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Transplanted neural stem/precursor cells instruct
phagocytes and reduce secondary tissue damage in
the injured spinal cord
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Transplanted neural stem/precursor cells possess peculiar therapeutic plasticity and can simultaneously instruct several therapeutic mechanisms in addition to cell replacement. Here, we interrogated the therapeutic plasticity of neural stem/precursor
cells after their focal implantation in the severely contused spinal cord. We injected syngeneic neural stem/precursor cells at the
proximal and distal ends of the contused mouse spinal cord and analysed locomotor functions and relevant secondary pathological events in the mice, cell fate of transplanted neural stem/precursor cells, and gene expression and inflammatory cell
infiltration at the injured site. We used two different doses of neural stem/precursor cells and two treatment schedules, either
subacute (7 days) or early chronic (21 days) neural stem/precursor cell transplantation after the induction of experimental
thoracic severe spinal cord injury. Only the subacute transplant of neural stem/precursor cells enhanced the recovery of locomotor functions of mice with spinal cord injury. Transplanted neural stem/precursor cells survived undifferentiated at the level
of the peri-lesion environment and established contacts with endogenous phagocytes via cellular–junctional coupling. This was
associated with significant modulation of the expression levels of important inflammatory cell transcripts in vivo. Transplanted
neural stem/precursor cells skewed the inflammatory cell infiltrate at the injured site by reducing the proportion of ‘classicallyactivated’ (M1-like) macrophages, while promoting the healing of the injured cord. We here identify a precise window of
opportunity for the treatment of complex spinal cord injuries with therapeutically plastic somatic stem cells, and suggest
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that neural stem/precursor cells have the ability to re-programme the local inflammatory cell microenvironment from a ‘hostile’
to an ‘instructive’ role, thus facilitating the healing or regeneration past the lesion.

Keywords: neural stem cells; spinal cord injury; cell transplantation; macrophages; immune regulation; tissue healing
Abbreviations: GFP = green fluorescent protein; NPC = neural precursor/stem cell; PBS = phosphate-buffered saline

Introduction

Materials and methods
Neural stem/precursor cell
derivation and cultures
Adult neurospheres were generated from the subventricular zone of
4- to 8-week-old C57Bl/6 mice, as described (Pluchino et al., 2003).
Further details are provided in the Supplementary material.
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Several experimental regenerative therapies have been developed
in the last few years with the aim(s) of reversing the devastating
disability following spinal cord injuries (Schwab et al., 2006;
Onose et al., 2009). At present, none of these approaches provides a full recovery in experimental injury models or humans
(Moon and Bunge, 2005).
Recent advances in stem cell biology have raised the expectation that spinal cord injuries may be ameliorated by the delivery
of variably potent stem cells (Barnabe-Heider and Frisen, 2008;
Lindvall and Kokaia, 2010). However, extensive data are available
showing that a limited degree of tissue repair and/or protection is
achieved in preclinical models of spinal cord injury upon focal
transplantation of stem cells, including somatic neural stem/precursor cells (NPCs) (Ogawa et al., 2002; Cummings et al., 2005;
Karimi-Abdolrezaee et al., 2006). This is generally attributed to the
limited numbers of transplanted NPCs that survive at the
injury site and progress towards neuronal (Ogawa et al., 2002)
or glial (Karimi-Abdolrezaee et al., 2006) differentiation, or both
(Cummings et al., 2005). Intuitively, the combination of critically
severe focal tissue damage—often affecting long projecting axons
since the early phases after injury—and the limited capacity of
transplanted neural stem cells to survive and integrate in vivo
(Martino and Pluchino, 2006) together account for the limited
therapeutic impact of NPC-based approaches in experimental
spinal cord injury.
On the other hand, compelling evidence exists that systemic
(e.g. intravenous) transplantation of NPCs ameliorates the clinicopathological features of chronic and relapsing experimental autoimmune encephalomyelitis, the animal model of multiple sclerosis
(Pluchino et al., 2003, 2005), but also those of cerebral ischaemic
stroke (Bacigaluppi et al., 2009), both in rodents and non-human
primates (Aharonowiz et al., 2008; Pluchino et al., 2009a).
We and others have shown that these latter effects are dependent
on a number of multimodal neuroprotective and immune modulatory actions mediated by undifferentiated NPCs at perivascular
sites in vivo (atypical ectopic niches) (Pluchino et al., 2005,
2009a, b). Yet, the detailed molecular and cellular mechanism(s)
responsible for the multifaceted actions (therapeutic plasticity)
exhibited by transplanted NPCs remain far from being fully elucidated, characterized and described.
We then asked to what extent, and how long after the lesion,
therapeutically plastic NPCs exert their rescue and/or remodelling
effects on the injured host environment (Pluchino et al., 2010);
and whether these tissue remodelling effects may enhance functional recovery when NPCs are transplanted chronically to a severe
spinal cord injury. To this aim, we adopted a preclinical approach

seeking to investigate the cellular and molecular mechanisms sustaining the therapeutic plasticity of NPCs implanted focally at the
peri-lesional site in mice suffering from subacute or early chronic
severe experimental contusion spinal cord injury.
We adopted a complex mouse spinal cord injury model that
displays the main anatomical, pathophysiological and behavioural
features of complete spinal cord transection, inflicted an extremely
severe (i.e. 2 N) thoracic contusion spinal cord injury; used two
different NPC doses and two time-points of treatment (either subacute or early chronic to the injury); performed extensive
assessment of locomotor functions, cell fate and interactions of
transplanted NPCs with endogenous cells; and analysed gene
expression, inflammatory cell infiltration and major pathological
secondary events at the spinal cord injury site.
We found that subacute, but not early chronic, transplantation
of NPCs led to significant recovery of locomotor functions,
which became more evident when NPCs were transplanted in
mice affected by a less severe (i.e. 0.75 N) contusion spinal cord
injury model. Transplanted NPCs regulated the expression level of
important inflammatory messenger RNA species at the level of the
lesioned spinal cord segment, both in the subacute and early
chronic treatment schedules. This was associated with undifferentiated NPCs establishing cell-to-cell contacts with endogenous
phagocytes via cellular–junctional coupling, while surviving longterm next to blood vessels. NPC transplantation significantly
reduced the proportion of ‘classically-activated’ (M1-like) macrophages (and increased that of regulatory T cells), while promoting
the healing of the contused spinal cord.
In summary, our work identifies a precise window of opportunity for somatic stem cell-based approaches to treat complex spinal
cord injuries and shows that NPC transplantation may work via
reduction of the number of neurotoxic professional phagocytes
in situ.
Our data further suggest that NPCs possess the functional
promise of being able to ‘correct’ the local inflammatory environment from ‘hostile’ to ‘instructive’ for either the healing or the
regeneration past the lesion (Pluchino et al., 2010).

