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Abstract  
Despite the regenerative capabilities of peripheral nerves, severe injuries or neuronal trauma of critical size 
impose immense hurdles for proper restoration of neuro-muscular circuitry. Autologous nerve grafts im-
prove re-establishment of connectivity, but also comprise substantial donor site morbidity. We developed 
a rat model which allows the testing of different cell applications, i.e., mesenchymal stem cells, to improve 
nerve regeneration in vivo. To mimic inaccurate alignment of autologous nerve grafts with the injured 
nerve, a 20 mm portion of the sciatic nerve was excised, and sutured back in place in reversed direction. 
To validate the feasibility of our novel model, a fibrin gel conduit containing autologous undifferentiated 
adipose-derived stem cells was applied around the coaptation sites and compared to autologous nerve 
grafts. After evaluating sciatic nerve function for 16 weeks postoperatively, animals were sacrificed, and 
gastrocnemius muscle weight was determined along with morphological parameters (g-ratio, axon density 
& diameter) of regenerating axons. Interestingly, the addition of undifferentiated adipose-derived stem 
cells resulted in a significantly improved re-myelination, axon ingrowth and functional outcome, when 
compared to animals without a cell seeded conduit. The presented model thus displays several intrigu-
ing features: it imitates a certain mismatch in size, distribution and orientation of axons within the nerve 
coaptation site. The fibrin conduit itself allows for an easy application of cells and, as a true critical-size 
defect model, any observed improvement relates directly to the performed intervention. Since fibrin and 
adipose-derived stem cells have been approved for human applications, the technique can theoretically be 
performed on humans. Thus, we suggest that the model is a powerful tool to investigate cell mediated assis-
tance of peripheral nerve regeneration.

Key Words: critical-size nerve defect; fibrin conduit; autologous nerve transplant; peripheral nerve regeneration; 
adipose-derived stem/progenitor cells; sciatic function index; sciatic nerve; re-innervation; axon guidance; 
peripheral circuitry

Introduction 
Maintenance of proper functionality and homeostasis of 
any life form requires constant repair of cell damage. In all 
higher organisms, the peripheral sensory-motor circuitry 
is of utmost importance, as it allows for interaction with 
the environment. Peripheral nerves that innervate the torso 
and the extremities are capable of regeneration to a certain 
degree when injured. However, neuronal trauma of critical 
size imposes severe obstacles for proper regeneration (Lund-
borg et al., 1982; Nectow et al., 2012): Following  a complete 
transection of fibers (axonotmesis), there is an increased risk 
of neuroma formation, which, when it occurs, often results 
in functional loss and pain (Bendszus and Stoll, 2005). Ad-
ditional damage to the epi- and perineurium (neurotmesis) 
further contributes to incomplete restoration of connectivity 
and functional impairment.

Currently, surgeons aim at improving nerve regeneration 
by either suturing injured nerves (coaptation), or by trans-

planting autologous nerve grafts to bridge a gap between 
severed nerve endings. For critical-size nerve defects with 
a gap larger than 10 to 20 mm, autologous nerve grafts are 
usually preferable (Lundborg et al., 1982). However, any 
graft is accompanied by some degree of donor site morbidity 
(Millesi, 2007). Hence, there is a need for improvement, mo-
tivating new strategies to enhance peripheral nerve repair. 
These include substituting nerve grafts by implanting nerve 
conduits derived from the vasculature or the implantation of 
bioresorbable materials, like collagen tubes or de-celluarized 
nerve scaffolds, as guiding structures for axonal outgrowth 
and targeting (Battiston et al., 2000; Weber et al., 2000; 
Bushnell et al., 2008; He et al., 2015).

