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Background: Stem-cell-based therapy is a promising new approach to han-

dling neurodegenerative diseases. One of the most promising cellular sources

is bone-marrow-derived mesenchymal stem cells (MSCs) also termed multi-

potent stromal cells. MSCs represent an autologous source and are abundant

and non-tumorigenic. Additionally, MSCs possess the useful characteristics of

homing and chemokine secretion.

Objective/methods: Since neurodegenerative diseases havemany pathological

processes in common, a specific therapeutic agent could potentially amelio-

rate the symptoms of several distinct neurodegenerative diseases. In this

review we demonstrate the wide variety of mechanisms by which MSCs can

influence neurodegenerative processes.

Results/conclusions: The mechanisms by which transplanted MSCs influence

neurodegenerative diseases can be broadly classified as cellular replacement

or paracrine secretion, with the latter subdivided into trophic factor secretion

or immunomodulation by cytokines. Emerging research suggests that genetic

manipulations before transplantation could enhance the therapeutic poten-

tial of MSCs. Such manipulation could turn the cells into a ‘Trojan horse’,

to deliver specific proteins, or promote reprogramming of the MSCs into

the neural lineage. Clinical trials testing MSC-based therapies for familial

amyotrophic lateral sclerosis and multiple sclerosis are in progress.

Keywords: immunomodulation, mesenchymal stem cells, migration, neurodegenerative diseases,

neurotrophic factors, reprogramming
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1. Introduction

1.1 Neurological diseases – common pathways
Neurological diseases are characterized by dysfunction associated with loss of neural
cells and tissue. The various known disorders can be categorized according to the
specific location and cell type involved, for example, the loss of dopaminergic neurons
in Parkinson’s disease [1], the mechanism involved, for example, a vascular dysfunc-
tion in stroke [2], or an autoimmune reaction in multiple sclerosis [3] or in myasthenia
gravis [4], temporally, for example, an acute insult as in stroke [2] versus a chronically
progressive disorder as in Huntington’s disease [5]. Essentially the neurological
diseases are differentiated by their phenotype, for example the main motor feature
of Parkinson’s disease is hypoactivity with rest tremor [1], while in Huntington’s
disease it is involuntary movements and the condition is considered as a hyperkinetic
disorder. Despite gross dissimilarities, many neurological disorders, and virtually all
neurodegenerative diseases, display common pathophysiological processes.

Apoptosis, for example, is well documented in amyotrophic lateral sclerosis [6],
Huntington’s disease [7] and Parkinson’s disease [8]. Other processes that similarly occurs
in several neurodegenerative diseases are mitochondrial dysfunction [9] and
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excitotoxicity [10]. For instance, the degeneration of dopaminergic
cells in Parkinson’s disease involves protein misfolding, oxidative
stress, mitochondrial dysfunction and apoptotic death [1] as does
the progressive degeneration that occurs in the striatum during
Huntington’s disease [11]. The overlapping nature of the under-
lying processes raises the possibility that neurological diseases
sharing pathophysiological features could be treated using uni-
versal strategies. There are numerous examples of single treatment
strategies that have been implemented in several diseases models,
such as the anti-apoptotic antibiotic minocycline that demon-
strated a beneficial influence on models of amyotrophic lateral
sclerosis (ALS) [12], spinal cord injury [13] and Huntington’s
disease [14]. A second example is the use of stem cells as a treatment
strategy, as will be elaborated in this review.

1.2 Stem-cell-based therapies for neurological diseases
Stem-cell-based treatments have the potential to ameliorate the
symptoms of various neurodegenerative diseases. One stem-
cell-based therapeutic approach is to replace damaged cells.
Since in Parkinson’s disease there is loss of a specific neuron
type at a specific location, namely the dopaminergic neural
population in the substantia nigra, many studies have focused
on examining whether replacement therapy can be used to treat
Parkinson’s disease. The replacement cells are either differen-
tiated stem cells [15-17] or post-mitotic fetal grafts [18-20]. The
latter have also been used to treat Huntington’s disease [21-23]

with mixed results. The latest report actually demonstrated an
accelerated neurodegeneration in the implanted graft [24].
Another stem-cell-based therapeutic approach is to trans-

