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Abstract 
 

Spinal cord injury (SCI) leads to persistent functional impairment due to loss of neurons and 

glia, and to reduced axonal regeneration following trauma. Therefore SCI is an invalidating 

pathology, unfortunately without effective treatments. Here, we have tested, in a murine 

compression SCI model, the effect of exposure to enriched environment (EE) and spontaneous 

exercise combined to stem cell transplantation, all treatments generally known to exert cell 

survival and proliferation, synaptogenesis, angiogenesis, and to promote neuroprotection. 
 

We report that cotransplantation of neural precursors and mesenchymal stem cells can induce: 

i) an anatomical recovery in terms of lesion volume reduction and white matter sparing, even 

though with limited effects on astrogliosis, and ii) locomotor function improvement (as shown 

by Basso Mouse Scale, foot-fault, hindlimb flexion and sensory tests). These positive effects are 

only partially boosted by the EE housing and exercise. 

 

Interestingly we observed that both stem cell types can mutually influence their survival, 

proliferation and differentiation, and occasionally undergo cell fusion. 

 

We have demonstrated that, among the described approaches, the stem cell use appears the 

more successful one, and that its combination with EE housing and exercise only generates 

limited advantages. 

 

Keywords: Compression injury, stem cell therapy, neurotrophic factors, motor behavior. 
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Introduction 

 
Spinal cord injury (SCI) consists in an insult 

to the spinal cord, resulting in temporary 

or permanent impairment of sensorimotor 

and autonomic functions. It is an 

invalidating pathology, unfortunately 

without effective treatments, even though 

researchers are currently evaluating a 

number of therapies to promote axonal 

regrowth and to restore connectivity 

(Thuret et al., 2006). 

 
Among these, environmental enrichment 

(EE) housing seems a promising approach: 

animals are stimulated in their cages by the 

presence of plastic tubing, running wheels 

and toys. EEpotentiates social interactions 

(animals are housed in group) and 

sensorimotor activity (Fischer and Peduzzi, 

2007). EEcan induce improvements in the 

diseased brain, as shown in several animal 

models of Alzheimer's, Parkinson's and 

Huntington's diseases (Nithianantharajah 

and Hannan, 2006). Additionally, 

EEpromotes neurogenesis and cell 

integration into existing circuits, induces 

dendritic branching and length, increases 

the number of dendritic spines and 

synapses (Nithianantharaja and Hannan, 

2006). 

 
Similarly, exercise training can provide 

important benefits after SCI: indeed, both 

approaches can exert positive effects on 

functional recovery after experimental 

SCI(Berrocal et al., 2007; Engesser-Cesar et 

al., 2007),in particular due to increased 

levels of neurotrophins, GDNF (glial cell-

derived neurotrophic factor), NGF (nerve 

growth factor) and BDNF(brain-derived 

neurotrophic factor; Lewis et al., 2004; 

Nithianantharajah and Hannan, 2006; 

Olson et al., 2006; Wolf et al., 2006; Kobilo 

et al., 2011). 

 
Another relevant source of growth factors 

is represented by stem cells, which can 

release BDNF, NGF, GDNF, VEGF (vascular 

endothelial growth factor), NT3 

(neurotrophin 3), IGF (insuline-like growth 

factor), essential for neurons and 

regenerating fibers after an insult (Rossi 

and Keirstead, 2009; Garbossa et al., 2012). 

Here we have investigated the concurrent 

use of stem cells and enrichment/running 

in a murine model of spinal cord 

compression, as a potential therapeutic 

approach, in order to enhance the 

respective benefits. The few studies 

relative to this combined approach, 

respectively applied into a rodent model of 

Huntington's disease (Döbrössy and 

Dunnett, 2006) and focal ischemia (Hicks et 

al., 2007), showed encouraging results 

concerning improved functional recovery 

and plasticity. The rationale for 

cotransplantation consists in aiming to a 

synergistic effect of two different kinds of 

cells to promote neural regeneration and 

recovery of locomotor functions. 

 

We decided to use neural precursors (NPs), 

including neuronal- and glial-restricted 

precursors, obtained from murine neural 

tube (Mujtaba et al., 1999), and 

mesenchymal stem cells (MSCs) collected 

from adult bone marrow and expanded in 

vitro until transplantation (Tropel et al., 

2004). We have already employed such 

cells (separately, but at higher 

concentration), following hemisection or 

compression injury and at different 

therapeutic time windows (acute or 

delayed): in any conditions, NPs and MSCs 

were able to exert beneficial effects 

concerning the sprouting of raphespinal 

axons, the reduction of glial cyst, and the 

functional motor recovery (Boido et al., 

2009; Boido et al., 2011). 

 

At our knowledge, this is the first report on 

the synergistic effects of cotransplantation 

of NPs and MSCs, and EE/exercise 

condition, in a murine model of spinal cord 

compression. 

 

Materials and Methods 

 

Experimental Animals 

 

We produced SCI on adult C57BL/6J male 

mice (weight range 22-32 g) purchased 

from Janvier (Le Genest-Saint-Isle, France). 

Animals had free access to food and water. 

All experimental procedures on live 

animals were performed according to the 

European Communities Council Directive of 

24 November 1986 (86/609/EEC), 
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authorization number 17/2010-B of 30 

June 2010 by Italian Department of Health, 

University of Torino’s institutional 

guidelines on animal welfare (DL 116/92). 

All efforts were made to minimize the 

number of animals used and their 

suffering: the total number of animals 

employed for surgery was 44.  
 

Other 20 C57BL/6J male mice were 

specifically sacrificed in order to collect 

MSCs for transplantation. 

 

On the other hand, NPs for transplantation 

were obtained from BCF1 mice that 

express Enhanced Green Fluorescent 

Protein (EGFP) under the beta-actin 

promoter, kindly provided by Dr. M. Okabe 

(Osaka University, Suita, Japan; Okabe et 

al., 1997) and bred in our animal facility: 4 

pregnant mice at E12 were killed by 

cervical dislocation and NPs for 

transplantation were obtained from the 

embryonic neural tube (20 embryos). 
 

Isolation and Culture of MSCs 
 

The protocol for isolation and culture of 

MSCs was reported in detail in Boido et al. 

2009 (see also Schrepfer et al., 2007). 