Animal models show that the addition of certain cell types 
can improve the time and final outcome of nerve recovery 
(Kalbermatten et al., 2008; di Summa et al., 2011). During 
native regeneration, Schwann cells play a crucial role by re-
leasing cytokines like nerve growth factor (NGF), brain-de-
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rived neurotrophic factor (BDNF), neurotrophin 3 (NTF3), 
or glial cell derived neurotrophic factor (GDNF), which 
support axonal growth after injury (Höke et al., 2006). How-
ever, the availability of Schwann cells is limited, and their 
use has not been clinically approved for cellular therapies. 
Therefore, several research groups aim to use the power of 
stem cells to support nerve regeneration (Kalbermatten et 
al., 2008; di Summa et al., 2010, 2011; McGrath et al., 2012). 
Currently, researchers are trying to identify the perfect cel-
lular conditions for acceleration and improvement of the 
healing process. While it is tempting to use gene therapy or 
to modify cells in the laboratory with modern genetic tools 
(Hillenbrand et al., 2015), we believe that a strategy closer to 
the actual clinical application may be more suitable.

We therefore developed a model closer to current clinical 
practice, which allows for testing the application of different 
cell types in vivo. There is evidence that the usage of fibrin 
glue to seal the sites of coaptation may enhance neuronal re-
generation (Kalbermatten et al., 2009; McGrath et al., 2012; 
Zhao et al., 2014; Koulaxouzidis et al., 2015). We therefore 
cast undifferentiated adipose tissue-derived stem cells in a 
fibrin gel tube to serve as a nerve conduit around the co-
aptation site. In our model, a 20 mm portion of the sciatic 
nerve of rats was cut out, flipped around and sutured back 
in place, thus mimicking an autologous nerve graft with 
some differences in nerve diameter, axon number and qual-
ity. Subsequently, the functional and anatomical outcomes 
in animals that were treated with stem cell loaded conduits 
were assessed.
  
Material and Methods  
Ethics statement 
Animals were handled and housed according to the federal 
and institutional guidelines for the care and use of laborato-
ry animals, approved by the government of Upper Bavaria 
(177-13).

Animals
Ten (5 per group) 12-week-old female rats (Sprague Dawley, 
Inc., Charles River, MA, USA), weighing approximately 250 
g were housed under standard animal laboratory conditions 
with controlled temperature of 20–22°C and a 12-hour light/
dark cycle, and fed ad libitum in individual ventilated cages 
with an effective area of 1500 cm2. A maximum of four rats 
per cage were accommodated.

Autologous adipose-derived mesenchymal stem cell 
isolation and characterization
For all surgical procedures, individual rats were anesthetized 
by 2% isoflurane inhalation (cp-pharma, Burgdorf, Germa-
ny) and post-operatively treated with 0.05 mg/kg buprenor-
phine (Buprenovet, Bayer, Leverkusen, Germany) subcu-
taneously. White fat-derived mesenchymal stem cells were 
isolated from inguinal fat pads. The groin region was shaved, 
disinfected, and the subcutaneous fat was exposed by a 10 
to 20 mm long incision. Subsequently, approximately 2.6 g 
fat was removed, minced with a scalpel, and cells were enzy-

matically isolated with a commercially available centrifuge 
(ARC™-Processing Unit, InGeneron, Houston, TX, USA) 
following the company’s protocol. The obtained heteroge-
neous cell population was plated onto T-225 cell culture 
flasks (Nunclon, Thermo Fisher, Waltham, MA, USA) and 
non-adhered cells were removed by repetitive rinsing with 
phosphate buffered saline (PBS). The cells were expanded 
for 3 days in standard culture medium (89% DMEM, 10% 
heat inactivated fetal calf serum, 1% penicillin/streptomycin, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
directly used for conduit preparation. Stem cell characteris-
tics of obtained cells were determined by the differentiation 
towards the osteogenic and adipogenic lineage and the sub-
sequent quantification of Alizarin Red (Sigma-Aldrich, St. 
Louis, MO, USA) and AdipoRed (Lonza, Basel, Switzerland) 
staining, using a UV/VIS plate reader according to a previ-
ously described protocol (Saller et al., 2012). Furthermore, 
the expression of CD29, CD90, CD11b/c and CD45 on the 
isolated cells was quantified by fluorescence-activated cell 
sorting (FACS) analyses following an established protocol 
(Saller et al., 2012). All antibodies and appropriate isotype 
controls were obtained from BioLegend, San Diego, CA, 
USA.