plant stem cells into the diseased neural tissue in order to
improve the environment, for example through release of
neuroprotective factors. Some stem cells produce and secrete
various types of trophic factors [25,26]. Alternatively, the gene
for specific factor can be introduced into stem cells to ennsure
specific expression and secretion [27,28].
A third approach is to use stem cells to induce or enhance

neurogenesis. Since discovery of neurogenesis in the human
brain [29], much effort has been directed towards finding
methods to stimulate or mimic this regenerative process.
It was suggested that stem cells have the potential to enrich
the neural stem cell niche [25] or to themselves become
self-renewing neural progenitors [30,31].

1.3 Which stem cells to use for cell therapy?
Several types of stem cells could serve as sources for cellular
therapy. Generally, stem cells are classified according to their
developmental origin. Here we will discuss three main types:
embryonic stem cells (ESCs), adult stem cells and induced
pluripotent stem cells (iPS). ESCs were first isolated from a
human donor in 1998 [32]. In developmental terms, these are the
earliest stem cells and, considered as totipotent. ESCs, can
differentiate into various neuronal cell types, [33,34], astrocytes [35]
and oligodendrocytes [36]. The neural phenotypes of these
in vitro-differentiated ESCs resemble most closely those of
the equivalent mature cells in vivo. However, using ESCs as

a source for stem cell therapy is problematic for three reasons.
Firstly, acquiring and manipulating ESCs raises contentious
ethical issues. Secondly, even differentiated ESCs can be tumor-
igenic (leading to formation of teratomas [32]). Finally, since
ESCs represent a non-autologous source, their transplantation
must be accompanied by immunosuppressive treatments.

Adult stem cells can be derived from virtually any tissue or
organ. A dramatic illustration of their potential is the recent
creation of functioning prostate tissue from a single adult
prostate stem cell [37]. Adult stem cells are also found in the
CNS. Neural stem cells have been found in two locations, in
the sub-ventricular zone (SVZ) and in the sub-granular zone of
the hippocampus [38], the latter group known to be involved in
learning and memory. Although a variety of insults, particu-
larly stroke, can trigger SVZ neural stem cells to undergo
neurogenesis, their natural regenerative potential is considered
limited. Neural stem cells can be induced to fully differentiate
into various neural cell types. However the availability of
neural stem cells is low, since harvesting them requires dissec-
tion from the adult brain. Moreover, lately, it has been shown
that they can produce CNS tumors [39].

The first adult stem cells ever isolated were hematopoetic
stem cells from the bone marrow. Subsequently, in 1968 it was
discovered that the bone marrow contains also non-hemato-
poetic stem cells [40], which were named mesenchymal stem
cells or multipotent stromal cells (MSCs). These cells are
known to be a reservoir for the bone, fat and cartilage tissues.
Three distinct advantages of using MSCs as a source for stem
cell therapy are their reportedly low tumorigenic potential,
their wide availability and that they represent an autologous
source. Moreover, as we will describe below, MSCs can be
induced to differentiate into a wider range of cell types, much
more than initially suspected.

The third potential source of stem cells for therapy is induced
pluripotent cells (iPS). An innovative emerging technology has
been developed whereby either mouse- or human-derived
mature cells, mainly skin fibroblasts, are induced to become
pluripotent cells. The iPS technology employs lentiviral vectors
to introduce into the mature cells four genes that together delete
epigenetic inhibition of pluripotency. A convincing demon-
stration of their pluripotent capacity was achieved when the iPS
cells were injected into a blastocyst, before implantation, which
resulted in chimeric mice [41]. The main advantages of using
iPSs as a source for therapy are that they represent an autologous
source and exhibit unlimited differentiation potential. How-
ever, it was shown that iPSs are similar to ESCs not only in
terms of differentiation capacity but also with respect to
tumorigenicity. Accordingly, the disadvantage of using iPSs
is the concern regarding tumor formation. An additional worry
is the use of lentivirus as vectors in the process, vectors that
might induced dangerous mutations in the host genome.
Recently, safer methods have been suggested in order to induce
the four genes for example ‘piggyBac’ technology [42].

