerve in two or three waves. The upreg-
ulation of cytokines by activated Schwann cells during the
early phase of Wallerian degeneration (1–3 days after nerve
crush) is implicated predominantly in myelin destruction
and recruitment of hematogenous macrophages [6, 7, 11].
This early peak is followed by a second, later phase of
increased cytokine expression [9, 10]. A second phase of IL-
1𝛽, TNF𝛼 and IL-10 upregulation [12, 13] and period of axon
growth [14] occur within 7 days after nerve crush injury.
Our immunofluorescence staining results have shown that,
in addition to invaded macrophages and other immune cells
[15–17], Schwann cells constitute another robust source of

both pro- and anti-inflammatory cytokines distal to nerve
crush injury for 7 d. In addition, double immunostaining
revealed thatGAP43+ growing axons are in close contactwith
Schwann cells strongly decorated by immunofluorescence
for IL-1𝛽, TNF𝛼, IL-4, and IL-10 (Figures 1(d)–1(i), 2(d)–
2(i), 3(d)–3(i), and 4(d)–4(i)). Tissue and peripheral nerve
injury lead to systemic and local inflammatory reaction that
is accompanied by elevated levels of mediators, including
proinflammatory cytokines like IL-1𝛽, IL-6, and TNF𝛼 [18,
19]. However, sections of the sciatic nerves from näıve and
sham-operated rats incubated under the same condition dis-
played very similar intensity of immunofluorescence for the
investigated cytokines (Figures 1(a), 1(b), 2(a), 2(b), 3(a), 3(b),
and 4(a), 4(b)). This indicates no significant effect of surgical
treatment (skin incision, tear of muscle) on local expression
of cytokines in the sciatic nerve of our experimental animals.
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Figure 2: Representative cryostat sections through naı̈ve rat sciatic nerve (a), after sham operation (b), and distal to crush for 7 d (c)
immunostained for TNF𝛼 demonstrated strong increase of immunofluorescence intensity distal to nerve crush. Immunofluorescence staining
for TNF𝛼 protein was observed in Schwann cells detected by colocalization with S100b immunostaining (arrowheads, (d)–(f)).Many growing
axons immunostained for GAP43 (arrows) were closely related to Schwann cells decorated by TNF𝛼 immunostaining (arrowheads) ((g)–(i)).
Scale bars for (a)–(c) = 80𝜇m, for (d)–(i) = 10𝜇m.

Published results regarding cytokine effects upon axon
regeneration are frequently controversial, because cytokines,
like inflammation itself, constitute a so-called “double-edged
sword” with respect to nerve regeneration. These opposing
effects are related to the degree and timing of inflamma-
tory reactions in severed nerve. A beneficial effect of local
inflammation upon axon regeneration probably depends
upon orchestrated production and control of cytokine levels.
Our results of double immunostaining for cytokines and
GAP43 indicate that inflammatory profiling of Schwann
cells, expressed by upregulation of proinflammatory and anti-
inflammatory cytokines, does not prevent growth of axons
distal to nerve crush injury. This suggests that proinflamma-
tory cytokines have a role not only during the early phase
of Wallerian degeneration but also at later periods of time
after nerve lesion when axons regenerate. A beneficial effect
of local upregulation of proinflammatory cytokines distal

to nerve injury upon axon regeneration may occur either
in synergy with neurotrophins [20] or, if their detrimental
effects are overcome, by axon promoting agents. In addition,
this may depend upon orchestrated production of anti-
inflammatory cytokines (IL-4, IL-10) that are able to control
levels of proinflammatory cytokines. Chronic overproduc-
tion of cytokines after traumatic nerve injury or other
nerve diseases has been implicated in conditions inducing
neuropathic pain [21]. However, optimal levels of cytokines
and the mechanisms of their balance to achieve beneficial
effects in lesioned peripheral nerve are still unknown.

