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ABSTRACT

Adult stem cells are endowed with in vitro multilineage differentiation abilities and constitute an
attractive autologous source of material for cell therapy in neurological disorders. With regard to
lately published results, the ability of adult mesenchymal stem cells (MSCs) and neural crest stem
cells (NCSCs) to integrate and differentiate into neurons once inside the central nervous system
(CNS) is currently questioned. For this review, we collected exhaustive data on MSC/NCSC neural
differentiation in vitro.We thenanalyzedpreclinical cell therapy experiments in differentmodels for
neurological diseases and concluded that neural differentiation is probably not the leading property
of adult MSCs and NCSCs concerning neurological pathology management. A fine analysis of the
molecules that are secreted byMSCs and NCSCs would definitely be of significant interest regarding
their important contribution to the clinical and pathological recovery after CNS lesions. STEM
CELLS TRANSLATIONAL MEDICINE 2013;2:000–000

INTRODUCTION

Neurodegenerative and acute neurological pa-
thologies represent a critical issue in clinical re-
search, since no complete recovery of the central
nervous system (CNS) functionality can be
achieved in a lot of situations with current ther-
apeutic means (despite symptomatic enhance-
ments). In adults, whereas restricted brain areas
still house cells competent to generate newborn
neurons [1], this limited neurogenesis does not
seem to be sufficient to enable neuronal regen-
eration in cases of traumatic, ischemic, or degen-
erative damages of the CNS. Therefore, other
strategies have to be considered in order to re-
store the injured system, and stem cell-based re-
placement therapies have already been pro-
posed and studied worldwide in a perspective of
neurological disease management.

Stem cells are characterized as cells en-
dowed with continuous self-renewal ability and
pluri- or multipotentiality and could conse-
quently give rise to a large panel of cell types [2].
Nongerminal stem cells are classified into differ-
ent categories: (a) Embryonic stem (ES) cells are
found in the inner cell mass of blastocyst and are
pluripotent stem cells that can generate any ma-
ture cell of each of the three germ layers [3]; (b)
induced pluripotent stem (iPS) are adult somatic
cells that are reprogrammed into pluripotent
cells with ES-like abilities [4, 5]; and (c) somatic

stem cells (also named adult stem cells although
already present in the embryo) are tissue-spe-
cific and more restricted than ES cells in terms of
differentiation capabilities. They can be isolated
from various fetal and adult tissues, which make
them an attractive supply of material for cell
therapy. The use of adult somatic stem cells def-
initely remains of significant interest regarding
technical, ethical, and immunological issues con-
cerning cell transplantation for brain diseases. In
this regard, mesenchymal stem cells (MSCs) and
neural crest stem cells (NCSCs) that can be found
in various locations of the adult organism (and
even in perinatal tissues) represent an impor-
tant source of easily accessible multipotent
cells to use in a cell therapy capacity [6].

ADULT MESENCHYMAL AND NEURAL CREST
STEM CELLS

MSCs are plastic-adherent, fibroblast-like cells,
which are typically able to self-renew and differ-
entiate into tissues that arise from the mesoder-
mic lineage, such as bone, fat, and cartilage.
Whereas those cells have traditionally been iso-
lated from bone marrow stroma (bone marrow
stromal cells [BMSCs]) [7, 8], many reports have
now described the presence of MSCs in a variety
of fetal, perinatal, and adult tissues, including pe-
ripheral blood, umbilical cord Wharton’s jelly
(WJ-MSCs) and blood (UCB-MSCs), fetal liver and
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lungs, adipose tissue (AT-MSCs), skeletal muscles, amniotic fluid,
synovium, and the circulatory system, where they work as sup-
portive cells and maintain tissue homeostasis [9, 10]. More
interestingly, it has been shown that MSCs are able to “transdif-
ferentiate” into cells with endodermal or ectodermal char-
acteristics and particularly into neuron-like cells [11, 12].

