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a b s t r a c t

Recovery from traumatic spinal cord injury (SCI) usually fails due to a cascade of cellular and molecular
events that compromise neural tissue reconstitution by giving rise to glial scarring and cavity formation.
We designed a scaffold material for SCI treatment containing only chitosan and water as fragmented
physical hydrogel suspension (Chitosan-FPHS), with defined degree of acetylation (DA), polymer con-
centration, and mean fragment size. Implantation of Chitosan-FPHS alone into rat spinal cord immedi-
ately after a bilateral dorsal hemisection promoted reconstitution of spinal tissue and vasculature, and
diminished fibrous glial scarring: with astrocyte processes primarily oriented towards the lesion, the
border between lesion site and intact tissue became permissive for regrowth of numerous axons into,
and for some even beyond the lesion site. Growing axons were myelinated or ensheathed by endogenous
Schwann cells that migrated into the lesion site and whose survival was prolonged. Interestingly,
Chitosan-FPHS also modulated the inflammatory response, and we suggest that this might contribute to
tissue repair. Finally, this structural remodeling was associated with significant, long-lasting gain in lo-
comotor function recovery. Because it effectively induces neural tissue repair, Chitosan-FPHS biomaterial
may be a promising new approach to treat SCI, and a suitable substrate to combine with other strategies.

© 2017 Elsevier Ltd. All rights reserved.
́
 ́ ́
1. Introduction

Traumatic injuries of the spinal cord (SCI) can lead to life-long
loss of sensation and voluntary motor functions. Although sev-
ered adult neurons of the mammalian central nervous system
(CNS) can initially survive, regrowth of their axons through the
lesion site ultimately fails due to a cascade of cellular andmolecular
events leaving the affected neural tissue in a permanently altered,
regeneration-inhibited state (for review, see [1,2]). A further
complication is that injury-associated vascular damage inevitably
includes hypoxia, hemorrhage and edema that accelerate necrosis
of damaged neural tissue. The associated breakdown of the blood-
, laurent.david@univ-lyon1.fr
spinal cord barrier favors infiltration of blood-derived monocytes/
macrophages that, together with activated microglia, spread
inflammation beyond the initial lesion site, contributing to sec-
ondary expansion of the lesion. The tissue cavities that develop
because of necrosis become walled off by the astrocytic scar,
creating a mechanical, and chemical barrier to axon growth due to
expression of inhibitory molecules such as CSPG, as well as sem-
aphorins, and matrix-metalloproteinases. Axon regrowth is further
inhibited by central myelin degradation products, namely MAG
(myelin associated glycoprotein), Omgp (oligodendrocyte myelin
glycoprotein), and Nogo, and also by low levels of neurotrophic
factors (for review, see [3,4]).

To overcome these hurdles, implantable biomaterials have
recently gained interest in the treatment of SCI. To be effective,
these biomaterials must first bridge the gap created by the lesion in
the spinal tissue by forming an extracellular matrix replacement
that supports anchoring of cells and promotes axon growth. Sec-
ondly, they should reduce tissue cavitation and glial scarring,
allowing for efficient neo-vascularization. Thirdly, and importantly,
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they need to participate in modulating the long-term inflammatory
response [5,6].

Scaffold materials to treat SCI can be entirely synthetic poly-
mers, such as PLA (poly-L-lactic acid and polylactide copolymers;
[7], PHEMA/MMA (poly-(2-hydroxyethyl methacrylate-co-methyl
methacrylate]; [8], or PEG (polyethylene glycol; [9]; or can be de-
rivatives of naturally occurring polymers, like fibrin [10], alginate
[11], or chitosan [12,13]. The biodegradability of these components
can vary from non-degradable to rapidly degrading biomaterials.
Some materials can be electrospun to form solid fibers; most come
in the form of hydrogels (containing >70% water) that can either be
implanted, or form a gel in situ from an aqueous solution. These
scaffolds may also be used to deliver growth-promoting molecules,
and/or can contain grafted cells favoring neural tissue regeneration
and myelination of regrowing axons (for review, see [14]).

Chitosan, used in our novel biomaterial for SCI treatment, is
prepared by partial N-deacetylation of chitin, a natural poly-
saccharide obtained from the exoskeleton of crustaceans, the cell
wall of fungi, and or from squid pens. The physicochemical prop-
erties of chitosan can be modulated, in particular through the
variation and control of its average degree of acetylation (DA).
Chitosan-based materials and derivatives have received increased
attention in tissue engineering because of their unique and
appealing properties such as cytocompatibility, biodegradability,
and nontoxicity. They have been extensively evaluated for regen-
eration of epithelial and soft tissues [15], and their beneficial
characteristics include preservation of cellular phenotypes, activity
enhancement of bound bioactive factors, as well as the stimulation
of synthesis of tissue-specific extracellular matrix [16,17]. In addi-
tion, it has antitumor activity, as well as analgesic, hemostatic,
anticholesterolemic, antimicrobial, and antioxidant effects (for re-
view, [13,15]).

In treating SCI, chitosan has been successfully employed in the
form of collagen-filled or stem cell-seeded preformed tubes
designed to bridge the tissue gap created by transection of rat
spinal cord [12,18e21]. However, these studies did not evaluate the
therapeutic potential of the chitosan biomaterial alone. The impact
of the hydrogel implant itself on scar formation, inflammation, and
vascularization was not analyzed, with one exception [12] report-
ing that chitosan did not provoke a higher than normal inflam-
matory reaction. Efficacy of the chitosan-biomaterial alone could
providemajor advantages as a therapeutic agent, avoiding potential
safety issues encountered by cotreatments with cell based thera-
pies, and making it easier for its large scale production for clinical
testing. In the present study, we evaluated the reaction of lesioned
spinal cord tissue to a pure chitosan-based implant in form of a
newly designed formulation as a Fragmented Physical Hydrogel
Suspension (Chitosan-FPHS) with well defined physico-chemical
characteristics, i.e. molecular weight, acetylation degree, polymer
concentration, and range of fragment size.

2. Materials & methods

2.1. Preparation of Chitosan-FPHS

Chitosan powder from squid pens (Mahtani Chitosan, Veraval,
India; batch index 114) was dissolved in acetic acid aqueous so-
lution, pressure-filtered through successively narrower Millipore
filters (3.0, 1.2, and 0.45 mm pore size), and re-precipitated by
mixing with concentrated ammonia solution. Precipitates were
washed in deionized water until neutral pH was achieved, and
finally freeze-dried before further use. Number average and
weight average molar masses (Mn and Mw) were determined by
size exclusion chromatography coupled with refractive index
measurements and multiple light scattering (Wyatt Dawn EOS
multi-angles operated at 690 nm), according to our previous
work [22]. The degree of acetylation (DA) was analyzed by 1H-
NMR spectroscopy on chitosan (10 mg/mL) dissolved in D2O
acidified with 5 mL/mL of concentrated HCl according to the
method of Hirai [23]. Reacetylation of chitosan was performed by
dropwise addition of stoichiometric amounts of acetic anhydride
(>99% purity, Sigma) to a 1% w/v chitosan hydro-alcoholic solu-
tion, then letting the reaction continue overnight before re-
precipitating the polymer with concentrated ammonia, again
followed by washing steps and lyophilisation (for details see [16],
and refs. therein).