NPCs instruct phagocytes in the injured cord

Immunofluorescence
Details are provided in the Supplementary material.

Fluorescence-activated cell sorting
analysis of neural stem/precursor cells
in vitro
Fluorescence-activated cell sorting analysis for green fluorescent
protein (GFP) and cell adhesion molecules on NPCs in vitro was
performed as described (Pluchino et al., 2003). Further details are
provided in the Supplementary material.

Mice were anaesthetized with ketamine/xylazine and a laminectomy
was performed at the T12 vertebral level. M.C. and E.B. induced contusion spinal cord injury using a force of 2 N with an Infinite Horizons
Impactor, (as described in Shechter et al., 2009) in a total of n = 239
4- to 8-week-old (20–22 g) male C57Bl/6 mice (Charles River) (n = 95
for behavioural analyses; n = 40 for gene expression studies; n = 84 for
ex vivo fluorescence-activated cell sorting analyses; and n = 20 for
axonal tracing), as described elsewhere (Nishi et al., 2007). To
induce a less severe contusion model, contusion spinal cord injury
was induced using a force of 0.75 N with the Infinite Horizons
Impactor on an additional n = 40 4- to 8-week-old male C57Bl/6
mice. Postoperative care consisted of enrofloxacin (BaytrilÕ , Bayer;
2.5 mg/kg, subcutaneously) once daily for 2 weeks. Urine was
expelled by manual abdominal pressure twice daily for 1 week and
then once daily for the duration of the experiment. Details on the
study design are presented in Supplementary Fig. 1.

Neural stem/precursor cell
transplantation
NPC transplants were performed at either 7 or 21 days after spinal cord
injury, as described (Cummings et al., 2005). At the time of transplantation, a volume of ice-cold phosphate-buffered saline (PBS; without
Ca2 + and Mg2 + ) sufficient for a final concentration of 75  103 or
150  103/ml was added to the pellet and kept in ice prior to injection,
as described elsewhere (Cummings et al., 2005). Briefly, the mice were
anaesthetized as above and the laminectomy site was re-exposed. The
volume to inject (250 nl/injection site) was measured with a 5 ml Hamilton
syringe and then placed on a sterile surface. Each volume to inject was
drawn up by capillarity in custom-made (40–50 mm) glass capillary connected to an insulin syringe and injections performed under a surgery
microscope. Each mouse received a total of four injections of either farnesylated GFP (fGFP) + NPCs or equal volume of vehicle bilaterally from
midline at both the anterior aspect of T13 and the posterior aspect of T11.
Phosphate-buffered saline injection was used as control treatment. NPCs
at sub-culturing passage number 420 were used in all experiments.
All procedures involving animals were performed according to the guidelines of the Animal Ethical Committee of the San Raffaele Scientific
Institute (IACUC no. 346 to S.P.).

Axonal tracing and quantification
To trace the axons of the corticospinal tract, on either the day of the
injury (0 days post-injury or at 14 days post-injury), mice were stereotaxically injected with biotin dextran amine (10 000 molecular weight;
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10% solution; Molecular Probes) at the level of the sensorimotor
cortex using a 5 ml Hamilton microsyringe. A total of n = 2 injections
for each hemisphere (0.75 ml each) were made at 1.5 mm lateral to the
midline, 1.5 mm anterior to bregma and 1 mm lateral, 0.5 mm posterior to bregma, and at a depth of 0.5 mm from the cortical surface.
Healthy mice (n = 3) were used as controls. Biotin dextran amineinjected mice were sacrificed at 2 weeks after injection and processed
for quantitative histopathology both at the level of the medullary pyramid rostral to the pyramidal decussation, as well as at T12. In all cases,
a total of n = 3 consecutive 30-mm thick tissue sections per site were
used for quantification of corticospinal tract fibres. Quantification of
the spared corticospinal tract in mice with spinal cord injury was made
on the normal appearing spinal cord 500 mm rostral to the epicentre of
the lesion. For biotin dextran amine staining, floating sections were
washed three times in PBS and 0.1% Triton X-100, incubated overnight with avidin and biotinylated horseradish peroxidase (Vectastain
ABC Kit; Vector), washed again three times in PBS, and then reacted
with 3,3’diaminobenzidene in 50 mM Tris buffer, pH 7.6, 0.024%
hydrogen peroxide and 0.5% nickel chloride. Stained sections were
mounted on microscope slides, preserving serial order. Electronic
images were acquired with Leica DM 4000B microscope and the corticospinal tract area (mm2) calculated using ImageJ software. To correct for inter-animal tracing variability the area of the labelled
corticospinal tract at T12 was normalized in each mouse to the area
of labelled corticospinal tract at the pyramidal decussation. Data were
expressed as mean per cent of labelled corticospinal tract ( SEM)
over healthy controls, slightly modified from Nielson et al. (2010).

Assessment of locomotor function
The recovery of open-field locomotor performance was evaluated by
three investigators (M.D., S.S. and G.S.) blinded to surgery and treatment using the Basso Mouse Scale, as described (Shechter et al.,
2009). Further details are provided in the Supplementary material.