Despite the establishment of precise criteria that generally
defineMSCs [13], themajor issue regarding those cells resides in
the lack of exact and specific phenotypic characterization, since
no specific and unique MSC marker has been reported so far.
Indeed,MSCsmaydisplay different features depending onwhich
animal species and tissue source they are isolated from,whereas
differences in culture media formulations, plating density, and
oxygen tension may also affect the phenotype of the mesenchy-
mal population. Consequently, several groups described MSCs
with a wide variety of different phenotypes: Verfaillie’s group
[14, 15] described a rare population of cells in the human bone
marrow stroma as mesodermal adult progenitor cells (MAPCs),
and D’Ippolito et al. [16, 17] characterizedmarrow isolated adult
multilineage inducible cells after culturing them in low oxygen
tension, whereas a lot of other groups kept the mesenchymal
stem cell concept as defined by Pittenger et al. [18].

In addition to the phenotypic differences of MSCs, which are
mostly inherent to experimental settings, it has been demon-
strated that some adult MSC locations contained mixed popula-
tions of cells arising from different embryonic lineages. Indeed,
in the past few years, multipotent and self-renewing NCSCs have
been described to persist in the adult organism. Those postmi-
gratory NCSCs were found in the sciatic nerve [19], the gut [20],
the skin (skin-derived precursors [SKPs] and epidermal NCSCs
[EPI-NCSCs]) [21–23], the cornea [24], the heart [25], the teeth
(dental pulp stem cells [DPSCs]) [26], the palate [27], the carotid
body [28], the dorsal root ganglion [23], and the bone marrow
[23, 29].

The properties of self-renewal and multilineage differentia-
tion ability of all the described stem cellsmake them truly attrac-
tive candidates for cell therapy. Furthermore, some of them of-
fer the big advantage of being easily obtained without invasive
methods. Indeed, umbilical cord is usually discarded and could
rather be preserved in order to collect UCB-MSCs andWJ-MSCs,
and bonemarrowaspiration (BMSCs), lipo-aspiration (AT-MSCs),
skin biopsy (SKPs and EPI-NCSCs), and tooth extraction (DPSCs)
are noninvasive procedures that are commonly performed in a
clinical context. Those procedures could even be performed in
patients when needed, allowing autologous grafts and avoiding
immunological issues. Additionally, the use of MSCs/NCSCs, ei-
ther from adult origin or isolated from umbilical cord, get round
the ethical problems related to fetal cell use. Finally, those cells
are supposed to be safer than ES cells or iPS cells in terms of
tumorigenicity and genomic modifications [30].

NEURAL DIFFERENTIATION OF MSCS AND NCSCS: ARE REAL
NEURONS GENERATED?
At the molecular level, a lot of induction protocols indicate that
many signaling pathways may be involved in the neural fate of
MSCs and NCSCs [31–58]. Indeed, the signalization pathways in-
volving cAMP, retinoic acid, Hedgehog, Wnt, and the neurotro-
phin-activated pathways have been linked with the maturation
of adult MSCs/NCSCs into cells with neural features. After an
induction process consisting of various activators, lengths, and

conditions of culture, MSCs/NCSCs adopt a neural morphology
and express markers (at the transcriptome as well as the protein
level) that are usually used to characterize neurons at different
developmental stages (Table 1).

Still, the relevance of those markers is currently matter of
debate, since the expression of some neural-associated proteins
is observed duringmesenchymal differentiation [59] and even in
different primary cultures of human bone marrow stromal cells
[60, 61]. Proper neural differentiation therefore becomes ambig-
uous, because it is rarely expressed as a percentage of positive
cells compared with basal conditions.