Briefly, 7-to-9 week-old C57BL/6J mice (n 

= 20) were sacrificed by cervical 

dislocation and their tibias and femurs 

were isolated. Bone marrow cells have 

been harvested by a 22-gauge needle, and 

centrifuged at 1000 rpm in Eagle’s alpha 

minimum essential medium (a-MEM; 

Sigma, St. Louis, MO, USA), containing 2 

mM L-glutamine (Invitrogen-Gibco, 

Carlsbad, CA, USA), 100 U/ml penicillin and 

100 μg/ml streptomycin (Invitrogen-

Gibco). 
 

The cells were cultured in 19.5 cm2 dishes 

(BD Biosciences) previously treated with a 

coating of fetal bovine serum (FBS; Sigma), 

and seeded at a density of 700,000 

cells/cm2; the cells have been incubated in 

a humidified atmosphere of 95% air with 

5% CO2 at 37°C, growing in a-MEM and 

10% FBS. On day 4, the non-adherent cells 

were removed from the dish by changing 

the medium. 
 

10 days after isolation, adherent cells were 

detached from the dishes with trypsin 

(Invitrogen-Gibco), and immunodepleted of 

CD11b-positive granulocytic cells by 

magnetic cell sorting: to this aim, we used 

specific MicroBeads conjugated to 

monoclonal rat anti-mouse/human CD11b 

antibody (Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany) and MACS columns 

(Miltenyi Biotec). Cd11b-negative fraction 

was harvested and re-plated, as above 

mentioned. 

 

When at confluence, MSCs were trypsinized 

and diluted 1:2. 

 

The day before transplantation, 

bisbenzimide (10µg/ml) was added to the 

MSC culture medium. After 24 h of 

incubation, MSCs were detached from 

dishes, counted on a Burker chamber, and 

re-suspended in saline solution at a final 

concentration of 16.6x103 cells/μl. 

 

Isolation of NPs 

 

EGFP-positive pregnant mice at E12 were 

killed by cervical dislocation: EGFP-positive 

embryos (n = 20) were isolated and kept in 

chilled saline. The caudal portion of neural 

tube was isolated and mechanically 

triturated with a Pasteur pipette (Mujtaba 

et al., 1999).Once dissociated, the cells 

were counted on a Burker chamber and re-

suspended in saline solution at a final 

concentration of 33.3x103 cells/μl. 

 

Surgery and Cell Injection Procedures 

 

Mice were assigned to the following 

groups: (i) spinal cord injury (SCI) + 

cotransplantation (stem cell cocktail with 

2/3 NPs and 1/3 MSCs, re-suspended in 2 

μl of saline solution) + EE/exercise (ICoE 

Group – Injury Cotransplantation 

EE/Exercise), n = 7; (ii) SCI + 

Cotransplantation (ICo Group), n = 5; (iii) 

SCI + saline + EE/exercise (IE Group – 

Injury EE/Exercise), n = 10; (iv) SCI + 

saline solution (IS Group – Injury Saline), n 

= 8.Compared to the total number of 

injured animals (n = 44), the final number 

of included mice in the present study was 

reduced (n = 30): we excluded 14 animals 

in which either we did not find survived 

grafted cells, or the lesion size was 
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incompatible (too small/too big) with the 

used injury model (see below). 

 

Spinal cord compression was induced 

according Farooque (2000). Briefly, adult 

C57BL/6J mice were deeply anaesthetized 

with 3% isoflurane vaporized in O2/N2O 

50:50. A laminectomy was performed at 

the level of the T13 vertebra, 

corresponding to the L2 neuromer. The 

compression was applied onto the spinal 

cord for 5 min, gently laying around plate 

(diameter 1.5 mm), which was 

longitudinally oriented over the dorsal 

aspect of spinal cord, weighing 10 g, to 

produce moderate injury. The plate was 

then removed: the animals were sutured 

and the wound was disinfected. 

 

Two weeks after SCI, the animals ICoE and 

ICo were re-anaesthetized and the stem cell 

cocktail (2 μl containing 105 cells in saline 

in the following proportions: 2/3 NPs and 

1/3 MSCs) was slowly (over about 60 

seconds) injected into the spinal cord at the 

same level as above into the SCI lesion 

cavity, via a glass micropipette (outer tip 

diameter 50 μm). IE and IS mice received 

the vehicle alone (Fig. 1). 

 

 
 

Figure 1 – Study Design 

 

SCI was performed at day 0 in every group. 

Fourteen days after SCI, ICoE mice received 

NP/MSC graft and were housed in enriched 

cages (with running wheel, hiding house 

and tubing); ICo mice were simply grafted 

as ICoE; IE mice were not transplanted, but 

were housed in enriched cages; finally IS 

mice were simply housed in standard 

cages, until sacrifice on 35th day after SCI. 

Every group underwent a battery of 

behavioral tests before surgery and at 4-7-

14-21-28-35 days post injury. 

Enriched Environment Housing 

 

Immediately after the graft, the animals 

were housed in either a standard cage or 

an enriched environment, depending on 

their group of assignment (Fig. 1). In 

standard cages, animals were group-

housed (up to 5 per cage) in absence of 

enrichment objects. In enriched cages, the 

animals were group-housed and were 

provided with various enrichment objects 

(e.g. running wheel, hiding house and 
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tubing) that were changed and rearranged 

once a week. Additionally, in order to force 

the animals to run, every day the ICoE and 

IE mice were forcedly put on the wheel for 

getting some exercise for 5 minutes. 

 

Behavioral Testing 

 

Injured mice (ICoE n = 7; ICo n = 5; IE n = 

10; IS n = 8) underwent a battery of 

behavioral tests before surgery to establish 

a baseline for comparison with post-

surgical values, studied at 4-7-14-21-28-35 

days post injury, and also to evaluate the 

recovery promoted by stem cells and 

EE/exercise (from 14th day post injury): 

Basso Mouse Scale (BMS), foot-fault test, 

hindlimb flexion test and sensory test. All 

behavioral tests were performed by two 

researchers who were ‘‘blinded’’ as to the 

group to which the mouse belonged. 

 

BMS - Hindlimb motor function was 

assessed in an open field, using the 9-point 

BMS locomotor rating scale: the gait of the 

mouse was observed for 4 min, 

categorizing hindlimb joint movements, 

trunk position and stability, stepping 

coordination, paw placement, the clearance 

and tail position, as described in Basso et 

al. (2006). 