Tissue processing and histopathology
At designated time points, mice were deeply anaesthetized with chloral hydrate 0.08 M and transcardially perfused with PBS and 4% paraformaldehyde. Spinal cords were removed and post-fixed in the same
solution for 12 h at 4 C and then washed with PBS. The dissected
spinal cords were cryoprotected for at least 24 h in 30% sucrose
(Sigma) in PBS at 4 C, then the cords were embedded in Optimal
Cutting Temperature (OCT) Tissue Tek compound (EM sciences) and
snap frozen with liquid nitrogen. Frozen cord blocks were placed in a
cryostat (Leica) and 10-mm thick axial sections were cut and collected
onto SuperfrostPlus slides (Menzel-Glaser, Thermo Fisher Scientific)
and processed for histopathology. A total of 7 mm of each cord segment (centred on the impact site) was cut, collected as n = 10 sets of
serial sections (100 mm apart) and stored at  20 C. Four spinal cord
segment-informative tissue slides (each containing n = 18 spinal cord
10-mm tick axial sections, for a total of n = 72 10-mm thick axial cord
sections per mouse) were processed for qualitative and quantitative
histopathology and histochemistry. To determine the cell number
and phenotype of in vivo transplanted NPCs, immunostainings for
GFP (or direct fluorescence) and other markers were performed.
Appropriate anti-rat, -mouse, -goat and -rabbit fluorophore (Alexafluor 488, 546; Molecular Probes) or biotin (Amersham biosciences)
conjugated secondary antibodies were used. Nuclei were stained with
40 -6-diamidino-2-phenylindole (DAPI; Roche). The analysis of the NPC
phenotype in vivo was performed by confocal microscopy (Leica DM
6000B) on 10-mm thick frozen tissue sections from mice with spinal
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cord injury injected with either dosage of NPCs at both 7 and 21 days
post-injury (n = 2–3 representative cord sections/mouse showing GFP
immune reactivity; n = 4 mice/treatment group). A Leica M4000B
microscope with motorized stage and Neurolucida (Version 8.0
Software, Microbrightfield) were used to stereologically calculate the
volumes of the lesion, the volumes of demyelination, as well as the
total cell numbers. Further details are provided in the Supplementary
material.

Electron microscopy
Details are provided in the Supplementary material.

Gene expression analysis

Ex vivo fluorescence-activated cell
sorting analyses and cell sorting
Mice subjected to spinal cord injury were killed by an overdose of
anaesthetic and their spinal cord processed for flow cytometry analysis
by perfusion with PBS via the left ventricle. The lesioned cord segments extending between T11 and T13 were homogenized and
reduced to single-cell suspensions by collagenase IV (2 mg/ml), dispase
(0.2 mg/ml) and DNase I (0.1 mg/ml) treatment (30 minutes in
Iscove’s Modified Dulbecco’s Medium containing 2% foetal bovine
serum at 37 C). We positively selected total CD45 + leucocytes by
magnetic sorting (CD45 MicroBeads, Miltenyi). Cells were then incubated with 5% rat serum and 5 mg/ml rat anti-mouse Fc III/II receptor
(CD16/CD32) blocking antibodies (BD PharMingen), and then stained
using the monoclonal antibodies that are described in the
Supplementary material.
We also sorted the following cell subsets: (i) 7AAD–/CD45 + /F4/
80 + /CD206 (MRC1)low/–/CD11c + cells (classically activated, M1-like
macrophages); (ii) 7-AAD  /CD45 + /F4/80 + / CD206high/CD11c  cells
(alternatively activated, M2-like macrophages); and (iii) 7AAD–/
CD45 + /F4/80  /CD3 + cells (T cells).
All gates were set based on a specific fluorescence minus one
(FMO) control. To sort cells, we used a MoFlo apparatus (Dako).
After sorting, purity of the cells was always 590%. Cellular sorting
was performed on pools of n = 8–10 mice/treatment group, from a
total of n 5 2 independent experiments, leading to a total of 24–30
mice/treatment group. Total 1.2–35  104 cells were obtained from
each independent cell sorting, and washed in low-protein buffer.
Sorted cells from individual mice were pooled and then processed
for RNA isolation, reverse transcription and real-time polymerase
chain reaction, as described below. Further details are provided in
the Supplementary material.

Neural stem/precursor cell microglia/
macrophages co-cultures
The BV-2 cell line (gift from Dr Francesca Aloisi, Istituto Superiore di
Sanità, Rome, Italy) cell line was cultured as described previously
(Donnelly et al., 2011), and used for experiments at a passage

number 415. BV-2 cells were seeded at a density of 27  103 cells/
cm2 in culture medium only (resting) (Dulbecco’s Modified Eagles
Medium + 10% foetal bovine serum, 1% Penicillin/Streptomycin,
1% L-glutamine; all reagents from Invitrogen) or culture medium +
lipopolysaccharide (100 ng/ml) (activated). After 2 h in vitro, two
types of co-cultures with fGFP + NPCs were established as follows:
(i) Mixed (same well) type: fGFP + NPCs were added directly to resting
versus activated BV-2 cells at 1:10 and 1:2 ratios in T75 flasks. Six
hours later, mixed type co-cultures were detached from the flask, and
separation of GFP  BV-2 cells from fGFP + NPCs performed by cell
sorting using Dako Cytomation MoFlo FACS, as described (Engstrom
et al., 2002). Fluorescence-activated cell sorted GFP  BV-2 cells were
collected in culture medium and processed for RNA isolation, reverse
transcription and real-time polymerase chain reaction; and (ii) Insert
(trans well) type: fGFP + NPCs (at 1:10 and 1:2 ratios) were seeded
into cell culture inserts (0.4-mm pore size, Millipore) and then placed
on the top of six-well plates containing resting versus activated BV-2
cells. Six hours later, inserts were removed; BV-2 cells detached,
washed with PBS and processed for RNA isolation, reverse transcription and real-time polymerase chain reaction, as described below.

