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A B S T R A C T

Unlike the central nervous system, peripheral nerves can regenerate after injury. However, depending on the size
of the lesion, the endogenous regenerative potential is not enough to replace the lost nerve tissue. Many strategies
have been used to generate biomaterials capable of restoring nerve functions. Here, we set out to investigate
whether adsorbing the extracellular matrix protein, laminin (LM), to poly-ℇ-caprolactone (PCL) filaments would
enhance functional nerve regeneration. Initial in vitro studies showed that explants of dorsal root ganglia (DRGs)
of P1 neonate mice exhibited stronger neuritogenesis on a substrate of LM that had been previously polymerized
(polylaminin [polyLM]) than on ordinary LM. On the other hand, when silicone tubes filled with PCL filaments
were used to bridge a 10-mm sciatic nerve gap in rats, only filaments coated with LM improved tissue replacement
beyond that obtained with empty tubes. Motor function recovery correlated with tissue replacement as only LM-
coated filaments consistently improved motor skills. Finally, analysis of the lateral gastrocnemius muscle revealed
that the LM group presented twice the amount of α-bungarotixin–labeled motor plates. In conclusion, although
polyLM was more effective in stimulating growth of sensory fibers out of DRGs in vitro, LM adsorbed to PCL
filaments exhibited the best regenerative properties in inducing functional motor recovery after peripheral injury
in vivo.
1. Introduction

Peripheral nerves have an intrinsic potential to regenerate after
lesion; however, when damage involves extensive tissue loss, reconnec-
tion between proximal and distal stumps does not occur [1]. After axonal
injury, Wallerian degeneration (WD) is triggered, initially to remove
axonal and myelin debris, which is followed by proliferation of Schwann
cells (SCs), recruitment of immune cells, and finally SC organization to
form bands of Büngner. These structures are well described to support
axonal regeneration [2–5]. During WD, activated fibroblasts of nerve
connective tissue and SCs forming bands of Büngner provide significant
amount of laminin (LM), helping to build a new basal lamina for nerve
gia, Instituto de Biofísica Carlos C
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LMs are multifunctional extracellular matrix (ECM) proteins essential

in embryogenesis and tissue development. They form an organized pro-
tein network that supports key processes during the development and
regeneration of the nervous system, such as cell adhesion, migration,
differentiation, and axonal and dendrite growth [6,9–12]. Moreover, on
binding to their specific receptors (e.g. integrins or dystroglycan), LMs
can induce positive cellular effects during regeneration, triggering
mitogen activated protein kinase (MAP Kinase) and PI3 kin-
ase/AKT/mTor to modulate cell survival, apoptosis, differentiation, and
cell adhesion [13–15]. Laminin-211, containing three subunits, α2, β1,
and γ1, is the most prominent LM type in the basal lamina of peripheral
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nerves, where it binds to the integrin α7β1 on SCs. As a consequence,
focal adhesion kinase (FAK) is attracted to integrin dimers, activating the
kinase domain and phosphorylating downstream elements [16]. In vitro,
this can stabilize cells such as SCs on the ECM surface, generating focal
adhesion points or promoting cell migration, depending on the combi-
nation with soluble factors [16,17]. The expression of genes regulating
SC survival, proliferation, and migration depends on this mechanism.

LMs are known to form planar sheet-like polymers in natural
basement membranes [18]. Although the native polymeric array is
lost upon LM extraction from biological tissues, it can be reestablished
in a cell-free system either at an extremely high protein concentration
[19] or on pH acidification [20]. Acid-induced LM polymers, termed
polylaminin (polyLM), but not non-polymerized LM, have been shown
to restore migration and neurite outgrowth capacities in neurons
isolated from the postnatal rat brain cortex or retina [21,22] and to
promote axonal growth and functional recovery after spinal cord
injury [23]. The fact that polyLM exhibits a distinguished ability to
stimulate neurons of the central nervous system prompted us to
investigate whether it would also modulate peripheral axonal growth
and nerve tissue replacement.

Over the last ten years, single or combined strategies were designed
for nerve tissue replacement. Materials such as biological grafts, organic
and inorganic polymers have been used with cells (e.g. Schwann or
mesenchymal stem cells) and/or biologically active molecules. poly-
ε-caprolactone (PCL) is one of the best studied biodegradable materials
and has already been approved as a nerve scaffold by the US food and
drug administration [24,25]. PCL's short-term resistance to degradation,
low melting point, and specific elastic characteristics are useful proper-
ties for the regeneration of extensive nerve tissue [26–28]. In addition to
these favorable characteristics, PCL microstructured filaments have been
found to stimulate the formation of bands of Büngner [29].

The ultimate goal of the present work was to combine the potential
benefits of microstructured PCL filaments with those of LM to describe
an effective conduit for stimulating nerve regeneration. We first
compared the neuritogenic properties of LM and polyLM, using dorsal
root ganglion (DRG) explants, which extend both central and peripheral
axons in vivo. Then, we coated PCL filaments with either LM or polyLM
and compared their potentials to stimulate neurite outgrowth out of
DRG explants with that of bare filaments. Finally, we moved to an in
vivo model of nerve injury, in which a 10-mm segment of the sciatic
nerve is removed and the two stumps are connected by a silicone tube.
In this setting, we aimed to compare, morphological and functionally,
the degrees of regeneration that would be obtained in four different
experimental conditions, namely, (1) empty tube, (2) tube filled with
uncoated filaments, (3) tube filled with LM-coated filaments, and (4)
tube filled with polyLM-coated filaments. Our findings confirmed pol-
yLM as a better substrate than LM for inducing neuritogenesis under
culture conditions. Nevertheless, we unexpectedly observed that in the
particular environment of a peripheral nerve in vivo, tubes filled with
LM-coated PCL filaments revealed the best conduit for sciatic nerve
regeneration.

