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a b s t r a c t

Spinal Cord Injury (SCI) is a highly incapacitating condition for which there is still no cure. Current
clinical approaches are mainly based on palliative care, so there is a need to find possible treatments to
SCI. Cellular transplantation is regarded with great expectation due to the therapeutic potential of cells
such as Adipose tissue-derived Stromal/Stem Cells (ASCs) or Olfactory Ensheathing Cells (OECs). Both are
accessible sources and present positive paracrine and cell-to-cell interactions, previously reported by our
group. Additionally, biomaterials such as hydrogels have been applied in SCI repair with promising re-
sults. We propose to combine a GRGDS-modified gellan gum hydrogel with ASCs and OECs in order to
promote SCI regeneration. In vitro, ASCs and OECs could be co-cultured within GG-GRGDS hydrogels
inducing a more robust neurite outgrowth when compared to controls. In vivo experiments in a hemi-
section SCI rat model revealed that the administration of ASCs and OECs encapsulated in a GG-GRGDS
hydrogel led to significant motor improvements when compared to both control (SCI) and hydrogel
alone (GG-GRGDS) groups. This was accompanied by a decreased infiltration of inflammatory cells and
astrocytes, and by an increased intensity of neurofilament. These results suggest evident gains induced
by the encapsulation of ASCs and OECs in GG-GRGDS based hydrogels.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Spinal Cord Injury (SCI) is a highly debilitating condition for
which there is still no cure. SCI individuals usually have life-long
loss of function and reduced quality of life. Its incidence interna-
tionally varies from as low as 2.3 to as high as 83 per million in-
habitants every year [1]. The secondary events occurring after
the primary injury increase the complexity of the disease, which
hinders SCI treatment [2]. The current medical approaches after
a spinal cord trauma are limited, consisting of the stabilization
of the spine, decompression of the cord and eventually the
s Research Institute (ICVS),
s de Gualtar, 4710-057, Braga,

Salgado).
administration of anti-inflammatory drugs [2]. Therefore, the
development of novel therapeutic strategies targeting this condi-
tion is imperative.

Amongst the different approaches suggested so far, cellular
based therapies have been one of the most frequently explored.
From the different sources of cells currently being tested, Adipose
tissue-derived Stromal/Stem Cells (ASCs) and Olfactory
Ensheathing Cells (OECs) have shown promising results [3,4]. For
instance, intraspinal transplantation of murine ASCs in a SCI ani-
mal model, one week after injury, promoted the protection of
denuded axons probably by preventing oligodendrocytes' degen-
eration and by participating in the regeneration of the myelin
sheath [5]. In addition, ASCs transplantation also induced evident
gains in motor performance [5]. These beneficial outcomes have
been mostly related with the nature of the ASC's secretome, that is,
the panel of molecules secreted by these cells to the extracellular
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milieu. In fact several reports have shown that ASC's secretome
contains important neuroregulatory molecules such as Nerve
Growth Factor (NGF), Brain-derived Neurotrophic Factor (BDNF),
Glial cell line-derived Neurotrophic Factor (GDNF), Vascular
Endothelial Growth Factor (VEGF), Hepatocyte Growth Factor
(HGF), basic Fibroblast Growth Factor (bFGF), Insulin-like Growth
Factor 1 (IGF1), Transforming Growth Factor Beta 1 (TGF-b1),
among others, that are able tomodulate neuronal and glial survival
and differentiation [6e8]. Moreover, the molecules secreted by
ASCs have also been shown to modulate the response of the im-
mune system [7,9]. Alternatively, OECs are mainly characterized by
participating in the growth and guidance of primary olfactory
neurons. Their common origin with Schwann cells may explain
some similarities observed between these two cell types, namely
the capacity of OECs to surround olfactory axons, form fascicular
processes and synthesize peripheral-like myelin [10]. The poten-
tial OEC transplantation as a therapy for CNS damage has already
been explored in vivo. About two thirds of the experimental
studies using these cells reported improvements in behavior
outcome [11]. For instance, murine OECs were able to remyelinate
axons in spinal cord injured rats [12,13], leading also to functional
improvement of electric conduction in previously demyelinated
axons [13]. Therefore, it is considered that OECs can create a
permissive environment for axonal regeneration, in the usually
hostile milieu of the damaged CNS [14]. For all these reasons,
autologous transplantation of OECs in SCI patients has already
been performed. In one clinical trial, results showed that autolo-
gous OECs are safe after three years post-transplantation [15,16].

ASCs and OECs present themselves as promising candidates for
SCI cell therapy, mostly because they are easily accessible (ASCs can
be obtained in large quantities from lipoaspirates while OECs can
be safely isolated from nasal biopsies) and can be applied in an
autologous manner, avoiding ethical concerns and the need for
immunosuppression. By combining both, we envision taking
advantage of the beneficial properties of each cell type simulta-
neously; namely, the neuronal regeneration guided and supported
by OECs, which can be boosted by the paracrine effects of ASCs.
Furthermore, previous work from our group showed that the
secretome of rat-derived OECs has a positive effect on MSCs from
different sources, but more evidently on human ASCs by increasing
their proliferation and metabolic activity. Similarly, the secretome
of ASCs also proved to be particularly beneficial for OECs in the
same parameters [17]. These results reinforce the potential benefits
of the combined use of these cells.

Therefore, the objective of the present work was to assess if the
combined delivery of human ASCs and murine OECs into the injury
site of a rat lumbar hemisection model, was able to induce motor
and histological improvements in the injured rats. For this purpose
and in order to efficiently deliver both cell populations, a hydrogel-
based biomaterial (gellan gum, chemically grafted with a
fibronectin-mimetic GRGDS peptide e GG-GRGDS) was used.
Hydrogels are particularly appealing to be used as vehicles for cell
transplantation because not only can they enhance cell survival, but
they can also be designed to match the mechanical properties and
water content of the CNS [18e21]. Our proposed chemically-
modified gellan gum hydrogel is a biocompatible and biodegrad-
able natural polysaccharide composed of repeating units of glucose,
glucuronic acid and rhamnose [22,23] and is FDA approved [24]. Its
physical properties allow the injection in situ and the filling of
cavities provoked by the injury, in a minimally invasive manner.
Moreover when chemically grafted with the fibronectin-mimetic
peptide GRGDS (GG-GRGDS), this biomaterial was shown to have
enhanced cell adhesion and proliferation [25,26], which lead to
significant improvements of the metabolic activity and secretome
of encapsulated cells [25,26].
2. Materials and methods

2.1. Cell isolation and culture

Human Adipose tissue-derived Stromal/Stem Cells (ASCs) were
isolated according to the protocol described by Dubois et al. [27]
from human lipoaspirates obtained from consenting donors un-
der an institutional review board approved protocol at LaCell LLC.
These cells were cultured and maintained in a-MEM (Invitrogen,
USA), with 10% Fetal Bovine Serum (FBS, Biochrom AG, Germany)
and 1% antibiotic-antimycotic solution e penicillin-streptomycin
(Invitrogen, USA) at 37 �C and 5% CO2 (v/v).