RNA isolation, reverse transcription and
quantitative real-time polymerase chain
reaction
Cells were lysed for total RNA extraction using the RNeasyÕ Micro kit
(Qiagen) kit guidelines. RNA was retrotranscribed with SuperScriptÕ III
(VILOTM kit, Invitrogen). Quantitative polymerase chain reaction analyses were performed with TaqManÕ probes from Applied Biosystems.
Quantitative polymerase chain reactions were run for 40 cycles in
standard mode using an ABI7900HT apparatus (Applied Biosystems).
Further details are provided in the Supplementary material.

Statistical analysis
Data were analysed using a two-way repeated measures analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test correction.
Differences in gene expression were calculated by a Student’s t-test.

Results
Functional recovery after subacute, but
not early chronic, neural stem/precursor
cell transplantation
We first tested the therapeutic potential of subacute (7 days
post-injury) and early chronic (21 days post-injury) focal implantation of NPCs in the spinal cord of mice suffering from an
extremely severe contusion spinal cord injury, which we caused
by applying the impact force (i.e. 2 N) that is usually described for
experimental severe spinal cord injury in rats (Beck et al., 2010).
This severe injury led to minimal extent of spontaneous recovery
of locomotor functions (Fig. 1A and B) and to major secondary
events, including significantly high volumes of injury, demyelination and inflammatory cell infiltration, as well as a remarkable
48.1  5.6% severance (i.e. retrograde ‘die-back’ degeneration)
of the corticospinal tract quantified on spinal cord sections rostral
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The expression levels of messenger RNAs involved in inflammation,
axonal growth, astrogliosis and remyelination were determined with
a TaqManÕ Array Microfluidic Card (96b format), at the level of the
lesioned cord segment extending between T11 and T13 at 7, 14, 21
and 28 days post-injury, as described (Pluchino et al., 2008). Details
are provided in the Supplementary material.
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to the impact site at 21 days post-injury (Supplementary Fig. 2;
P 4 0.01, versus 7 days post-injury). This unusually severe spinal
cord injury was reasonably well tolerated, as only 4.6% of mice
(11/239) died within the first week after the injury
(Supplementary Fig. 1).
NPCs were tagged in vitro with lentiviral vectors carrying either
enhanced GFP or farnesylated GFP (Supplementary Fig. 3)
(Follenzi et al., 2000). Both GFP and farnesylated GFP NPC lines
retained very high levels of the typical NPC markers 4 integrin,
CD44 and, to a much lower extent, the chemokine receptor
CXCR4 (Supplementary Fig. 3) (Pluchino et al., 2005, 2009a, b).
Hence, the NPCs used in this study expressed the surface molecules that are likely to be critical for sensing microenvironmental
cues and for modulating regulatory cell behaviour after transplantation (Pluchino et al., 2005). Transplantation experiments
were performed using two different dosages of farnesylated
GFP-transduced NPCs (Supplementary Fig. 3) and included
PBS-injected mice with spinal cord injury as controls.
We observed that subacute, but not early chronic focal NPC
transplantation led to significant recovery of locomotor functions,
which started at 2 weeks after transplantation and was measurable
up to the end of the follow-up (7 weeks after transplantation),
compared with PBS-treated controls. We did not observe any difference in the therapeutic impact of 75  103 versus 150  103
NPCs (Fig. 1A and B). The observed recovery of locomotor

functions became even more evident when NPC transplantation
was applied to a less severe (e.g. 0.75 N) contusion spinal cord
injury model (Fig. 1C). Also in this latter spinal cord injury model,
the early chronic focal NPC transplantation failed to evoke any
behavioural changes (Fig. 1D).

Promotion of healing in the injured
spinal cord
We then sought to investigate the effects of the subacute versus
early chronic transplantation of NPCs on major secondary events
occurring after the spinal cord injuries, such as the volume of the
injury, the volume of demyelination in the spared tissue, and the
extent of inflammatory cell infiltration. All the anatomical analyses
related to the NPC transplantation were carried out only in mice
receiving 2 N injuries.
Quantification of tissue injury at 1 week after treatment did
not reveal any significant difference between NPC- and
PBS-treated mice with spinal cord injury (Supplementary Fig. 4).
On the other hand, we observed a significant reduction of the
volumes of injury and demyelination in mice with spinal cord
injury subacutely transplanted with NPCs versus PBS-treated controls (Fig. 2A and B). At 7 weeks after NPC transplantation, we
also observed a trend towards reduction of the Iba1 + macrophage/microglial infiltration at the injury site in mice with spinal
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Figure 1 Recovery of locomotor functions after subacute, but not chronic, NPC transplantation in mice with contusion spinal cord injury.
Amelioration of locomotor functions by subacutely (A and C), but not chronically (B and D) transplanted NPCs in mice suffering from
spinal cord injuries. The arrow indicates the day of treatment. Data are mean Basso Mouse Scale (BMS  SEM). *P 4 0.001, versus
PBS-treated controls. dpi = days post-injury.
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(A; red solid), Luxol fast blue (LFB)  demyelination (B; grey solid) and Iba1 + , at the level of the injured (grey solid in C) or spared (grey
solid in D) cord tissue. In the 3D renderings, the solid orange in A–D is the central canal, while the solid transparent blue in B–D is the injury
volume. Shown in A–D are also representative axial images of the stainings for stereological quantifications. Images have been taken at
either 600 mm above the lesion (A, B and D) or at the lesion epicentre (C), as indicated by the dashed lines. Volumes in A–D have been
calculated at 56 days after the injury. Data are minimum to maximum volumes from n 5 3 mice per group. *P 4 0.05, versus PBS-treated
controls. dpi = days post-injury; GFAP = glial fibrillary acidic protein.

cord injury subacutely transplanted with low-dose NPCs versus
PBS-treated controls. This reached a statistical significance in
high-dose NPC transplants (Fig. 2C). We did not observe any
significant differences of Iba1 + cell infiltration at the level of the
spared cord at any cell dosage in any of the treatment groups
(Fig. 2D).