In this review we focus on using MSCs as a source for
cellular therapy for neurodegenerative diseases. Of the three
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aforementioned stem cells types, MSCs are closest to being
approved for clinical use, because of their safety profile and
availability. In fact, these cells are already approved for various
procedures, namely for supporting transplantation of hema-
topoetic stem cells and for treating graft-versus-host dis-
ease [43,44], and systemic lupus erythematosus [45]. Clinical
trials are also in progress for neurological disorders, namely
ALS [46] and mutiple sclerosis [47,48].

2. Mesenchymal stem cells – what is so special
about them?

2.1 Definition – what are MSCs?
Cells isolated from the mononuclear fraction of the bone mar-
row, fat tissue [47] or cord blood [48] that display adherence and
plasticity are defined as MSCs [40,49,50]. Usually, the stem cell
nature of the isolated cells is validated by an in vitro test, such as
differentiation into osteocyes, adipocytes and chondrocytes. In
addition, MSCs express at the membrane specific CD markers
that can serve as characteristic features. Typically, MSCs are
positive for CD105, CD73 and CD90 and negative for CD45,
CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR.
Auniquemarker forMSCs is still lacking, althoughBühring et al.
have suggested novel specific markers that are in the process of
being validated [51]. The location and role of MSCs in vivo
remains enigmatic. Some MSCs are located in stromal tissue, at
least those in bone marrow, and a recent study byMeirelles et al.
suggests that the MSC niche is in the perivascular space [52].
MSCs were also successfully harvested from other tissues such as
umbilical cordblood [53], placenta [54], fat tissue [55] andeven from
the fallopian tubes [56]. Probably because of their perivascular
location, MSCs can be harvested from almost all tissues.

2.2 Do MSCs possess neural predisposition?
There are several studies that have been interpreted as showing
that MSCs are predisposed to become neural cell types. This
idea challenges the common knowledge that neural cell types
are generated only from the ectoderm lineage and bone
marrow is considered to come from the mesoderm. If indeed
this is the situation, the neuronal differentiation from MSC
might be considered to be transdifferentiation. Transdifferen-
tiation potential was first proposed by Kopen et al., when they
found after transplantation of MSCs into a rodent brain, cells
that migrate and express neural markers [57]. In support of
neural predisposition, MSCs were shown to express, at a basal
level, neural genes, including Nestin, neuron-specific enolase
and b-tubulin III [58,59]. Furthermore, it was demonstrated that
MSCs can be induced to differentiate into neural-like cells
using protocols similar to those devised for differentiating
ESCs. Typically the protocols involve exposure to cytokines,
such as EGF, fibroblast growth factor 2 and 8, brain derived
growth factor, or chemicals, such as N2 supplement and cyclic
AMP [15,60-66]. However, the vast majority of these studies
demonstrated the neural phenotype only in culture, which
raises the question of whether these differentiated cells will be

able to maintain their neuronal identity and to integrate into
the lesioned CNS. It is not obvious that cells that were
transiently exposed to a defined differentiation cocktail will
be able to change to such an extent that it will allow them to
become mature neurons. Only a minority of the differentiation
protocols were later shown to be effective in animal models [67].

Some groups aimed their transdifferentiation studies
towards the oligodendroglial phenotype. One paper that
demonstrated a clear in vitro differentiation of fetal-blood-
derived MSCs into mature oligodendrocytes, and also showed
that transplanted cells maintained their phenotype [68].
Oligodendroglial markers were also documented in vivo
after transplantation into ischemic rats [69]. Schwann cell
transdifferentiation was also documented [70].

More recently, MSCs have been induced to become neural-
like cells through programming, whereby the expression of
certain transcription factors is manipulated. For example, upre-
gulation of LMX1a [71] or downregulation of RE-1 silencing
factor [72] results in dopaminergic differentiation, whereas upre-
gulation of neurogenin 1 promotes more generally neuronal
differentiation [73].