The animal care committee of the research institute approved all
the animal protocols in accordance with standardized animal care
guidelines [28]. Olfactory Ensheathing Cells (OECs) were harvested
from olfactory bulbs of neonatal (P5-P7)Wistar-Han rats, according
to the protocol previously described [29]. Briefly, upon dissection,
the meninges and blood vessels were removed and the tissue was
digested with collagenase type I (2.5 mg/ml, Sigma, USA) for
30 min at 37 �C, with agitation. The digested tissue was mechani-
cally dissociated with a 5 ml pipette and centrifuged at 1000 rpm
for 5 min. Then, the tissue was resuspended and subjected to a
second mechanical dissociation using a P1000 micropipette. After a
second centrifugation, cells were resuspended and seeded on un-
coated plates for two consecutive periods of 24 h. It is expected that
most of the fibroblasts and astrocytes attach in the first and second
periods, respectively. After this purification step, the remaining
cells were seeded on fibronectin coated surfaces (for 2D direct co-
cultures) or encapsulated in GG-GRGDS hydrogel (for 3D co-
cultures). Coating was done overnight with a 1 mg/ml fibronectin
solution (Sigma, USA). Cells were cultured in DMEM/F12 (Invi-
trogen, USA) with 10% FBS and 1% antibiotic-antimycotic solution at
37 �C and 5% CO2 (v/v). OECs were additionally enriched with
Bovine Pituitary Extract (5.36 mg/ml, Invitrogen, USA) and Forskolin
(1.4 mg/ml, Sigma, USA).

2.2. 2D direct co-cultures

In order to assess the potential positive or negative interactions
between OECs and ASCs, a direct co-culture system with these two
cell types was used. After isolation and purification (described in
section 2.1), OECs were seeded (60 000 cells/cm2) on fibronectin
coated coverslips. 24 h later, ASCs were seeded (10 000 cells/cm2)
over the OECs culture. Cells were allowed to grow in OECs culture
medium (DMEM/F12 with supplements) since previous experi-
ments showed its suitability for the culture of ASCs (data not
shown). Medium was changed once, after three days of culture.
Following one and seven days of incubation both cell growth and
morphology was assessed by immunocytochemistry (ICC). OECs
(60 000 cells/cm2) and ASCs (10 000 cells/cm2) monocultures were
used as controls. Cell counts were performed by taking ten repre-
sentative micrographs per sample, and the mean number of cells
per field was determined for each sample of each group (n ¼ 3).

2.3. Synthesis of GG-GRGDS hydrogel

The synthesis of GG-GRGDS hydrogel was performed according
to the protocols described by Silva et al. [25]. Briefly, gellan gum
(Sigma, USA) was first dissolved in 2-(N-morpholino)ethane-
sulfonic acid (MES) buffer (100 mM, pH 5.5, Sigma, USA) at 37 �C. 4-
(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-
ride (DMT-MM, Sigma, USA) and furfurylamine (Acros Organics,
Belgium) were then added in a 4:1 M ratio (of each reagent relative
to the eCOOH groups in gellan gum) and stirred at 37 �C for 48 h.
The solution was then dialyzed (Mw cutoff 12e14 kDa, Spectrum
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Labs, USA) alternately against distilledwater and PBS (0.1M, pH 7.2)
for five days. Finally, water was removed by lyophilization to obtain
furan-modified gellan gum (furan-GG) as a white powder.

Immobilization of maleimide-modified GRGDS peptide (mal-
GRGDS, Anaspec, USA) to furan-GG was performed via Diels-Alder
chemistry between the maleimide functional group of the peptide
with the furan group of the gellan gum [25]. Furan-GG was first
dissolved in MES buffer (100 mM, pH 5.5) at 37 �C (1.2 mg/ml). Mal-
GRGDS was then added in a 5:1 maleimide:furan molar ratio and
vigorously stirred for 48 h. The solution was then dialyzed (Mw
cutoff 12e14 kDa) alternately against distilled water and PBS (0.1M,
pH 7.2) for five days. Finally, the water was removed by lyophili-
zation to obtain GRGDS-modified Gellan Gum (GG-GRGDS) as a
white powder. The amount of peptide immobilized on the hydrogel
was calculated by amino acid analysis. In brief, this method
involved acid hydrolysis of the peptide with 6 N HCl for 24 h, fol-
lowed by derivatization with phenylisothiocyanate (PITC). The
derivatized hydrolyzates were then quantified using reverse phase
HPLC. As a control, a known amount of mal-GRGDS was incubated
with unmodified gellan gum, and the peptide concentration was
quantified by amino acid analysis.

2.4. GG-GRGDS 3D hydrogel preparation

GG-GRGDS lyophilized powder was sterilized by exposure to UV
lights for 15 min, a method previously used without affecting the
material properties [26]. Then, GG-GRGDS was dissolved in ultra
pure water, at 1% (w/v) concentration and heated at 40 �C over-
night, in order to obtain a homogenous solution. Before encapsu-
lating the cells, CaCl2 at 0.3% (w/v) was added [to obtain a final
concentration of 0.03% (w/v) of CaCl2 in solution] to enable the
ionic crosslinking of the hydrogel. GG-GRGDS hydrogel used for the
in vitro 3D cultures was mixed with unmodified GG (1% w/v) in a
1:1 ratio, while for the in vivo studies only the modified hydrogel
was used.