Additionally, despite the expression of those “specific” neu-
ral markers, only a tiny number of in vitro protocols were able to
provide convincing evidence for a neuron-specific electrophysi-
ological signature of the differentiated cells. During neural devel-
opment, immature neural cells undergo a differentiation process
toward functional neurons through different stages that are ac-
curately defined by specific electrophysiological features [62].
Briefly, the first currents that occur in the cell consist of voltage-
dependent outward potassium currents. As maturation pro-
ceeds, voltage-dependent inward calcium and sodium currents
arise sequentially. The ultimate step is finally characterized by
the elicitation of action potential through the activity of several
mature voltage-gated sodium channels: an important depolar-
ization triggers intracellular modifications, protein activation,
and vesicular trafficking that are required for proper synaptic
chemical and electrical function/transmission. As clearly ob-
served in Table 1, even if a few data attest to primary electro-
physiological activity in MSC/NCSC-derived neuron-like cells (as
shown by sodium and potassium currents), there is not sufficient
evidence for action potential firings and for an appropriate neu-
ronal function [63].

Overall, we tend to conclude that although the cells express
neural-specific proteins and exhibit a preliminary electrical activ-
ity, MSCs and NCSCs do not seem to be able to fully differentiate
and generate functional neurons in vitro in a sufficient yield, in
order to join the objective of cell-based therapy in human neu-
rological treatments.

ADULT MSC- AND NCSC-BASED THERAPIES IN ANIMAL MODELS
FOR NEUROLOGICAL DISEASES

Mesenchymal stem cells and their neural crest-derived neigh-
bors are not only endowed with high multipotentiality but also
present other endogenous properties that still make them inter-
esting in cell therapy [64, 65]. First of all, they are able to strongly
modulate immune responses, as first shownby improvements of
graft-versus-host disease manifestations that were observed af-
ter hematopoietic cell transplantation [66] (for a more complete
review, see [9]). Because they secrete a wide range of factors,
MSCs/NCSCs also constitute ideal trophic support for cell sur-
vival, proliferation, and differentiation [67–70]. Finally, it has
been shown that they are able to stimulate or recruit endoge-
nous cells/progenitors when transplanted into the brain [71],
indicating that they can act on the host environment through
indirect pathways. In the next part of this review, we will review
and list most of the recent and available studies describing the
effect of MSCs/NCSCs in various animal models of neurological
diseases (Table 2).

2 Adult MSCs/NCSCs and Neurological Disorders
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Alzheimer’s Disease

Alzheimer’s disease (AD) is themost common form of dementia;
approximately 26 million people worldwide were affected in
2006 [72]. This pathology is characterized by a progressive de-
generation of neurons in the frontal, temporal, and limbic lobes
and is associated with the appearance of extracellular plaques
(�-amyloid [A�] peptide deposits) and neurofibrillary tangles in-
side neurons (mostly composed of phosphorylated Tau proteins,
which are microtubule-associated proteins). As the disease pro-
gresses, clinical symptoms include mood swings, irritability and
aggressive behavior, language troubles, and memory loss. Be-
cause no efficient treatment is available so far, we could ask
about the usefulness of stem cell therapy to rescue/prevent neu-
ral loss in AD patients. Whereas clinical trials are currently ongo-
ing, several preclinical studies have been performed using AD
animal models. The transplantation of UCB-MSCs induced nepri-
lysin (an A�-degrading enzyme) expression in host microglia
through the secretion of soluble intracellular adhesion mole-
cule-1 (sICAM-1). This neprilysin expression stimulation is fol-
lowed by a decrease in A�42 plaques into the hippocampus of
double transgenic APP/PS1 mice (which coexpress the K670N/
M671L-mutated amyloid precursor protein and L166P-mutated
presenilin 1) [73].

BMSC [74] andUCB-MSC [75] injection into the hippocampus
of APP/PS1 mice improved learning and memory impairments
and reduced the number of A� aggregates through the alterna-
tive activation of host microglial cells. Furthermore, the cell
transplantation was followed by a decrease of Tau phosphoryla-
tion rate. Those researchers further observed that the grafted
BMSC release of CCL5 was increased into the brains of APP/PS1
mice and that alternative activation of microglia was associated
with elevated CCL5 expression [76]. Moreover, they discovered
that endogenous BM cells were also recruited into the brain by
CCL5 and took part in inducing microglial activation.