Cell carrier preparation
To ensure a spatial localization of the transplanted cells, we 
decided to use a clinically approved fibrin hydrogel (AR-
TISS®, Baxter, Deerfield, IL, USA), as preliminary results 
showed a high biocompatibility and metabolic activity over 
a long culture period in vitro (data not shown). Cell-loaded 
conduits with a length of 25 mm and a 2 mm wall thickness 
were prepared by mixing 3 × 106 cells in standard medi-
um and thrombin solution at a 1:10 ratio. Afterwards the 
fibrinogen solution was allowed to polymerize in a sterile 
syringe with a centered metal rod to create a 2 mm lumen. 
Initial polymerization was carried out for 30 minutes, and 
after the removal from the syringe, the fibrin conduit was 
hardened for two hours in complete medium, before gently 
opening it longitudinally with micro scissors in order to be 
put around the nerve autograft (Figure 1G). Pre-operative 
anesthesia was initiated by intramuscular injection of 0.02 
mg/kg fentanyl (Janssen, Germany), 1.0 mg/kg midozilam 
(Ratiopharm, Ulm, Germany) and 0.2 mg/kg medetomidin 
(Orion, Espoo, Finnland). Anesthesia was post operative-
ly antagonized with 0.03 mg/kg naloxone (Bristol myers 
Squibb, New York, NY, USA), 0.1 mg/kg flumazenile (Roche, 
Basel, Switzerland) and 1.0 mg/kg atipamezole (cp-pharma, 
Burgdorf, Germany). 

Operation procedure
Under deep anesthesia, rats were immobilized and the dor-
sal upper hindlimb was shaved from the knee to the spine 
(Figure 1A). To sufficiently expose the region of interest, a 
long incision was made and a subcutaneous skin pocket was 
dissected (Figure 1B, C). By blunt dissection of the femoral 
muscle, the sciatic nerve was exposed from the spinal cord 
exit point to the first distal branching point (Figure 1D). 
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To create a critical-size nerve injury, a 20 mm long portion 
was cut out (Figure 1E), turned around and microsurgically 
sutured with three to four perineuronal 10-0 nylon sutures 
on both ends (Figure 1F). Long cell-loaded fibrin conduits 
of a length of 25 mm were prepared in advance (Figure 1G), 
wrapped around the nerve defect and finally fixed by suturing 
the muscles (Figure 1H). Animals that received an autologous 
nerve graft without cell-seeded conduits served as controls. All 
animals were treated daily with 0.05 mg/kg buprenorphine s.c. 
for three days, and with 1.5 mg/kg fluphenazine (s.c.) and 
metamizol in the drinking water (ad libitum) within the first 
postoperative weeks to avoid auto mutilation due to neu-
ropathic pain or ‘foreign body feeling’ of the operated limb 
(Carr et al., 1992).

Post-operative evaluation of functional recovery
To determine the functional recovery of the sciatic nerve 
during a 16-week long post operative phase, we utilized the 
sciatic function index (SFI) and the static sciatic index (SSI) 
(de Medinaceli et al., 1982; Bain et al., 1989; Bervar, 2000; 
Smit et al., 2004). Both indices are validated and reliable 
methods to evaluate functional peripheral nerve recovery 
and repair of the rat sciatic nerve after injury. The three 
variables to compute the SFI are the print length (PL), the 
toe spread (TS) between the first toe and the fifth toe and the 
intermediate toe spread (ITS) between the second and the 
fourth toes. Accordingly, static sciatic index’ parameters are 
the same, except for the print length, which is not applied in 
this non dynamic index. 