2.5. 3D cell culture e OECs and ASCs

Direct co-cultures of OECs and ASCs encapsulated within the
GG-GRGDS hydrogel were performed with the objective of
assessing the interactions of these cells in a 3D environment.
Moreover, this experiment was also crucial to determine if the
hydrogel was suitable for the growth of both cell types and a proper
vehicle for cellular transplantation.

OECs and ASCswere obtained as described in 2.1 and GG-GRGDS
hydrogel was prepared according to 2.4. Both cell types were
resuspended in complete DMEM/F12 medium and encapsulated
into the hydrogel, by mixing the pellets with the appropriate vol-
ume of hydrogel. A total of 30 000 ASCs and 30 000 OECs were
encapsulated in 100 ml of GG-GRGDS and monocultures of each cell
type were used as controls, using the same cellular densities as co-
cultures. Cells were allowed to grow for seven days, with medium
changes every two days. After seven days of incubation, phalloidin
and DAPI were used to assess cellular growth and morphology.
Immunocytochemistry against human nuclear antigen (HNA) was
used to specifically identify ASCs. Samples were analyzed by
confocal microscopy using a confocal point-scanning microscope,
Olympus FV1000.

2.6. 3D cultures e DRG explants in co-culture with GG-GRGDS/
ASCs-OECs

Dorsal Root Ganglia (DRG) explant organotypic cultures can be
used as a model of axonal regeneration as they are able to produce
extensive neurite outgrowth. The explants were dissected from the
cervical and thoracic regions of the spine of neonatal rat pups (P5)
and placed in cold HBSS (1x) without Ca2þ/Mg2þ (Invitrogen, USA).
After cleaning the remnants of peripheral nerve processes, DRGs
were placed on the top of GG-GRGDS hydrogels with or without
encapsulated cells. Four groupswere performed: 1) hydrogel alone;
2) hydrogel þ ASCs; 3) hydrogel þ OECs; and 4) hydrogel þ ASCs/
OECs. The encapsulation of cells was performed 24 h before DRG
isolation and co-culture. A total of 30 000 cells were encapsulated
in 50 ml of GG-GRGDS (15 000 ASCs and 15 000 OECs in co-culture
group). In the first 24 h cells were maintained in complete DMEM/
F12 medium to promote cellular growth. After DRGs isolation and
seeding onto GG-GRGDS hydrogels, the medium was changed to
neurobasal medium (Invitrogen, USA) supplemented with 6 mg/ml
D-glucose (Sigma, USA), 1% penicillin-streptomycin, 1x B27 (Invi-
trogen, USA) and 2mM L-Glutamine (Invitrogen, USA). Mediumwas
changed every two days and cultures were kept in a humidified
atmosphere at 37 �C, 5% CO2 (v/v). Following seven days of co-
culture, DRGs were fixed and subjected to an immunocytochem-
istry for neurofilament, a major component of axonal cytoskeleton.
Imaging was performed using an Olympus IX81 fluorescence mi-
croscope and images were analyzed using the ImageJ software
(NIH).

2.7. Immunocytochemistry (ICC) and phalloidin/DAPI staining

ICC protocols were used to identify OECs/ASCs in 2D and 3D co-
cultures, as well as DRGs neurite projections in 3D co-cultures.
Rabbit anti-NGF receptor (p75) antibody (1:100, Millipore, USA)
was used to identify OECs and mouse anti-Human Nuclear Antigen
antibody (HuNu, 1:100, Millipore, USA) for ASCs. Mouse anti-
neurofilament 200 kDa antibody (1:200, Millipore, USA) was used
to identify neurite outgrowth from DRG explants. Controls were
made by the omission of the appropriate primary antibody. Briefly,
samples were fixed with a solution of 4% paraformaldehyde (PFA,
Panreac, Spain) in PBS for 20 min (in 2D cultures) or 45 min (in 3D
cultures) at room temperature (RT). Then, after three washes with
PBS, cell membranes were permeabilized (with exception of p75
antibody) with 0.3% Triton X-100 (Sigma, USA) for 5 min (2D) or
10 min (3D). Non-specific binding sites were blocked using a so-
lution of 10% Fetal Calf Serum (FCS, Biochrom AG, Germany) in PBS
for 1 h (2D) or 1 h 30 min (3D). The respective primary antibodies
were then added for 1 h (2D) or 48 h (3D), after which cells were
exposed to the specific secondary antibody for 1 h (2D) or 18 h (3D).
Alexa Fluor 488 goat anti-rabbit was used for OECs and Alexa Fluor
488 goat anti-mouse for ASCs and DRG neurites (both from Invi-
trogen, USA). Cell nuclei were then counterstained with 1 mg/ml of
DAPI (Invitrogen, USA) for 15 min (2D) or 30 min (3D). Imaging was
performed using an Olympus BX61 fluorescence microscope.

Phalloidin and DAPI staining protocol was performed in 3D co-
cultures of ASCs and OECs. Cells were subjected to a 45 min
period of fixation with 4% PFA at RT. Then, cell membranes were
permeabilized with 0.3% Triton X-100 for 10 min and the cells were
washed three times with PBS. A PBS solution with 0.1 mg/ml phal-
loidin (Sigma, USA) and 1 mg/ml DAPI (Invitrogen, USA) was then
added to the cells for 45 min at RT. Imaging was performed using a
confocal point-scanning microscope, Olympus FV1000.

2.8. DRGs neurite extension analysis with image J software

After obtaining the micrographs of DRG explant cultures
through fluorescence microscopy, the pictures were opened with
the Image J software. Firstly, the scale was defined and then, with
the help of drawing tools, the area occupied by the neurite arbor-
ization was shaped, as well as the area occupied by the DRG. After
the software automatically calculated both areas, the area occupied
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by the DRG was subtracted from the total area of the neurite
arborization, in order to obtain only the area occupied by the
arborization extension. To calculate the length of the longest neu-
rites Neurite-J plugin was used [30]. Briefly, with this plugin we
defined the area of the DRG body and then concentric rings with a
25 mm interval were automatically created. The length of the
longest neurite was defined as the length of the last ring inter-
secting neurites (Fig. 1).
2.9. In vivo testing