A 2.5% w/w aqueous solution of filtered chitosan, obtained by
addition of a stoichiometrically determined amount of acetic acid
to protonate amine groups of chitosan, was poured into a 35 mm
Petri dish. Chitosan hydrogel formation was achieved by placing
the Petri dish over a source of ammonia vapors (generated with an
aqueous ammonia solution, 1 M) for 15 h, and the resulting chi-
tosan monolithic gel was washed in deionized water until a
neutral pH was obtained in the washing bath. This final hydrogel
only contains chitosan and water at a concentration close to that
of the initial solution [22,24]. Evaluation of the viscoelastic
properties and mechanical behavior of such bulk hydrogels was
done according to our previous work [22,24]. The storagemodulus
at equilibrium corresponding to the plateau value of G0 measured
at low angular frequency (~10�2 rad/s) of our final hydrogel was
close to 1300 Pa (for more details, see [24]). The gel was then
fragmented by blending in deionized water with an Ultra Turrax®

(IKA) homogenizer (10% [w/w] of gel in deionized water, rotation
speed 11,000 rpm; 4 � 20 s; Fig. 1A). Blending time and rotation
speed were chosen so that the fragmented suspension had a
median fragment size of about 20 mm. The suspension was auto-
claved at 121 �C for 20 min, and finally kept at room temperature.
The chitosan used in this study had a DA of 4% ±0.5%, aMw of about
550 ± 50 kg/mol, a dispersity Ð (equal to Mw/Mn) of 1.5 ± 0.3 [22].
Such high molecular masses enable the preparation of hydrogels
at low concentration (Cp > 1%w/w), here 2.5%. The initial sus-
pension was centrifuged (Sigma 3K30 at 13,000 rpm, 30s) and the
pellet was collected. The apparent viscosity of the Chitosan-FPHS
paste was determined as shown in Fig. 1B. Hydrogels prepared
from high DA chitosan (38% ±2%; obtained by reacetylation of low
DA chitosan) but the same fragment size as above (20 mm), as well
as a hydrogel with low DA (4%, Fig. 1A) but much larger fragment
size (~150 mm, Fig. 1A) were also tested. The Chitosan-FPHS
preparation was based on the procedure described in Nothias
et al. [25].
2.2. Animals

Adult female Wistar rats (230e250 g; total number of animals:
84; Janvier, France) were used throughout this study, housed in the
animal facilities at the IBPS institute. All experimental procedures
and animal care were in accordance with 2010/63/UE European
directive and French decree 2013-118, and approved by the Insti-
tutional Animal Care and Ethics Committee at the UPMC
(#1514.01). Before and after surgical interventions animals were
provided food and water ad libitum. During surgery, and until they
awoke from anesthesia, animals were placed on a heating pad to
maintain body temperature. To relieve post-operative pain, rats
received intraperitoneal injections of Buprenorphine (0.3 mg/mL,
Axience, France) twice a day during the first week post-lesion, and
intramuscular injections of gentamycin (Pangram 4%, Virbac,
France) to prevent urinary infections. Until restoration of normal
micturition, bladders were manually emptied twice a day, and the
health state of operated rats was monitored by regular weight.



Fig. 1. (A) Preparation of Chitosan-FPHS, from chitosan powder up to the micro-hydrogel suspension for injection into the spinal cord, as described in Materials and Methods.
Phase contrast images (to the right) correspond to Chitosan-FPHS with a DA of 4%, but different median fragment sizes: top, about 150 mm; bottom, about 20 mm. The latter fragment
size was selected for the present study. Bar: left, 1 cm; right, 100 mm. (B) Apparent viscosity in relation to apparent shear rate of Chitosan-FPHS with a DA of 4% and obtained
after fragmentation with an Ultra Turrax® (IKA) homogenizer (rotation speed 11,000 rpm, 4 � 20 s, median fragment size 20 mm) and centrifugation with Sigma 3K30 at 13,000 rpm
during 3 min. The rheological characterization was performed using a stress-controlled rheometer (AR 2000, TA instruments) at 22 �C. The apparent viscosity was assessed in static
mode using cone/plate geometry (25 mm diameter, 4� cone angle).
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2.3. Spinal cord injury and Chitosan-FPHS implantation

Animals were anesthetized by intraperitoneal injection of a
solution of xylazine (5 mg/kg; Rompun 2%, Bayer, France) and ke-
tamine (50 mg/kg; Imalgene 1000, Rhone-Merieux, France). After
laminectomy at thoracic levels 8/9 (th 8/9) a longitudinal incision
wasmade in the duramater, the spinal cord exposed, and a bilateral
dorsal over-hemisection was made with micro-scissors, followed
by passing an ophtalmic micro-scalpel (blade angle 15�, Micro
Feather no. 715) three times through the lesion to assure complete
ablation of dorsal fiber pathways down to below the central canal
(cf. [26]). Half of the animals received an implantation of Chitosan-
FPHS (about 3 ml) immediately after the dorsal hemisection (lesion-
Chito group, to be compared with lesion-only animals). Finally,
muscles were sutured, and the skin closed using clips. It should be
noted that once implanted, the dense suspension of Chitosan-FPHS,
obtained by brief centrifugation, does not leak and stays within the
lesion site without any additional manipulation.
2.4. Immunohistochemistry

After survival times of 2 weeks (2w), 4w, 8w, 10w, and 12w,
animals were deeply anesthetized by intraperitoneal injection of
sodium pentobarbital (100 mg/kg, Ceva), and transcardially
perfused first with saline, then with 4% paraformaldehyde (PFA,
Sigma) in 0.1 M phosphate buffer. Spinal cords were dissected,
post-fixed in the same PFA solution, cryoprotected by soaking in
15% and 30% sucrose for 24 h, and 48 h at 4 �C, respectively, then
frozen at �40 �C in isopentane, and stored at �80 �C. 30 mm hori-
zontal sections were prepared on a cryostat (Leica CM3050 S), and
mounted on Superfrost slides (VWR).

For immunolabeling, sections were rinsed in phosphate buffered
saline (PBS), and incubated for 1 h in a blocking solution containing
0.2% gelatin, 0.25% Triton-X100,1% of a 0.1M solution of L-lysine, and
0.1% thimerosal (all Sigma) in PBS, before incubation overnight at
room temperature with primary antibodies in the same solution.
After thorough rinsing in PBS, sections were incubated for 2 h with
appropriate Alexa-488 (1:700), or Alexa-555 (1:1000) -coupled
secondary antibodies (Life Technologies), and mounted in Mowiol.
The following primary antibodies were used: rabbit-a-glial fibrillary
acidic protein, commonly used to reveal astrocytes (GFAP; Dako,
1:2000); mouse-a-nestin (intermediate filament protein character-
istic of immature neural cells; Millipore, 1:1000); mouse anti-ß3
tubulin, Tuj-1 (neuron-specific; Covance, 1:1500); mouse anti-
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neurofilament SMI 31 and 32 (Affiniti/Sternberg, 1:2000); rabbit-a-
5HT (5-hydroxytryptophan, revealing serotoninergic fibers; Sigma,
1:5000); mouse-a-synaptophysin (Sigma, 1:500, France); rabbit-a-
CGRP (calcitonin gene-related peptide, recognizing a subtype of
primary sensory afferents; Biovalley, 1:10,000); mouse-SMI 71 to
reveal mature blood vessels (Covance, 1:100); rabbit-a-Olig2
(oligodendrocyte-specific transcription factor; Chemicon, 1:500);
mouse-a-MBP (Myelin Basic Protein; Millipore, 1:50); chick-a-
myelin protein zero (P0; Novus, 1:300); mouse-a-rat ED1 (macro-
phage/monocyte-specific antigen; Chemicon, 1:100); rabbit-a-
CD206 (macrophagemannose receptor; Santa Cruz,1:500); rabbit-a-
CD86 (activated B-lymphocyte and monocyte antigen; Abcam,
1:500); rabbit-a-laminin (Sigma, 1:100); goat-a-collagen type IV
(Millipore, 1:10,000); rabbit-a-fibronectin (Sigma, 1:500); mouse-a-
chondroitin sulphate proteoglycan (CS-56; Sigma, 1:200); rabbit-a-
NG2 proteoglycan (Chemicon, 1:500). Sections were mounted in
Mowiol (Calbiochem), or in CFM3 (see [27]).
2.5. Anterograde and retrograde axon tracing

For tracing of myelinated primary sensory afferents, animals
were anesthetized as above, and right and left sciatic nerves
exposed by opening overlying skin andmuscles. Via a small incision
into the epineurium at mid-thigh level, 3 ml of a 1% cholera toxin-B
(CTB, Sigma) solution in PBS were injected with the help of a
Hamilton syringe, left in place for 5 min. Uptake of CTB by axons
was enhanced by slightly crushing the proximal part of the nerve
with forceps. Finally, muscle and skinwere sutured. After oneweek,
animals were sacrificed and sections prepared as above. CTB was
detected using goat-a-CTB antibodies (1/2000, Calbiochem).