Although proinflammatory cytokines are mostly consid-
ered to be molecules with detrimental effect on axon growth,
some in vitro and in vivo results have been accumulated to
support the implication of individual cytokines in promoting
axon growth after nerve injury. Increased expression of IL-1𝛽
is present in the immature Schwann cells of the distal nerve
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Figure 3: Cryostat sections through the sciatic nerve of naı̈ve rat (a), after sham operation (b), and distal to sciatic nerve crush for 7 d
(c) immunostained for IL-4. The sections of naive and sham-operated sciatic nerve displayed very weak immunofluorescence for IL-4, but
moderate intensity of IL-4 immunofluorescence was observed distal to nerve crush injury. Schwann cells immunodetected byGFAP displayed
also immunostaining for IL-4 at higher power magnification (arrowheads, (d)–(f)). Growing GAP43+ axons (arrows) were found in close
contact with IL4+ Schwann cells (arrowheads) ((g)–(i)). Scale bars for (a)–(c) = 80𝜇m, for (d)–(f) = 15 𝜇m, for (g)–(i) = 5 𝜇m.

stump in the early stage of Wallerian degeneration, and
this disappears thereafter when Schwann cells begin their
remyelination [10]. IL-1𝛽 regulates synthesis of nerve growth
factor (NGF) by Schwann cells and fibroblasts [22, 23] and,
together with neurotrophin-3, it synergistically promotes
neurite growth [24]. Moreover, this cytokine is able to
overcome MAG-induced RhoA activation and axon growth
inhibition to promote sensory axon outgrowth under in vitro
and in vivo conditions [25, 26].

Controversial results also have been published about
direct effects of TNF𝛼 upon axon growth during peripheral
nerve regeneration. While TNF𝛼 may promote motor func-
tional recovery after crushing of peripheral nerve [27], it
also has been found that systemic and local administration
of the TNF𝛼 antagonist etanercept enhanced the rate of
axonal regeneration [28].While there are also results showing
that TNF𝛼 reduces neurite sprouting [29], a recent paper by

Saleh and coworkers [30] proved an increased branching of
primary sensory neurons after application of TNF𝛼 through
an NF-𝜅B-dependent pathway.

In summary, there is a growing body of evidence that
IL-1𝛽 and TNF𝛼 in optimal concentrations are important
for stimulation of axonal growth and recovery of functional
innervation after nerve injury and that neutralization of these
proinflammatory cytokines most likely impairs peripheral
nerve regeneration [12].

IL-4 and IL-10 are prototypical anti-inflammatory
cytokines that modulate expression of proinflammatory
cytokines and have pivotal importance in axon plasticity and
outgrowth [31]. IL-4 modulates macrophage activity through
globally suppressing proinflammatory cytokines, but nothing
is known about its upregulation in activated Schwann cells
distal to nerve injury. It has been demonstrated by in vitro
culture experiments that axonal growth of the primary
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Figure 4: Cryostat sections through naı̈ve rat sciatic nerve (a), after sham operation (b), and distal to crush for 7 d (c) illustrate robust
increase of IL-10 immunofluorescence distal to nerve crush injury. Increased IL-10 immunofluorescence was found in GFAP+ Schwann cells
(arrowheads, (d)–(f)). Many growing axons immunostained for GAP43 (arrows) were in close contact with Schwann cells immunopositive
for IL-10 (arrowheads) ((g)–(i)). Scale bars for (a)–(c) = 40 𝜇m, for (d)–(i) = 10𝜇m.

sensory neurons can be stimulated by IL-4 in combination
with NT-4 [20]. This suggests that IL-4 produced by
immune and Schwann cells may stimulate axonal growth in
synergy with local secretion of neurotrophins. Expression
of IL-10 after nerve injury is an interesting subject, because
it attenuates production of proinflammatory cytokines
IL-1𝛽 and TNF𝛼. Significant increase of IL-10 and IL-10-
immunopositive cells has been observed 7 d after nerve
injury [13, 32]. Thus, IL-10 may promote axonal regeneration
by inhibiting overproduction of proinflammatory cytokines.