2.9.1. Animals and groups
Eight weeks old female Wistar rats (Charles River, France),

housed in light and temperature controlled rooms and fed with
standard diet, were used in the in vivo studies. Handling was per-
formed for three days before the surgeries. Animals were divided in
five different groups according to the respective treatment/proce-
dure (initial n¼ 5/6): 1) Animals subjected to SCI with no treatment
(SCI, n ¼ 6); 2) SCI animals treated with GG-GRGDS implanted at
the injury site (GG-GRGDS, n¼ 6); 3) SCI animals transplanted with
an injection of ASCs/OECs, rostral to the injury site (ASCs/OECs,
n¼ 6); 4) SCI animals treated with local administration of ASCs and
OECs encapsulated in GG-GRGDS (GG-GRGDSþASCs/OECs, n ¼ 6);
and 5) Animals with laminectomy only, no SCI (Sham, n¼ 5). Due to
health complications after the SCI, a total of seven animals died or
were sacrificed during the post-operatory period, one from the SCI
group (final n ¼ 5), three from the ASCs/OECs group (final n ¼ 3)
and three from GG-GRGDS þ ASCs/OECs group (final n ¼ 3). In the
groups applicable, a total of 4 ml of GG-GRGDS per animal were
implanted at the injury site, using a micropipette. Hydrogel
formulation was done as described in section 2.4. Both cell types
Fig. 1. Quantification process used for determining the length of the longest neurite using
fluorescence microscopy (A) were transformed into 8-bits images (B). Then, the area occupie
Finally, the software automatically drew concentric rings with 25 mm interval (CeD) and the
neurite.
were encapsulated within the hydrogel, as described in section 2.5.
Rats treated with cells received around 60 000 ASCs and 20 000
OECs, either encapsulated in 4 ml of GG-GRGDS placed at the injury
site, or through an intraspinal injection 2 mm rostral to the injury
site, suspended in 4 ml of DMEM/F12.

2.9.2. Spinal cord injury surgery
All animals were anesthetized by intraperitoneal injection of a

mixture (1.5:1) of ketamine (100 mg/ml, Imalgene/Merial, France)
and medetomidine hydrochloride (1 mg/ml, Domitor/Pfizer, USA).
Once anesthetized, fur was shaved from the surgical site and the
skin disinfected with ethanol 70% and chlorohexidine. Then a
dorsal midline incisionwas made from T8-L4 and the paravertebral
muscles retracted. A laminectomy was performed at L1 in which
the spinous processes were removed and the spinal cord exposed. A
unilateral defect (hemisection) on the left side of the spinal cord
was done, removing 2e3mm of nervous tissue. After the respective
treatment, spine stabilization was performed as previously
described [31]; paravertebral muscles and skin were then closed
with Vicryl sutures (Johnson and Johnson, USA). The incision of SCI
control animals was closed after injury without treatment.

2.9.3. Post-operative care
Following SCI surgery, rats were kept under heat lamps and

received subcutaneous injections of vitamins (Duphalyte/Pfizer,
USA), 0.9% NaCl, the anti-inflammatory drug carprofen (5 mg/ml,
Rimadyl/Pfizer, USA), the analgesic butorphanol (10 mg/ml, Buto-
midor/Richter Pharma AG, Austria) and the antibiotic enrofloxacin
(5 mg/ml, Baytril/Bayer, Germany), besides atipamezole (5 mg/ml,
Antisedan/Pfizer, USA) a drug used in order to revert anesthesia.
Bladder evacuation was done manually twice a day. Then, during
the Neurite-J plugin [30] for Image J software. Briefly, the micrographs obtained after
d by the DRG body as well as the neurites were defined through threshold adjustments.
distance of the last ring intersecting neurites was defined as the length of the longest
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the first week post-injury, rats received daily subcutaneous in-
jections of all the above mentioned components with the exception
of atipamezole. Carprofen administration was stopped three days
post-injury. Throughout the treatment and recovery period, ani-
mals were examined for symptoms of illness or potential reaction
to the treatment. The diet was changed to a diet with higher caloric-
content (Mucedola 4RF25, Italy) and the food was presented to the
rats in the cage.

2.9.4. Motor behavior analysis by BBB score
Themotor behavior of all rats was assessed by the Basso, Beattie,

Bresnahan Locomotor Rating Scale (BBB) [32] on day three post-
injury and every week, starting exactly one week post-injury, up
to four weeks. The test was then repeated eight weeks after injury.
The BBB is a 21-point scale designed to assess hindlimb locomotor
recovery following spinal cord injury. In summary, animals were
placed in an open arena with no obstacles and allowed to move
freely. During the 4 min of the test, two observers (blinded to the
animal treatment) evaluated the animal locomotion profile,
recording and attributing a score to the animal performance.

2.9.5. Activity box test
The activity box test was used to assess general locomotor

behavior of SCI rats, by measuring the amount of rearing activity
and the total distance travelled by the animals, eight weeks after
injury [33]. The test was performed in a square arena
(43.2 cm� 43.2 cm) with transparent acrylic walls (Med Associates
Inc., USA) placed in a brightly illuminated room. Animals started
the test at the arena's centre and were given 5min to explore it. The
total distance travelled in the arena and the number of rearings
were automatically registered by the equipment sensors.

2.9.6. Histological analysis
Rats were deeply anesthetized by an intraperitoneal injection of

200 mg/ml sodium pentobarbital (Eutasil, Ceva Saúde Animal,
Portugal) and perfused through the ascending aorta with 0.9% NaCl
followed by 4% PFA. A rough dissection of the spine and spinal cord
was performed, centered on the site of hemisection and the tissues
were fixed in 4% PFA overnight. A more detailed dissection of the
spinal cord was then done and the tissues were carefully placed on
a solution of saccharose at 30% (w/v). After 24 h, 2.5e3 cm length of
spinal cord tissues, centered on the lesion, were involved in frozen
section medium (Neg-50, Thermo Scientific, USA), frozen with
liquid nitrogen and stored at �20 �C. Later on, longitudinal and
transversal cross sections of 10 and 20 mm thickness were per-
formed using a Leica CM1900 cryostat.