The dynamic footprints for the SFI were documented by 
bedewing the animals’ hind feet with dark ink and having 
the animals pass a paper cat walk tunnel of 110 cm in length. 
A cover at the end of the tunnel presented a shelter for the 
animals and thus a motivation for them to pass the walking 
track determinedly to produce accurate footprints. Respec-
tively, the SSI was measured in plantar view photos of the 
animals’ hind feet that were taken from below while having 
the rodents sit in a box of acrylic glass with a transparent 
floor plate. All parameters for the indices were measured 
manually in ImageJ (NIH, Bethesda, MD, USA) (Schindelin 
et al., 2012).

Histological evaluation
The possible loss of muscle mass caused by denervation was 
evaluated by bilaterally weighting gastrocnemius muscles 
after 16 weeks. Regeneration of sensory and motor axons 
was assessed in semi thin paraffin sections: sciatic nerves, 
including at least 5 mm of the proximal and distal injury 
proportion, were dissected from both legs, fixed overnight 
in 4% paraformaldehyde in phosphate buffered saline at 4°C 
and embedded in paraffin. After deparaffinization, sections 
were stained with a 1% toluidine solution for 2 minutes at 
room temperature, washed twice in distilled water, and fi-
nally mounted. High resolution bright field images were tak-
en with a fully automated microscope (AxioObserver, Zeiss, 
Jena, Germany), covering the total cross-sectional distal area 
of the sciatic nerve defect. These images were subsequently 

quantified using the commercial image analysis software 
Definiens Developer XD2 (Definiens AG, Munich, Germa-
ny) (Feuchtinger et al., 2015; Helmbrecht et al., 2015). A 
specific rule set was defined to detect all axons based on col-
or and shape features (Figure 2). Finally, for each image the 
total number of axons per nerve, the diameter and the pro-
portion of the axon diameter to fiber diameter ratio (g-ratio) 
were calculated. Scar tissue formation was calculated by sub-
tracting the total axon area including the myelin sheet from 
the total cross sectional nerve area.

Statistical analysis
While all in vitro experiments were carried out in triplicates 
with cells from three individual animals, in vivo experiments 
were performed on five animals. Normal distribution of the 
data was validated with a Kolmogorow-Smirnow test, and 
either a two-tailed t-test with or without a Welch’s correction 
a one-way ANOVA test with a Bonferroni post-hoc test was 
used for statistical analysis. A P-value of 0.05 or lower was 
considered significant. All values are presented by either the 
mean and the standard deviation or a box plot with mix to 
max whiskers.

Results
Adipose-derived cells exhibit stem cell properties
The deployment of bone marrow- or adipose tissue-derived 
stem cells around peripheral nerve lesions is receiving in-
creasing attention in regenerative medicine (McGrath et al., 
2012; Kingham et al., 2014). To validate mesenchymal stem 
cell characteristics, we carried out osteogenic and adipogenic 
differentiation assays and screened the cells for the expres-
sion of mesenchymal stem cell and hematopoietic markers.

While isolated cells that were cultured in osteogenic dif-
ferentiation medium showed a strong Alizarin Red staining 
within formed nodules after 21 days (Figure 3A), cells in 
standard culture medium displayed no mineral deposition 
(Figure 3A insert). Quantification of Alizarin Red concen-
tration revealed a significant increase in the osteogenic dif-
ferentiated group (215.1 ± 52.9 mM) when compared to the 
control group (22.6 ± 4.2 mM, Figure 3A’). Furthermore, 
differentiation into the adipogenic lineage exposed an in-
tense formation of lipid vacuoles (Figure 3B), visualized by 
an Oil Red O staining, while cells in control medium showed 
no lipid deposition (Figure 3B insert). Quantification of lip-
id droplet formation by AdipoRed showed a significant and 
14 times higher lipid accumulation (3,872 RFU - Relative 
Fluorescence Units) in the adipogenic differentiation, when 
compared to the control group (273 RFU, Figure 3B’). To 
further evaluate the molecular profile of isolated cells, we 
performed an FACS analysis on the mesenchymal stem cell 
markers CD29 and CD90, as well as on the hematopoietic 
markers CD11b/c and CD45. Remarkably, nearly all cells 
were positive for CD29 and CD90, while the isolated cells 
showed no expression of CD11b/c and CD45 (Figure 3C). 