5. Conclusions

In contrast to intact nerve, Schwann cells distal to crushed
sciatic nerve displayed increased immunostaining for
proinflammatory (IL-1𝛽, TNF𝛼) and anti-inflammatory
(IL-4, IL-10) cytokines 7 d after nerve lesion. The cytokine-
positive Schwann cells were in close contact with growing

GAP43-positive axons.The results suggest that a concomitant
induction of proinflammatory and anti-inflammatory
cytokines may maintain a balance in the inflammatory
reaction of Schwann cells and their involvement in promoting
axonal growth.
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Multiple nerve branches were created during the regeneration procedure after a nerve injury and such multiple branches are
suggested to be used to control, for example, prosthesis with many degrees of freedom. Transected rat sciatic nerve stumps were
inserted into a nine mm long silicone tube, which contained four, five mm long, smaller tubes, thus leaving a five mm gap for
regenerating nerve fibers. Six weeks later, several new nerve structures were formed not only in the four smaller tubes, but also in
the spaces in-between.The 7–9 new continuous nerve structures, which were isolated as individual free nerves after removal of the
tubes, were delineated by a perineurium and contained both myelinated and unmyelinated nerve fibers as well as blood vessels.
Stimulation of the proximal nerve elicited contractions in distal muscles. Thin metal electrodes, inserted initially into the smaller
tubes in some experiments, became embedded in the new nerve structures and when stimulated contractions of the distal muscles
were observed. The “tubes within a tube” technique, creating multiple new nerves from a single “mother” nerve, can be used to
record multiple signals for prosthetic device control or as sources for supply of multiple denervated targets.

1. Introduction

The clinical treatment of nerve injuries is complex and the
outcome depends on a variety of factors; one of them is
performing an optimal reconstruction of the severed nerve
trunk. In some of these situations,multiplication of the proxi-
mal nerve trunkwould be advantageous, like in encountering
extensive traumatic brachial plexus injuries and/or when
multiple targets, supplied by a single nerve, are denervated, as
well as when multiple signals for prosthetic arm/hand device
control are required.

An artificial limb, in particular arm/hand prosthesis,
must be endowed with several motors for the control of the
movements of individual fingers, the wrist, the elbow, and
the shoulder [1]. Today, there are robot hands existing with
16–24 degrees of freedom of movement (DOF) [2–7], which
are values close to the 21 DOF of the human hand [2]. It is
difficult to obtain a sufficient number of nerve signals to run
such a complicated prosthesis. Moreover, there are around
17000 receptors in a human hand, so if sensory feedback is

considered, the number of required contact points increases
dramatically. A solution for motor control of an advanced
prosthesis could be implantable electrodes with high spatial
resolution, which via telemetry could be used to control the
artificial limb. Electrode arrays with up to 100 electrodes have
been used for recordings in peripheral nerves [8]. External
electrodes, picking up myoelectrical (EMG) signals, can also
be utilized, but again the numbers of signals are limited.There
are also problems with the attachments of the electrodes to
the skin. Still, it has been demonstrated that EMG signals can
be used to control a hand prosthesis with several degrees of
freedom [9, 10].

For invasive electrodes, one possibility would be to
increase the number of fascicles in a severed nerve. Assume
that a nerve can be divided into two, three, or more parts.
Then, one would be able to selectively address two, three,
or more individual nerve trunks or even fascicles. We
hypothesize that splitting of a nerve into multiple parts can
offer a solution to increase the number of signals required
for an advanced arm/hand prosthesis. Interestingly, it has
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(a) (b)

(c) (d)
Figure 1: Four, fivemm long, small diameter tubes were inserted into a ninemm long large diameter silicon tube ((a) and (b)). Two constructs
were made: one without ((a) and (c)) and one with electrodes ((b) and (d)). In the latter case, a long silicone catheter was attached to the
“tubes within a tube” chamber resulting in T-shaped chamber. The long tube housed the approximately 4 cm long Pt/Ir electrodes, which
ended inside two of the smaller tubes. Figure 1(c) shows the catheter with the electrode wires before it is glued to the “tubes within a tube”
chamber. Figure 1(d) shows the T-tube construct in situ. The long catheter containing the electrode leads was positioned in a pocket made
subcutaneously before the wounds were closed by Agraff clips.

been demonstrated that a severed nerve can be redirected
to several new muscles, thus creating a platform for EMG
control of a prosthetic device [11–13]. This technique is
referred to as targeted reinnervation [14] and it can also be
used for sensory feedback.