2.9.7. Immunohistochemistry (IHC)
Spinal cord cross sections were initially permeabilized with 0.2%

TBS-T for 10 min. Then, the slides were blocked with a solution of
5% FBS in PBS for 30 min. After that, the samples were incubated
overnight with the following primary antibodies: i) mouse anti-
CD11b/c (Pharmingen, USA); ii) rabbit anti-rat GFAP (Dako,
Denmark); iii) mouse anti-neurofilament (Millipore, USA) and iv)
mouse anti-nuclei antibody (HuNu, Millipore, USA). On the next
day, samples were incubated for 2 h with the respective secondary
antibodies, alexa fluor 488 goat anti-rabbit for GFAP, alexa fluor 594
goat anti-mouse for CD11b/c and alexa fluor 488 goat anti-mouse
for neurofilament and HuNu (all from Invitrogen, USA). All sam-
ples were counterstained with DAPI (Sigma, USA) for 10 min. Be-
tween steps, 3e5 washes with PBS were performed. Finally, the
slides were mounted in Immu-Mount® (Thermo Scientific, USA)
and observed at a confocal point-scanning microscope, Olympus
FV1000. All images were treated using ImageJ software.
2.9.8. HuNu positive cells quantification
Spinal cord sections from all animals were screened for the

presence of HuNu, amarker for human cells (ASCs). In animals were
this marker was detected, three micrographs per section were
taken at 400�magnification, in a total of three sections per animal.
Then, the total number of HuNu positive cells per image was
quantified, and the average number of cells per field was calculated
for each section and for each animal.

2.9.9. Antibodies' area analysis with image J software
Six micrographs per animal were taken at the ipsilateral side of

rostral and caudal regions surrounding the 3 mm gap created with
the hemisection injury.

After obtaining micrographs through confocal microscopy, the
photos were opened with the Image J software. Before starting the
analysis, the scale was determined. Then, the images were con-
verted to 8 bits and were processed in the menu “make binary”.
Finally, using the menu “analyze particles” the software automat-
ically calculated the areas occupied by each marker, using the dark
background as contrast. The mean value of the six micrographs per
animal was considered for analysis.

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 5.00 for Windows (GraphPad Software, USA). Differences
among groups were assessed by: 1) one way ANOVA test in results
presented in Figs. 4BeC, 5CeD, 6C and 7BeC; 2) two-way ANOVA in
results presented in Figs. 2B and 5A; 3) students' t-test in results
from Fig. 8C. One or two-way ANOVA tests were followed by the
Bonferroni post-hoc test. A p-value of �0.05 (95% confidence level)
was set as the criteria for statistical significance.

3. Results

3.1. 2D direct co-culture of Adipose tissue-derived Stromal/Stem
Cells (ASCs) and Olfactory Ensheathing Cells (OECs)

In order to assess the interactions between ASCs and OECs,
direct co-cultures were performed. Immunocytochemistry after
seven days revealed that cellular morphology was not affected
(Fig. 2A). In fact, both cell types maintained their typical
morphology, despite being in a co-culture system.

Regarding cell numbers, in the first 24 h (at day 1) both cell
types presented more cells in co-culture, when compared to mono-
culture conditions (for ASCs: 9.7 ± 1.9 vs 3.4 ± 0.3 cells/field; for
OECs: 18.7 ± 2.4 vs 9.0 ± 3,1 cells/field, p¼ 0.063, Fig. 2B). However,
these differences disappeared after seven days of co-culture and
the number of cells was similar in mono- and co-cultures (ASCs:
30.2 ± 5.6 vs 26.1 ± 18.8 cells/field; OECs: 41.0 ± 2.7 vs
48.0 ± 4.3 cells/field, Fig. 2B). These results indicate that both cell
types can grow together andmay benefit from cell-cell interactions,
particularly in the first hours of co-culture.

3.2. GG-GRGDS synthesis and 3D co-culture of ASCs and OECs

In order to synthesize GG-GRGDS hydrogel, we used Diels-Alder
“click” chemistry to immobilize maleimide-containing GRGDS
peptides with furan-modified gellan gum. Functionalization of GG
with furan was previously performed by our group [25], in which
the degree of furan substitution to GG was calculated to be
approximately 27%. Maleimide-modified GRGDS peptide was then
reacted with furan-GG in a 5:1 M ratio. After dialysis to remove
unbound peptide, quantification by amino acid analysis of the
immobilized peptide was calculated to be 189 nmol of GRGDS per



Fig. 2. 2D direct co-cultures of ASCs and OECs. Cellular morphology (A) after seven days was not affected by being in a co-culture system. Cell numbers (B) were increased after one
day in co-culture but no differences were seen after seven days. Scale bar: 100 mm. Values are shown as mean ± SEM (n ¼ 3); *p < 0.05.
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mg of GG (Fig. 3A).
The encapsulation of ASCs and OECs inside the GG-GRGDS

hydrogel was a critical step to demonstrate the suitability of this
biomaterial as a vehicle for cellular transplantation. In this sense,
both cell types were cultured in GG-GRGDS hydrogels, either alone
or in co-culture. As it is visible on Fig. 3BeD, ASCs and OECs were
able to grow within the hydrogel matrix, extending their processes
and presenting their typical morphology. The co-culture of both cell
types was also successfully performed as they were evenly
distributed in the hydrogel, maintaining their cellular morphology
identical to monoculture conditions (Fig. 3D). Moreover, it was
possible to observe the beneficial impact of the GRGDS modifica-
tion on the cell morphology, as both ASCs and OECs encapsulated in
regular gellan gum hydrogels were unable to extend any cellular
processes (Fig. 3E).
3.3. In vitro axonal outgrowth assessment through DRG explants

DRG explant organotypic cultures were used to evaluate the
degree of axonal/neurite outgrowth promoted by ASCs and OECs
when encapsulated in the GG-GRGDS hydrogel. For this purpose,
ASCs and/or OECs were firstly encapsulated inside GG-GRGDS
hydrogels. Then, following a period of 24 h to induce cellular
growth, DRG explants were placed on the top of hydrogels with or
without encapsulated cells. After seven days of co-culture,
both the DRG total neurite extension area and the length of the
longest neurite were significantly increased in the group
combining hydrogel and ASCs (4.8 ± 0.7 � 106 mm2 and
1644.4 ± 171.7 mm, respectively), in comparison to the group of
hydrogel alone (2.2 ± 0.3 � 106 mm2 and 1017.5 ± 79.6 mm, Fig. 4).
GG-GRGDS þ ASCs group also induced a significant increase in the
neurite area in comparison to GG-GRGDS þ OECs group
(4.8 ± 0.7 � 106 vs 2.4 ± 0.4 � 106 mm2). The encapsulation of OECs
did not translate into a significant increase of the neurite arbori-
zation obtained, since there were no differences to the group of
hydrogel alone. Despite a positive trend towards an increase of
neurite area and length, the group of co-culture of ASCs/OECs did
not present significant differences in comparison to hydrogel
alone. These results point out to a major role of ASCs on neurite
induction, in this particular case of co-culture with hydrogel and
DRGs. The importance of peptide engraftment in the gellan gum
(GG) hydrogel was once again demonstrated. DRGs cultured on
regular GG were unable to extend any neurite (Fig. 4A). For this
reason, the quantification of neurite extension and the longest
neurite were not performed in this group.
3.4. In vivo functional and histological assessment following SCI