2. Methods

2.1. Animals

All experiments were performed following the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and
approved by the Ethics Committee for the Use of Animals in Research
from the Federal University of Rio de Janeiro (CEUA IBCCF protocol
#158 for mice C57-Black 6 and #092/16 for Wistar rats). Neonatal C57-
Black 6 mice (postnatal age between P0 and P3) were used in in vitro
experiments. For in vivo experiments, female Wistar rats weighing be-
tween 200 and 250 g were used. All animals were kept for the whole
duration of the experiments at 12-h light/dark cycles with free access to
food and water in an isolated animal room.
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2.2. PCL filaments

The PCL filaments used in this study were kindly donated by Prof. Dr.
Burkhard Schlosshauer of the Natural and Medical Sciences Institute
associated with the University of Tübingen, in collaboration with the
Institute of Textile Technology and Process Engineering, Denkendorf,
Germany. Synthetic absorbable filaments were made from PCL with a
molecular weight of 50,000 g/mol (Dow Tone, P767). Long micro-
structured filaments were formed by a technique of melting and extru-
sion in a spinneret at 205 �C, using a six-leaf nozzle with 24 capillaries.
The yield volume was approximately 0.4 mL/min for each capillary, and
the output speed was 1000 mm/min. In this state, the diameter of each
capillary was 22 μm, with 66 μm of functional circumference. The bun-
dles of filaments were washed with distilled water and wrapped around a
microscope slide to facilitate handling, and the ends were sealed. Small 2-
cm segments (width of a microscope slide) containing hundreds of fila-
ments sealed at the ends were sterilized in 70% ethanol and dried [29].
Ultrastructural analysis was carried out by bonding the specimens in
brackets covered with a double-sided tape and imaging in a scanning
electron microscope (Jeol JSM6390LV, JEOL, Peabody, MA, USA) after
sputtering with a 20-nm thick gold layer. The functionalization of the
filaments was performed in a three-step process. Initially, the material
surface was hydrophilized using a glow discharge of O2 plasma for three
cycles of 75 s (PELCO easiGlow™; Pelco, Redding, CA, USA). Then, the
filaments were coated with poly-D-lysine (50 μg/mL H2O; Sigma-Aldrich,
S~ao Paulo, SP, Brazil).

2.3. LM coating of the coverslip and PCL filaments

Substrates were prepared on 13-mm glass coverslips or PCL filaments
by incubating either poly-L-ornithine (PLO), previously polymerized LM
(polyLM) or ordinary, non-polymerized, LM for 12 h at 37 �C. PLO (used
as an inert control substrate) was dissolved in water to a final concen-
tration of 50 μg/mL. polyLM and LM were produced by diluting Engel-
breth Holm Swarm-derived-LM) (#23017015, laminin-111; Life
Technologies®) to 50 μg/mL with 20 mM sodium acetate (pH 4) or 20
mM Tris-HCl (pH 7), respectively, both containing 1 mM CaCl2 [21].
Before cell plating, wells containing the coverslips or filaments were
washed three times with phosphate-buffered saline (PBS 1x pH7.4).

2.4. DRG explants

DRG explants were obtained from P0–P3 neonatal pups. Pups were
cold anesthetized and quickly decapitated. DRGs were dissected and then
incubated in a culture medium (DMEM F-12) containing nerve growth
factor (NGF 50 ng/mL, Life Technologies) for 1 h at 37 �C and 5% CO2
before being plated on previously coated coverslips or filaments in 24-
well plates during 3 or 7 days. NGF was kept under all experimental
conditions for at least 24 h, being withdrawn from non-NGF conditions
after this period. At the end of the incubation time, the culture system
was carefully washed and fixed with 4% paraformaldehyde for 15 min.

2.5. Western blotting

Western blots from culture lysates were performed in a denaturing
lysis buffer containing 50 mM Tris, 2% SDS, 2 mM ethylenediamine
tetraacetic acid (EDTA), and a protease inhibitor cocktail (Sigma-
Aldrich® code no. P2714-1BTL). Samples were homogenized and
centrifuged at 10,000 rpm for 5 min (10,000 G). Protein levels were
assessed by immunoblotting from 25 μg of total sample protein on the
sodium dodecyl sulfate polyacrilamide gel eletropho resis (SDS-PAGE,
polyacrylamide 10%). After electrophoresis, proteins were transferred to
nitrocellulose membranes (Bio-Rad, CA). The membranes were blocked
with 5% non-fat dried milk diluted in tris-buffered saline plus tween 20
(TBST, 200 mM Tris-HCl, 1.37 M NaCl, 1% Tween 20, pH 7.6) for 1 h at
room temperature, then incubated overnight at 4 �C with primary



R. de Siqueira-Santos et al. Materials Today Bio 3 (2019) 100026
antibodies in TBST. Primary antibodies used were as follows: anti-AKT,
anti-FAK, and its phosphorylated forms (Cell Signaling®). To confirm
total protein loading, we used anti-GAPDH (Sigma®). Finally, Western
blots were analyzed by optical densitometry using Scion Image®
software.