 

Foot-fault test - Mice were placed on 

elevated grids. Mice put their paws on the 

wire while moving along the grid. With 

each weight-bearing step, the paw may fall 

or slip between the wire. This was 

recorded as a foot-fault. The observers 

counted the total number of steps (N = 30) 

and the total number of foot-faults (Pitsikas 

et al., 2001; Zhang et al., 2002). 

 

Hindlimb flexiontest- The animal’s head 

was covered with a hand and the hindlimbs 

were gently pulled toward the tail and 

turned over the sole. If retractive power 

was the same for both hindlimbs, the score 

would be 0; if the hindlimb retractive 

power was weaker than normal, the score 

was 1; if the lesioned hindlimbs were 

extended abnormally, but were retractable 

when the sole was touched with a finger, 

the score was 2; if the hindlimbs were 

extended abnormally and were not 

retractable when the sole was touched with 

a finger, the score was 3 (Takamatsu et al., 

2002). 

 

Sensory test -The mouse was touched with 

a blunt stick on each side of the body and 

the reaction to the stimulus was observed. 

Scores indicate the following: 3 = mouse 

reacted to the stimulus by turning head; 2 = 

mouse reacted slowly to stimulus; and 1 = 

mouse did not respond to the stimulus 

(Garcia et al., 1995). 

 

Histological Examination 

 

Three weeks after transplantation, mice 

were anaesthetized by intraperitoneal 

injection of chloral hydrate and trans-

cardially perfused with 4% 

paraformaldehyde in phosphate buffer (0.1 

M PB, pH 7.4.The spinal cord was dissected, 

and the T8-L2 vertebral segment isolated 

and post-fixed in PFA for 2 h at 4°C. 

 

Samples were transferred overnight into 

30% sucrose in 0.1 M PB (phosphate 

buffer) at 4°C for cryoprotection, 

embedded in cryostat medium (Killik; Bio-

Optica, Milan, Italy),and cut on the cryostat 

(Microm HM 550) in serial transverse 50 

μm-thick sections, kept in PBS at 4°C or 

mounted onto gelatin-coated slides, to be 

processed for immunostaining. Before 

performing any further reaction, all 

sections were mounted in PBS, 

coverslipped and examined at a Nikon 

Eclipse E800 epifluorescence microscope 

under FITC- and DAPI-filter set to count 

surviving transplanted cells: in order to 

avoid double counting in consecutive 

sections, only cells contained entirely 

within the section were counted (partial 

cells, cut at the edges of the section, were 

not included in the counts). All 

morphological analyses were performed by 

examiners blinded to the group of the 

animal considered. 

 

Immunofluorescence 

 

For immunofluorescence, some sections 

(one every 600 μm) were immunolabelled 

with the following antibodies. After 

blocking a specific binding sites 30 min RT 

with 0.3% Triton X-100 and 10% normal 

donkey serum (NDS; Sigma-Aldrich) in PBS 
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pH 7.4, the sections were incubated with 

the following primary antibodies in the 

same solution at 4°C overnight (for the 

origin and specificity of the antibodies see 

also Boido et al., 2009): polyclonal anti-glial 

fibrillary acidic protein (GFAP; made in 

rabbit; 1:500; Dako Cytomation, Denmark); 

monoclonal anti-nestin (made in mouse; 

1:200; Chemicon International Inc, 

Temecula, CA, USA); monoclonal anti-

microtubule associated protein-2 (MAP-2; 

made in mouse; 1:200; Chemicon); 

polyclonal anti-myelin basic protein (MBP; 

made in rabbit; 1:200; Immunological 

Sciences); polyclonal anti-Ki67 (made in 

rabbit, 1:400; Novocastra Laboratories Ltd., 

Newcastle, United Kingdom). 

 

The sections were then washed in PBS and 

incubated in 1:200 cyanine 3-conjugated 

secondary antibodies anti-rabbit or anti-

mouse (Jackson Immuno Research 

Laboratories; 1200; West Grove, PA, USA). 

 

The sections were examined with a Nikon 

Eclipse 90i epifluorescence microscope and 

photographed by a Nikon DS-5Mc digital 

camera. Photomicrographs were 

manipulated and mounted in plates with 

the Photoshop CS2 software, with 

autocontrast enhancement. In order to 

check for double staining and to make 3D 

reconstructions, some preparations were 

examined also with a Leica TCS SP5 

confocal laser scanning microscope 

(CLSM). 

 

To evaluate astroglial activation (ICoE n = 

7; ICo n = 5; IE n = 10; IS n = 8), GFAP 

immunoreactivity was analyzed. For 

semiquantitative analysis, we considered 

three sections, one at the lesion site, one 

400 μm rostral, and another one 400 μm 

caudal. In particular, we quantified 

immunoreactivity in the dorsal horns 

(laminae I, II, III, IV, V) and in the ventral 

horns (IX). These areas were photographed 

using the Leica TCS SP5 at 40x. The 

percentage of the overall GFAP-positive 

area was quantified using the Scion Image 

software for Windows (freeware version of 

NIH image, Scion Corporation, Frederick, 

MD, USA), by two blind observers. 

 

 

Analysis of the Lesion Volumes  

 

For analyzing the lesion volume (ICoE n = 

7; ICo n = 5; IEn = 10; IS n = 8), one 50 μm-

thick section every two (total spinal cord 

segment 1600 μm-thick) was drawn at the 

computer using the Neurolucida software 

program (Microbrightfield Inc., VT, USA), 

and the volume obtained was analyzed 

with the Neuroexplorer program 

(Microbrightfield Inc.). The volume of the 

lesion was then expressed as a percentage 

of the total volume of the segment 

analyzed. 

 

LuxolFast Blue (LFB) Staining 

 

One series of spinal cord sections was 

employed for analyzing the white matter 

sparing (ICoE n = 7; ICo n = 5; IE n = 9; IS n 

= 8). The sections were incubated in warm 

Luxol Fast Blue staining solution (0.1% in 

95% ethanol) at 60°C for an hour. 