Cellular–junctional coupling between
transplanted undifferentiated neural
stem/precursor cells and endogenous
phagocytes
We then investigated the survival, integration and/or differentiation
of transplanted NPCs in vivo. We first observed that 4–5.5% of
transplanted GFP + NPCs showed a widespread distribution all over
the analysed segment of the cord, including the lesion epicentre
(Fig. 3A and B), at 1 week after transplantation (150  103 NPCs 7
days post-injury: 8171  2216 GFP + cells; 150  103 NPCs at 21
days post-injury: 6038  725 GFP + cells). At 7 weeks after transplantation, only 0.5–1% of transplanted NPCs survived in the spinal
cord (150  103 NPCs 7 days post-injury: 643.5  133.2 GFP + cells;
150  103 NPCs at 21 days post-injury: 931.8  489.5 GFP + cells;
both P 4 0.05, versus 1 week after transplantation). In all cases,
most NPCs accumulated outside the injured area (Fig. 3A, C and
Supplementary Fig. 5), appeared organized at the boundaries of

the injured tissue, in very close proximity to Iba1 + cells and blood
vessels (Fig. 3D). The confocal microscopy analysis of the cell-to-cell
interactions at the level of these perivascular areas (niches) revealed
the presence of tight contacts, up to structural junctional coupling,
between GFP + NPCs and F4/80 + macrophages (Fig. 3E and F), but
not B220 + putative B lymphocytes (Fig. 3G), that were established
via connexin43 + . Phenotypically, none of the GFP + NPCs at the
boundaries of the injured spinal cord expressed the neuronal
marker NeuN, whereas between 11.5% (  3.7) and 15.1% ( 1.7)
of them stained for the astroglial lineage marker glial fibrillary acidic
protein (GFAP). The helix–loop–helix transcription factor Olig2 was
expressed by 3.1% ( 1.5) and 14.1% ( 5.2) of the GFP + NPCs
when transplanted at either 7 or 21 days post-injury, respectively.
We performed pre-embedding immunogold staining for GFP and
examined the extent of integration, morphology/ultrastructure and
types of cell-to-cell interactions of transplanted NPCs using a transmission electron microscope. Immunogold-labelled transplanted
NPCs surviving up to 7 weeks after transplantation were observed
in small clusters through the host tissue. NPCs were systematically
found outside the lesion site and were organized at the boundaries of
the injury site and in very close proximity to blood vessels (Fig. 4A and
B). We observed an extremely branched NPC morphology, with long
processes running between endogenous cells (Fig. 4B). Large clusters
of phagocytic cells accumulated next to the injury site, where NPCs
were also found (Fig. 4A–C and Supplementary Fig. 6). Phagocytes
were identified by their small irregular nucleus with clumped
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Figure 2 Promotion of healing in the severely injured spinal cord. (A–D) Stereological quantification of volumes of GFAP + tissue injury
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post transplantation (wpt) of 150  103 NPCs. Data are absolute minimum to maximum numbers of fGFP + cells/mouse from n 5 3 mice/
group. *P 4 0.05, as compared with 1 week after transplantation. (B and C) Representative axial images of the GFP staining (brown) for
stereological quantifications in A from two representative mice with spinal cord injury sacrificed at 1 (B) or 7 (C) weeks after NPC
transplantation. Haematoxylin staining in B and D is shown in blue. The fluorescent image in B shows detail of GFP + cells at the level of
the perivascular area. In the 3D renderings, the red solid is GFAP, the green dots are GFP and the solid orange is the central canal. Dashed
lines refer to representative axial images. (D) Confocal microscopy image of an ‘atypical perivascular niche’, where GFP + NPCs are found
in very close vicinity to Iba1 + cells (light blue). CD31 + endothelial cells are in red. (E) Confocal microscopy image of GFP (green) NPCs
contacting F4/80 + macrophages via connexin43 + cellular junctions (red; arrowheads). (F) VolocityÕ -based 3D reconstruction (from a
total of n = 20 Z-stacks of optical slices in 0.3 mm intervals) of the confocal Z-stack in E. The magnified inset shows structural junctional
connexin43 pattern (red; arrowheads) between the process of one NPC (green) and one juxtaposed F4/80 + macrophage (blue). (G)
Confocal microscopy image of GFP (green) NPCs and B220 + putative B lymphocytes (blue) not establishing connexin43 + (red) mediated
junctional coupling in a perivascular spinal cord area. DAPI is blue in D and grey in E–G. Scale bars: D = 60 mm; E and F = 15 mm;
G = 30 mm.
chromatin, a cytoplasm rich in short rough endoplasmic reticulum
cisterns, abundant mitochondria and a heterogeneous variety of
lysosomes/vacuoles (Supplementary Fig. 6). NPCs within perivascular niches displayed morphological features of immature cells (Fig. 4
A–C and Supplementary Fig. 6), showed an extremely interdigitated
surface surrounded by basal lamina (Fig. 4F) and established regular
cell contacts up to cellular junctions with both endogenous
(i.e. immunogold-negative) phagocytes (Fig. 4A–C) and astrocytes
(Fig. 4C–E).