Learning, memory, and pathology in Tg2576 mice (express-
ing human APP695 isoform with double mutation K670N/
M671L) greatly improved after intravenous/intracerebral injec-
tion of AT-MSCs. Moreover, the number of amyloid plaques and
A� levels decreased significantly following AT-MSC graft. This
was associated with a rescue of memory impairments and neu-
ropathology and with the up-regulation of neurotrophic factors
and interleukins into the AT-MSC-injected AD brains [77].

An increased number of hippocampal neurons were ob-
served after transplantation of nerve growth factor (NGF)-
overexpressing BMSCs [78], and this was coupled with re-
duced latency in memory tasks. It is still not clear whether the
hippocampal neurons were spared or rescued or were newly
produced after the cell graft. Moreover, NGF-expressing BM-
SCs expressed choline acetyltransferase after being trans-
planted. Regrettably, the effect of NGF overexpression com-
pared with normal BMSCs was not sufficiently pronounced or
detailed in the study. Brain-derived neurotrophic factor
(BDNF)-overexpressing BMSCs were also tested in a model of
AD, whose hippocampal ultrastrucure, learning, and memory
were then significantly improved [79]. Finally, BMSCs were
shown to improve cognitive and memory tasks in aged rats
and in ibotenic acid-treated rats, but no additional details
were provided [80].Ta
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Parkinson’s Disease
Parkinson’s disease (PD) is the second most common neurode-
generative disorder after Alzheimer’s disease, with a prevalence
of 0.3%of the population in industrialized countries, reaching 1%
after 60 years of age [81]. This pathology is characterized by
typical clinical symptoms such as bradykinesia, rigidity, gait trou-
bles, and resting tremor. The main pathological feature is the
loss of dopaminergic neurons in the substantia nigra pars com-
pacta, associatedwith accumulation of ubiquitinated protein ag-
gregates called Lewy bodies in different locations of the brain
[82, 83]. In the early 1990s, clinical trials were started using fetal
mesencephalic dopaminergic neuroblasts to transplant in PD pa-
tients [84–86]. Despite the demonstration of several durable
benefits in termsof clinical symptoms andpathology, a fewprob-
lems remain. Fetal tissue heterogeneity, influence of harvesting
methods on the graft efficiency, need of too many fetuses for
only one patient, and absence of immunosuppression in an allo-
graft procedure, all coupled with ethical concerns, left no option
but finding other ways to proceed.

More recently, a clinical trial described unilateral transplan-
tation of autologous BMSCs into the subventricular zone (SVZ) of
PD patients, and reported moderate clinical improvement with
no adverse effects, such as tumor formation [87, 88]. Those re-
sults were based on clinical observations andUnified Parkinson’s
Disease Rate Scale scores, and the mechanisms underlying the
reported ameliorations are completely unknown.

Neural differentiation-based therapy protocols were per-
formed usingMSCs/NCSCs fromWharton’s jelly [89], dental pulp
[90], and bonemarrow [91–94] that underwent neural induction
before being transplanted into 6-hydroxydopamine-treated rats.
Behavioral and pathological enhancements were observed in
most of the studies, but except for the rare expression of some
neural markers (that were already observed in few cells in vitro),
the underlying mechanisms were not sufficiently detailed. Con-
versely, significant improvements were observed in PD animal
models that were transplanted with BMSCs without any pre-
treatment. Whereas no sign of differentiation was observed,
beneficial effects and rescue of dopaminergic neurons were
mainly associated with trophic support (i.e., glial cell line neu-
rotrophic factor [GDNF] or epidermal growth factor [EGF] secre-
tion) [95, 96] or anti-inflammation (attenuation of blood-brain
barrier damage or microglia inactivation) [97]. Moreover, BMSC
graft induced proliferation and migration of endogenous SVZ
neuroblasts models of PD [96, 98].