Tracing of corticospinal tract (CST) axons was achieved by ste-
reotaxic injection of a 10% solution of biotin dextran amine (BDA
10,000; Molecular Probes) in saline into the left and right motor
cortices with a Hamilton syringe at the following coordinates
(Bregma: �1, �2, �3; depth: 1.75 cm; lateral: ± 2 et ± 3 cm). 8
injections (0.5 ml each) were made per side to cover the motor
cortex area. Animals were perfused after two weeks, and the BDA
tracer visualized on spinal cord sections by Alexa-555 or -488
conjugated streptavidin (1:2000; Invitrogen).
2.6. Estimation of the proportion of CGRP- and 5HT-positive fibers
relative to the total number of Tuj1-positive fibers

For lesion-Chito animals, 10 weeks post-lesion, horizontal sec-
tions at the level of the injury site were double immunostained for
CGRP/Tuj1, and 5HT/Tuj1 (2 animals for CGRP/Tuj1, 3e4 sections
per animal; 3 animals for 5HT/Tuj1, 2e5 sections per animal).
Particle analysis was then quantified with Fiji software on confocal
microscope (Leica TCS SP5) images of the sections. After defining a
threshold, particle values for CGRP and 5HT immunoreactivity were
compared to those of Tuj1.
2.7. Vascular pattern

The angio-architectony within the lesion-implant site was
analyzed at 10 weeks post-lesion by carefully dissecting the spinal
cord from non-perfused animals, fixation in 4% paraformaldehyde
(PFA) in 0.1 M PBS, and application of the Pickworth technique on
tissue sections prepared from the lesion site (benzidin-peroxide
method to stain hemoglobin; [28]).
2.8. Lesion cavity analysis

For each animal analyzed, 3 horizontal sections through the
lesion center were chosen (i.e., sections exhibiting the relatively
largest lesion site/cavity surface, as delimited by GFAP staining). On
each section, the primary lesion area and all secondary lesion
cavities (extending 0,5 cm in both rostral and caudal direction)
were surrounded using Fiji software, with the total lesion cavity
surface thus representing the summed up surface of the primary
plus adjacent secondary lesions.
2.9. Transmission electron microscopy

Rats were deeply anesthetized as above and perfused first with
phosphate buffer (PB), then with 60 mL of a solution of picric acid
(2,4,6-trinitrophenol; saturated solution, about 1.2%) in PB with
1.4% PFA and 0.05% glutaraldehyde. After dissection, pieces of spinal
cord containing the lesion site were postfixed overnight at 4 �C in
the same fixative, washed, mounted in albumin-gelatin supple-
mented with 1.25% glutaraldehyde, and cut into 70e100 mm slices
on a vibratome (Leica VT1000E), which were then treated with 2.5%
osmium for 2e3 h, washed again in PB, then in water, before being
dehydrated in an ethanol series and mounted in Durcupan resin
(Sigma). Ultrathin sections were cut on a Reichert Ultracut-S
microtome (Leica), mounted on grids, treated with lead citrate/
uranyl acetate, and analyzed on a Zeiss 912 Omega electron mi-
croscope (see also [29]).
2.10. Western blotting

After post-operation survival times of 4 days [4d], 1 week (1w),
2w, 4w, and 8w, the spinal cord lesion site was carefully dissected
on ice, and directly subjected to lysis by homogenizing in an
Eppendorf cup with a conical Teflon pestel in ice-cold RIPA lysis
buffer supplemented with protease inhibitor cocktail (Sigma
P8340). Protein concentrationwas equilibrated between samples to
4 mg/mL, samples were mixed with 2x Laemmli buffer, heated to
95 �C for 5 min, and kept frozen until electrophoresis on 7% or 9%
ultrathin polyacrylamide gels [30]. After transfer of proteins onto
nitrocellulose membrane (GE Healthcare) and blocking of mem-
branes with 5% non-fat milk powder, or 5% bovine serum albumin
in PBS, the following antibodies were used to assess the relative
abundance of M1-vs. M2-typemacrophagemarker proteins, as well
as GFAP within the injury site at different time-points post-lesion:
rabbit-a-CD86 (Abcam 53,004, 1:1000); rabbit-a-iNOS (NOS2;
Santa Cruz, sc-651, 1:150); goat-a-CD206 (mannose receptor; Santa
Cruz sc-34577, 1:200); goat-a-Arginase-1 (Sigma SAB2500101,
1:150); rabbit-a-CD68 (Santa Cruz sc-9193, 1:1000); rabbit-
a�GFAP (Dako, <1:100,000); loading controls: mouse-a-GAPDH
(Santa Cruz sc-32233, 1:500); mouse-a-actin (Santa Cruz sc-47778,
1:500). Incubation with primary antibodies for 5 h at RT, or over-
night at 4 �C, was followed by 2 h incubation with appropriate
alkaline phosphatase-coupled secondary antibodies (Jackson
ImmunoResearch, 1:5000), and visualization by BCIP/NBT reagents
in Tris/Mgþþ buffer pH 9.5. Loading of equal protein amounts was
also verified by colloidal gold total protein staining (BioRad) of
Western blots run in parallel. After scanning ofWestern blots (n¼ 3
independent experiments, 24 rats in total), band densities were
evaluated and compared using Fiji software (NIH ImageJ). For each
individual Western blot, after deduction of background staining,
relative variations in band intensity were calculated against the
density value obtained for the sample “4 days lesion-only” that was
arbitrarily set to 1. In this way, the problem of variability in overall



J. Chedly et al. / Biomaterials 138 (2017) 91e107 95
staining intensity of blots was eliminated, andmean and S.D. values
were determined for each condition (time-point post-lesion and
treatment) from the relative values obtained in the 3 experiments.

2.11. Bone marrow macrophage cultures

Bone marrowmacrophages (BMM) were prepared from C57/bl6
mice and cultured as described [31]. Briefly, at least one femur was
dissected, freed of muscle and connective tissue, and briefly ster-
ilized in 70% ethanol before cutting off both ends and ejecting the
bone marrow using a PBS-filled syringe equipped with a 25G gauge
needle. Bone marrow cells were resuspended and seeded in
100 mm non-tissue culture plastic dishes (4 � 105 cells/dish) in
complete BMM medium (DMEM/F12 [Invitrogen] containing 10%
fetal calf serum, 1% penicillin/streptomycin [Sigma] and 20% fibro-
blast cell line L929-conditioned medium). After reaching conflu-
ence (7e8 d in culture), monocytes were detached for further
treatment using a solution of 5 mM EGTA in PBS pH 7.6.

6-well culture plates were evenly covered (or left untreated) with
a dense suspension of Chitosan-FPHS that was left to dry onto the
culture plastic dishes for 24 h, and was rehydrated with culture me-
dium 1 h before seeding of cells. Monocytes were grown for 2d until
near confluence before being polarized towards the M1 or the M2a
phenotypes, by exposure to either 25 ng/mL murine recombinant
IFN-g (Peprotech; 6 h) followed by 100 ng/mL LPS (Sigma; overnight),
or 15 ng/mL murine recombinant IL-4 (Peprotech; overnight),
respectively. ForWestern blotting, culturewellswere carefully rinsed
twice with PBS, and cells with or without Chitosan-FPHS coating
scraped off and lysed directly in Laemmli 2x SDS buffer (100 mL per
well). Sampleswere immediately heated to 95 �C for 5min, then kept
frozenuntil use. Evaluationof relative changes inmacrophagemarker
protein expression by Western blotting (n ¼ 3 independent experi-
ments) was done as above, with band density values for lesion-only
samples on individual Western blots arbitrarily set to 1.

2.12. Behavioral testing

Open-field locomotion of rats having received a spinal cord
hemisection with or without Chitosan-FPHS implantation was
evaluated according to the standard Basso-Beattie-Bresnahan (BBB)
locomotor scale [32]. BBB scores were assessed a day before (d-1),
and the day after (dþ1) surgical intervention, and then once aweek
for a total period of 10 weeks. Animals exhibiting a score above 0 on
dþ1 were dismissed from further analysis. For each session, ani-
mals were placed under careful visual inspection in the open field,
and camera-recorded for 4 min. Two trained persons indepen-
dently evaluated the rat locomotor score, and BBB scores were
calculated as means of the individual scores assigned by the ob-
servers, none informed of the particular treatment the animals had
received.

On rats capable of weight support on their hind legs, a more
detailed, automated and quantitative gait analysis of locomotion
was performed using a GaitLab apparatus for rodents (ViewPoint,
France), based on the CatWalk method [33]. The system consists of
a transparent 125 cm long runway illuminated by a fluorescent
tube. When an object (i.e., rat paws) touches the surface, the con-
tact area lights up, detected by a video camera positioned under-
neath that monitors the advance of the animal across the runway.