A left lumbar hemisection SCI model (L1 level) in eight-weeks-
oldWistar female rats was used in order to assess the efficacy of the
proposed therapy. Immediately after injury, animals were treated
either with a transplantation of ASCs and OECs, a combination of
GG-GRGDS hydrogel with ASCs/OECs, or alternatively with the
hydrogel alone. Non-treated animals (HS group) or animals without
injury (Sham, only subjected to laminectomy) were used as con-
trols. At day 3 post-injury, every week up to four weeks and then
one month later, at eight weeks, rats were subjected to the BBB test
in order to evaluate the locomotor behavior of their hindlimbs.
Notably, rats treated with ASCs/OECs encapsulated in the GG-
GRGDS presented significant locomotor improvements, either in
comparison to non-treated rats (6.3 ± 2.6 vs 1.8 ± 0.8 at the BBB
score eight weeks post-injury, for instance) or to GG-GRGDS-
treated animals (6.7 ± 1.2 vs 2.8 ± 0.9 at BBB score, in the four
weeks time point, Fig. 5A).

These BBB values mean that on average, rats treated with the
combination of hydrogel and cells were able to extensively move
two joints and slightly move one joint of the hindlimb, while non-
treated animals were only able to extensively move one joint.
Significant locomotor improvements were also seen at two, three
and four weeks post-injury (Fig. 5A). At eight weeks, rats were also
submitted to a more general test of locomotion in an open field
arena. Regarding the total distance travelled in the activity box test,
GG-GRGDS þ ASCs/OECs-treated animals travelled significantly
higher distances (2901.7 ± 343.8 cm) in comparison to non-treated
and GG-GRGDS-treated ones (1817.7 ± 264.8 and 2011.9 ± 190.7 cm,
respectively, Fig. 5C). This group of animals was even able to travel
similar distances to sham animals (2675.1 ± 218.0 cm). However,
concerning rearing behavior, there were no differences between
the four injury groups (Fig. 5D).

Animals were then sacrificed and their spinal cords processed to



Fig. 3. Immobilization of the GRGDS peptide into the GG hydrogel and its effects on the growth of ASCs and OECs. (A) Amino acid analysis was used to quantify the amount of
peptides immobilized to GG hydrogels (approximately 189 nmol GRGDS/mg of GG, grey arrows point to each amino acid). (BeE) Confocal images of ASCs and OECs cultures
encapsulated in (BeD) GG-GRGDS hydrogels and (E) in unmodified GG. Cells grown in GG-GRGDS presented their typical morphology either in mono- or co-cultures. In contrast,
cells grown in regular GG do not show cellular extensions into the hydrogels. Scale bar: 100 mm. Images are representative of n ¼ 3 independent experiments.
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perform histological analysis. Levels of axonal regeneration/pres-
ervation were estimated through immunostaining for neurofila-
ment (NF). Both GG-GRGDS and GG-GRGDS þ ASCs/OECs revealed
significantly higher levels of NF expression area at the lesion site
(1.9 ± 0.3 � 104 and 2.3 ± 0.2 � 104 mm2, respectively), when
compared to non-treated animals (0.8 ± 0.03 � 104 mm2, Fig. 6C).

After immunohistochemistry for CD11b/c and GFAP (markers of
inflammatory cells and astrocytes respectively), it was possible to
observe an increase in expression of both markers after injury in
the non-treated group, when compared to sham group (HS group:
7.7 ± 3.3 � 104 and 11.8 ± 7.4 � 104 mm2, for CD11b/c and GFAP
respectively; Sham group: 0.4 ± 0.1 � 104 and 1.0 ± 0.5 � 104, for
CD11b/c and GFAP respectively, Fig. 7). Nevertheless, therewere not
statistically significant differences between all groups after quan-
tification (Fig. 7B and C). Treatment with GG-GRGDS þ ASCs/OECs
promoted the greatest decrease of CD11b/c and GFAP expression
(1.5 ± 0.8 � 104 and 1.1 ± 0.5 � 104 mm2, respectively) reaching
levels close to those of Sham animals (Fig. 7B and C).

Finally, following an IHC for Anti-Nuclei Antibody (HuNu), it was
possible to identify transplanted ASCs in the spinal cord tissue eight
weeks after injury (Fig. 8). ASCs delivered through intraspinal in-
jection, or within GG-GRGDS hydrogel were mainly found in re-
gions close to the injury site. After quantification of the cells
positive for the HuNu marker, we could find more ASCs when
transplanted within the hydrogel (48.5 ± 7.0 cells per field) than
when transplanted intraspinally (32.7 ± 7.0 cells per field), however
this difference was not statistically significant.

4. Discussion

In the present work, we have developed a combinatorial
approach to SCI repair based on the use of ASCs and OECs with GG-
GRGDS hydrogels. Although the use of this hydrogel in CNS
regenerative medicine approaches has been limited, it has been
shown to present mechanical, as well as thermal and conduction
properties very similar to soft tissues like the spinal cord [34].
Moreover, previous studies from our laboratory have shown that
these GRGDS modified GG hydrogels are able to support the
growth of multiple cell types including neural stem/progenitor
cells (NSPCs), OECs and MSCs [25,26]. Before encapsulating the



Fig. 4. Effects of GG-GRGDS hydrogel encapsulated with ASCs and/or OECs on neurite outgrowth of DRG explants, after 7 days. (A) Representative confocal images of neurites from
DRGs (stained with neurofilament) cultured in the presence or absence of cells. (B) Quantification of neurite extension area and (C) quantification of the longest neurite. GG-GRGDS
with ASCs promoted a significant increase of neurite extension area in comparison to hydrogel alone and hydrogel with OECs. Moreover, hydrogel with ASCs also induced a
significant increase in the length of the longest neurite, in comparison to hydrogel alone. DRGs were unable to grow on unmodified gellan gum (GG). Scale: 100 mm. Values are
shown as mean ± SEM (n ¼ 8/10); *p < 0.05, **p < 0.01.