If the continuity of a peripheral nerve is disrupted, then
it too can be repaired by joining the severed ends via a tube
[15–18]. A new nerve trunk forms in the tube and nerve fibers
grow from the proximal to the distal nerve within a fewweeks
depending on the distance between the nerve ends.

In the present study, we tested if smaller tubes, inserted
within a larger tube, could be used to create multiple new
nerves or “fascicles,” thus offering the possibility to obtain
multiple signals from one and the same nerve. Such a
“Matruschka” or Russian doll approach could be used for
bidirectional interfacing of a nerve or as a supply for mul-
tiple denervated end organs as in traumatic brachial plexus
injuries. To test this possibility, we repaired the rat sciatic
nerve by one large tube containing four smaller ones. This

setting resulted in the formation of up to nine new fascicles
(i.e., minor nerve trunks), each of which was surrounded by
a perineurial-like structure. We could also show that these
new nerves could be stimulated to inducemuscle contraction
distal to the site of nerve reconstruction.

2. Materials and Methods

2.1. Tubes with Multitubes. Two variations of silicone tubes
were used: one without (Figures 1(a) and 1(c)) and one with
electrodes (Figures 1(b) and 1(d)). In the former construct, the
outer tube was nine mm long and with an outer diameter of
three mm and inner diameter of two mm. In this tube, four,
five mm long, tubes, with an outer diameter of 0.8mm and
inner diameter of 0.5mm,were inserted. For nerves receiving
electrodes, the same basic design was used, but now a longer
tube was attached to the outer chamber in a T-like manner
to host the electrode connections (Figures 1(b) and 1(d)). In
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Figure 2: Large picture: needles (0.4mm) contacting electrode leads
for stimulation via the Pt/Ir electrodes in the smaller tubes. Upper
insert: stimulator delivering rectangular pulses of 1ms duration at
10Hz and different amplitudes (0.1–1 V). Lower insert: electrodes
needles (0.7mm) for stimulation of the sciatic nerve proximal to the
tube repair site.

this paradigm, two of the four inner tubes were endowedwith
30 𝜇m thick (5𝜇m isolation, 25𝜇m conductor) Pt (90)/Ir (10)
electrodes (Goodfellow, England).The isolationwas removed
from 3mm of the electrode within the small tubes.

2.2. Animals and Surgical Procedures. Female Sprague-
Dawley rats, weighing around 200 g, were used. The Ethical
Committee at Lund University, Sweden, approved the study.
A total of 10 rats were used. Four of these received implanted
electrodes. The animals were anesthetized using a mixture
of diazepam and pentobarbital as described [19] and the
sciatic nerve was exposed in the thigh region. The nerve
was transected and the above-described tubes were used to
join the severed ends of the sciatic nerve. The nerve stumps
were inserted two mm into the larger tube and secured with
single sutures. The wounds were closed and the animals were
allowed to recover for six weeks.

2.3. Evaluations

2.3.1. Electrophysiology. At the day of evaluation, the animals
were reanesthetized and the tube, with the attached sciatic
nerve, was exposed. Needle electrodes were used for stimu-
lation, providing square pulses of 10Hz, 1ms duration with
an amplitude of 0.2 V to 1 V. The stimulation was delivered
either proximal to the chamber or via the leads to the internal
electrodes of the smaller tubes (Figure 2). Visual observation
of flexion of the foot or contraction distal to the site of repair
at a frequency of the stimulation, that is, 10Hz, would signify
that axons had regenerated through the tubes into the distal
muscles. In some experiments, the undamaged contralateral
sciatic nerves were exposed to determine the threshold for
muscle contraction.