To record baseline scores, animals were trained oneweek before
surgery to walk across the runway until they voluntarily performed
the exercise (3e4 correct crossings), the most regular crossing
being selected for footprint analysis by dedicated Viewpoint soft-
ware. When animals had regained frequent weight-supported
stepping, the GaitLab test was repeated once a week until 10
weeks post-operation.
2.13. Blinding procedure and statistics

To ensure homogeneity of traumatic spinal cord lesions, as well
as Chitosan-FPHS implantations between individual animals, they
were all performed by the same person (F.N.). Operated rats were
then placed in individual cages that were randomly (i.e., without
any reference to the treatment) numbered by a second person, who
kept the key secret during behavioral testing.

Statistical analysis and graphing was performed with GraphPad
Prism software, the significance tests used are specified in the Re-
sults section and/or the figure legends, and results are indicated as
mean ± S.E.M.

3. Results

3.1. Design and selection of a Chitosan-based scaffold material for
SCI repair

Based on our previous studies on the preparation of crosslinker-
free chitosan physical hydrogels for different applications in tissue
engineering [16,17,24], we developed an implantable formulation
in form of a suspension of physical hydrogel fragments. To this end,
a high molecular weight chitosan (Mw~550 kg/mol) was dissolved
at a concentration of 2.5% w/w (these parameters were kept con-
stant throughout this study). The solution was then jellied in con-
tact with ammonia vapors to form a physical hydrogel. After
thorough washing, this hydrogel contains only chitosan and water.
The hydrogel then underwent fragmentation to form a micro-
suspension of particles of controlled median size, Chitosan-FPHS.
The steps of preparation, and the apparent viscosity of Chitosan-
FPHS are outlined in Fig. 1. This Chitosan-FPHS formulation
appeared particularly suitable, as filling the lesion site can be easily
accomplished by injecting a suspension of hydrogel particles. At the
same time, fragmentation enhances the overall hydrogel surface
immediately available for cell adhesion and colonization of the
scaffold. For our preliminary feasibility experiments of Chitosan-
FPHS implantation in a rat spinal cord hemisection model, two
parameters were varied, and indeed found to be critical for the
lesion outcome: fragment size and degree of acetylation (DA). Thus,
implantation of Chitosan-FPHS with a DA of 4% and a median
fragment size of about 150 mm (see Fig. 1A) resulted in very limited
invasion of cells, and only very few axons penetrating into the
implant site (Supp. 1A), in striking contrast to Chitosan-FPHS with
much smaller particle size (~20 mm; Fig. 1A; see below, and Fig. 2).
Two different DAs of chitosan were also tested, one relatively high
(38%), the other low (4%), both with the same small fragment size
(~20 mm). Implantation of high DA Chitosan-FPHS, while allowing
for invasion of cells, provoked a very strong, probably deleterious
inflammatory reaction, giving rise to tissue necrosis (Supp. 1B). The
Chitosan-FPHS formulation finally used for more investigation for
SCI repair in the following experiments thus had a mean particle
size of ~20 mm, and a DA of 4%.

3.2. Implantation of Chitosan-FPHS into the site of SCI modulates
astrocytic reaction and scar formation

Chitosan-FPHS with the above chosen characteristics (~20 mm
particle size, 4% DA) was implanted into the site of a bilateral dorsal
spinal cord over-hemisection, and its ability to reduce astrocytic
scar formation and cystic cavitation determined. In untreated,
lesion-only spinal cord, astrocytes underwent astrogliosis the 2
first weeks after the sectioning, with their processes becoming
hypertrophic, and levels of GFAP immunostaining increasing
around the injury site. A compact glial scar formed around the
cavity by 4 weeks post-lesion (Fig. 2A). In lesion-Chito animals, the



Fig. 2. Chitosan-FPHS implantation leads to reduced astrocytic reaction and robust axon regrowth: Immunohistochemical labeling of sections through the spinal cord lesion
site for astrocytes (GFAP, green), axons (either NF [SMI31-32], red, for neurofilaments; or Tuj1 for betaIII-tubulin, red), and cell nuclei (Dapi, blue), 4 weeks after lesion only (A) or
lesion followed by Chitosan-FPHS implantation (BeH). (G, H) Association of axons with astrocyte (GFAPþ) processes at the zone of axon (Tuj1þ) entry into the lesion-Chito implant
site, (G) confocal image, and (H) 3D representation after deconvolution and Volocity treatment of a confocal image of a section adjacent to G. (I) Quantification representing the
relative density of NF/SMI31-32 immunostained fibers within the lesion-only (Lesion), or lesion-Chito implant site (Lesion-Chito) 2, 4, and 10 weeks after surgery, showing the
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chitosan scaffolds filled the initial lesion site, and promoted rapid
cell invasion into the lesion site at the inter-particle space, as seen
by Dapi nuclear staining. Integration of chitosan scaffolds into the
surrounding spinal tissue efficiently prevented formation of a pri-
mary lesion cavity, while at long term small cavities were observed
outside the lesion-implant site, associated with secondary lesions
(Fig. 2K).

Two weeks after the lesion the astrocytic reaction in lesion-
Chito animals resembled that observed in lesion-only animals.
However, unlike the lesion-only animals, there was no apparent
change in the astrocytic reaction thereafter from 4weeks on and up
12 weeks post-operation. Compared to the lesion-only animals, the
GFAP-immunostaining was less intense, and the astrocytic network
that formed around the lesion-Chito implant site less compact
(Fig. 2B). The diminished astrocytic reaction after Chitosan-FPHS
implantation was also observed with Western blot analysis of
GFAP levels in lesion-Chito vs. lesion-only tissues, notably at 4 and 8
weeks post-operation (Fig. 2J). In addition, astrocytes located at the
edge of the lesion-Chito implant site exhibited a morphology that
appeared less atrophied than in lesion-only controls (Fig. 2D and F),
and the astrocytic processes remained oriented toward the lesion-
Chito center from one week post-operation onwards, a few of them
even extended into the implant (Fig. 2D, G, and H). Moreover, on
closer examination, the zone of axon entry into the lesion-Chito
implant site revealed a clear association of axons with astrocyte
processes, as illustrated by a 3-dimensional confocal microscopy
analysis (Fig. 2H). This feature of the Chitosan-FPHS treatment was
observed at all time-points analyzed, whereas in lesion-only ani-
mals an association between astrocyte processes and axons was
observed only at early stages, i.e. before 2 weeks post-injury, similar
to what we have previously reported [34]. These findings indicate
that the Chitosan-FPHS integrates into the injury site and di-
minishes the strong fibrous astrogliosis and cavity formation of SCI.
However, double immunostaining for CSPG and GFAP on spinal
cord sections from lesion-Chito and lesion-only animals at 4 weeks
post-operation revealed that CSPG is detected under both condi-
tions, with no apparent difference in immunostaining intensity. In
both conditions, CSPG is distributed mainly in the area of astrocyte
localization, exhibiting the same network as that of GFAP-positive
processes. Interestingly, double immunostaining of axons (with
Tuj-1 for beta3-tubulin) and GFAP on adjacent spinal cord sections
from lesion-Chito animals shows that CSPG is also located along
GFAPþ extensions that are associated with axons growing into the
implant (Supp. 2).
3.3. Chitosan-FPHS scaffolds allow for important axon regrowth
into the SCI lesion site

We visualized the ability of Chitosan-FPHS scaffolds to increase
axon remodeling in the lesioned spinal cord using SMI31/32 anti-
bodies to detect neurofilaments, or Tuj-1 to detect beta-III-tubulin.
In lesion-only animals, axons could be observed at the injury site
within the two first weeks post-injury, but after that time their
density diminished, similar to what we have previously reported
[35]. In lesion-Chito animals, even at the earliest recorded times
after the lesions, the number of axons and their extensions from the
robust axon regrowth promoted and maintained in presence of the Chitosan-FPHS, significa
animals, while some fibers are growing in the lesion site during the first weeks, at 10 week
(****p < 0,0001; one-way Anova analysis with Tukey's test; n ¼ 3 per group of animals (>
stained for GFAP (with actin staining used for normalization) 4 days, 1, 4, and 8 weeks aft
tification shows no difference between the two conditions during the first 4 weeks, while re
operation. *p ¼ 0,0282 (One-way Anova analysis with Dunnett's test). (K) The average cystic
per group of animals (>3 sections per animal); t-test, ****p < 0.001). Scale bars, A,B 240 mm;
figure legend, the reader is referred to the web version of this article.)
borders into the center of the lesion-implant site was significantly
higher than in lesion-only animals (Fig. 2I). At the host-implant
interface, numerous axons entered from the spinal cord into both
the rostral and caudal portions of the implant site. The presence of a
high density of axons within the lesion-Chito implant site was
prolonged and did not subside, in contrast to the non-treated
lesion-only animals in which axons were no longer detected over
time (here 10 weeks) due to cavity formation (Fig. 2I).