Taken together, isolated cells from white adipose tissue 
could be differentiated into two different lineages and show 
a mesenchymal surface marker profile. Due to their multi-
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potent character, these cells might have a direct or indirect 
beneficial effect on nerve regeneration after injury.

Application of adipose tissue-derived stem cells leads to 
improved functional outcome that is accompanied by 
increased axonal regeneration
To evaluate the potential benefits of cell loaded hydrogel 
conduits, we utilized a dynamic sciatic function index (SFI) 
and a static sciatic scatter index (SSI), as toe spreading can 
be directly correlated to functional regeneration of the sciat-
ic nerve after injury (Bain et al., 1989; Smit et al., 2004).

During the initial four weeks after surgery, no difference 
in toe positioning was detected between both experimen-
tal groups (Figure 4A, left). However, the application of 
adipose tissue-derived stem/progenitor cells resulted in a 
significant improvement after 16 weeks, when compared 
to animals that received only an autologous nerve graft 
(Figure 4A, right). Quantification of the SFI (Figure 4B) 
and SSI (Figure 4C) validated the significant beneficial ef-
fect of transplanted cells onto the neuromuscular function 
already after 8 weeks. This increase in locomotion function 
was accompanied by a significant reduction of muscle de-
generation on the operated side (0.67) when compared to 
animals with only autologous transplants (0.49; Figure 4D, 
E). Toluidine blue staining on sections of the distal end of 
the sciatic nerve defect revealed that the addition of cell 
seeded conduits increased the axon density, when compared 
to normal autologous transplants (Figure 5A, A’, B, B’). 
Quantification of the axon density and scar tissue formation 
revealed that animals with autologous cells around the site 
of injury showed a significant increase of axon ingrowth 
(167.3 axons/ROI; Figure 5D), coinciding with a significant 
reduction of extracellular matrix deposition (0.53; Figure 
5E), when compared to the animals with autologous nerve 
grafts (134.9 axons/ROI and 0.65%) or to the contralateral 
side (76.38 axons/ROI and 0.35%). As axonal regeneration 
and subsequent nerve function also depend on appropriate 
remyelination (Chomiak and Hu, 2009), we quantified the 
g-ratio of all axons (Figure 5F). While animals with autol-
ogous transplants showed a moderate remyelination, when 
compared to the contralateral side, the additional appli-
cation of adipose-derived stem cells revealed considerably 
larger myelinated axons (Figure 5F, right panel). Quanti-
fication of the mean g-ratio confirmed a significantly im-
proved myelination in combination with cell-seeded conduits 
(0.40), when compared to autologous transplants without 
conduit (0.36) or a native sciatic nerve (0.47; Figure 5G). As 
the axon diameter can be directly correlated to conduction 
velocity (Gillespie and Stein, 1983), we quantified the relative 
frequency of axon diameter as well as axon density (Figure 
5H). Autologous transplants showed a significant reduction 
of the mean axon diameter after 4 months (1.78 µm), and the 
addition of stem cells to the injury site slightly increased the 
mean axon diameter (2.02 µm), when compared to the con-
tralateral side (4.18 µm; Figure 5I). 

Taken together, the addition of adipose tissue-derived 
stem cells to the nerve injury site showed a significant ben-

eficial effect on myelination, axon regeneration, avoidance 
of muscle atrophy, and locomotive function. However, 
both treatment options failed to restore the complete func-
tion and anatomical nerve parameters when compared to 
non-operated animals or the contralateral side (native sciatic 
nerve) after 16 weeks.