E.D. Gomes et al. / Biomaterials 105 (2016) 38e51 45
cells, we tested whether both cell types were capable of growing in
direct contact cultures. Different cellular densities were used (1:6
ratio ASCs-OECs) because OECs need a minimal number of
60 000 cells/cm2 to properly grow, while on the other hand, at this
density ASCs would reach confluence in less than 48 h. After seven
days of co-culture, cellular morphology of ASCs and OECs was
similar to monoculture conditions, which reveals that direct cell
contact did not have a significant impact on the size and
morphology of the cells. In addition, both cell types presented
more cells in the first 24 h of co-culture in comparison to mono-
cultures. This might indicate a beneficial interaction between
ASCs and OECs even under direct cell-cell contact. However, this
difference was lost after seven days of co-culture, probably
because cells reached confluence and could not expand over those
numbers. The results herein obtained, together with the beneficial
effects previously observed in indirect co-cultures [17] led us to
choose these cells to combine with GG-GRGDS hydrogel. As shown
in Fig. 3, ASCs and OECs grew within the 3D hydrogel matrix,
extending their processes and presenting their typical
morphology. Previous works from our group have already shown
the suitability of GG-GRGDS hydrogel for promoting cellular
growth and survival of OECs [25], ASCs [35] as well as MSCs from
other sources [26]. The presence of GRGDS peptides is essential, as
cells encapsulated in regular gellan gum do not present their
normal morphology, instead having a round shape (Fig. 3E).
Moreover, DRGs were unable to extend their neurites when
cultured on regular GG (Fig. 4A). Both experiments reinforce the
value of our peptide functionalization procedure.

Dorsal Root Ganglia explants have been used as a model of
axonal regeneration in vitro [36]. To test our therapeutic approach,
DRGs were cultured with ASCs and/or OECs encapsulated on the
GG-GRGDS hydrogel. In this case the same cellular densities
(15 000 cells/50 ml) were used for both cells (1:1) since there is less
proliferation in 3D matrices and, at the same time, we could
compare more precisely each cell type effect on DRG explants. ASCs
induced a significant increase of DRG neurite extension area, as well



Fig. 5. In vivo locomotor evaluation of SCI rats. (A) BBB test performed during a follow-up of eight weeks post-injury. (B) Schematic representation of the hemisection injury
induced in SCI animals at L1 level. (C) Activity box test and (D) rearing behavior evaluated in the open field arena, eight weeks after the lesion. Animals treated with the combination
of GG-GRGDS and ASCs/OECs presented significant motor improvements in comparison to non-treated animals (HS group) and animals treated with GG-GRGDS only, both in the
BBB test and in the total distance travelled on the activity box test. Values are shown as mean ± SEM. In graph A, (*) represents differences in comparison to HS group, (#) represents
differences to GG-GRGDS group and (&) represents differences between sham group and all the others; one symbol p < 0.05, two symbols p < 0.01; three symbols p < 0.001.

E.D. Gomes et al. / Biomaterials 105 (2016) 38e5146
as an increase in the length of the longest neurite, when compared
to hydrogel alone and hydrogelþ OECs cultures. From the literature
it is known that ASCs have a potent neuroregulatory secretome,
expressing growth factors that are able to mediate neurite/axonal
outgrowth. From these the most representative are NGF, BDNF, and
GDNF [6,7]. On the other hand, OECs are known to guide axonal
migration through a direct interaction with neuronal processes of
neighboring axons [10]. This capacity is partially related with the
expression of different matrix metalloproteinases (MMPs) by OECs.
Particularly MMP-2, MMP-3 and MT1-MMP seem to contribute to
OECs motility across the extracellular matrix and their neuro-
trophic properties [37]. However, in this experiment most of the
cells were not in direct contact with DRG explants, which were
seeded on the top of hydrogel droplets. In this sense, the effect of
the secretome, that is, the molecules secreted by the encapsulated
cells, seemed to be more relevant than direct cell-cell interactions.
As we have seen in 2D experiments with DRG explants [38], the
secretome of ASCs induces higher neurite arborization levels, while
in direct contact cultures, OECs provide a better support for neurite
outgrowth than ASCs. Overall these findings are a strong indicator
of the positive effects exerted by ASCs (mainly through secreted
molecules) and OECs (direct cell-cell contact) on a particular phe-
nomenon, neurite/axonal outgrowth, which is essential for the
reestablishment of the functionality of the injured spinal cord.

In this study a left hemisection injury was performed at the L1
level, which results in a very aggressive injury. This happens
because the motor central pattern generator (CPG) present at the
lumbar region [39,40] is partially affected, which explains the low
motor recovery profile observed in these animals (Fig. 5A), espe-
cially compared to hemisection injuries performed at the thoracic
level [31]. Despite the aggressiveness of the injury, the combined
treatment with GG-GRGDS and ASCs/OECs was capable of inducing
significant motor improvements in the paralyzed hindlimbs of SCI
rats, as assessed by the BBB test. The combination of cellular
therapy with the hydrogel proved to be important in this recovery,
since GG-GRGDS treatment or ASCs/OECs alone did not induce
significant improvements in comparison to non-treated animals.
Nevertheless, no major differences were found between groups
with treatment. This means that our therapeutic strategy can be
refined in order to further improve the functional outcomes ob-
tained. Similar results were observed in the activity box test, since
animals treated with the combinatorial strategy travelled longer
distances than hydrogel- and non-treated groups. No differences
between treatments were observed with respect to the number of
vertical counts. Rearing is a type of behavior highly dependent on
weight-support capacity on the hindlimbs and none of the groups
reached themean score of nine in the BBB scale, which is indicative
of weight-support ability. Another study using the same combi-
nation of cells, but seeded on a serum-derived albumin scaffold,
showed that rats treated with the combinatorial approach also
presented improved locomotor skills over untreated animals [41].
Histologically, those rats presented reduced glial scar formation
and more cells expressing markers of neurons and axons at the
lesion site [41]. Our functional results can be partially explained by
the CD11b/c and GFAP levels observed. Despite not being statisti-
cally different between groups, there was a trend for rats treated