To determine the source of axonal input to the injury site
induced by the Chitosan-FPHS implant, we studied lesion-Chito
animals 12 weeks post-operation. Fig. 3 shows in the lesion-Chito
implant site the presence of primary sensory fibers, detected
either by CTB-tracing from the sciatic nerve for myelinated fibers
(Fig. 3DeF), or by CGRP-immunostaining for non- or weakly
myelinated fibers (Fig. 3GeI). Numerous serotoninergic (5HTþ) fi-
bers could be detected growing around the implant, some of them
also within the implant site itself (Fig. 3JeL). There was also
massive sprouting of 5HTþ fibers ventral and caudal to the lesion
site (Fig. 3MeO). BDA-tracing from the motor cortex showed that
some cortico-spinal tract fibers also entered the implant. These fi-
bers appeared to be capable of growing across the implant site,
with some of them exiting into the spinal segment caudal to the
lesion (Fig. 3AeC). This finding is of interest because it indicates
that axon regrowth may occur over long distances. Comparison of
the number of CGRPþ and 5HTþ fibers to that of all Tuj1þ fibers
suggests that a considerable part of the fibers growing within the
lesion-Chito implant site do not originate from areas distant from
the lesion site (i.e. brain, or periphery), but rather from adjacent
spinal segments (these latter being excluded from our analysis of
fiber sources). Thus, CGRPþ fibers for example represent 4.1% ±1.3%,
5HTþ fibers 3.8% ±0.9% of all Tuj1þ fibers.
3.4. Impact of Chitosan-FPHS implantation on inflammatory
reaction and macrophage polarization

Inflammation is a critical mechanism underlying secondary
damage after SCI [36]. Following the immediate activation of local
microglia after SCI, the subsequent breakdown of the blood-spinal
cord barrier is accompanied by invasion of inflammatory cells into
the lesion site. After an early, but transient invasion of leucocytes
there is a delayed infiltration into the lesion site of lymphocytes
[37e39], and blood-derived monocytes/macrophages starting 4
days post-lesion, that continues for months and that can't be easily
distinguished from activated microglia. Macrophages are generally
classified into two main categories, “classically activated”, pro-
inflammatory macrophages (M1) that provoke secondary damage,
and “alternatively activated”, anti-inflammatory (M2) macro-
phages, capable of initiating tissue repair. Subclasses of the M2
phenotype have been identified. Macrophages have the capacity to
dynamically switch from one phenotype to another depending on
the micro-environmental factors [40,41]. Although initially present
in the lesion, macrophages of the beneficial M2 phenotype tend to
disappear about 1 week post-lesion after mouse SCI, while the pro-
inflammatory M1 type remains [42].

To test whether the Chitosan-FPHS implant may have a bene-
ficial effect on the inflammatory reaction following SCI, we
ntly more important than in lesion-only animals at 4 weeks post-lesion; in lesion-only
s post-lesion the lesion site is completely devoid of fibers because of cavity formation
3 sections per animal). (J) Representative Western blot of spinal cord protein extracts
er lesion only (Chito -), or lesion followed by Chitosan-FPHS implant (Chitoþ). Quan-
lative GFAP levels significantly increase in the lesion-only group towards 8 weeks post-
cavity surfaces of lesion-only, and lesion-Chito animals are significantly different; n ¼ 3
C-F 190 mm; G, 125 mm; H, 90 mm. (For interpretation of the references to colour in this



Fig. 3. Chitosan-FPHS leads to axon regrowth from different origins: (AeC) BDA tracing (Strept, green) of corticospinal fibers, representative images taken at the caudal (A) and
rostral (C) interfaces between intact and lesion-Chito implant tissue, and within the lesion-Chito implant itself (B), 11 weeks post-operation. (DeI) Primary sensory afferents 10
weeks post-lesion revealed in (DeF) by CTB (red) axon tracing of myelinated fibers from the sciatic nerve (note some labeled dorsal column (DC) fibers within the lesion-implant
tissue [inset]), and in (GeI) by CGRP (red) immunostaining expressed on fibers from small-unmyelinated to medium size-myelinated dorsal root ganglia neurons. (JeO) Supraspinal
descending 5HT-immunostained fibers within the lesion-implant site (JeL), and in the ventro-caudal region underneath the primary lesion (MeO), 16 weeks post-lesion. Tuj1
(green) was used to reveal all fibers entering the lesion-implant site and nuclear Dapi staining (blue) for cells that occupy this area. The inset in C is an illustration of the above-cited
orientations on a horizontal spinal cord section: C, caudal; R, rostral; 1, caudal interface between host and lesion-Chito implant site; 2, lesion-Chito implant site; 3, rostral interface
between host tissue and lesion-Chito implant site. Scale bars, A-C 126 mm; D-O 140 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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analyzed relative levels of M1 (CD86þ), M2 (CD206þ[mannose re-
ceptor] and Arginase-1þ), and pan-macrophage/monocyte (CD68þ)
marker protein expression by Western blotting at various time-
points after surgery (Fig. 4). Quantitative evaluation of Western
blots (Fig. 4C) shows that throughout the post-lesion period
examined, relative levels of the M2 marker protein CD206 were
higher in lesion-Chito than in lesion-only animals (significant from
4 weeks post-lesion onwards). Arginase-1 (Arg-1) expression, also
considered as an M2 marker expressed early during the immune
response, was about 5-fold higher in lesion-Chito vs. lesion-only
tissue at 1 week post-lesion, and was still found at 4 weeks post-
operation, while being hardly detectable in lesion-only samples.
In contrast, CD86 (M1 marker protein) levels were generally higher
in lesioned untreated tissue, the difference becoming significant at
Fig. 4. Modulation of the inflammatory response by Chitosan-FPHS: (A) Western blots of
lesion followed by Chitosan-FPHS implant (Chito þ) stained for M2 (CD206 and Arg-1), M1
Western blot of the same samples used in (A) stained for total protein content with colloid
macrophage staining shows no difference between the two animal groups, Chitosan-FPHS im
week, as well as an increase in CD206 levels from 4 weeks post-lesion. *p ¼ 0,0286 for CD86;
Tukey's test. (D) Western blots of protein extracts from mouse bone marrow macropha
respectively, and polarized during 24 h towards the M1, or the M2 phenotype (“M000 , nega
later stages (8 weeks post-injury). The pan-macrophage/monocyte
marker (CD68þ), while showing no significant difference between
lesion-only and lesion-Chito animals, revealed that the inflamma-
tory reaction is strongest during the first days post-operation (as
seen at 4 days), drops at 1 week and progressively decreases
thereafter, but remains detectable at later stages in both experi-
mental conditions (8 weeks).

Supporting the results of our Western blotting, immunohisto-
chemical staining of tissue sections from the lesion site showed a
pronounced expression of CD206þ-M2 macrophages within the
lesion-Chito site (Supp. 3A,C,D) compared to CD86þ-M1 macro-
phages whose density was higher in the lesion-only tissue (Supp.
3B,E). Double immunostaining for CD206 or CD86 with ED-1, a
marker for phagocytic macrophages/microglia, indicated that ED-1
spinal cord protein extracts, 4 days, and 1, 4, and 8 weeks after lesion only (Chito -) or
(CD86), and pan-macrophage (CD68) marker proteins, as well as actin and GADPH; (B)
al gold; (C) quantification of relative amounts of each macrophage marker. While pan-
plantation leads to a significant transient increase in M2 marker protein Arg-1 at one

*p ¼ 0,0407 for CD206; **p ¼ 0,0035; ****p < 0,0001 0.05, one-way Anova analysis with
ge cultures grown on tissue culture plastic (�), or on Chitosan-FPHS substrate (þ),
tive control without any polarizing treatment).
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expression was mostly associated with CD206þ, rather than CD86þ

macrophages, particularly within the Chitosan-FPHS implant.
Interestingly, the morphology of CD206þ macrophages was seen to
change from a bipolar one with short processes at the host-implant
border (Supp. 3C), to a rounded, amoeboid shape within the
implant, with colocalization of ED1 and CD206 on the same cells
(Supp. 3D). Although the overall density of CD206þ cells decreased
at later stages after the lesion (10 weeks), numerous M2 macro-
phages could still be detected within the lesion-Chito implant site,
in agreement with the Western blot results (Supp. 3 F-I).