Nevertheless, it remains debatable whether the observed
ability of MSCs to become neural-like cells is reflecting a true
predisposition. Montzka et al. have claimed that the basal neural
gene expression observed inMSCs is variable among individuals
andmisleading, as it can bemisinterpreted as evidence for neural
transdifferentiation [59]. Moreover, these ‘neuronal’ proteins
could be playing distinct roles [74]. Furthermore, some morpho-
logical changes of MSCs observed in response to differentiation
protocols have been shown to be misunderstood; a reduction in
cytoplasm size due to cytoskeleton dysregulation has been
mistakenly perceived as growth of neurite-like extensions [75-77].
Also, microarray and proteonomic analyses reveal that MSC
transdifferentiation is not associated with expected expression
changes typical of neural differentiation [75,78]. Finally, and most
significantly, none of the MSC transdifferentiation studies
demonstrate a fully functional neuronal phenotype, in terms
of excitability and reaction to neurotransmitter stimuli. Taken
together, these reservations challenge the theory that MSCs are
predisposed to become neural-like cells. Alternatively, the men-
tioned studies and data can be given another interpretation that
points to the possibility that the stromal bone marrow cell
population contain also cells from other lineages and not
only from the mesoderm and therefore it is not possible to
prove the transdifferentiation process.

Lately, it has been suggested that the so-called neural trans-
differentiation of MSCs is in fact a reflection of their develop-
mental ontogeny, for it appears that a sub-population of MSCs
originate from the neural crest.Morikawa et al. have shown that a
specific population of MSCs, those expressing platelet derived
growth factor receptor a (PDGFa) and Sca-1 but lacking
expression of the hematopoetic marker CD45 and TER119,
co-express neural crest markers such as Twist, p75NTR, Snail1,
Snail2,Sox9andMpz [79].Also, in invivoexperimentsTakashima
et al. have demonstrated that some MSCs are derived from the
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neural-crest-origin cells [80]. Moreover, further support for the
developmentally neural origin of MSCs is that under specific
medium conditions human-derived astrocytes can differentiate
intomesenchymal-like cells andmore importantly, these cells can
then be differentiated into osteocytes and adipocytes [81].
Recently, Phinney has proposed that MSC cultures are not
homogeneous, and perhaps one subpopulation is physiologically
responsible for receiving signals from the nervous system in the
bone marrow, which could explain the basal expression of neural
genes and accords with a neural origin for a subpopulation of
MSCs [74]. With regards to this theory, the group of Verfaillie
claimed to isolate a specific stem cell population from the bone
marrow that possess multipotent differentiation capabilities and
can remain in an undifferentiated state for over 100 passages.
These cells, termedmultipotent adult progenitor cells (MAPCs),
were shown to differentiate in vitro into cell types from the
mesoderm, ectoderm and endoderm [82]. When transplanted
in vivo, MAPCs were shown to reconstitute the hematopoetic
niche in irradiatedmice [83]. Furthermore, these cells were shown
to integrate into the hippocampus in neonatal hypoxic–ischemic
rats [84]. Other groups isolated another population termed
marrow-isolated adult multilineage inducible (MIAMI) cells,
and altogether it seems that the marrow consists of early embry-
onic-like stem cells [85]. These findings suggest that there are
subpopulations in the bone marrow niche that hold better
differentiation capabilities than others.

2.3 Do MSCs exert a paracrine effect?
MSCs can produce and secrete a variety of soluble substances,
mainly trophic factors [26,86,87]. Two in vitro studies have
underscored the capacity of MSCs to influence indirectly other
cells. Neuronal primary cultures can be protected from NO
exposure by pre-treatment with MSCs-conditioned media.
Specifically it was shown that essentially brain-derived neuro-
trophic factor (BDNF) mediates this effect as anti-BDNF
antibodies neutralize protection [26]. Also, endothelial progeni-
tors are induced to undergo angiogenesis when co-cultured with
MSCs in vitro, probably due to MSC secretion of VEGF [88].
Importantly, MSCs have also been shown to affect indirectly