Regulation of inflammatory messenger
RNAs at the level of the injured spinal
cord segment
To investigate the mechanisms regulating the clinicopathological
recovery observed in spite of the low numbers of surviving NPCs,

we performed a wide TaqManÕ Low-Density Array (TLDA)-based
gene expression profiling of the T11–T13 spinal cord segment of
mice with spinal cord injury transplanted with NPCs at either 7 or
21 days post-injury, both these treatment groups being profiled at
1 week after NPC transplantation (the two time-points being profiled are hereafter referred to as 14 and 28 days post-injury,
respectively). We profiled the expression levels of a total of 94
different messenger RNAs involved in: axonal growth (31/94;
32.9%), astrogliosis (20/94; 21.2%), inflammation (30/94;
31.9%) and myelination (14/94; 14.8%) (Supplementary
material).
We observed significant impact of NPC transplantation on gene
expression after subacute [22/94 genes (23.4%) with a P 4 0.05]
and, even more strikingly, chronic [38/94 genes (40.4%) with a
P 4 0.05], NPC transplantation (versus PBS-treated controls)
(Fig. 5 and Supplementary Table 1).
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Figure 3 In vivo survival and integration transplanted NPCs. (A) Quantification of transplanted fGFP + NPCs in vivo at either 1 or 7 weeks
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pre-embedding immunogold for GFP. NPCs are highly branched and accumulate at the level of perivascular niches. The main cellular
components of these perivascular niches are infiltrating monocyte/macrophages that are identified by their scarce cytoplasm and irregular
nucleus with clumped chromatin. The frame indicates one NPC whose processes are found in very close contact to a monocyte/
macrophage. (B) High magnification of the frame in A showing the immunogold-labelled process of an NPC (arrowheads) running
between a monocyte/macrophage and a second immunogold-labelled NPC. Cellular junctions between both NPC cytoplasms (inset,
arrows) and between the NPC and the monocyte/macrophage can be observed in the inset. Pseudo colours in A and B: NPCs = green;
monocytes/macrophages = orange; endothelial cells = yellow; endogenous astrocytes = blue. (C) Immunogold-labelled NPC (N) surrounded by two endogenous (immunogold-negative) astrocytes (a), and next to three infiltrating monocytes/macrophages (m). The two
frames indicate sites of cell-to-cell contacts. (D) Detail of the contact between the NPC and one endogenous astrocyte (arrowheads).
(E) Detail of cytoplasm of the NPC typically rich in intermediate filaments. (F) Detail of an immunogold-positive NPC showing an extremely
interdigitated surface surrounded by basal lamina (between arrows). Images in A–F were collected at 50 days after transplantation. Scale
bars: A = 5 mm; B = 200 nm; C = 2 mm; D and E = 500 nm; F = 1 mm. BV = blood vessel.

All the messenger RNAs that were significantly upregulated in
the spinal cord of mice with spinal cord injury transplanted
subacutely with NPCs were inflammatory genes. Among those
showing higher fold induction, the chemokine Ccl2 (11.15-fold;
P 4 0.0001), the cell adhesion molecules L-selectin (Sell, 2.8-fold;
P 4 0.05), lymphocyte function-associated antigen-1 (Itgb2,
4.95-fold; P 4 0.005), vascular cell adhesion molecule-1 (Vcam1,
2.09-fold; P 4 0.005), and intercellular cell adhesion molecule-1
(Icam1, 3.39-fold; P 4 0.005), inducible nitric oxide synthase
(Nos2, 4.06-fold; P 4 0.005), and the suppressor of cytokine
signalling-3 (Asb3, 2.35-fold; P 4 0.05), were similarly upregulated in mice with spinal cord injury transplanted either subacutely

or chronically with NPCs (Fig. 5 and Supplementary Table 1). On
the other hand, the transplantation of NPCs downregulated the
chemokine Ccl3 (2.4-fold; P 4 0.005), chondroitin sulphate
proteoglycan-4 (Cspg4) (2.64-fold; P 4 0.005) and ciliary neurotrophic factor (Cntf) (2.64-fold; P 4 0.005). These messenger
RNAs were found similarly downregulated at both 14 and
28 days post-injury (Fig. 5 and Supplementary Table 1).
The PBS treatment alone also induced significant upregulation of
Casp3 (1.81-fold; P 4 0.05) and Casp 8 (1.98-fold; P 4 0.01),
H2k1 (a MHC-I molecule) (1.88-fold; P 4 0.005), and Mmp2
(3.23-fold; P 4 0.01), as well as some major regulators of astrogliosis, including versican (Vcan, 2.03-fold; P 4 0.0005), neurocan
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significant differentially expressed genes between mice with spinal cord injury transplanted at either 7 days post-injury or 21 days
post-injury with 150  103 NPCs, as compared with mice with spinal cord injury injected with PBS at the same time points. Vertical grey
lines (x =  0.5 and x = 0.5) correspond to fold changes of 0.7 and 1.4, respectively. The horizontal dashed line (y = 1.3) corresponds to a
P-value = 0.05. Data have been calculated from n = 5 individual mice per treatment group.

(Ncan, 1.48-fold; P 4 0.05) and Cspg4 (1.61-fold; P 4 0.005).
These messenger RNAs were subjected to significant regulation
only when the PBS treatment was applied chronically to the
injury, as compared with untreated mice with spinal cord injury
(Supplementary Fig. 7 and Supplementary Table 1).

Instruction of professional phagocytes
towards a tissue-healing mode
To investigate the functional effects of the observed NPC-driven
regulation of inflammatory messenger RNAs in vivo, we analysed
the identity and phenotype of the inflammatory cells found on
their neighbourhoods at the injury site. We performed sevencolour flow cytometry analysis of the CD45 + cells isolated from
the contused spinal cord segment 1 week after subacute NPC
transplantation, and paid particular attention to the characterization of those subsets of inflammatory cells—including myeloid
cells, but also T and B lymphocytes—with the potential to regulate
post-traumatic pain, repair and/or regeneration, as well as functional recovery (Kigerl et al., 2009; Nucera et al., 2011).
Approximately 65–80% of all CD45 + leukocytes isolated from
the contused spinal cord segment were CD11b + myeloid cells in