Discussion
The establishment of precise connectivity to peripheral mus-
cular targets and the integration of the corresponding senso-
ry-motor networks are achieved through highly appropriate 
temporal and spatial regulation of axonal growth during 
embryonic development (Huber et al., 2003). Various mech-
anisms such as the combination of different molecular cues 
for correct targeting, sorting, and bundling of axons, as well 
as the communication between heterotypic fiber-systems, 
or between axons and their environment, ensure proper 
fasciculation, accurate pathfinding, and overall functionality 
of the network (Huber et al., 2003). Given the accuracy with 
which these processes have to interact in a stepwise manner 
during development, re-generating fibers are challenged 
with a multitude of processes that inhibit regeneration ca-
pacities after traumatic injuries. Limitation of regeneration 
or the prevention of axon extension into lesion sites contrib-
ute to incomplete restoration of function or, depending on 
the severity of the injury, may even impede reconnection, 
resulting in paralysis (Oertle et al., 2003). Despite variable 
degrees of functional recovery, which is mediated at least in 
part by re-organization of neuronal circuitry, re-establish-
ment of drastically impaired circuits to restore functionality 
is not yet feasible. Reliable quantitative analyses of re-estab-
lished connections to their cognate target muscles and the 
skin, but also assessment of physiological and behavioral 
consequences at adult age, are therefore a necessity to ex-
tend our understanding of the mechanisms of regenerating 
neuronal circuitry. 

In mouse models, retrograde tracing of re-established ax-
onal tracts innervating peripheral musculature in the limbs 
is not only used to evaluate fiber tracts, but also to deter-
mine whether the stereotypic topographic pattern of motor 
neurons in the lateral or medial aspects of the lateral motor 
columns (LMC) of the respective dorsal and ventral limb 
musculature is affected (Kania and Jessell, 2003; Luria et 
al., 2008). Furthermore, the maintenance or loss of present 
neuromuscular junctions may contribute to assessing the 
re-establishment of connectivity on the muscle site; thus, 
comprehensive behavior studies, including the assessment of 
gait, balance and nociception, must be employed to substan-
tiate the investigation (Baumhauer et al., 2014; Helmbrecht 
et al., 2015). Electrophysiological analyses are required to 
gauge potential mis-wiring of single muscle fibers or entire 
muscle groups after traumatic injury to peripheral nerve 
tracts. While many molecular mechanisms that are involved 
in peripheral nerve repair have been identified, the compre-
hensive complexity of the overall regeneration process is not 
fully understood yet. 

This lack of knowledge is currently a significant drawback 
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Figure 1 Representative photos of 
the key steps during the operation 
procedure.
Rats were anesthetized and fixed in 
prone position, and immobilized legs 
were shaved up to the spine (A). An 
approximately 4 cm long incision 
was made (B) and afterwards a sub-
cutaneous pocket up to the nerve exit 
point from spine was created (C, as-
terisk). The sciatic nerve was exposed 
by dividing the biceps femoralis from 
the spine until the first distal branch-
ing point (D, asterisk). A 2 cm piece 
was dissected, measured in a prox-
imal direction starting at the first 
branching point (E). The nerve piece 
was reversed and perineuronally su-
tured with a 0.04 mm non absorbable 
thread (arrows; F). Finally, the nerve 
injury was surrounded with a cell 
fibrin conduit (dashed lines) that was 
prepared in sterile syringes (G) and 
fixed by suturing the muscle (H).

Figure 2 Automatic image 
segmentation for quantification of 
axon parameters.
Sciatic nerve sections were stained 
with Toluidine Blue and high-reso-
lution images (400× magnification) 
of the complete cross-sectional area 
were acquired with an automated 
microscopy table (A, A’). Obtained 
images were digitally segmented to 
calculate axon density, g-ratio (red), 
axon diameter (yellow) and extra-
cellular matrix content (B, B’). Scale 
bar: 100 µm in A, B; 10 µm in A’ and 
B’.