Afterwards, the sections were 

differentiated briefly in lithium carbonate 

solution (0.05%), rinsed with 70% ethanol, 

and then dehydrated in ethanol, cleared in 

xylene, and mountedfor microscopy. The 

spinal cord was drawn with the 

Neurolucida software program and 

reconstructed with the Neuroexplorer 

program: the spared volume of the white 

matter was expressed as a percentage of 

the total volume of the segment analyzed. 

 

Statistics 

 

Data are shown as mean ± SEM (standard 

error of the mean), and inter-group 

differences were statistically compared 

with one-way analysis of variance 

(ANOVA), followed by Bonferroni post-

hoc test. Additionally, behavioral data 

were analyzed between 14th (last 

performance before treatment) and 35th 

day (last performance before sacrifice), 

using two-way ANOVA, followed by 

Bonferroni post-hoc test. Differences 

were considered significant when p ≤ 

0.05. 

 

 

 

 

 



7                                                                                                                                        Advances in Stem Cells  

 

 

 

 

_______________  

 

Boido Marina, Niapour Ali, Salehi Hossein, De Amicis Elena, Ghibaudi Matilde and Vercelli Alessandro 

(2014), Advances in Stem Cells, DOI: 10.5171/2014.284093 

Results 

 

We report on the results of 

cotransplantation of NPs and MSCsin 

association or not with EE/exercise, in a 

compression injury model of spinal cord 

damage. Lesion size, inflammation and 

white matter sparing were analyzed and 

compared among groups, and correlated 

with the functional recovery. 

 

Survival, Distribution and Differentiation 

of the NPs and MSCs 

 

Two weeks after SCI, ICoE and ICo animals 

received a stem cell cocktail directly into 

the spinal lesion. Although the initial 

amount of transplanted NPs was higher 

than MSCs, after three weeks the ratio of 

surviving cells was totally reversed in both 

groups (Fig. 2a-b): in fact,counts of 

surviving cells revealed that many more 

MSCs (32% in ICoE and 13% in ICo) had 

survived than NPs (around1%). Performing 

immunofluorescence for Ki67, we 

identified some positive MSCs (< 0.5%), 

sign of a limited cellular proliferation (Fig 

3a-d). 

 

 

 
Figure 2- Survival and Distribution of NPs and MSCs 
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(a-b) MSCs, labeled in blue (a), can 

penetrate the lesion area, that appears 

yellow in the picture (b); on the other hand 

EGFP-NPs (b) preferentially surround the 

damaged area. 

 

(c–d) When transplanted, MSCs and NPs 

remain organised in clusters. NPs display a 

heterogeneous morphology, from round 

profile to a fusiform neuronal-like 

phenotype. Moreover, MSCs and NPs are 

frequently overlapping: (e-f) occasionally it 

is possible to observe blue nuclei with 

green cytoplasm (possible sign of cell 

fusion). 

 

Scale bar = 150 μm in a, b, 200 μm in c, d, 

and 100 μm in e, f. 

 

 
Figure 3 - Differentiation of NPs and MSCs 

 

Differentiation of NPs and MSCs within 

host spinal cord is assessed respectively by 

colocalization of EGFP (green) or 

bisbenzimide (blue), and neural markers 

(labelled in red) at the CLSM. 

 

(a-d) Immunoreactivity against Ki67 

reveals a positive MSC. (e-h) 

Immunoreactivity against nestin highlights 

NP- and MSC-positive cells (arrows). (i-l) 

Immunoreactivity against MAP-2 shows 

some labelled NPs (arrowheads). (m-

o)Some bisbenzimide-stained MSCs appear 

positive to MBP, a constituent of the myelin 

sheath of oligodendrocytes in the CNS. 

Scale bar = 100 μm in a-l and 80 μm m-o. 
 

Both cell types were distributed in the 

dorsal spinal cord (including the dorsal 

column and the dorsal horns), around the 

central canal and, to a small extent, into the 

ventral area (especially into the white 

matter).We detected cells especially close 

to the injection site: however, MSCs and 

NPs were respectively able to extend up to 

3700 and 2000 μm, caudally and rostrally 

to the graft site. 
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In proximity of the lesion area, NPs 

preferentially surrounded it, whereas MSCs 

could penetrate it (Fig. 2a-b), as already 

observed in previous studies (Boido et al., 

2009; Boido et al., 2011; Boido et al., 2012). 

 

Relative to cell morphology, NPs were 

polymorphic, from round profile to a 

fusiform neuronal-like phenotype with 

several processes and ramifications (Fig. 

2b, d-f).NPs showed the same polymorphic 

aspect when cultured in vitro (Boido et al., 

2009). On the other hand, bisbenzimide 

labeling makes more difficult to identify the 

MSC morphology, that generally appears 

fibroblast-like both in vitro (Gunetti et al., 

2012) and in vivo (Boido et al., 2012). 

 

Both NPs and MSCs integrate into the host 

tissue, remaining close to each other (Fig. 

2c-e). Occasionally we observed blue nuclei 

with green cytoplasm, suggesting that a cell 

fusion occurred (Fig. 2f). 

 

We performed immunofluorescence 

reactions in order to detect differentiation 

of grafted cells. Both NPs and MSCs were 

positive to nestin, an early neuronal 

marker (Fig. 3e-h).Rarely NPs were 

positive to MAP-2, a marker of mature 

neurons (3i-l), whereas MSCs were positive 

to MBP, the major constituent of the myelin 

sheath (3m-o).On the contrary, both cells 

were negative for the astrocytic marker 

GFAP. 

 

Analysis of the Lesion Volume 

 

Three weeks after graft, we measured the 

size of the glial cyst using the Neurolucida 

software program: in fact the glial cyst is 

clearly recognizable for the increased 

natural staining of the lesion area. A 1600-

µm spinal cord segment was serially 

reconstructed at the computer. We did not 

obtain statistically significant results, 

however a tendency was quite evident. The 

mean lesion volume, expressed as a 

percentage of the total volume of the 

segment analyzed, was 6.57% ± 0.29in 

ICoE mice, 6.93% ± 1.16 in ICo mice, 6.95% 

± 0.85 in IE mice and 8,65% ± 1.38 in IS 

mice, demonstrating a lesion volume 

reduction of approximately 24% (ICoE 

mice vs.IS mice) and 20% (ICo/IE mice vs. 

IS; Fig. 4). 