Huntington’s Disease Models
Huntington’s disease (HD) is caused by an autosomal dominant
mutation in either of an individual’s two copies of a gene called
Huntingtin (Htt) (expansion of polyglutamine encoded by CAG
repeats in exon 1 of the IT15 gene). This neurodegenerative dis-
order typically becomes noticeable at midlife, affects muscle co-
ordination, and leads to cognitive decline and psychiatric prob-
lems [99]. Although the exact mechanism underlying HD
progression remains uncertain, its hallmarks are an important
atrophy of the striatum and cortex and a decrease in the number
of striatal GABAergic neurons [100]. So far, only fetal neural cells
allografts have been performed with HD patients, whose cogni-
tive and motor functions were moderately improved [101, 102].
Lately, a group studied the impact of BMSC transplantation in
two different models of HD, the quinolinic acid (QA)-lesionedTa
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mouse and a genetically modified R6/2-J2 mouse (exon 1 from
Htt and 144 CAG repeats) [103]. All of the transplanted mice
survived longer than controls, and despite a slight expression of
neural markers by few cells, the environmental improvement
and the rescue of neurons and locomotor activity was mainly
associated with neurotrophic support. Indeed, grafted cells in-
creased the expression of stromal-derived factor-1 (SDF-1) and
von Willebrand factor in the lesioned tissue, whereas they de-
creased the expression of Bax and caspase-3, suggesting proan-
giogenic and antiapoptotic events. Additionally, transplanted
BMSCs induced neuroblast migration (doublecortin positive
cells) into the lesioned striatum. The same observations were
carried out with another genetic model for HD, the N171-82Q
mouse [104]. After BMSC graft, the reduction of striatal atrophy
was coupled with fibroblast growth factor-2 (FGF2 or bFGF), cil-
iary neurotrophic factor, NGF, and vascular endothelial growth
factor (VEGF) secretion, and recruitment of endogenous neural
cells was observed too. According to Rossignol et al. [105], BDNF
secretion was detected in the brains of BMSC-transplanted 3-ni-
tropropionic acid-injected rats, coupled with behavioral sparing
and reduction in ventricle enlargement, whereas no sign of neu-
ral differentiation was observed. Functional benefits were also
observed after transplantation of BDNF/NGF-secreting BMSCs in
YAC128 mice [106]. The importance of trophic support for HD
management is reinforced by another study that describes a sig-
nificant improvement in QA toxicity after transplantation of neu-
rotrophic factor-secreting BMSCs [107]. More importantly, they
showed that BMSCs derived from HD patients can also be in-
duced to secrete neurotrophic factors and exert efficacious ef-
fects similarly to cells derived from healthy donors.

Spinal Cord Injuries
Whereas peripheral nerves are able to regenerate after lesion,
themotoneurons and nervous fibers in the spinal cord cannot be
replaced in case of spinal cord contusion, section, or compres-
sion. Traumatic spinal cord injury (SCI) results in a wide panel of
physiopathological events counteracting any possibility of neural
regeneration, and those events are generally grouped in two
phases. The primary injury phase is characterized by section of
axons, necrosis, degeneration, oligodendrocyte apoptosis, glio-
sis, andmacrophage infiltration. Altogether, those events lead to
secondary lesions like ischemia, inflammation, alteration of ionic
balance, insults of the blood-brain-barrier, lipid peroxidation,
and glutamate-induced excitotoxicity. Despite a slight spontane-
ous recovery, all those events collectively constitute an environ-
ment that hampers axonal regeneration [108]. Because the clin-
ical consequences of such lesions are dramatic and rarely
reversible (paraplegy, hemiplegy, tetraplegy, respiratory prob-
lems, and loss of sphincter control, all leading to important socio-
economic issues), it is crucial to find efficient therapies to im-
prove the recuperation of motor function. Recent clinical
applications highlighted a tendency for BMSCs to enhance recov-
ery after SCI [109], but this effect was not significant, and further
investigation has to be performed in order to attest to a real
clinical benefit.