To address the question whether Chitosan-FPHS by itself can
influence macrophage polarization, we cultured mouse bone
marrow-derived macrophages, polarized towards the M1 or M2
phenotype, on normal tissue culture plastic (control) vs. a substrate
composed of the same Chitosan-FPHS used in the in vivo implan-
tation experiments. Western blotting of protein extracts from these
macrophage cultures revealed that on Chitosan-FPHS substrate,
expression of M1 marker protein iNOS by M1-polarized macro-
phages was reduced by 60% ( ±6%; **p ¼ 0,001) compared to con-
trols, while in contrast, expression ofM2marker proteins Arg-1 and
Ym1/2 by M2-polarized macrophages was enhanced (330% ±53%
(**p ¼ 0,007), and 249% ±70% (p ¼ 0,07, n.s.), respectively; Fig. 4D).

We conclude from these findings that Chitosan-FPHS implan-
tation is capable of modulating the inflammatory response of
injured host tissue by favoring polarization of macrophages to-
wards the beneficial M2 phenotype.
Fig. 5. Restoration of functional vasculature within the lesion-Chitosan-FPHS implan
revealed via the Pickworth technique; B is a higher magnification of A at the level of lesion-
showing mature blood vessels within the lesion-Chito implant site, 10 weeks post-operation.
showing the blood vessel ultrastructure (Lu, lumen; Er, erythrocyte). Scale bars, A, 500 mm
3.5. Chitosan-FPHS scaffold enhances restoration of functional
vasculature within the lesion site

Traumatic SCI leads to blood-spinal cord barrier breakdown and
vascular network damage, followed by neoangiogenesis (for re-
view, see [43]). To determinewhether vascular remodeling after SCI
is modified in the presence of Chitosan-FPHS scaffold, we examined
both pre-existing and newly forming microvasculature by moni-
toring labeling for SMI71, a marker for mature vessels (Fig. 5),
laminin (Fig. 6), and collagen IV (staining basal lamina, BL; Supp. 4).
Early angiogenic processes during the first week after injury,
including basal lamina deposition by endothelial cells and the
formation of basal lamina “streamers” characteristic of neo-
vascularization, were visualized by staining for laminin and
collagen IV. In intact (control) animals, as well as in undamaged
tissue distant from the primary injury site, all laminin- and collagen
IV-positive structures closely colocalized with SMI71 labeling
within the same blood vessels, revealing a normalmicrovasculature
and an intact BL (not shown, see [34]). In both lesion-only and
lesion-Chito animals, the number of SMI71 positive vessels was
lower than predicted from the laminin and collagen IV immuno-
reactivity (compare Fig. 5C with Fig. 6B, and Supp. 4B): laminin-
labeled tubes did not always contain endothelial cells, in accor-
dance with previous results [34,44,45]. At all time-points analyzed,
laminin and collagen IV immunoreactivity was strong at the injury
site and in adjacent tissue, identifying the extent of the lesion.

At later time points after the lesion, tissue necrosis in lesion-
only animals gave rise to cavity formation, while in the lesion-
t site: (AeB) Angio-architectony at 10 weeks post-operation, functional vasculature
Chito implant site indicated by a star. (C) Representative SMI71 immunohistochemistry
(D-E) Electron microscopy images of the lesion-implant site at 8 weeks post-operation,
; B, 250 mm; C, 300 mm.
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Chito animals, cells that had invaded the lesion survived, and the
newly formed tissue contained mature vasculature as revealed by
SMI71 labeling (Fig. 5C). In addition, the Pickworth technique (la-
beling endogenous peroxidase in erythrocytes; [28]) showed that
capillaries within the newly formed tissue were perfused, indica-
tive of a functioning vasculature (Fig. 5A,B). Finally, electron mi-
croscopy analysis shows that blood vessels in the lesion-Chito
implant site exhibit a well-established ultrastructure, and are sur-
rounded by cells resembling pericytes (Fig. 5D,E; in 5D, also note
the presence of an erythrocyte in the vessel lumen).

3.6. Chitosan-FPHS implantation leads to coordinated remodeling
of cells, extracellular matrix, and axons

Both in the lesion-only, and lesion-Chito animals, the astroglial
scar that delineates the extent of the primary lesion (with the
Fig. 6. Association of axon network with laminin within lesion-Chitosan-FPHS implant
of the distribution of axons (NF, red in merge images) with that of laminin (LN, green in m
shows axons colocalizing with laminin-positive tubular structures, suggesting ensheathing b
K. (L) Electron microscopy image showing a tubule containing axons that are myelinated, o
post-operation. Scale bars, A-D 150 mm; F-H 80 mm. (For interpretation of the references to
meninges at the lateral edge on horizontal sections; see Fig. 2A,B),
is immunoreactive for extracellular matrix (ECM) proteins such as
collagen, fibronectin, and laminin. In both experimental conditions,
laminin and collagen IV immunostaining revealed the presence of
tubular structures that, as mentioned above (see also [34]), do not
always correspond to newly formedmicrovessels. Interestingly, the
pattern of axons growing through the lesion-Chito implant site
corresponded well with that of laminin- and collagen IV-positive
tubular structures of varying diameters (Fig. 6, and Supp. 4A,B). In
contrast, no clear correlation was observed between axons and
fibronectin immunostaining (Supp. 4C,D), which is not surprising
since axon adhesion on fibronectin is much weaker than on lami-
nin, as we (and others) have previously shown [46]. Fibronectin
staining did not exhibit a tubular aspect, and was mainly present at
the meningeal limit of the scar, progressively decreasing towards
the implant epicenter where it was barely detectable. These
site: (A-K) Representative immunohistochemistry images showing a strong correlation
erge images) within the lesion-Chitosan-FPHS implant site. (E-K) High magnification
y basal lamina-producing cells. Nuclear Dapi staining (blue) is added in merge image in
r ensheathed-unmyelinated by Schwann cells. A-D, 10 weeks, E-K, 6 weeks, L, 8 weeks
colour in this figure legend, the reader is referred to the web version of this article.)
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observations suggest that axons growing within the implant
encounter favorable extracellular matrix components.

Analysis at high magnification showed axons that appeared to
colocalize with laminin or collagen IV, were in fact “coated” by
tubular structures, suggesting ensheathing by basal lamina
expressing cells. This hypothesis was supported by electron mi-
croscopy analysis, which revealed axon fascicles enwrapped by
basal lamina-coated cellular processes (Figs. 6L and 7B). Moreover,
a considerable number of these axons were myelinated by cells
exhibiting the ultrastructural features of Schwann cells (i.e. sparse,
residual abaxonal cytoplasm immediately adjacent to the myelin
sheath, often including the nucleus, and always surrounded by
basal lamina; Fig. 7AeC). Tubular structures also contained un-
myelinated axons, ensheathed by Schwann cells. Both myelinated
and unmyelinated axons coexisted within the same tubule,
resembling the ultrastructure of peripheral nerve ([29], and see
below).
Fig. 7. Myelination of axons within the lesion-Chitosan-FPHS implant site: (AeC) Repres
that are myelinated by Schwann cells, 8 weeks post-operation. (A) Ranvier node (betwee
containing a group of both myelinated, and unmyelinated-ensheathed axons; (C) individual
residues (asterisks) within the extracellular space, 8 weeks post-operation. (EeH) Myelina
nolabeled for MBP (E,G), and P0 (F,H). P0 reflects the distribution of Schwann cells and their
immunohistochemistry for GFAP and Olig2 (oligodendrocyte-specific transcription factor)
whose migration into the implant site appears limited to the region covered by astrocyte p
We also performed immunostaining for NG2-proteoglycan, the
levels of which are known to increase after SCI. It has been reported
that within the first few days after a rat dorsal column crush (DCC)
injury, dystrophic axons of adult sensory neurons interact with
NG2-expressing (NG2þ) cells in the vicinity of the lesion [47]. After
DCC injury in mice, which in contrast to rats do not develop a lesion
cavity, such close association of axons and NG2þ cells appears to
persist even at long term (28 days post-injury) within the lesion
epicenter, but not with GFAPþ astrocytes having formed a wall
around the injury site [48]. In lesion-only animals we found such an
association of NG2þ processes with axons, corroborating the above-
cited studies. Moreover, in lesion-Chito animals, a strong associa-
tion of NG2þ cells with axons was also observed within the implant
site (Fig. 8A), and the morphology of NG2þ cells often appeared
bipolar and aligned with neighboring axons, resembling radial glia.
Since we found axons associated with NG2þ cells within the
implant site both at short, and at long term (12 weeks) post-
entative electron microscope images of axons in the lesion-Chitosan-FPHS implant site
n the two arrowheads; the arrow points to the basal lamina); (B) tubular structure
myelinated, and unmyelinated-ensheathed axons. (D) Ultrastructure of Chitosan-FPHS
ted axons 10 weeks post-lesion within the lesion-Chitosan-FPHS implant site, immu-
myelin throughout the lesion-Chitosan-FPHS implant site. (I-K) Representative double
, showing the presence of numerous oligodendrocytes at the host-implant interface,
rocesses; 4 weeks post-lesion. Scale bars, E,F 127 mm; G,H 38 mm; I-K 157 mm.
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operation, it seems likely that this interaction occurs dynamically
during the growth of axons through the Chitosan-FPHS implant
site.