other cells in vivo. Li et al. have reported that in a rat exper-
imental stroke model, peripheral neurotrophin levels are higher
after the animals are infused with MSCs [87]. Furthermore,
MSCs exhibiting an astrocytic phenotype have been shown to
protect the 6-hydroxydopamine-induced striatal lesion model
from Parkinson’s disease [89]. This astrocytic phenotype accords
withMSCs having a neural predisposition, and is associated with
expression of astrocytic markers, expression of glutamate uptake
machinery [90] and increased secretion of neurotrophic fac-
tors [89,91]; the latter feature probably mediating the protection
from Parkinson’s disease. In a different work, transplantation of
human-derivedMSCs into the spinal cord of a rodent transgenic
model of ALS, improved the animals’ motor function and
survival of motoneurons and reduced inflammation [92].
In addition, MSCs can regulate immune cells through

cytokine secretion. For example, MSCs can inhibit

lymphocyte proliferation in vitro, even when exposed to
allogenic cells [93]. Studies are underway to investigate whether
this immunomodulatory effect can be exploited to treat
multiple sclerosis (MS), an immune-based disease. Adminis-
tration of MSCs intravenously or via the ventricles has been
shown to reduce the disability of experimental allergic enceph-
alomyelitis (EAE) animal models of MS, by protecting the
axons and reducing the proliferation rate of lymphocytes [94].
It was thought that direct administration into the ventricles
would be favorable, however a complimentary study found
that even intraperitoneal administration is enough to amelio-
rate MS symptoms, supporting the hypothesis that the effect is
paracrine [95]. In summary, MSCs can exert a paracrine effect
both in vitro and in vivo. Therefore, MSCs possess the
potential to serve as therapeutic tools to deliver soluble factors
and treat assorted neurological disorders.

2.4 Homing – is MSC a ‘smart missile’?
MSCs possess migratory or homing capability. Intravenously
administered MSCs have been shown to migrate into recipient
bone marrow, as well as other tissues such as liver, lung, kidney
and thymus in non-human primates [96,97]. Indeed, human-
derived MSCs when transplanted into a sheep embryo intrau-
terinely produce functional (differentiated) cells in various
tissues including cartilage, bone, tendon and heart [98], which
indicates plasticity and homing. Moreover, MSCs induce
immunomodulation, as was shown in this research, since
the origin of the transplanted cells was human, which defines
it as xenotransplantation. The fact that the innate immune
system of the sheep did not attack the cells even though they
are from a different species proves that MSCs can suppress the
surrounding immune cells. Also, human-derived MSCs when
transplanted intracranially into non-human primates can be
found widely distributed up to six months after transplanta-
tion [99]. Moreover, MSCs have been reported to migrate
towards tumors in vivo, raising the possibility that they can
serve as novel vectors for anti-tumor agents [100,101].

Several studies have shown migration of MSCs towards
neural lesions, mainly stroke lesions [102], but also a quinolinic-
acid-induced lesion [91] and 6-hydroxydopamine-induced
lesion [89,103]. Notably, the migratory routes appear to be along
white matter tracks, a behavior expected of astrocytes [104]. The
natural tendency of MSCs to migrate towards neural lesions has
important clinical implications, as it suggests that transplanted
MSCs will not need to be injected directly into lesioned tissue
but will locate it themselves. However, it is noteworthy that the
neural lesions studied to date probably involve localized immune
reactions with high levels of chemokines that attract the MSCs,
a situation not usually a feature of human neurodegenerative
processes, with the exception of stroke.

2.5 Neurogenesis – canMSCs help create newneurons?
Accumulating data indicates that the brain has repair mechan-
isms, whereby new neurons and astroglial cells are produced.
However, it seems that brain repair is ineffective when faced
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with major pathological processes such as stroke and neuro-
degenerative diseases. It has been proposed that MSCs could
aid and stimulate neurogenesis and thus improve brain repair.
One promising study transplanted human-derived MSCs into
the dentate gyrus of the hippocampus and demonstrated
greater numbers of neural stem cells, both new and immature
and subsequently, more differentiated neurons and astrocytes.
The neurogenic effect was attributed to secretion of neuro-
trophic factors by the transplanted cells [25]. Moreover, in a
stroke model it was shown that transplantation of MSCs not
only promotes the proliferation of neural stem cells, but also
their survival and differentiation. Similarly, soluble factors
secreted by the transplanted MSCs were considered to mediate
the neurogenic effect [105], this idea was supported by studies of
in vitro co-cultures of neural and mesenchymal stem cells [106].