Some studies focusing on SCI therapy are also based on the
graft of predifferentiated MSCs/NCSCs. They highlighted the ex-
pression of neural markers (such as microtubule-associated pro-
tein 2, neuron-specific enolase, nestin, and �III-tubulin) in
grafted BMSCs/EPI-NCSCs and showed significant improvements
in terms of cystic cavity size, neural loss [110], andmotor perfor-

mance [111–113]. On the other hand, enhancement of func-
tional locomotor abilities was observed [114, 115] after trans-
plantation of unrestricted UCB-MSCs into the surrounding area
of a hemisection injury, accompanied by cell accumulation near
the lesion, reduction in its size, enhanced axon regrowth, and
endogenous cell proliferation. In the same way, rescue of neu-
rons coupled with pathological and behavioral improvements
were observed after graft of BDNF-hypersecreting BMSCs [116]
without any pretreatment and any sign of in vivo differentiation,
suggesting a trophic role for grafted cells. NGF also seems to be
involved in SCI motor recovery and tissue sparing, as shown
[117].Moreover, they demonstrated the proangiogenic function
of VEGF secretion by grafted BMSC.

Glial cell-based therapy alsomakes sense regarding SCI treat-
ment. A couple of papers have compared nondifferentiated SKP/
BMSCswith SKP/BMSC-derived Schwann cells (SchCs) [118, 119].
Modifications of the lesioned environment and motor improve-
ments were much more dramatic using SKP/BMSC-SchCs than
nondifferentiated cells. Indeed, results revealed that both cell
types reduced the size of the contusion cavity, myelinated en-
dogenous host axons, and recruited endogenous SchC. More in-
terestingly, SKP-SchC also provided a bridge across the lesion
site, increased the size of spared tissue, myelinated spared ax-
ons, reduced gliosis, and provided an environment that was
highly conducive to axonal growth. Finally, SKP/BMSC-SchC pro-
vided enhanced locomotor recovery relative to native cells. In
the same way, cocultivating BMSCs with SchC improved their
therapeutic effects in spinal cord-injured mice [120].

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is characterized by a progres-
sive and selective degeneration of motoneurons whose cell bod-
ies are present in the spinal cord, in motor nuclei of cranial
nerves and in motor cortex, inducing muscular atrophy with a
pyramidal syndrome and leading irreversibly to death. To date,
pharmalogical treatments (for example, riluzole) only moder-
ately prolong the survival of patients. Most ALS cases are spo-
radic, but approximately 10% are hereditary, based among oth-
ers on the transmission of mutations in the copper/zinc
superoxide dismutase (SOD1) gene that induce death of mo-
toneurons by a gain of toxicity.

Whereas trials already confirm that autologous BMSC trans-
plantation is safe [121, 122] and seems to be applicable in a
clinical context, studying SOD1 transgenic animalsmay provide a
better understanding of pathogenic mechanisms and testing of
therapies for ALS. A potent effect of trophic support, and more
specifically of GDNF, on ALS lesions was recently highlighted.
Therefore, GDNF-engineered BMSCs were transplanted into the
tibial muscles of SOD1-G93A rats and prolonged the survival of
treated animals [123, 124]. After transplantation, the number of
denervated neuromuscular junctions was reduced as the num-
ber of innervated ones was increased. Grafted cells also pre-
vented the loss of cholinergic neurons in the ventral horn of
spinal cord. The anti-inflammatory properties of BMSCs seem
also to be important as concerns ALS therapy. Indeed, neuroin-
flammation (both astrogliosis and microgliosis) was reduced af-
ter BMSC administration in SOD1-G93Amice, who exhibited bet-
ter behavioral performances [125], whereas only�1%of grafted
cells expressed neural markers. Likewise, BMSC administration
reduced ubiquitin inclusions, astrogliosis, microgliosis, oxidative
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stress, and excessive release of glutamate, also resulting in bet-
ter clinical features, which did not rely on a long-term integration
of grafted cells or on a rescue of cholinergic neurons [126].