The studies cited above also showed that after DCC injury,
dystrophic axons might form synapse-like connections on NG2þ

cells. Although we did not investigate this point in detail, we did
detect synaptophysin immunostaining along axons having grown
through the Chitosan-FPHS implant, suggesting that their interac-
tion with NG2þ cells might consist of synapse-like connections
(Fig. 8B). Finally, some NG2þ cells were also positive for nestin,
revealing a neural progenitor cell origin (Fig. 8C-E).
3.7. Myelination of axons growing within the Chitosan-FPHS
scaffold

It is well known that during the first weeks after SCI the lesion
site is invaded by Schwann cells (SC), which are capable of associ-
ating with injured central axons. Normally, however, the number of
SC within the lesion site rapidly decreases with time, accompanied
by an appearance of axon debris [49]. In contrast to lesion-only
animals, we found high numbers of SC within the lesion-Chito
implant site at 4 weeks and thereafter, identified by labeling for
the myelin protein-zero (P0) (Fig. 7E-H). Electron microscopy
analysis further revealed that SC had myelinated and ensheathed
Fig. 8. Association between the axon network and NG2-positive cells in the lesion-Chitos
between the distribution of axons (Tuj1þ) and NG2þ cells (arrows) and their processes (A
immunostaining for nestin and NG2, 8 weeks post-operation. Some NG2þ cells also expre
erating cells. Scale bars, A and B, 48 mm; C-E 97 mm.
axons within the tubular structures mentioned above, as well as
individual axons within the lesion-Chito implant site (Fig. 7AeC).
Electron microscopy also showed the ultrastructure of the
implanted Chitosan-FPHS fragments, and as seen in Fig. 7D, at 8
weeks post-operation only Chitosan-FPHS remains were present
within the extracellular space, suggesting progressive
biodegradation.

In addition to SC, Olig-2-positive oligodendrocytes were found
around the lesion-Chito implant site. Interestingly, penetration of
Olig2þ cells into the implant site was limited to the area where
astrocyte processes had extended (Fig. 7IeK). Moreover, on adja-
cent sections, a subpopulation of axons entering the implant dis-
played strong myelin basic protein (MBP) staining (Fig. 7E and G).
3.8. Chitosan-FPHS implantation improves locomotor performance
after SCI

All rats showed regular locomotor performance with a
maximum BBB score of 21 before injury. A day after SCI, only ani-
mals with complete bilateral hind limb paralysis (BBB score ¼ 0)
were selected for further behavior analysis, to keep the groups as
homogeneous as possible with respect to the severity of the initial
lesion. During the first week, little locomotor recovery was
observed both for the lesion-only, and the lesion-Chito group of
an-FPHS implant site: Representative immunohistochemistry illustrating a correlation
), as well as with that of synaptophysin (B), 10 weeks post-operation. (C-E) Double
ss nestin (arrowheads), suggesting their origin from nestin-positive immature, prolif-
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animals. From 2 weeks post-injury onwards, lesion-Chito rats
presented higher BBB scores than the lesion-only group, the dif-
ference being significant from 3e4 weeks on (score 10 vs. 5,
respectively), and up to 10 weeks post-operation, the last time-
point evaluated (Fig. 9). Indeed, at 3 weeks post-operation 10% of
lesion-only rats had regained frequent (i.e. intermittent, not per-
manent) hind limb weight support (BBB score ¼ 11), vs. 40% of
lesion-Chito rats. Moreover, at 10 weeks post-operation, lesion-
only animals still did not exhibit permanent weight support. In
contrast, 100% of lesion-Chito rats had permanently recovered
weight support at 8 weeks after the lesion. Coordination between
all four limbs was first observed when the animals reached a BBB
score of 12, and became permanent at score ¼ 14 (Fig. 9).

Gait analyses via the GaitLab system provide a set of quantitative
measurements, focusing on the coordination of legs, and dynamic
and static functions of walking. These analyses were performed
before the injury, and once a week when animals had regained
weight support, i.e. at around 6 weeks after injury for the majority
of animals (BBB score 9/10). As most lesion-only rats did not reach
permanent weight support with normal locomotion of their fore-
limbs, we report here only data provided from the lesion-Chito
group, by comparing animals to their initial state before the
injury. The parameter stride length, corresponding to the distance
between two subsequent fore- or hind-paw placements during
locomotion, is an indicator of trunk stability of the animal,
compromised after a dorsal over-hemisection [50]. The lesion-Chito
group, despite its consistent weight support, exhibited a difference
in stride length with their condition before the lesion that
remained significant until 6e7 weeks post-lesion. Thereafter, stride
length increased until the end of the period analyzed, when ani-
mals had almost recovered their initial stride length, both for their
hindlimbs (Supp. 5A), and forelimbs (Supp. 5C). Swing time, i.e. the
time that the paw is not in contact with the platform, was
decreased after injury, but -throughout the study-to a lesser extent
(Supp. 5B,D). While it may seem curious that swing time values
Fig. 9. Chitosan-FPHS implantation leads to improvement in locomotor function:
Open-field locomotion of rats having received a spinal cord dorsal hemisection with
(lesion-Chito), or without (lesion-only) Chitosan-FPHS implantation was evaluated
according to the standard Basso-Beattie-Bresnahan (BBB) locomotor scale. Before
injury, all animals had BBB score ¼ 21. A day after the injury, only animals with
complete bilateral hind limb paralysis (BBB score ¼ 0) were selected for further
analysis. During the first week, little locomotor recovery was observed both for the
lesion-only and the lesion-Chito group of animals. From 2 weeks post-injury onwards,
lesion-Chito rats presented higher BBB scores than the lesion-only group, the differ-
ence being significant from 3 to 4 weeks on. *p ¼ 0,0014 for 5 W and **p ¼ 0,0046 for
8 W; ***p ¼ 0,0001 for 3 W and ***p ¼ 0,007 for 7 W; ****p < 0,0001 (2-way Anova
analysis with Sidak's test; n ¼ 10 for each group).
were consistently different between left and right paws, this is
likely explained by the surgical procedure (incision into the spinal
tissue) being performed always in the same way by the same
person.

4. Discussion

Promising new strategies to treat SCI will involve a combination
of approaches, integrating for example cell therapies and/or trophic
factor treatment with biomaterial-based scaffolds. The scaffolds
serve as neural extracellular matrix substitutes to allow cell
adherence, axon outgrowth, and cell survival to repair the damaged
tissue. Here, we show that a newly designed formulation, Chitosan-
FPHS, in the form of a physical chitosan hydrogel microsuspension
is by itself effective in treating SCI, as its implantation into the
lesion site immediately after the injury results in a dynamic tissue
restorative process, and allows for important axon outgrowth.

Traumatic injury to adult CNS evokes complex cellular re-
sponses, including astrocytic scar formation. The scarring is
recognized as a major obstacle to CNS repair, because it can both
physically and chemically impede axon regrowth. However, astro-
gliosis is also beneficial in neuronal repair, since astrocytes at the
lesion site are essential for neural protection and the regulation of
the injury-induced inflammatory response. This is important
because efforts to treat SCI by avoiding scar formation through the
reduction of expression of selective genes expressed by reactive
astrocytes, or by eliminating proliferating astrocytes themselves,
appears not suitable as therapeutic approach (for review [51], and
refs. therein). In fact, there is direct evidence that scar-forming
astrocytes are indispensable for enhancing axon regeneration
from adult neurons [52].