either group of mice (Fig. 6A). Of these, a sizable proportion were
F4/80 + macrophage-lineage cells (Beck et al., 2010) (Fig. 6B).
Mice transplanted with NPCs contained smaller proportions of
myeloid cells (Fig. 6A, P 4 0.005) and macrophage-lineage cells
(Fig. 6B; P 4 0.005), compared with PBS-treated controls. Among
the macrophage-lineage cells, the relative proportion of CD11c + /
CD206– inflammatory (M1-like) macrophages (Pucci et al., 2009)
showed a highly significant 4.8-fold reduction in NPC-transplanted
spinal cord injury mice (Fig. 6C; P 4 0.0001, versus PBS treated).
On the other hand, we did not observe a statistically significant
change of the relative proportion of CD206 + /CD11c– tissueremodelling/pro-angiogenic
(M2-like)
macrophages
(Pucci
et al., 2009) in the two treatment groups (Fig. 6D). NPCtransplanted mice with spinal cord injury also showed a significantly lower proportion of F4/80–/CD11c + dendritic cells (Fig.
6E; P 4 0.005, versus PBS-treated).
We also investigated the gene expression signature of the M1and M2-like macrophages that were isolated from the spinal cord of
PBS-treated mice. This was highly reminiscent of their tumourderived counterpart (Pucci et al., 2009), with CD206 + /CD11c–
(M2-like) macrophages showing significantly increased expression
of CD163 and Lyve1 (P 4 0.005 and P 4 0.05, respectively) and
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Figure 5 Modulation of gene expression. Volcano plot [x-axis = log2 (fold change); y-axis =  Log10 (P-value)] showing statistically
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Figure 6 Instruction of professional phagocytes towards a tissue-healing mode. Flow cytometry analysis of myeloid cell subsets in
the injured spinal cord at 14 days post-injury (7 days after subacute treatment). CD45 + hematopoietic cells isolated from injured
spinal cord were stained with 7-AAD to exclude non-viable cells from further analysis. (A) Myeloid cells; (B) macrophage lineage cells;
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a trend towards upregulation of Arg1, Igf1 and Tie2, compared with
CD11c + /CD206– (M1-like) macrophages (Supplementary Fig. 8).
At variance with CD206 + tumour macrophages (Pucci et al.,
2009), CD206 + /CD11c– spinal cord injury macrophages displayed
highly increased expression of Nos2 (P 4 0.05, versus CD11c + /
CD206– macrophages; Supplementary Fig. 8).
The NPC transplantation not only significantly reduced infiltration by CD11c + /CD206  (M1-like) macrophages, but also had
profound effects on their gene expression profile, which showed
significant upregulation of both Nos2 and Arg1 (both P 4 0.0001,
versus PBS treated; Fig. 7A), and downregulation of Cox2, Lyve1
(both P 4 0.05, versus PBS treated) and Tie2 (P 4 0.005, versus
PBS-treated; Fig. 7A). On the other hand, we did not observe any
effects on the gene signature of CD206 + /CD11c– macrophages

isolated from NPC-treated spinal cord injury mice, versus
PBS-treated controls (Fig. 7A).
We also analysed CD19  /CD3 + T lymphocytes and CD19 + /
CD3  B lymphocytes. Both these cells represented a minor haematopoietic cell infiltrate in the injured cord segment. Nonetheless, we
noted a slight increase of the proportion of T lymphocytes
(Supplementary Fig. 9; P 4 0.05) and a significant reduction of
B lymphocytes (Supplementary Fig. 9; P 4 0.005) in NPCtransplanted versus PBS-treated controls. These data were also confirmed in vivo (Supplementary Fig. 9). The gene expression profile of
the T lymphocytes isolated from the spinal cord of NPC-treated
spinal cord injury mice showed significantly increased expression of
the regulatory T-cell markers CD25 and Foxp3 (P 4 0.05 and
P 4 0.005, versus PBS-treated), but also of the effector/cytotoxic

Figure 6 Continued
(C) ‘classically-activated’ (M1-like) inflammatory macrophages; (D) ‘alternatively-activated’ (M2-like) tissue-remodelling/pro-angiogenic
macrophages; and (E) dendritic cells. All gates were set based on specific fluorescence minus one (FMO) control samples. For each myeloid
cell subset, quantitative data are shown on the left, while representative density plots are shown on the right. White whiskers are mice
with spinal cord injury injected with PBS, while black whiskers are spinal cord injury mice injected with 150  103 NPCs. Data are minimum
to maximum per cent of marker-positive cells from n = 24 mice/treatment group and a total of n = 2 independent experiments.
*P 4 0.005 and **P 4 0.0001, versus PBS-treated controls.
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Figure 7 NPCs affect the gene signature of inflammatory professional phagocytes both in vivo and in vitro. (A) Gene signature of spinal
cord injury-infiltrating macrophages in NPC-transplanted mice at 14 days post-injury (7 days after subacute treatment). Green bars are
markers of M1-like macrophages, whereas blue bars are markers of M2-like macrophages. Data are mean fold changes (over PBS-treated)
(  SEM) from n = 24–30 mice/treatment group and n 5 2 independent experiments. (B and C) Expression of inflammatory messenger
RNAs in BV-2 cells co-cultured with NPCs. Data are mean fold changes (over lipopolysaccharide-activated) (  SEM). *P 4 0.05;
**P 4 0.005 and ***P 4 0.0001. LPS = lipopolysaccharide.
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markers CD8 (P 4 0.05, versus PBS-treated), Fasl, Gzmb and Ifng
(all P 4 0.0001, versus PBS-treated) (Supplementary Fig. 8).
Finally, in vitro experiments with BV-2 cells confirmed the capacity of NPCs to interfere with the responsiveness of CNS phagocytes to canonical inflammatory stimuli (e.g. lipopolysaccharide)
(Hoffmann et al., 1999)—likely via secreted products—as suggested by the significant decrease of Tnfa (P 4 0.0001, versus
lipopolysaccharide-activated) and Il6 (P 4 0.05, versus lipopolysaccharide-activated) in ‘insert’ (trans well), but not in ‘mixed’ (same
well) co-cultures (Fig. 7B and C).