2.6. Sciatic nerve lesion and microsurgery for PCL filament implanting

All surgical procedures were performed under anesthesia. Right
sciatic nerves were exposed at the mid-thigh level and an approximate
10-mm nerve segment was sectioned and removed. Distal and proximal
stumps were reconnected and sutured inside a 14-mm silicone tube,
leaving a gap of approximately 13mm between the two stumps inside the
tube. The control group (empty tube) received only 20 μL of germ-free
PBS injected into the tube (n¼ 6). Another group had the tube filled with
PCL filaments coated with PLO (PCL group, n ¼ 6). The LM groups were
implanted with PCL filaments previously coated with LM (PCL þ LM) or
polyLM (PCL þ polyLM) (n ¼ 8). PCL filaments were inserted into the
tube using small tweezers. After the animals recovered from anesthesia,
they were returned to the animal facility and kept with food and water ad
libitum for 12 weeks.

2.7. Behavioral tests

The animals were subjected to functional tests on alternate days for
12 weeks to evaluate their functional recovery after lesion. Animals were
acclimated for 2 weeks before the surgeries. During this period, they
were trained, and their functional baseline was set as a control for future
behavioral analysis.

2.7.1. Motor functional tests
The locomotion performance of the animals was assessed using the

CatWalk locomotion analysis system (Noldus Information Technology,
Wageningen, Netherlands). At the end of 2 weeks of training, all animals
were able to make uninterrupted runs, lasting between 2 and 4 s. After
surgery, the animals were evaluated once a week, for 12 weeks. Runs of
each animal were recorded by the CatWalk apparatus, and the recorded
data (at least two runs per animal) were analyzed using CatWalk software
(version 10.0). The parameters analyzed were the following: maximum
contact area, print area, and maximum intensity of the footprint of the
paw. For each parameter, values for all paws were recorded, and the ratio
of the ipsilateral paw to contralateral paw was calculated and compared
among the different experimental groups.

2.7.2. Rotarod® test
Motor ability and coordination were evaluated using the Rotarod

apparatus (Orchid Scientific, Maharashtra, India) for rats. The ability of
young adult rats to keep their balance on a rotating bar at 28 rpm was
tested, and the fall latency was measured in all animal groups. Once a
week, the rats underwent two trials separated by a 15-min break between
them.

2.8. Histology procedures

Twelve weeks after surgery, the rats were deeply anesthetized with an
intraperitoneal (IP) injection (300 mL) of a cocktail containing xylasin
(3.2 mg/kg; Syntec, Cotia, SP, Brazil), ketamine (62.5 mg/kg; Syntec),
and acepromazine (0.625 mg/kg; Syntec) diluted in water and perfused
transcardially with a 0.9% saline solution for 10 min (10 mL/min,
Masterflex®; Cole-Parmer Instrument Co.), followed by 4% para-
formaldehyde (20 min) and 4% paraformaldehyde þ 10% sucrose solu-
tion (10 min). The sciatic nerves or gastrocnemius muscles were kept in a
30% sucrose solution in phosphate buffer for 48 h. The nerves had the
epineurium removed and were photographed under a stereomicroscope
(Leica S8AP0; Leica Microsystems Nussloch GmbH). After embedding in
OCT mounting medium, longitudinal sections of the sciatic nerves (18
3

μm) or gastrocnemius muscles (30 μm) were obtained using a cryostat
(Leica CM 1850‘ Leica Microsystems Nussloch GmbH) and mounted
directly on gelatinþ 0.05% chromium alum precoated slides. Slides were
stored at �20 �C for immunofluorescence procedures.

2.9. Immunostaining procedures and imaging by optical microscopy

Before immunolabeling, the slides were washed 3 times for 5 min
each with PBS, permeabilized with 0.3% Triton-X-100 (Sigma-Aldrich,
St. Louis, MO, USA), blocked with 10% bovine serum albumin (Sigma-
Aldrich) or normal goat serum (Sigma-Aldrich) for 30 min at room
temperature, and finally incubated for 2 h at room temperature or
overnight at 4 �C with primary antibodies. Incubation with secondary
Alexa Fluor antibodies 488 or 594 (1:600; Life Technologies) was per-
formed in a blocking solution for 2 h at room temperature; then, nuclei
were stained with 40,6-diamidino-2-phenylindole dihydrochloride
(DAPI), followed by 3 washes with PBS. Samples were mounted on mi-
croscope slides with n-propyl gallate in 80% glycerol (Sigma-Aldrich Co.,
St. Louis, MO). For motor end plate staining, gastrocnemius slices were
incubated with α-bungarotoxin conjugated with Alexa 594 (1:200, cat#
b13423; Life Technologies) for 30 min. Primary antibodies used are as
follows: rabbit polyclonal anti–NF-200 (1:200, cat# n-4142; Sigma-
Aldrich), mouse monoclonal Tuj-1 (1:500, cat# t5076; Sigma-Aldrich),
and goat polyclonal anti-ChAT (1:100, cat# ab144p; Sigma-Aldrich).