The process of glial scar formation after SCI is well documented
[53]. We showed that in early phases of the formation of the glial
scar, astrocytes undergo morphological remodeling in such a way
that their processes become oriented towards the injury site, in
much the same orientation as growing axons, corroborating our
previous report [34]. This agrees with other reports on early stages
of tissue regeneration in response to initial lesions. In fact, scar
tissue formed just after injury produces a number of growth-
promoting extracellular matrix (ECM) components, such as fibro-
nectin and laminin, suggesting that at early stages the newly
forming scar tissue and astrogliosis supports the functional repair
of damaged tissues [54]. However, at later times after SCI, factors
released from the scarred tissue have a negative impact on tissue
repair and recovery [2e4]. Astrocytes undergo a second stage of
remodeling as a defense response of the CNS, intended to minimize
damage progression, which results in a dense fibrous network
surrounding the cavity that forms at the site of tissue injury.

A major finding of our study is that Chitosan-FPHS implantation
prevents formation of a mature scar, facilitating tissue repair by
preventing the second stage of astrogliosis, as also reflected by the
reduced levels of GFAP expression at the injury site compared to
untreated SCI. However, no apparent difference in CSPG immuno-
staining intensity was found between lesion-Chito and lesion-only
conditions. We suggest that the potentially repulsive effect of CSPG
(34, and refs. therein) distributed along astrocyte processes might
serve to restrain axon branching, or avoid changes in axon growth
direction, thus participating in their guidance at the host-implant
interface. The inhibitory effect of CSPG could also be “masked” by
the presence of high amounts of growth-permissive extracellular
matrix components, such as laminin [55], or collagen.

We also analyzed NG2þ glial cells, the contribution of which to
scar formation and axon regrowth after SCI is controversially dis-
cussed. Although NG2 itself is a potent growth-inhibitory proteo-
glycan [2,56,57], several studies reported a growth-promoting
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effect of NG2þ glial cells ([47,58,59], for review [60]). Thus,
dystrophic axons severed by SCI can become stabilized by the for-
mation of synapse-like connections with NG2þ cells [47,48]. This
close association can initially prevent axon dieback, but over time it
was also suggested to restrain axon extension [48]. We observed a
tight association of NG2þ cell processes with axons not only at the
lesion-chitosan implant interface, but also along axons growing
within the implant site. The overlapping staining patterns for NG2,
synaptophysin, and regrowing axons suggest an establishment of
synapse-like connections between axons and NG2þ cells. Moreover,
these axons do not exhibit branching (as illustrated in Fig. 7A). As
suggested above for CSPG, NG2þ cell-axon interactions might have
a beneficial effect by preventing the haphazard and aberrant
branching of regrowing axons that could impede their efficient
circuit reformation and destabilize remaining neural networks
[60,61].

A major factor in the efficacy of the Chitosan-FPHS implantation
in treating SCI is its local immune-modulatory action. There is a
large body of evidence that traumatic CNS injury induces a pro-
nounced microglia/macrophage response. Wound healing gener-
ally involves an ordered immune response consisting of activation
of phenotypically and functionally distinct macrophage subsets.
However, this sequence is deregulated after SCI, resulting in a
destructive immune reaction [42,62e65]. The immune response to
SCI initially implies the release of pro-inflammatory cytokines,
reactive oxygen species (ROS), and nitric oxide (NO) by “classically
activated” M1 macrophages, leading to ECM degradation and
clearance of cell debris [42,66]. Over time, however, these neuro-
toxic factors also accelerate glial scar formation, neural cell death
and axon retraction [67,68]. Outside the CNS, M1 macrophages are
quite rapidly (after about 1 week) replaced by “alternatively acti-
vated” macrophage subtypes (M2a, b, c) that successively infiltrate
the lesion, where they largely contribute first to tissue repair, then
remodeling (also termed “resolution”) via release of anti-
inflammatory cytokines, stimulation of proliferation of fibroblasts
and endothelial cells (angiogenesis), and production of ECM
[65,66]. In traumatic SCI, this counterbalancing of the destructive
actions of M1 macrophages is impaired. M2a macrophages,
expressing high levels of arginase-1 and Ym1 [69,70], are activated
early, but disappear after about one week post-lesion (as shown in
mice; 42), while pro-inflammatory M1 macrophages persist
indefinitely. The endogenous events impeding M2 macrophage
subtypes to fulfill their role in spinal tissue remodeling have yet to
be fully elucidated [65].

Our Western blot and immunohistochemical data let it seem
likely that Chitosan-FPHS implantation favors tissue repair in part
by increasing activation and/or proliferation of M2 macrophages
during the early post-lesion phase (most likely of the M2a subtype,
strongly expressing arginase-1). We suggest that the modified in-
flammatory reaction may in turn be implicated in the recreation of
a functional vasculature, which helps to enhance cell survival, and
prevent axon retraction and tissue necrosis. This scenario contrasts
with untreated SCI, in which the presence of M2 macrophages is
rather short-lived (about 1 week; present study, and 42). The
in vitro experiments on bone marrow-derivedmacrophage cultures
demonstrate that the Chitosan-FPHS itself, when used as substrate,
directly influences the expression levels of marker proteins for
macrophage polarization, decreasing M1, and increasing M2
markers, respectively. In this respect, it seems interesting to note
that implantation of a porous chitosan scaffold in vivo into a mouse
skin air pouch model [71] was found to favor adhesion and prolif-
eration of M2, rather than M1 macrophages, if the chitosan had a
low DA (5%), similar to the one used in our study (4%). The inverse
result, i.e. predominance of M1 macrophages was observed when
the chitosan had a DA of 15%. Nevertheless, we cannot exclude that
the inflammatory response in lesion-Chito animals may also be
modulated in a more indirect way, i.e. in consequence to the
reduced astrocytic reaction, or via adsorption by the Chitosan-FPHS
of pro-inflammatory or toxic factors from the environment (ex.: NO
consumption by nitrous deamination of chitosan, see [17]). Future
studies should clarify how exactly the physico-chemical parame-
ters of the chitosan (namely its DA) influence the inflammatory
reaction after SCI, and to which degree chitosan implantation is
indeed capable of triggering a tissue-remodeling phase similar to
that occurring in normal wound healing by favoring activation of
appropriate microglia/macrophage subtypes.

Our study also shows that the Chitosan-FPHS implant favors the
invasion and/or enhances the survival of endogenous SC, thereby
promoting myelination and ensheathing of regrowing axons, and
probably also stimulating axon growth itself. This is important
because, although their survival is compromised in untreated SCI
[49,74,75], SC are well known to facilitate SCI repair, both trans-
planted exogenous [72], or endogenous SC invading the lesioned
spinal cord. These latter most likely originate from dorsal or ventral
roots damaged by the trauma, although other origins have also
been proposed, such as CNS-resident glial progenitor cells [73].

Thus, the beneficial effect of Chitosan-FPHS implantation into
SCI on tissue and ECM remodeling via modulation of the inflam-
matory reaction and restoration of a functional vasculature, allows
for the creation of an environment supporting important regrowth
of both descending, and ascending fibers through the lesion-
implant site. Particularly noteworthy appears the fact that the
Chitosan-FPHS implant even supports regrowth of the descending
corticospinal tract axons, usually thought to have a rather weak
regenerative capacity. Finally, this molecular and structural reor-
ganization is not only the basis for spinal tissue reconstitution, but
is associated with a significant and long-lasting gain in locomotor
function recovery when compared to lesion-only animals.

Here, the Chitosan-FPHS was implanted immediately after the
injury. Thus, a perspective for a follow-up of the present study is to
determine the time window during which implantation of the
Chitosan-FPHS is effective after the lesion, and to employ an
experimental model more relevant to humans, i.e. a contusion
lesion. Determination of this time window is also important when
considering application of Chitosan-FPHS into chronic lesions or in
combination with other strategies, such as cell therapy, or thera-
peutic drugs.

To conclude, our data show that the Chitosan-FPHS implanta-
tion can repair spinal tissue at least to some degree without being
combined with other therapeutic agents. At the same time, it
provides major advantages, as it is safe, does not provoke immune
reactions in the host tissue, and does not pose any ethical concerns
for its use in humans. Chitosan-FPHS can be manufactured as
clinical grade material, stored at room temperature, and should not
need special facilities or instrumentation for its use on SCI trauma
patients. Our study thus provides critical preclinical efficacy data in
support of further development of Chitosan-FPHS for treating SCI.
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