Figure 3 Characteristics of isolated stem cells from white adipose tissue of rats.
Isolated cells could be differentiated into the osteogenic (A) and adipogenic lineages (B), visualized by Alizarin Red and AdipoRed, respectively. Cells in 
control medium showed no mineral or lipid deposition (A/B, inserts). Quantification of Alizarin Red (A’) and AdipoRed (B’) confirmed the visual appear-
ance of differentiated cells. (C) Fluorescent-activated-cell-sorting (FACS) analysis visualized a positive expression of mesenchymal stem cell markers CD29 
and CD90, cells were negative for the hematopoietic markers CD11b/c and CD45. Scale bar: 100 µm. All values are presented by the mean and the standard 
deviation. **P < 0.01, ***P < 0.001; three independent experiments done in triplicate; T-test with Welch’s correction. 
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Figure 5 The addition of adipose-derived stem cells leads to an increased myelination and decreased scar tissue formation within the sciatic nerve but 
no change of the mean axon diameter in comparison to autologous transplants in rats after sciatic nerve injury.

Figure 4 Adipose tissue-derived stem cell loaded fibrin gel conduits improve functional outcome and decrease muscle degradation in rats after sciatic 
nerve injury.
While rats with an autologous nerve transplant and a transplant surround with a cell loaded fibrin conduit show no difference in toe spreading of the hind-
limbs after 4 weeks, animals that were treated with a conduit containing adipose-derived cells revealed an obvious improvement of toe positioning at 16 
weeks when compared to controls (A). Quantification of the sciatic function (dynamic, B) and scatter (static, C) index weekly over a regeneration period of 
4 months validated the significant beneficial effect of transplanted cells on the neuromuscular function after 8 weeks. Comparing the gastrocnemius muscle 
weight between the operated and contralateral side showed a reduction of muscle degeneration in cell treated animals (E and lower panels in D) when com-
pared to animals with autologous transplants (E and upper panels in D). All values are presented by either the mean and the standard deviation or a box plot 
with mix to max whiskers. *P < 0.05; **P < 0.01; ***P < 0.001; 5 animals per group; T-test (C, E) with Welch’s correction (B). AT: Autologous transplant; 
CC: cell-seeded conduit; SFI: sciatic function index; SSI: static sciatic index.

Toluidine blue staining of semi 
thin nerve sections revealed that 
axons (arrows, A’–C’) within the 
distal end of the defect were rela-
tively rare in animals with only an 
autologous transplant (B/B’) when 
compared to the contralateral side 
(native sciatic nerve, A/A’). The 
addition of adipose tissue-derived 
cells to the surrounding conduit 
resulted in a highly improved ax-
onal ingrowth (C/C’). (A–C) Solid 
lines: explant borders; dashed lines: 
sciatic nerve; boxes represent the 
magnifications in A’–C’. Quan-
tification of the axon density (D) 
and the deposition of extracellular 
matrix (E) revealed a significant 
increase of newly formed axons, 
when compared to the contralat-
eral, non-operated site. While the 
overall g-ratio was comparable 
in all groups, the application of 
adipose-derived stem cells leads to 
an increase of larger myelinated 
axons in comparison to animals 
with autologous transplants (F). 
Additionally, the mean g-ratio dif-
ference between the native sciatic 
nerve and the g-ratio of cell treated 
animals was significantly better 
when compared to autologous 
transplants (G). However, animals 
with a cell loaded conduit did not 
show an increase of axon diameter 
when compared to autologous 
transplants (H/I). CS: Contralateral 
side (native sciatic nerve); AT: au-
tologous transplant; CC: cell seeded 
conduit. All values are presented by 
either the mean and the standard 
deviation or a box plot; with mix to 
max whiskers. *P < 0.05, **P < 0.01, 
***P < 0.001; 5 animals per group; 
a one-way ANOVA test with a 
Bonferroni post-hoc test.
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for stem cell based approaches in regenerative medicine. 
While it is generally accepted that transplanted stem cells 
have a beneficial effect on the healing process of peripherals 
nerve injuries in in vivo models (Hundepool et al., 2014), the 
underlying molecular mode of action is not clear. Neuro-
trophic factors, released by transplanted cells, are currently 
the most promising mechanism for causing the increased 
axonal re-growth and later myelination (Lopatina et al., 
2011; Wang et al., 2017). 