Explants of DRGs and histological sections were visualized and pho-
tographed under light microscopy of fluorescence using the Nikon
Eclipse T1 confocal microscope and of or apotome system coupled to a
Zeiss Imager M2.

2.10. Quantitative analysis

2.10.1. Neuritogenesis
The neurite outgrowth of DRG cultures was evaluated in eight

randomly chosen regions, by measuring the average neurite length (the
distance from the beginning to the end of each neurite) of all neurites and
averaging them to have a single value per DRG explant. To quantify
neuritogenesis areas, the area occupied by the central ganglia was sub-
tracted from the total area occupied by ganglia plus neurites. Analyses
were carried out using Image-Pro Plus software, version 6.0.0.260.

2.10.2. Regenerated axons
The regenerated portion of the sciatic nerve inside the polyethylene

tube, from the control and experimental groups, was stained with TUJ-1
(axonal marker) and photographed under 40x magnification. Images
were analyzed using Zen software (Zeiss, Germany) tracing 5 lines, 25 μm
apart from each other, every 1 mm from the end of the proximal stump.
Using these lines, nerve thickness and TUJ 1 þ axons that cross each line
were quantified.

2.10.3. Motor end plate evaluation
End plates were quantified by direct counting of lateral gastrocne-

mius muscle sections labeled with α-bungarotoxin conjugated with Alexa
555 using an apotome epifluorescence microscope for quantitative
analysis on a Zeiss.

2.11. Image processing and statistical analysis

Images were processed using the ImageJ version 1.48 program (Na-
tional Institutes of Health, Bethesda, MD, USA), and all data were
analyzed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA,
USA). Statistical analyses were performed using Student's unpaired t-test,
one-way analysis of variance (ANOVA) followed by Bonferroni post-test
for comparison of all pairs of columns and two-way ANOVA followed by
Bonferroni post-test comparing all pairs of columns. The confidence in-
terval was 95%, and all values are expressed as � standard error of the
mean.



Fig. 1. Laminin substrates stimulate and support DRG neuritogenesis outgrowth in vitro. (A–C) Epifluorescence images of rat P1 DRGs cultivated 4 days in vitro
(DIV) on glass coverslips previously coated with polyornithine (A), polyLM (B), or LM substrates (C). The cytoskeleton was labeled with TUJ-1 antibody. (D–G)
Quantitative analyses of neurite outgrowth area 4DIV (D) and 7DIV (E) and average neurite lengths 4DIV (F) and 7DIV (G). (H–K) Epifluorescence images of rat P1
DRG explants on polyornithine plus nerve growth factor (NGF, H) or after NGF withdrawal and cultivation for 4DIV on polyornithine (I), polyLM (J), or LM substrates
(K). (L) Quantitative analysis of DRG neurite outgrowth areas after NGF deprivation. (M�N) Western blotting assay for FAK/phospho-FAK (M) or AKT/phospho-AKT
(N) in explants plated for 4 days on different substrates. Activation was assessed by the ratio between phosphorylated and non-phosphorylated forms of the elements.
White bars represent the polyornithine group; light and dark gray bars represent polyLM and LM groups, respectively. Scale bars: (A–C) ¼ 100 μm; (H–K) ¼ 500 μm.
*p < 0.01; **p < 0.001; ***p < 0.0001 by one-way ANOVA. PLO, poly-L-ornithine; DRGs, dorsal root ganglia; LM, laminin; polyLM, polylaminin; ANOVA, analysis
of variance.
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Fig. 2. Microstructured PCL filaments precoated with polyLM improve and organize neurite growth from DRG explants. (A–B) Scanning electron microscopy
(SEM) images of PCL filaments evidencing the microstructure grooves in lower (A) and higher (B) magnifications. (C and D) Optical slices obtained using confocal
fluorescence microscopy of filaments immunolabeled for laminin showing the protein coating of PCL filament. (E–G) Optical slices of DRG neurite outgrowth on PCL
filaments coated with polyornithine (E), polyLM (F), or LM (G). (E0

–G’) Higher magnifications of (E)–(G). Arrows in F and F0 indicate neurites growing at the grooves
of individual filaments. Neurites were immunolabeled with TUJ-1. (H) Quantitative analysis of neurite growth on PCL filaments and neurite density at 400 μm from
the DRGs. Scale bars: (A) ¼ 50 μm, (B) ¼ 10 μm, and (C–G) ¼ 100 μm. *p < 0.01; **p < 0.001 by one-way ANOVA. PCL, poly-ℇ-caprolactone; polyLM, polylaminin;
LM, laminin; DRG, dorsal root ganglion; PLO, poly-L-ornithine; ANOVA, analysis of variance.; Sciatic nerve, poly-ε-caprolactone.
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3. Results