 

 

 
 

Figure 4 – Lesion Volume Analysis 
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The morphometric data were obtained 

using the Neurolucida software program. 

The graph summarizes the mean lesion 

volume, expressed as a percentage of the 

total volume of the segment analyzed. 

 

White Matter Sparing 

 

Using the Neurolucida software program 

we have calculated the percentage of white 

matter sparing following LFB staining: we 

analyzed a 4400µm spinal cord segment, 

evaluating every 8th section, for a total of 

12 sections. Loss of LFB-stained areas was 

observed in all injured groups. 

Quantification of the spared white matter 

volume showed similar results in all 

groups, although it tended to be inversely 

proportional to lesion volume 

measurement: ICoE group (49.20% ± 0.87), 

ICo group (48.33 ± 0.62), IE group (48.30% 

± 0.94), IS group (47.30% ± 0.49; Fig. 5a). 

 

 
Figure 5 – White Matter Sparing and Astrogliosis 

 

(a) On the left, we have quantified the 

spared white matter volume after SCI, 

using the Neurolucida software program. 

On the right, Luxol fast blue staining shows 

the preserved white matter. Scale bar = 300 

μm. 

 

(b) On the left semiquantitative analysis of 

GFAP immunoreactivity, relative dorsal and 

ventral horns at the lesion site; on the right 

pictures showing astrogliosis in ICoE, ICo, 

IE and IS groups. Scale bar = 30 μm. 

 

Quantification of Astrogliosis 

 

We have measured the GFAP 

immunoreactivity with a semiquantitative 

analysis, considering dorsal and ventral 

horns in three sections (at the lesion site, 

400 μm rostrally and 400 μm caudally). 

 

Basically, there were no important 

differences in the quantified areas among 

groups, however in the lesion section, the 

astrogliosis of ICoE was reduced (7.09% ± 

1.31) compared to the other groups (ICo 

10.43% ± 0.70, IE 9.30% ± 1.09, IS 9.52% ± 

0.68; Fig 5b). These differences became 

more evident evaluating only the dorsal 

horns (the main site of lesion, since the 

weight is applied onto the dorsal spinal 

cord): indeed ICoE displayed a moderate 

astrogliosis (3.97% ± 1.58) in comparison 

to the other groups (ICo 12.12% ± 1.30, IE 

8.44% ± 3.35, IS 7.44% ± 0.42). 
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Moreover, since the glial cyst is totally 

deprived of astrocytes, we have necessarily 

excluded some areas from the GFAP-

quantification. In ICoE group, we discarded 

4.14 ± 0.70 areas for animal, in ICo 4.20 ± 

1.53, in IE 5.10 ± 0.70, and in IS 6.40 ± 2.00: 

this represents indirect data concerning 

the lesion dimension. 

 

Behavioral Outcome 

 

In order to assess the sensorimotor 

recovery after the treatments (graft and/or 

EE/exercise), mice underwent a battery of 

tests (BMS, foot-fault, hindlimb flexion and 

sensory tests; Fig. 6, column on the 

left).Additionally, we measured differences 

between performances at day 35 and day 

14 (Fig. 6, column on the right), for 

understanding the effective improvements 

before (day 14) and after treatment (day 

35). 

 

 

 

 
 

Figure 6 - Behavioural Tests 
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Analysis of functional recovery of ICoE, ICo, 

IE and IS mice, studied with a battery of 

tests (Basso Mouse Scale, foot-fault, 

hindlimb flexion, sensory tests). The first 

column shows the scores obtained 

immediately before injury (day 0) and then 

4-7-14-21-28-35 days post injury (where 

the values on 14th day are obtained 

immediately before graft and EE/exercise): 

two-way ANOVA was performed on 

performances between 14 and 35 day post 

injury. The scores are expressed as mean ± 

SEM. The second column displays the 

differences in ICoE, ICo, IE and IS 

performances between 35th and 14th day: 

positive values in the BMS and sensory test, 

and negative values in foot-fault test and 

hindlimb flexion test reflect improvements 

in the performance. One-way ANOVA was 

performed for comparing the relative 

improvements (*p ≤ 0.05, **p ≤ 0.01). 

 

BMS -After SCI, all groups showed a slight 

increasing recovery of motor performance: 

however, the recovery further improved 

steadily until 35th day for ICoE, ICo and IE 

mice, whereas it did not change between 

the 14th day and sacrifice for IS group. On 

the 35th day post-injury, ICoE and ICo 

groups showed a similar performance with 

a final BMS score of 5.40 ± 0.42 and 5.48 ± 

0.27 respectively, whereas IE mice 

displayed a score of 5 ± 0.72 and IS mice 

4.18 ± 0.96:two-way ANOVA showed an 

extremely significant main effect for time 

(F4,130 = 28.98, p <0.0001), in absence of 

significant differences for treatment (F3,130 

= 0.95, p = 0.4193)and interaction (F12,130 = 

0.12, p = 0.9999). Comparing performance 

between the 14th and 35th days, we 

documented respectively a 1.01-point 

improvement in the BMS score of ICoE 

mice, a 0.78-point improvement for ICo 

mice, a 0.65-point improvement for IE mice 

and a 0.00-point improvement for IS mice, 

respectively. 

 

Foot-fault test –After treatment, at the 35th 

day, we counted 6.62 ± 1.50 errors for 

ICoE,4.73 ± 1.27 for ICo, 12.53 ± 1.82 for IE, 

and 15.33± 2.53for IS mice: two-way 

ANOVA uncovered an extremely significant 

main effect for treatment (F3,130 = 7.28, p = 

0.0001) and for time (F4,130 = 17.65, p < 

0.0001), in absence of significant 

differences for interaction (F12,130 = 0.94, p 

= 0.5050); post-hoc comparisons showed 

that at 35th day, the performance of ICoE 

and ICo mice was significant compared to 

IS mice (p < 0.05). Between the 14th and the 

35thday,the percentage of improvement for 

ICoE was 22.06%, for ICo 12.89%, for IE 

5.44%, and, on the contrary, IS group 

registered a percentage of worsening 

of9.03% (one-way ANOVA ICoE vs. IS p < 

0.01). 