2.3.2. Morphology. Following stimulation, the nerve and the
tube were removed and placed in Stefanini’s fixative. The
tubes were longitudinally sliced to facilitate penetration of
the fixative. After overnight fixation the preparations were

(a)

(b)

Figure 3: (a) Macroscopic image of a tube at six weeks in situ.
(b) Tube construct removed from the animal. Nerve structures
with blood vessels are visible within three of the smaller tubes
(arrowheads).

washed, cryoprotected in PBS, containing 20% sucrose, and
sectioned in a cryostat. The sections (10 𝜇m) were either
processed for conventional histology, using toluidine blue,
or stained by immunocytochemistry for neurofilaments to
visualize axons. The primary antibody (dilution 1/200) used
was a rabbit anti-Neurofilament M (145 kD; polyclonal;
Chemicon/Millipore, Germany), which has a high specificity,
followed by a goat anti-rabbit Alexa 488 antibody (Molecular
probes, USA). Counterstaining with bisbenzimide was used
to visualize nuclei in the sections. The procedure has been
described in detail elsewhere [19].

3. Results

3.1. Electrophysiology. Four individual rats were stimulated
proximal to the site of tube repair. All rats showed con-
traction of muscles distal to the tube. Stimulation through
the electrodes embedded in the chamber with an elicited
muscle response was successful in three out of four cases.
A stimulation amplitude of 0.3 V and 1ms duration was
sufficient to cause contractions (film sequence reference).
Stimulation of the contralateral uninjured sciatic nerve
required between 0.2 V and 0.25V at 1ms duration to induce
muscle contraction visible by the naked eye.

3.2. Morphology. Structures had been formed within the
tubes joining the two cut ends of the sciatic nerve (Figure 3).
Removal of the outer and inner tubes showed that there were
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Figure 4: Dissected preparation. The large and smaller tubes have
been removed and the new nerve structures lay bare. Eight new
nerve structures are visible.

a total of seven to nine new small nerve trunks in the tube
within tube chamber (Figures 4 and 5). After sectioning, the
new nerves could be studied in the light microscope. The
nerve structure was either round or irregular depending on
if they were formed within a tube or formed within an area
between the tubes. A perineurium-like sheath surrounded
the small nerve trunks (Figure 6(a)). In the endoneurium,
blood vessels and myelinated axons were readily observable.
Immunostaining for neurofilaments showed that there were
also unmyelinated fibers in the endoneurium of the individ-
ual new small nerve trunks (Figure 6(b)). The counterstain-
ing with bisbenzimide for nuclei identification revealed an
apparent normal distribution of perineurial nuclei, Schwann
cell nuclei, and endothelial cell nuclei in the blood vessels
(Figure 6(c)). There was an empty space left by the electrode,
which was surrounded by mononuclear inflammatory cells
(Figure 7).

4. Discussion

Tube repair of nerves is not a new idea [for review see [20–
24]] and already in the early 20th century bone was used to
bridge nerve defects. Later, blood vessels were used, followed
by preformed mesothelial chambers, silicone tubes, and a
variety of biodegradable tubes or “tubes” made of rolls of
placental membranes and teased tendons.The concept works
also in humans [22, 25, 26] Actually, a conduit, or even a
guiding structure like longitudinal sutures [15], in-between a
proximal and distal stump seems to be the only requirement
for a nerve to reform providing the distance between the
stumps is not too long, unless a stepping stone procedure is
not created [16]. The new nerve is formed by the migration
of Schwann cells, fibroblasts, and new blood vessels and
outgrowth of axons into amatrix of fibrin, which are the basic
requirements for regeneration.