3.1. polyLM provides an optimized substrate for DRG neurite outgrowth in
vitro

Because LM is a well-known substrate for axonal growth and regen-
eration, in this first set of experiments, we investigated the ability of
DRGs from P1 mice to extend neurites, in culture under the trophic ac-
tivity of 20 ng/mL of NGF. Two LM substrates were provided, one ob-
tained by adsorption of the protein diluted in a neutral buffer (LM) and
another one obtained by adsorption of previously polymerized LM by
dilution in acidic pH of acetate buffer (polyLM) [31]. After three days of
incubation, we observed that both substrates of either polyLM or LM
similarly increased the area of neuritogenesis in comparison with the
control substrate of poly-ornithine (Fig. 1A–D, ANOVA, p < 0.01). After
seven days, neuritogenesis areas were again similar between the two
types of LM; however, in comparison with the control substrate, neurites
spread significantly more (Fig. 1E, ANOVA, p < 0.001). Interestingly,
when we measured the average lengths of neurites 3 and 7 days after
incubation, polyLM induced longer neurites among all groups (Fig. 1F
and G, ANOVA, p< 0.001). Next, we explored the ability of the substrates
to give support for neurite outgrowth in the absence of NGF. Three days
after incubation in the absence of NGF, the control group displayed far
less neurites than in the presence of NGF (Fig. 1H and I and L, Man-
n–Whitney, p< 0.01). DRGs incubated on polyLM or LM in the absence of
NGF revealed significantly longer neurites than those on poly-ornithine
(Fig. 1 I-L, ANOVA, p < 0.001), but lengths were comparable with those
observed on each substrate in the presence of NGF (Fig. 1F), suggesting
that contact with LM compensated for the lack of the growth factor. Next,
we investigated two signaling transducing elements downstream the
activation of integrin receptors. The phosphorylation levels of FAK
5

(p-FAK) reflect the intensity of integrin activation. By Western blotting,
followed by densitometry, we observed that the level of p-FAK on LMwas
equivalent to that obtained on PLO, but that incubation on polyLM led to
a 2-fold increase in p-FAK (Fig. 1M, ANOVA, **p < 0.001; *p < 0.01).
Similarly, when we analyzed the phosphorylation levels of AKT (p-AKT),
an element downstream of FAK activation and related to neuronal sur-
vival and neurite outgrowth by the PI3 kinase/AKT/mTor signaling
pathway, we again observed increased levels of p-AKT relative to PLO on
polyLM, but not on LM (Fig. 1N, ANOVA, **p < 0.001; *p < 0.01). It is
important to mention that although AKT phosphorylation increases in
response to FAK activation, a basal level of p-AKT is expected to occur
even in the absence of the substrates owing to the presence of NGF in the
assay. This was indeed observed (Fig. 1N, left lanes). Together, the results
in this section indicate that both forms of LM provide efficient substrates
for neurite outgrowth even in the absence of NGF. Moreover, we were
able to correlate the ability of polyLM to induce longer neurites (Fig. 1F
and G) with an increased activation of both integrin receptors and the PI3
kinase/AKT signaling pathway.

3.2. LM coating improves DRG neurite outgrowth on PCL filaments

Filamentsmade of PCL have been previously described as being able to
support both neurite extension (in vitro) and axonal growth (in vivo)
[26–29]. Thus, here we asked whether PCL filaments covered with LM
wouldprovide an improved substrate forDRGneurite outgrowth. First,we
assessed PCL filaments by scanning electron microscopy in low and high
magnifications (Fig. 2A andB). The integrity of the sixmicrogrooves could
be identified in both magnifications. After incubation with either LM or
polyLM, filaments were observed using confocal microscopy after
immunofluorescence of LM. LM was readily seen as a homogenous coat,
whereas differences between the two types of LMwere not distinguishable



Fig. 3. Microstructured PCL filaments coated with laminin promote sciatic nerve tissue regeneration. Twelve weeks after lesion and insertion of nerve stumps
into silicone tubes, regenerated nerves were removed from the tubes and photographed as whole mounts (A’–D’) or cut longitudinally for analysis under confocal
fluorescence microscopy. (A–D) Sections stained with DAPI; (E–H) optical slices obtained by superimposing differential interference contrast (DIC) and fluorescence of
TUJ-1–immunolabeled fibers. The experimental groups were empty tubes (A and E), tubes filed with uncoated PCL filaments (B and F), and PCL filaments precoated
with polyLM (C and G) or LM (D and H). The inset E0 corresponds to an amplified image of (E) to reveal the unorganized pattern of fiber growth within the empty tube.
(I–K) Quantitative analyses or nerve thickness, cell and axonal densities (TUJ-1þ axons) at the experimental conditions described previously. (L) An illustration of the
nerve segments, proximal, medial, and distal, shown in (K). Scale bars: (A–D) ¼ 50 μm, (E–H) ¼ 100 μm, (E’) ¼ 150 μm. *p < 0.01; **p < 0.001 by one-way ANOVA.
PCL, poly-ℇ-caprolactone; DAPI, 40,6-diamidino-2-phenylindole dihydrochloride; ANOVA, analysis of variance; polyLM, polylaminin; LM, laminin.
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(Fig. 2C and D). Next, we placed DRG explants on top of the LM precoated
filaments and incubated them for 48 h in the presence of NGF. After
immunofluorescence for Tuj-1, we found that neurites grew longer dis-
tances on either LM-coated filaments than PLO (Fig. 2E–H, ANOVA, *p<
0.01). However, the neurite densitywasmuch superior on polyLM than on
both PLO and LM (Fig. 2E–G, I). Neurites tended to grow associated with
the grooves on the filaments, a feature particularly clear when LM was
used in the polymerized form (polyLM) (Fig. 2F, white arrows).