 

Hindlimb flexion test– At the 14th day, the 

performance score was comprised between 

0.5 and 1.2 in all the groups. Afterwards, 

the treatments exerted positive effects: in 

fact at the 35thday,the score reduced 

respectively to 0.36 ± 0.14 in the ICoE 

group, 0.30 ± 0.20 in the ICo group, 0.75 ± 

0.26 in the IE group, and 0.94 ± 0.32 in the 

IS group, demonstrating respectively a 

score improvement of about 0.57 (ICoE), 

0.20 (ICo), 0.45 (IE) and 0.25 (IS). Two-way 

ANOVA showed an extremely significant 

main effect for treatment (F3, 130 = 6.49, p = 

0.0004) and for time (F4, 130 = 9.38, p < 

0.0001), without significant differences for 

interaction (F12, 130 = 0.59, p = 0.8487); 

additionally, post-hoc comparisons 

displayed that at the 21st day, the 

performance of ICo group was significant 

compared to IS mice (p < 0.05). 

 

Sensory test – After lesion, every group 

showed a partial reduction in the sensory 

functions that gradually increased until a 

nearly complete recovery at the 35th day. 

However, analyzing the scores between the 

14th and 35th days, ICoE mice showed the 

highest score improvement (0.39), 

compared to ICo mice (0.30), IE mice (0.15) 

and IS mice (0.25). Two-way ANOVA 

yielded a significant main effect for 

treatment (F3, 130 = 3.32, p = 0.0220) and for 

time (F4, 130 = 9.38, p = 0.0004), without 

significant differences for interaction (F12, 

130 = 0.57, p = 0.8638). 

 

Discussion 

 

We have previously shown beneficial 

results, in terms of induction of axonal 

sprouting, reduction of the lesion area, 

functional recovery, from treatment with 

NPs or MSCs inSCI: here, we have 
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investigated the synergistic effects oftheir 

combined graft, i.e. cotransplantation, 

together with EE housing and locomotor 

exercise. We have observed that 

EE/exercise can lead to anatomical 

recovery in terms of lesion volume 

reduction and white matter sparing, but 

not fully correlated with a consequent 

functional improvement following SCI. 

Stem cell graft seems to better support 

such recovery. Moreover MSCs and NPs 

seem to reciprocally influence their 

proliferation and differentiation, probably 

by neurotrophic factor release. 

 

Survival, Differentiation and Mutual 

Interactions between NPs and MSCs 

 

Cotransplantation protocols have been 

tested only rarely, even though they can 

represent a valid approach to exploit the 

specific potential/characteristics of 

different stem cells (Pearse et al., 2007; 

Wang et al., 2010; Oh et al., 2011). 

 

We have simultaneously grafted NPs and 

MSCs. NPs are embryonic stem cells 

including neuronal- and glial-restricted 

precursors (Mujtaba et al., 1999): when 

transplanted after SCI, NPs are able to 

integrate into host tissue and promote 

regeneration and repair (Lepore and 

Fischer, 2005).Moreover, we have already 

demonstrated that they stimulate the 

sprouting of serotonergic fibers following 

hemisection, resulting in a significant 

reorganization of spinal circuits and in a 

consequent functional improvement: after 

transplantation, NPs had very long axons 

and collateral branches with arbors (Boido 

et al., 2009).On the other hand, it has been 

demonstrated that MSCs can generate an 

environment highly permissive to cell 

survival and axonal growth, decreasing 

immunoreaction in the host, modulating 

inflammatory response to an insult and 

providing trophic factors for neurons and 

regenerating fibers (Azari et al., 2010; 

Salem and Thiemermann, 2010; Galindo et 

al., 2011; Garbossa et al., 2012). 

 

At our experience, even though both cell 

types exerted positive effects when used 

separately after SCI, it should be noticed 

that, in both experimental conditions, i.e. 

hemisection or compression injury, and 

therapeutic time window (acute or 

delayed) we used, NPs displayed slightly 

better results compared to MSCs, especially 

relative to the ability in reducing the glial 

cyst. Here, we combined NPs and MSCs 

transplantation to exploit their specific 

characteristics. Even though in 

cotransplantation experiments cells from 

different populations are usually 

transplanted in a 1:1 ratio(Pearse et al., 

2007; Puymirat et al., 2009; Wang et al., 

2010), we used 2:1 NPs: MSCs. Our rational 

econsisted in using a lower amount of MSCs 

to create a permissive environment for NP 

survival/integration, modulating immune 

response and secreting soluble factors 

(Kassis et al., 2011; Garbossa et al., 2012). 

 

Recently, electroporation and lipofection 

have been used for neurotrophic factor 

gene transfection, in order to enhance the 

intrinsic therapeutic efficacy of several 

stem cells (Rizvanov et al.,2008; Park et al., 

2009; Fierro et al., 2011; Garbossa et al., 

2012): though showing interesting results, 

they displaya limited transfection efficacy 

(less than 50%), consequently requiring a 

high initial number of cells (Griffin et al., 

2010);moreover, gene therapy is not 

feasible in clinical practice for the risk of 

side effects. In order to circumvent this 

kind of problems, we decided to support 

the NP integration with the use of MSCs, 

acting as biologic mini pumps able to 

deliver trophic factors (BDNF, VEGF, NGF, 

NT3)and immunomodulatory molecules 

(Rossi and Keirstead, 2009; Azari et al., 

2010; Garbossa et al., 2012). 

 

However, three weeks after 

transplantation, the percentage of 

surviving NPs (around 2%) was 

comparable to that occurred in our 

previous experiments (Boido et al., 2011). 

Nevertheless, in the present paper we 

made the (delayed) transplant in a 

microenvironment less permissive to cell 

survival then in the previous protocol, 

when transplantation occurred in the acute 

therapeutic time window. 

 

The most surprising result consists in the 

impressive MSC survival. Previous studies 

on the interactions between MSCs and 
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NSCs (neural stem cells) or ESCs 

(embryonic stem cells)in vitro and in vivo 

were more focused on neural cell rather 

than the MSC survival and 

differentiation(Kang et al., 2003; Lou et al., 

2003; Matsuda et al., 2009; Puymirat et al., 

2009; Oh et al., 2011). However, there is 

evidence that also neural precursors can 

secrete a wealth of trophic factors 

including BDNF, NT-3, NT-4/5, NGF, IGF 

and CNTF (ciliary neurotrophic factor), as 

demonstrated in vitro (Kamei et al., 2007; 

Hawryluk et al., 2011).In addition, 

differentiation of NPs led to a marked 

increase in their expression (Hawryluk et 

al., 2011), even though there are some 

origin-specific differences (Smith et al., 

2003). Here, we found that transplanted 

NPs were positive to both nestin and MAP-

2, respectively early and mature neuronal 

markers. In particular, Hawryluk and Coll. 