Due to the complexity of peripheral nerve surgery in mice, 
larger animal models have been taken into consideration. To 
this point, however, we lack reliable, standardized, and vali-
dated data in rats. The critical injury size of our sciatic nerve 
model resembles the situation in humans regarding size, as 
the majority of peripheral nerve lesions in humans measure 
around 3–5 cm (He et al., 2014). The axonal regeneration 
rate in rats is faster, however, reaching approximately 3–4 
mm/day (Black and Lasek, 1979), while humans show a 2–4 
fold slower regeneration rate (Höke, 2011). In contrast to 
mouse models, where the smaller size of the sciatic nerve 
and thus the decreased reproducibility of the operation 
procedure leads to a highly variable experimental outcome,  
rat models provide a number of intriguing features, from a 
surgeon’s point of view: We are able to generate a true crit-
ical size defect model, which means that the defect created 
in the sciatic nerve would not heal on its own (Lundborg 
et al., 1982). In consequence, any supplement applied into 
the gap in order to enhance repair of the defect is the actual 
cause of any re-gain of function. Secondly, turning the nerve 
around and suturing it back in place mimics nerve grafting 
as performed in current surgical practice: there is a certain 
size mismatch at the coaptation sites, and there is a mis-
match regarding the distribution and orientation of axons 
within the nerve. Thirdly, the model as described here is 
technically close to a potential clinical application. Fibrin gel 
is already being used in the operating theater on a daily basis 
throughout the world (Matras, 1985). Likewise, autologous 
fat cell transplantation is commonly used in clinical prac-
tice, e.g., lipofillings and certain studies proved that adipose- 
derived stem cells can be isolated in accordance with GMP 
guidelines (Aghayan et al., 2015; Larijani et al., 2015). While 
several studies relied on a differentiation of the stem cells 
towards a Schwann cell phenotype prior to implantation 
(di Summa et al., 2010; Scholz et al., 2011; Kingham et al., 
2014). Nonetheless, this pre-differentiation process requires 
several growth factors, and thus, a translation to human tri-
als is ambitious due to regulatory and ethical issues. Howev-
er, rat models for nerve regeneration are always limited with 
regard to the transferability to humans (Kaplan et al., 2015). 
They can only be tools to identify potential therapies, and 
the results have to be interpreted with care. Especially nerve 
defects with larger gaps between severed nerve endings are 
not represented appropriately in rodent models, and fur-
thermore, they bear a species-specific neurobiological regen-
erative profile that strongly differs from humans (Kaplan et 
al., 2015). Additionally, ethical restrictions to processing or 
pre conditioning these cells before re implantation have to 

be considered critically, as in most countries, modifications 
such as centrifuging and accumulating stem cells do require 
the permission of an ethical committee and/or regulatory 
agencies.

Taken together, adipose-derived stem cells lead to a sig-
nificant increase of sciatic nerve regeneration in our novel 
animal model. Furthermore, the model provides a step into 
the direction of personalized treatment of traumatic nerve 
injury: different patient-derived cell sources, different cell 
types, and different cellular pre treatments, such as changes 
in oxygen concentrations or growth factors, can be tested 
in a critical-size nerve defect model without risking graft 
rejection or having to depend on donors. Thus, the model at 
hand presents a powerful tool to search for ways to improve 
the re-establishment of peripheral nerve connectivity.
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