3.3. LM coating of PCL filaments improved regeneration of sciatic nerves in
adult rats

The regenerative potential of the LM-coated filaments was tested in
vivo in a model of sciatic nerve lesion. After surgical removal of 10 mm of
the rat sciatic nerve, both proximal and distal stumps were introduced at
the edges of a 12-mm silicone tube filled with a bundle of PCL filaments,
precoated or not precoated with LM which was previously polymerized
(polyLM) or not (LM). Twelve weeks after implantation, we analyzed
longitudinal sections of the regenerated sciatic nerve inside the tube
either by DAPI staining, to compare nerve thickness and cell density
(Fig. 3A–D), or by Tuj-1 immunofluorescence, to evaluate axonal
regrowth (Fig. 3E–H). Whole mounts of the regenerated nerves are
6

shown at the upper part of panels A–D (Fig. 3). It can be appreciated that
in 12 weeks, a nerve bridge was formed in all experimental conditions
(Fig. 3A’-D’), although the group that received only the silicone tube
presented the thinnest nerve among all experimental groups. Uncoated,
LM-coated, and polyLM-coated filaments presented similar nerve thick-
nesses (Fig. 3B–D, I). Cellular densities assessed as the number of DAPIþ

cells per mm2 showed increased cellularity in all groups containing fil-
aments in comparison with the group receiving empty tubes (Fig. 3A–D,
J). Axonal regeneration was evaluated by assessing Tuj-1þ fibers. Inside
the tube lacking PCL filaments, we often observed clusters of Tuj-1þ

axons growing apparently without direction, as demonstrated in Fig. 3E
(insert). This suggests that PCL filaments play a role in providing
directional axonal guidance towards the distal stump. Such guidance
favored the extension of straight axons on plain and polyLM-coated fil-
aments, but resulted in a reticular mesh of axons on the LM group.
Quantitative analyses demonstrated that PCL filaments coated with LM
presented higher axonal density than the other experimental conditions
(Fig. 4 E–H, K). Equivalent results were obtained at proximal, medial,
and distal areas of the regenerated nerve. We conclude here that
functionalized PCL filaments precovered with LM provided the best
environment for nerve tissue replacement among the experimental
conditions analyzed.



Fig. 4. LM-coated PCL filaments improve
motor functional recovery. (A) Represen-
tative images of the footprints obtained with
the CatWalk system® for the unlesioned an-
imal limb and for the injured limbs of ani-
mals in each experimental condition. The
intensity of the print is expressed according
to the color scale shown in the figure. (B–C)
Plots of footprint areas (B) and step maximal
intensities (C) against time in weeks after
lesion, provided as ratios of the values found
for ipsilateral and contralateral paws. (D)
Plot of the latency times to fall obtained from
the Rotarod® apparatus measured weekly for
12 weeks. Red, black, blue, and green lines
represent groups receiving empty tubes,
tubes filled with uncoated PCL filaments,
tubes filled with polyLM-coated or with LM-
coated PCL filaments, respectively. *p <

0.01; **p < 0.001; ***p < 0.0001 by one-way
ANOVA. LM, laminin; polyLM, polylaminin;
PCL, poly-ℇ-caprolactone; ANOVA, analysis
of variance.
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3.4. LM-coated PCL filaments improve motor function in adult rats after
sciatic nerve transection

A possible correlation between nerve regeneration and improved lo-
comotor behavior was sought by using a series of motor tests applied
throughout the 12 weeks of the experiment. Evaluation of footprints in
all experimental conditions, including unlesioned animals, was captured,
and we observed that none of the experimental groups was able to
completely recover the footprint parameters of the unlesioned group
(Fig. 4A). However, animals receiving LM-coated filaments presented the
most preserved footprint profile among all groups (Fig. 4A), where the
heel and three digits simultaneously contacted the platform. Quantitative
analyses detected a significant difference only between LM and empty
tube groups at 1, 8, 9, 11, and 12 weeks after the implant (Fig. 4B). We
further analyzed the maximum intensity of the step and found statisti-
cally significant improvements relative to the empty tube on the polyLM
group at 2, 4, and 12 weeks and on the LM group after the fifth week
except at 7, 8, and 11 weeks. Animals implanted with uncoated PCL fil-
aments had no significant difference on step maximum intensity
compared with the empty tube (Fig. 4C). Finally, we challenged rats over
twelve weeks every week on the Rotarod apparatus. The animals were
placed on a cylinder rotating at 28 RPM, and we measured the latency
time they could remain on the cylinder before falling down. From the
seventh week, animals that received LM-coated filaments displayed a
consistently higher latency time than those in all the other groups
(Fig. 4D). Taken together, the results presented in this setup allowed us to
correlate sciatic nerve tissue replacement with better motor functional
recovery in rats implanted with the silicone tube filled with LM-coated
PCL filaments.