The regenerative capability of the peripheral nervous
system is truly remarkable. Even in mammals, it is sufficient
to supply a piece of a nerve or muscle distally in the tube to
induce formation of a nerve trunk. Furthermore, even if two
degenerating pieces of a nerve are attached to both ends of
a tube, a new nerve-like structure is formed in the tube; the
nerve-like structure is being used as a nerve graft [27]. Here,

(a)

(b)

Figure 5: Cross-section of the new nerve structures. (a) Preparation
stained with toluidine blue. Nine new nerve structures are visible,
some containing many fascicles/axons (e.g., numbers 5, 6, 8, and
9), while some (e.g., numbers 2 and 3) fascicles contain mostly
connective tissue with only a few fascicles and hence axons. (b)
Neurofilament staining reveals that axons are present in the new
nerve structures. This particular preparation contained seven new
nerves.

we found that multiple new nerves could be produced from a
single “mother” nerve if the proximal stump was presented
to several small tubes within a larger tube. Conventional
histology and immunohistochemistry revealed the formation
of new nerve structures with an overall structure and with
a composition similar to those observed after repair of
an injured nerve with tubes, that is, a normal nerve with
myelinated and unmyelinated nerve fibers and blood vessels
surrounded by a perineurium. Furthermore, it was possible
to stimulate the new nerve structures at thresholds similar
to that observed in the intact sciatic nerve and we observed
reinnervation of the targets, that is, muscles, distal to the
tube repair. In our paradigm, there were four tubes and five
empty spaces in-between (Figure 1(a)). Indeed, we found that
the sciatic nerve, with a typical diameter of approximately
1.2mm, had the ability to split into at least nine new fascicles
or nerves. There is no reason to assume that we have reached
any limit and larger nerves, like those in the human arm
or leg, can probably be split into many more fascicles. This
would allow for an interface controlling the most advanced
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(a) (b) (c)

Figure 6: (a) The new nerve structure is enclosed by a perineurium (arrow) and both blood vessels as well as unmyelinated (arrow heads;
b) and myelinated axons are visible (combined Normarski and fluorescence microscopy). (b) Neurofilament staining: both myelinated and
unmyelinated axons (arrow heads) appear green fluorescent. (c) Nuclear staining of the new nerve structure.

Figure 7: Section of new nerve structure with electrode residue.
Note the large cell(s), probably an inflammatory cell, attached to the
electrode residue.

upper limb prosthetic devices available, which requires the
control of 21 motors. Furthermore, each small tube could
be treated with either skin or muscle homogenate. This
neurotrophic influence can induce separation of sensory
and motor fibers into different tubes [28, 29], resulting
in the possibility of addressing both types of fibers sep-
arately, thus, for at true bidirectional interface/prosthesis.
The probability of keeping the native fascicle organization
after splitting the nerve into many smaller ones is rather
low as in all nerve regeneration therapies after a nerve
transection. Such mismatch is to a large degree compensated
by the remarkable plasticity of the brain, which is also
observed after different nerve transfers clinically. Hence, the
cerebral plasticity may enable functional outcome after such

procedures to some extent, particularly formotor function. In
the case of a computer-assisted prosthesis, artificial neuronal
networks may do a similar task for controlling the device,
for example, using some principal component analysis of
the recorded nerve signals. To determine the exact origin of
the specific axons in each new fascicle, one may consider
using retrograde tracing by applying different dyes to the
appropriate fascicles. If traumatic brachial plexus injuries are
considered, there should, with the present paradigm, be no
shortage of fascicles for reinnervation of multiple targets. An
exciting possibility is to test if the present paradigm could
be useful for reinnervation of targets below a spinal cord
injury.

The finding that the new nerve structures were sur-
rounded by a perineurial-like structure is an advantage. The
perineurium offers isolation and should prevent overhearing
between electrodes as compared to an array of multiple
electrodes inserted into one and the same fascicle. In another
technique, where longitudinal sutures are used as guidance,
a perineurial-like structure is also formed, but it encloses the
whole new nerve structure [16]. Another advantage is that
we used longitudinal electrodes, which increase the surface
area for signal stimulation and signal pickup as compared to
sieve electrodes. Taken together the present technique with
tubes within a tube should offer a new avenue for nerve repair
in various nerve repair settings, including those involving
prosthetic devices.
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