Fig. 6. Representative confocal images of the immunostaining for neurofilament; scale: 100 mm. (B) Schematic representation of the regions analyzed by confocal microscopy to
determine axonal regeneration/preservation. (C) Quantification of expression areas of neurofilament marker. The treatment with the combination of GG-GRGDS and ASCs/OECs
induced a significant increase in neurofilament area. Values are shown as mean ± SEM; *p < 0.05, **p < 0.01.
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with GG-GRGDS and ASCs/OECs to have reduced CD11b/c and
GFAP expression areas, close to the lesion site. These results point
out that the combinatorial treatment resulted in a less prominent
inflammatory status and less astrogliosis, two features that have
been associated with better motor performances in different
studies [42,43]. The combined treatment also resulted in an
increased area of neurofilament expression, close to the lesion site,
a fact that could be the result of an improved preservation of the
remaining neuronal network and/or the creation of an environ-
ment propitious to neuroregeneration. In any case, the combina-
tion of these three major histological alterations (i.e. increased
neurofilament, decreased astrogliosis and inflammation) can
partially account for the functional improvements obtained with
the combinatorial strategy herein tested. Eight weeks after injury,
we could not find any trace or evidences of the hydrogel presence
at the injury site. From previous experiments we know that GG has
a slow degradation rate (for a hydrogel) and it can be found at least
four weeks following injury [22]. Thus the present study indicates
that its full degradation happens for periods between four-eight
weeks. In this case it may have been cleared by body fluids with
time; however it must have remained at the injury site long
enough, in order to allow cellular integration within the injured
tissue (Fig. 8). Moreover, we have previously demonstrated that
this hydrogel integrates very well within the spinal cord tissue and
it does not cause any kind of inflammatory reaction [22], which
goes along with the anti-inflammatory profile found in GG-
GRGDS-only transplanted animals (Fig. 7C). The lesion epicenter
was predominantly filled with connective tissue in all groups and
there was no infiltration of blood vessels, astrocytes, axonal
ingrowth or any other type of cells. The hydrogel did not bridge the
injury epicenter, but was important to prevent the infiltration of
cells in the tissues close to the lesion. This effect was even more
visible in the group combining hydrogel and cells (Fig. 7). It is also
noteworthy the presence of ASCs two months following injury
(Fig. 8), which indicates that cells were capable of integrating the
injured tissue, possibly exerting a long-lasting effect. A higher
number of ASCs was transplanted in comparison to OECs (3:1 ratio,
ASCs-OECs) due to the results obtained from DRG explants
regarding their regenerative potential. Both ASCs transplanted
through intraspinal injection or delivered within the hydrogel
could be found in the spinal cord tissue. There was no significant
difference in the mean number of HuNu positive cells per field



Fig. 7. (A) Representative confocal images of the immunostaining for GFAP, CD11b/c and the respective merge; scale: 100 mm. The analysis was performed at the beginning and at
end of the gap produced by the hemisection (represented in Fig. 6B). (BeC) Quantification of the area expressing GFAP (B) and CD11b/c (C) markers. Although there are no sig-
nificant differences between groups, there is a trend for rats treated with GG-GRGDS þ ASCs/OECs presenting less expression areas of both markers in comparison to non-treated
animals. Values are shown as mean ± SEM (n ¼ 3).
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between groups with hydrogel þ cells and cells only (48.5 ± 7.0 vs
32.7 ± 7.0, respectively). This means that GG-GRGDS had a
marginal impact on ASCs survival after transplantation. However,
it is interesting to notice that the BBB score from animals of the



Fig. 7. (continued).

Fig. 8. Representative confocal microscopy images from longitudinal sections of spinal cord tissues of rats transplanted with GG-GRGDS with cells or only cells, eight weeks after
lesion. (A) ASCs identified with HuNu (specific marker for human cells e represented by the white arrows) were mainly found in regions close to injury site and the adjacent tissues,
in both transplanted groups. (B) Magnification detail of HuNu positive cells dispersed in tissue adjacent to the lesion. (C) Quantification of HuNu positive cells per field in each group
with transplanted cells. The number of HuNu positive cells is higher in animals where ASCs were transplanted encapsulated in GG-GRGDS hydrogels, although this difference is not
significant. Scale bar: 100 mm; values are shown as mean ± SEM (n ¼ 3).
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hydrogel þ cells group was higher in the first time points evalu-
ated, reaching a plateau at the third week post-injury. This fact
could be related with the combined effects of cell survival pro-
vided by the hydrogel's physical and structural support at earlier
time points. Regarding the fate of OECs, we could not identify these
cells, since there is no specific marker for them. Most of the
markers are shared with Schwann Cells and these cells can easily
invade the CNS tissue after an injury [44]. All together, these data
support the use of GG-GRGDS with ASCs and OECs as a possible
candidate for SCI repair studies. Even though the results are
promising, we should be careful in their interpretation, due to the
low final number of animals. Nevertheless, one advantage of using
a tissue engineering approach like the one herein presented is that
it can work as a baseline for further refinements. For instance, GG-
GRGDS hydrogel can be tested for additional modifications, such as
the engraftment of other peptides also suitable to neuronal
migration and differentiation [45]. In addition, the hydrogel may
also be used as a depot for neurotrophic factors [46] and drug
delivery [47]. By addressing spinal cord injuries with this kind of
integrated view, we believe meaningful functional improvements
to SCI patients may be obtained in the future.
5. Conclusions

The present work revealed that ASCs and OECs are able to grow
in direct contact cultures, either in 2D or 3D surfaces, without
significant alterations in their morphology and proliferation.
Moreover, GG-GRGDS based hydrogels proved to be suitable for the
culture of these two cell types. Additionally the combination of
hydrogel and the cell populations herein tested, particularly ASCs,
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promoted an increased neurite/axonal outgrowth, using an in vitro
model of axonal regeneration. Finally, combinatorial treatment
with GG-GRGDS hydrogel and ASCs/OECs resulted in significant
motor and histological improvements of SCI rats. Overall, our re-
sults suggest that the conjugation of GG-GRGDS hydrogel and cells
with therapeutical potential, such as ASCs and OECs, is a promising
therapy for the repair of Spinal Cord Injuries.
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