3.5. LM-coated PCL filaments regenerate motor axons functionally

We had previously demonstrated by in intro assays that rat sensory
DRG explants incubated on polyLM-coated PCL filaments had an exten-
sively neurite outgrowth in distance and in density. This neuritogenesis
was significantly better than other experimental conditions. However, by
in vivo assays and behavioral tests twelve weeks after implantation, it
became clear that LM-coated PCL filaments, instead of polyLM-coated
ones, provided the best experimental condition for nerve tissue
replacement. This observation was in principle unexpected; however,
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taking into account that the sciatic nerve is composed of both sensory and
motor axons, we considered that LM coating could selectively induce
growth of motor fibers over sensitive ones. We thus labeled regenerated
nerves simultaneously with ChAT and Tuj-1 to assess the proportion of
motor/total axons in each experimental group. We found that although
the number of ChAT-positve fibers was higher in the LM-coated group
(Fig. 5 A), the proportion of motor relative to total Tuj-1þ fibers exhibited
only a slight tendency to higher values on LM-coated PCL filaments
(Fig. 5 B). By apotome microscopy, we identified the fluorescence of
α-bungarotoxin, which binds to cholinergic receptors on lateral
gastrocnemius muscle fibers (Fig. 5C–F). We observed motor end plates
in all experimental conditions, but the quantitative analysis demonstrates
2-fold increase in α-bungarotoxinþ events in LM-coated PCL filaments
compared with the other experimental conditions (Fig. 5G, ANOVA, p <
0.001). These observations led us to conclude that complete axonal
regeneration can be attained using LM-coated PCL filaments. In addition,
we found indications that the better results observed with the latter
conduit were, at least partially, due to the positive effect of the LM-coated
filaments on motor axons of the sciatic nerve.

5. Discussion

In this work, we demonstrated that LM-coated PCL filaments effi-
ciently support axonal regeneration across a 10-mm nerve gap twelve
weeks after experimental lesion in adult rats. We found that LM, that is,
LM diluted to 50 μg/mL in a neutral buffer, a condition in which the
protein does not polymerize in solution [30,31], provided a better
coating than polyLM. polyLM corresponds to a suspension of
self-associated LM molecules of biomimetic properties, readily obtained
when LM is diluted down to the same concentration (50 μg/mL) in an
acidic buffer [20,31]. Curiously, initial in vitro experiments using DRG
explants had indicated that polyLM absorbed to either coverslips or PCL
filaments supported a higher level of neuritogenesis than LM, which can
be explained by the distinct signaling pathways involved in the responses
to each substrate. Although the exact signaling cascades triggered by
each form of LM have not been fully characterized yet, it has already been
described that the response to polyLM requires activation of PKA, while
that to LM is independent of PKA and sensitive to inhibitors of ERK1/2
[21,22]. The distinct effects of LM and polyLM in vitro versus in vivo are
probably related to the fact that DRG neurite outgrowth in vitro does not



Fig. 5. LM-coated PCL filaments promote
motor axon regeneration and muscle
reinnervation. (A) Quantitative analysis of
fluorescence density of ChAT-positive axons
in the regenerated nerve. (A0) An illustration
of the nerve segments, proximal, medial, and
distal, shown in (A). (B) Ratios of ChAT/Tuj-
1–labeled axons on longitudinal sections of
the regenerated sciatic nerve tissue twelve
weeks after lesion in adult rats. (C–F) Pho-
tomicrographs of motor end plates visualized
by CY3-conjugated α-bungarotoxin incubated
on longitudinal sections of the lateral
gastrocnemius muscle. Images were captured
by Apotome® microscopy from sections of
the following experimental conditions: empty
tubes, tubes filled with uncoated PCL fila-
ments, tubes filled with polyLM-coated or
with LM-coated PCL filaments. (G) Quanti-
tative analysis of the number of motor end
plates per square millimeter. Scale bar:
(A–D) ¼ 50 μm. Statistics: **p < 0.01;
***p<0,001; p>0.05 by one-way ANOVA.
LM, laminin; PCL, poly-ℇ-caprolactone;
ANOVA, analysis of variance; polyLM,
polylaminin.
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represent exactly a model of regeneration of an injured peripheral nerve.
First, DRGs contain only sensory neurons, whereas the sciatic nerve
possesses both sensory and motor fibers. We considered that the two
forms of the protein could differently affect sensory and motor neurons;
the former would respond to polyLM, whereas the latter would respond
to LM. Our observation that the proportion of motor fibers relative to
total fibers in the regenerated nerves was only slightly increased on
LM-coated filaments in comparison with polyLM suggests that this is
probably not the only explanation. Nevertheless, the fact that more end
plates at the target muscle and superior motor performance occurred in
rats of the LM group supports the notion that LM favors motor recovery
beyond polyLM. We have observed that only axons extending on
LM-coated PCL filaments exhibited a reticular morphology made of
branching fibers (Fig. 3). One possibility is that LM induces more
branching and this will facilitate the formation of more end plates at the
muscle fiber. In this regard, it has been shown that a higher number of
collateral fibers during the regenerative process correlate with motor
function [32–34].