Glucagon-like peptide 1-modified BMSCs reduced spinal
cord astrogliosis andmicrogliosis when injected into the cerebral
ventricles of SOD1-G93A mice, then ameliorating survival and
delaying deterioration onset, associated with better motor per-
formances [127].

Because it was previously shown that BMSCs isolated from
SOD1-G93A rats exhibited reduced neuroprotective abilities
in vitro [128], the question of an efficient autologous cell graft
in ALS patients was raised. A couple of preclinical studies have
been performed using MSCs from ALS patients, in order to
attest to their safety and efficacy. Whereas some studies at-
test to a decreased functionality and trophic support of ALS
patients’ BMSCs [129, 130], suggesting that allogeneic graft
would be a better way, other papers focused on setting up
precise conditions for using autologous BMSCs. In this con-
text, BMSCs from early passages were suggested to be safer
and more suitable for cell therapy [131]. Furthermore, 1 �
106 BMSCs (from ALS patients) was shown to be the optimal
dose to administer in SOD1-G93A mice [132] in order to ob-
serve prolonged survival and improved motor performances
together with a lesser extent of neural loss.

Ischemic Stroke and Intracerebral Hemorrhage
Cerebral infarct or stroke is characterized by the rapid loss of
brain functions after a local stop in blood supply. This can be
due to ischemia (lack of blood flow) caused by thrombotic or
embolic blockage or due to intracerebral hemorrhage (ICH). In
this last case, the expanded lesion volume could also be re-
sponsible for a local and peripheral ischemic insult. As a re-
sult, the affected brain area has impaired function, metabo-
lism, and connections, which results in an inability to move, to
understand or formulate speech, or to see a complete visual
field (regarding the localization of the lesion).

Despite the advances in clinical management, stroke contin-
ues to pose major therapeutic challenges since it remains the
second most common cause of death worldwide [133], and in-
creasing experimental data now suggest that cell transplantation
could considerably enhance recovery. Indeed, intravenous ad-
ministration of autologous MSCs in patients with severe stroke
seems to improve pathological and functional recovery without
important side effects [134–136]. Another clinical study noticed
that clinical improvement was associated with SDF-1 concentra-
tions in patients’ sera [137].

On the other hand, preclinical studies are required to further
detail pathways that are linked to this beneficial effect of MSC.
As shown by Mora-Lee et al. [138], BMSCs and MAPCs are both
able to induce benefits in terms of tissue sparing after FeCl3-
induced stroke, through the inactivation of microglia, reduction
of glial scar formation, and initiation of angiogenesis. Addition-
ally, increased proliferation and survival of SVZ neuroblasts were
observed in those conditions. Recruitment of endogenous cells
was also described [139], which was the only explanation of the
improvement in Rotarod performances that was seen after AT-
MSC transplantation in a model of collagenase-induced ICH. DP-
SCs also seem able to promote recuperation after ischemic
stroke, when transplanted into the brain of rats with middle ce-
rebral artery occlusion (MCAO) [140]. Neurobehavioral and sen-
sorimotor functional recovery, as well as the reduction in tissue

atrophy, were rather associated with glial fate adoption than
with neural differentiation of injected DPSC.

Secretion of neurotrophic molecules (like BDNFs, GDNFs,
and bFGFs, among others) and antiapoptotic factors by WJ-
MSCs or BMSCs was studied by different groups [141–144]
and demonstrated to play a key role in pathological and clin-
ical recovery ofMCAO rats and collagenase-treated rats [145].
Whereas some more papers describe significant improve-
ments on pathological and behavioral aspects [146–148], one
study showed that systemically grafted BMSCs integrated pe-
ripheral organs but failed to induce any change in sparing
lesioned brain tissue and environment, whereas no recruit-
ment of endogenous cells was detected [149].