(2011) have compared the neurotrophin 

expression between cultured embryonic 

rat spinal cord NPs and bone marrow 

stromal cells, showing that NPs produce 

more CNTF and bFGF (basic fibroblast 

growth factor) compared to MSCs. When 

MSCs are cultured in presence of bFGF 

either in the culture medium or in the plate 

coating, the MSC proliferation increases, in 

particular depending on the bFGF in the 

medium (Hori et al., 2004). Notably, for the 

first time, we detected Ki67 positive MSCs. 

Therefore, it is possible that the strong MSC 

survival and proliferation here observed 

partially depend on the bFGF secretion by 

NPs. 

 

Alexanian (2005) described the 

interactions occurring in vitro between 

NSCs and MSCs, demonstrating the 

importance of juxtacrine and paracrine 

effects combined with soluble factors 

released by NSCs to determinate MSC cell 

fate: in fact, co-culture of MSCs and NSCs 

induced the expression of nestin in MSCs 

(neurally-induced MSCs) when grown in 

presence of bFGF, and on the contrary it 

stimulated the MSC neuronal and glial 

morphology in its absence. In our study, for 

the first time, we observed nestin-positive 

MSCs: this suggests that the interactions 

with NPs have triggered the innate MSC 

plasticity, highlighting the extreme MSC 

immaturity and their undetermined fate 

(Garbossa et al., 2012). 
 

With regard to the large number of 

bisbenzimide-positive MSC nuclei 

observed, we are aware that bisbenzimide 

could diffuse to the host tissue after 

transplantation of bisbenzimide-labelled 

cells as a consequence of cell death, as 

suggested by some authors (Iwashita et al., 

2000). On the other hand, the use of 

nuclear DNA staining as a stem cell marker 

in grafts is very common, in the absence of 

reports of die diffusion (Leiker et al., 2008; 

Assis et al., 2010; Jiang et al., 2011; Ling et 

al., 2011; Qin et al., 2011). However, in our 

experiments the mouse with the higher 

number of counted survived bisbenzimide-

MSCs has also the higher number of NPs 

cells, and had the best behavioral 

performance, thus excluding a massive MSC 

death. 
 

Finally, we have observed that also 

EE/exercise could influence the MSC, but 

not NP, survival: indeed the ICoE group 

showed an increased MSC number 

compared to ICo mice. We are going to 

discuss the effects induced by EE/exercise 

in the next paragraph. 
 

Histological and Behavioral Effects of 

Graft and EE/Exercise 
 

From the day of treatment 

(transplantation/saline), ICoE and IE 

animals were housed in environmental 

enriched cages in the presence of plastic 

tubing and running wheels. Depending on 

the object type, the literature reports that 

enriched the environment can determine 

sensory, cognitive or motor stimulation. As 

reviewed by van Praag and coll. (2000), EE 

exerts a variety of cellular, molecular and 

behavioral effects: enrichment increases 

cell survival, neurogenesis, dendritic 

branching and length, whereas exercise can 

induce cell proliferation and neuronal 

differentiation(Olson et al., 2006).EE 

increases the expression of several 

neurotrophic factors, as BDNF, GDNF, NGF 

and NT-3in the brain (Ickes et al., 2000), as 

well as exercise can increase FGF, BDNF 

and VEGF levels (Gobbo and O’Mara, 2004; 

Tang et al., 2010). Some of these factors 

specifically influence the cell survival. For 
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example, VEGF used in association with 

MSCs induces their survival, exerting also 

positive effects on angiogenesis, thus 

facilitating recovery after trauma 

(Rodrigues et al., 2010). Similarly, VEGF 

promotes NSC survival (Wada et al., 2006) 

and, NSCs over-expressing VEGF, 

transplanted in a murine stroke model, 

support neuroprotection, angiogenesis and 

functional recovery (Lee et al., 2007).BDNF 

and NGF are implicated in cell survival 

enhancement as well: as hypothesized by 

Olson (2006), EE/exercise probably 

activates the IP3 and MAPK pathways 

through a BDNF- and NGF-mediated 

mechanism, leading to cell proliferation 

(Choi et al., 2008) and survival (Bonni et al., 

1999). 

 
Therefore, also these observations can in 

part explain the great NP and, above all, 

MSC survival observed in this study 

compared to the previous ones (Boido et 

al., 2009; Boido et al., 2011), further 

partially enhanced by EE/exercise (see 

ICoE vs. ICo group results). 

 
However, as concerns the 

histological/behavioral parameters, our 

results are quite controversial: IE group 

showed values regarding the lesion volume 

reduction and white matter sparing 

consistent with ICoE and ICo, but higher 

astrogliosis than ICoE, and limited 

functional recovery compared to ICoE and 

ICo mice. Indeed, white matter, quantified 

with LFB-staining, was best preserved in 

ICoE (49.20%), whereas its sparing was 

similar in ICo (48.33%) and IE (48.30%) 

mice, and worst in IS group (47.30%), 

although in the absence of statistical 

significance. Marques and Coll. (2010), 

obtaining similar results in a murine model 

of spinal cord compression after the 

injection of predifferentiated embryonic 

stem cells, proposed that these positive 

effects were due to the stem cell ability in 

secreting neurotrophic factors (BDNF, NT3, 

NGF), in this way minimizing the damage, 

determining remyelination and 

consequently improving functional repair. 
 

In addition, we also obtained positive 

results in terms of reduction in lesion size, 

even though not statistically significant due 

to the large interindividual variability: 

morphometric analysis with Neurolucida 

software showed a lesion dimension 

reduction in all the treated groups 

compared to IS group. The present results 

appear reduced compared with those we 

previously obtained, when we 

administered the cells separately, and we 

observed a 63% reduction in NP-

transplanted mice vs. the controls (Boido et 

al., 2011), and 32% reduction in MSC-

transplanted mice vs. the controls (Boido et 

al., 2012). Nevertheless, the timing of cell 

administration (acute vs. delayed graft) 

was different: here, the spinal environment 

was less permissive and plastic, since all 

the degenerative and reactive processes 

were already established. This last 

approach has the most translational 

implications. Therefore, from this point of 

view, the results here obtained are 

certainly encouraging. 
 