An alternative explanation is that the axonal growth promoted by
polyLM on central axons would require contact with neuronal cell bodies
as present in DRGs, but such stimulation would not be effective in the
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environment of the regenerating sciatic nerve, where the protein is
contacted only by the axons. polyLM has been demonstrated to favor
neurite/axon extension more efficiently than LM in vitro, using different
types of neurons from the central nervous system, including E14 and P2
neurons isolated from the brain cortex [21], retinal cells from newborn
animals [22], and embryonic motor neurons isolated from the spinal cord
(R.d.S.S. and T.C.-S., unpublished). Moreover, polyLM, but not LM,
induced functional axonal regeneration in vivo after spinal cord injury
[23]. It is reasonable to conceive that peripheral axons regenerating
within the nerve will respond differently to extracellular elements than
whole neurons as different receptors can be expressed in growth cones
and at the cell soma.

Alternative reasons can explain why polyLM was not more effective
than LM in sciatic nerve regeneration. For instance, the environment of
nerve injury is less restrictive to the penetration of cells from the immune
system and from the surrounding connective tissue that will produce
ECM proteins to influence regeneration [5]. Besides, unlike oligoden-
drocytes, SCs are capable of producing a new basal lamina to support
axonal regeneration. Studies are currently being developed to determine
whether the LM substrates will distinctly modulate the behavior of these
cell types.
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It is known that the levels of integrins expressed by neurons during
development are reduced in the adult, but they increase again after a
peripheral nerve lesion. Immediately after nerve lesion, α7β1 mRNA in-
creases by 0.4-fold and 1-fold in sensory andmotor neurons, respectively,
after incubation on the LM substrate. However, motor neurons increase
the mRNA levels for the integrin α5β1 receptor by almost 4-fold, indi-
cating the preference of these cells for fibronectin [30,32]. The differ-
ential expression of ECM receptors in distinct neurons at different
conditions adds complexity to the system and indicates that further ex-
periments will be necessary to fully understand the contribution of
exogenous LM to nerve repair.

One interesting finding of the present study was that using DRG ex-
plants only on polyLM, we observed evidence of LM-induced integrin
activation beyond the basal level obtained on PLO. It is possible that non-
polymerized LM is recognized by other receptors such as dystroglycan or
that individual protein units in LM do bind to integrins but do not pro-
voke FAK phosphorylation [35]. Nevertheless, previous studies have
shown that the response of DRG neurons to LM involves FAK phos-
phorylation [36]. One possibility is that LM is already present in the DRG
explant, and thus, plating on coverslips coated with LM does not induce
further activation of FAK. Moreover, in 7 days of culture, cells within the
explant plated on PLO could produce enough LM to account for phos-
phorylation levels of FAK and AKT similar to those obtained on LM. In
any case, our results clearly point to an ability of polyLM to activate
integrins in a way that LM does not. This is somehow an expected finding,
given that FAK phosphorylation requires approximation of integrin re-
ceptors at the plasma membrane. Because polyLM corresponds to an
array of LM molecules placed within a fixed distance, one can imagine
that polyLM favors the simultaneous engagement of a cluster of integrin
receptors. In this regard, it has been reported that the ideal distance
between fibronectin-binding motif Arg-Gly-Asp (RGD peptides) to
mobilize integrin receptors on fibroblasts is approximately 58 nm [37].
Integrins bind to laminin globular (LG) domains at the distal ends of LM
long arms. In polyLM, the distance between contiguous LG domains is
predicted to be 52 nm [20], which raises the hypothesis that the specific
properties of polyLM can be attributed to its ability to induce clustering
of integrin receptors, increasing FAK activation.

The biomaterial sciences and the consequent variety of strategies for
tissue engineering of peripheral nerves have increased exponentially
over the last twenty years. The results clearly demonstrate the potential
of biocompatible materials to efficiently modulate the immune system,
SCs, connective tissue cells, as well as peripheral and central neurons to
promote regenerative processes. The frequency of drawbacks due to
immune response against the implants has decreased as much as tech-
nologies to produce new biomaterials are refined. A standard material
such as chitosan, for instance, is being gradually replaced by PCL, pure or
combined, over other polymers, which has provided increasingly higher
efficiency [26,27]. One of the big issues at this moment is how complex
and expensive the biomaterial production has become, many times
showing promising results on nerve tissue replacement but requiring
costs beyond the translational reality. Moreover, clinical validation of
new materials in translational medicine requires extensive toxicity
studies in different animal models to support their expected safety in
future human trials. Accordingly, ethics committees devoted to regu-
lating human research tend to privilege the use of molecules that have
already been previously demonstrated safe for animals and humans. All
these aspects considered, we believe that the graft composed of a silicone
tube filled with LM-coated microstructured PCL filaments, shown in this
work to promote massive nerve tissue replacement with a good balance
among total cell density, axonal regeneration, and functional recovery,
emerges as a simple, unexpansive, and efficient candidate for a future
clinical trial for nerve repair. The fact that both PCL and LM have already
been used in other animals besides rodents, as well as in humans in the
past, further supports this notion [38,39]. Finally, it is important to
mention that although experimental models of nerve regeneration nor-
mally focus on restoring tissue damage provoked by traumatic injury,
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owing to easiness of reproducing such lesions in standardized studies, in
the clinical scenario, nerve repair strategies are often needed to treat
other nerve injuries such as a compressive lesion due to tumor growth
and disease-associated losses such as those observed in leprosy, which
broadens the need for developing new treatments.
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