Multiple Sclerosis
Multiple sclerosis (MS) is a common neurological disease and
a major cause of disability, particularly affecting young adults.
It is characterized by patches of damage occurring throughout
the brain and spinal cord with loss of myelin sheaths accom-
panied by loss of oligodendrocytes [150]. Although the cause
of MS remains unidentified, an autoimmune reaction against
oligodendrocytes and myelin is generally assumed to play a
major role, and early acute MS lesions almost invariably show
prominent inflammation.

Recent clinical trials showed evidence for the safety and ben-
efit of autologous BMSCs [151] thatwere injected inMSpatients,
whose visual functions and optic nerve structure were enhanced
after treatment [152, 153]. Efforts to develop cell therapy for
CNS lesions in MS have long been directed toward implanting
cells capable of replacing lost oligodendrocytes and regenerating
myelin sheaths, yet this strategy is nowmore discussed. Indeed,
most of the recent preclinical studies suggest that the BMSCs’
most prominent properties with regard to MS are their impor-
tant ability to modulate immunity and inflammation, through
the regulation of T-cell activity for the most part [154–156]. This
immunomodulatory effect was highlighted in MS patients who
received intravenous injection of BMSCs and afterward exhib-
ited improved neurological functions [121]. It was lately shown
that UCB-MSCs also present immunoregulatory properties and
promote remyelination and clinical recovery when administered
tomicewith experimental autoimmune encephalomyelitis (EAE)
[157]. Besides, other preclinical studies highlight the role of neu-
roprotective and pro-oligodendrogenic molecule secretion by
grafted cells. NGF-secreting cells were detected after graft of
BMSCs in EAE mice [158], and other studies showed the involve-
ment of spinal cord endogenous progenitors in de novo oligo-
dendrogenesis [159, 160]. Recently, hepatocyte growth factor
secreted by MSCs (detected in conditioned medium) was dem-
onstrated to be a chief actor in MS lesion recovery [161] (for
more exhaustive reviews, see [162, 163]).

CONCLUSION

Altogether, these numerous studies highlight the strengths and
weaknesses of MSCs/NCSCs as candidates for cellular therapy in
neurological disorders. (a) Adult MSCs/NCSCs have a limited ca-
pacity to differentiate into fully mature neurons able to fire ac-
tion potentials in culture under various conditions of stimulation,
suggesting that those cells may not be good candidate for cell
replacement therapy. (b) On the other hand, when transplanted
in various animal models mimicking neurological diseases, adult

9Neirinckx, Coste, Rogister et al.

www.StemCellsTM.com ©AlphaMed Press 2013

 by V
IR

G
IN

IE
 N

E
IR

IN
C

K
X

 on M
arch 18, 2013

stem
cellstm

.alpham
edpress.org

D
ow

nloaded from
 

http://stemcellstm.alphamedpress.org/


MSCs/NCSCs improve the recovery and/or the clinical situation
of these animals, but without properly integrating the CNS and
differentiating into new neurons. The grafted cells are mostly
acting through the secretion of various factors (more or less de-
scribed) able to modulate the inflammatory reaction, the glial
scar, the neuronal cell survival, and the remyelination and/or
recruitment of the host glial cells and neural stem cells. A fine
analysis of the secretome of MSCs/NCSCs would therefore be
mandatory in order to develop protocols aiming to pharmaco-
logically mimic the effect of grafting procedures. Altogether, it
appeared that MSCs/NCSCs have a dual purpose to develop
model systems in the discovery of novel single/combinatorial
pharmaceutical treatments and cell therapy protocols for a
range of neurological diseases.
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