Finally, concerning GFAP-

immunoreactivity, ICoE mice have a 

slightly lower GFAP expression (in 

particular in the dorsal horns), whereas the 

other groups display similar results. The 

role of astrocytes is still debated, since they 

can play a dual role after SCI, both harmful 

and beneficial (Renault-Mihara et al., 

2008). In our experimental conditions, the 

transplanted cells seem able to modulate 

the GFAP expression when associated to 

EE/exercise, whereas graft or EE/exercise 

alone cannot induce the same effects. 

 

However, these encouraging histological 

results do not fully correlate with the 

behavioral data: at the 35th day after SCI, 

ICoE and ICo mice showed the best 

performance in all the tests (except in the 

sensory test for ICo); also IE group 

obtained some improvements, but less 

remarkable than ICoE and ICo; finally IS 

mice showed the worst outcome, 

characterized by a weak physiological 

improvement or, in the case of foot-fault 

test, even worsening. 

 

Other papers concerning EE/exercise have 

described such unusual results: for 

example, Lankhorst and Coll. (2001) 

reported locomotor recovery in contused 

trained rats, without observing differences 
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among the experimental groups in 

electrophysiological parameters and nor in 

the sparing of white matter. The authors 

suggested the need of a more controlled 

exercise training, in order to exploit it as a 

potential additive approach. Therefore, we 

can here hypothesize that EE/exercise 

could only in part represent a benefit as a 

therapeutic approach. 

 

Considerations on EE/Exercise Effects 

 

Based on our observations, this study 

suggests that the beneficial effects obtained 

in particular in the behavioral tests are 

mainly supported by stem cell graft rather 

than by EE/exercise. Indeed NPs and MSCs, 

integrating into the host tissue and 

secreting neurotrophic factors and 

immunomodulatory molecules, can 

generate a favorable microenvironment to 

support surviving host motoneurons and 

promote axonal regeneration and CNS 

repair (Garbossa et al., 2012).. 

 

On the other hand, the recovery led by 

EE/exercise appears modest. Several 

authors consider EE/exercise to be able to 

determine cell survival, proliferation, 

axonal growth and oligodendrogenesis. For 

example, Buchhold and Coll (2007) 

demonstrated that in both aged and young 

rats the environmental enrichment 

improved the rate and extent of recovery 

following stroke.  

 

It is evident that in our experiments, 

EE/exercise partially contributes in 

ameliorating the histological and 

behavioral parameters, but clearly its effect 

is not comparable to that of ICoE and ICo 

(above all in the sensorimotor tests). 

 

Indeed, some authors sustain that recovery 

after SCI generally depends on the type and 

intensity of training (Basso, 2011). As 

reviewed by Battistuzzo and coworkers 

(2012), in experimental SCI conditions, the 

most used types of intervention are 

represented by treadmill training (33%), 

body weight-supported treadmill training 

(BWSTT; 17%), voluntary wheel running 

(17%), swimming (17%) and 

environmental enrichment (17%), but 

regardless of lesion type, treadmill training 

seems the most effective. However, also a 

successful training as BWSTT for contused 

rats become inefficient (in terms of 

functional recovery, muscle atrophy and 

axonal sprouting), when applied in a 

discontinuing way (Singh et al., 2011). 

Additionally, some authors refer that for 

chronic lesions the greater improvements 

are obtained when BWSTT is associated to 

functional electrical stimulation 

(Morawietz and Moffa, 2013). Therefore, it 

is clear that a specific training is critical to 

induce a consistent recovery after 

incomplete SCI. 

 

However in literature, the degree of 

recovery observed following forced 

exercise results highly variable and the lack 

of consistency among labs suggests that 

exercise can be only modestly effective in 

improving the locomotion after incomplete 

SCI (Jakeman et al., 2011). Indeed, one of 

the main problems is to identify the correct 

timing, type and intensity of training 

required for optimal recovery. Some 

authors hypothesize that “any forced 

exercise that can significantly increase the 

cardiovascular output at acute or sub-acute 

post-SCI time points, can bring about 

increased extravasation of macromolecules 

into the spinal cord parenchyma, 

potentially altering the progression of the 

secondary injury” (Smith et al., 2009). In 

our experiments, the exercise is mainly 

free, except for 5 min/day when we forced 

the ICoE and IE mice on wheels, therefore 

we can probably exclude such hypothesis. 

However, also spontaneous exercise 

implies some problems: in fact, although 

rodents show an innate motivation, in case 

of SCI the response is not univocal: 

additionally it is difficult to quantify the 

time spent by the animal in physical 

activity, an aspect depending on its 

sedentary or active nature, and therefore 

lacking standardization (Jakeman et al., 

2011). 

 

Conclusion 

 

In this paper, we have investigated the 

synergistic effects of NP and MSC 

cotransplantation, in association with EE 

housing and locomotor exercise. 
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To summarize, we can conclude that stem 

cells cotransplantation can assure a 

remarkable anatomical and functional 

recovery following SCI, and such recovery 

is only partially boosted by EE/exercise. 

The observed improvements are probably 

due to the stem cell ability in secreting 

neurotrophic factors (BDNF, VEGF, NGF, 

NT-3) and immunomodulatory molecules, 

in integrating into the host circuits, 

bridging the lesion cavity, promoting 

neuronal and axonal regeneration 

(Garbossa et al., 2012); on the other hand, 

the literature reports that EE/exercise 

might induce several beneficial effects, 

such as increase of cell survival and 

synaptogenesis, neuroprotection, 

angiogenesis, enhancement of trophic 

factor expression(Will et al., 2004). 

 

Our results highlighted that EE/exercise 

can produce some limited histological 

improvements in absence of correlated 

behavioral recovery, and that the main 

observed benefits are probably due to stem 

cell action. However, since recovery after 

SCI generally depends on timing, type and 

intensity of training, additional studies are 

needed for setting the better exercise 

parameters in order to enhance the 

restorative effects and the functional 

recovery. 
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