Discussion

including the perivascular localization of NPCs and inflammatory
cells, was highly reminiscent of the ‘atypical ectopic perivascular
niche-like areas’ that we previously described after systemic NPC
transplantation in rodents with experimental autoimmune encephalomyelitis and stroke (Pluchino et al., 2005, 2009b; Bacigaluppi
et al., 2009). Transplanted NPCs confirmed a remarkable capacity
to adapt their fate and features to the perivascular, inflammatory
microenvironment in vivo and revealed a peculiar propensity to
do this by maintaining an undifferentiated phenotype, while
establishing contacts with endogenous phagocytes via connexin43-mediated cellular–junctional coupling. All this is in contrast with recent studies that have described behavioural
improvement and robust neuronal or oligodendroglial differentiation of mammalian NPCs, upon either early or delayed (up to
8 weeks) transplantation into the rodent injured spinal cord
(Ogawa et al., 2002; Karimi-Abdolrezaee et al., 2006), or both
(Cummings et al., 2005). The issue of cell survival and integration
(up to functional differentiation) at the level of the peri-lesion
environment is in fact a critical point in spinal cord injury research,
and in vivo settings must be carefully assessed after consideration
of the type and entity of the applied injury (from moderate to
extremely severe), as well as the biology of transplanted cells.
Stem cells have some intrinsic potential to oscillate between different phenotypic and functional states in response to non-cellautonomous environmental (kingdom-specific) cues (Scheres,
2007). This concept is well accepted at the level of discrete specialized cellular contexts called stem cell niches, and it is increasingly relevant if applied to equally discrete (atypical ectopic) stem
cell niche-like areas that recapitulate developmental patterning
mechanisms and are established after stem cell transplants
(Pluchino et al., 2010). Nonetheless, we also found small numbers
of transplanted NPCs expressing neural lineage markers in vivo.
The majority of these NPC-derived cells were observed outside
perivascular niche areas. This may fit with the concept that the
interplay between local inflammatory signals influences the function—rather than the developmental fate (Rossi and Cattaneo,
2002)—of transplanted NPCs, by reprogramming their capacity
to remodel the environment (Pluchino et al., 2010).
In our study, the focal transplantation of NPCs operated a striking regulation of gene expression in the lesioned cord environment, via a multilayered effect that led to a significant overenrichment in inflammatory gene transcripts. These include the
chemokine Ccl2 and Nos2, as well as several cell adhesion molecules and cell adhesion molecule counter ligands. On the other
hand, we found significant under enrichment of the macrophagespecific chemokine Ccl3, as well as of the major constituent of the
perilesional extracellular matrix, Cspg4, and a single neurotrophin.
This NPC-driven instruction of the environment appeared to be
specifically regulated by transplanted NPCs, as it was observed
also in chronically transplanted mice with spinal cord injury that
did not respond to NPC transplantation. We speculate that NPCs
retaining the capacity to affect the expression of several messenger RNAs in vivo when transplanted chronically to mice with
spinal cord injury fail to regulate anatomical and functional
changes because of the high level of axonal severance that this
2 N spinal cord injury model develops as early as 3 weeks after the
injury.
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Compelling evidence exists that transplanted NPCs possess a remarkable ability to mediate efficient bystander myelin repair and
axonal protection/rescue in immune-mediated experimental CNS
demyelination and stroke (Pluchino et al., 2005, 2009a, b;
Bacigaluppi et al., 2009; Einstein et al., 2009). The evidence for
the functional potency of NPCs is complemented by parallel data
demonstrating their capacity to differentiate into multiple neural
lineages upon transplantation in neurological disease models
(Ogawa et al., 2002; Cummings et al., 2005; KarimiAbdolrezaee et al., 2006; Rota Nodari et al., 2010). To describe
the various therapeutic actions/functions of transplanted NPCs
in vivo, we have recently proposed the concept of ‘therapeutic
plasticity’ (Martino and Pluchino, 2006).
The primary aim of this study was to provide preclinical
proof-of-concept of the therapeutic plasticity of somatic mouse
NPCs after their focal implantation in the contused spinal cord.
We adopted an extremely severe thoracic contusion spinal cord
injury model, employed two different cell doses and two time
points of treatment, subacute or early chronic after the injury,
and analysed locomotor functions and relevant secondary pathological events in the mice; cell fate of transplanted NPCs; and gene
expression and inflammatory cell infiltration at the injured site.
In this study, only the subacute transplantation of NPCs led to
significant locomotor recovery, which started at 2 weeks after
transplantation and was still measurable 5 weeks later, at the
end of follow-up. The clinical benefits provided by transplanted
NPCs were even more evident in a less severe and more standardized spinal cord injury model.
All the anatomical analyses related to the NPC transplantation
were carried out only in mice receiving 2 N injuries. The subacute
NPC transplantation also promoted the healing of the severely
injured spinal cord tissue, by preventing the accumulation of
major secondary events, including the volume of injury, as well
as the overall extent of demyelination and inflammatory cell
infiltration.
We observed that only 10% of the transplanted NPCs found
in vivo at 1 week after transplantation survived for up to 6 weeks
following the transplant. The number and the localization of these
late surviving NPCs did not differ between the different treatment
groups. Late surviving NPCs substantially failed to undergo differentiation in vivo and accumulated in clusters at the outer boundaries of the injured tissue, in very close proximity to macrophage/
microglial cells and blood vessels. The morphology of these areas,
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dendritic cells), as well as the functional consequences of these
(e.g. whether they tolerize antigen presenting cells/macrophages),
and establishing their relevance for tissue healing, will be needed
to test some of the hypotheses that our work has contributed to.
While providing significant evidence that a precise window of
opportunity exists for somatic stem cell-based approaches to complex spinal cord injuries, our data represent a further piece of
rationale for the future translation of NPC-based therapeutics in
phase I clinical trials in humans suffering from spinal cord injuries.
Being successful in this, it is possible to envisage a future scenario in which either increasing the number of therapeutically plastic stem cells to transplant/deliver, or in a more sophisticated way,
identifying, enhancing and/or customizing the individual mechanisms behind their functional potency, may realistically result in
more efficacious cures for severe neurological syndromes.
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