Although it is considered most likely that MSCs enhance
neurogenesis indirectly, Alexanian et al. have claimed that co-
culturing MSCs with neural cells induces neural differentia-
tion of MSCs [107,108]. Future research should delineate the
mechanism underlying stimulation of neurogenesis in vivo by
transplanted MSCs, specifically, the significance of any or all
of the following: stimulation of endogenous neural stem cells,
local transdifferentiation into neural cells or some sort of
fusion with endogenous neural cells.

2.6 Trojan horses – genetic manipulations
As outlined above, MSCs possess naturally many traits that
make them a promising and practicable source for stem cell
therapy. However, recently the question of whether genetic
manipulations before transplantation could enhance the ther-
apeutic potential of MSCs has been investigated. Such manip-
ulation could achieve one of two goals: i) to turn the cells into
a ‘Trojan horse’, for example by introducing a transgene
encoding a neurotrophic factor; and ii) to promote program-
ming of the MSCs into the neural lineage, by engineering
overexpression of a specific transcription factor.

Two promising studies highlight the therapeutic potential of
exploiting MSCs as Trojan horses. Firstly, BDNF-overexpres-
sing MSCs transplanted into a stroke animal model reduce
behavioral deficits, infarct size and the number of apoptotic
cells [109]. A similar therapeutic effect is observed when glial-
cell-derived neurotrophic factor (GDNF)-overexpressing cells
are used, but not when the cells overexpress ciliary neuro-
trophic factor or NT-3 [110]. Secondly, GDNF-overexpressing
human MSCs have been shown to ameliorate disease progres-
sion in a rat model of familial ALS when transplanted into the
muscles [111]. The cells continue to secrete GDNF in vivo,
reduce the number of denervated end-plates in the muscle and
rescue spinal motor neurons.

Recently, researchers investigating stem-cell-based therapies
for neurological diseases have realized the potential of program-
ming MSCs to express more robustly a neural phenotype. This
approach was drawn from the aforementioned work with
iPSs [41] and was encouraged by the observation that neurons
derived from iPSs ameliorate Parkinson’s disease symptoms in a

rat model of Parkinson’s disease [112]. MSCs have been pro-
grammed into the neural lineage by knocking out RE1 silencing
factor (REST, also known as neuronal restrictive silencing factor,
NRSF) [113] and these transgenic MSCs have been shown to
exhibit characteristics of dopaminergic cells, in terms of dopa-
mine production and more importantly, electrophysiologi-
cally [72]. In addition, MSCs have been programmed to
become neural cells by engineering overexpression of neurogenin
1; the transgenic cells express voltage-gated channels character-
istic of neurons. Importantly, neurogenin 1-overexpressing cells
were found to integrate into ischemic brain tissue and ameliorate
motor function in a rat stroke model [73]. Most recently, over-
expression of the transcription factor LMX1a has been shown to
program MSCs to become functional dopaminergic cells [71].

3. Safety

The main safety concern when considering stem-cell-based
therapy is the possibility of cancerous growth. ESCs and
iPSs have the undesirable potential to induce teratomas
in vivo and are therefore considered less safe than MSCs.
Most significantly, over the last few decades many bone-marrow
transplantations have been performed without cancerous com-
plications, supporting the premise that MSCs, a subpopulation
of the bone marrow, do not create tumors in vivo.

One caveat has been raised recently concerning the safety of
using MSCs for cellular therapy. A sub-population of cells that
are attracted by chemokines and support epithelial tumor
growth and progression have been characterized as bone-
marrow-derived MSCs, termed carcinoma-associated fibro-
blasts (CAFs) [114-116]. It has been shown that systemically
administered MSCs possess a distinct tropism to tumors
in vivo [117,118]. Recent studies have demonstrated that MSC
that are cultured for a very long period can exhibit some
neoplastic transformation towards what seems to be cancer
stem cells, either spontaneously [119] or in immortalized MSCs
by expression telomerase reverse transcriptase [120]. However,
the vast majority of the papers reviewed here did not use cells
after such a long cultivation ex vivo. It appears unlikely that
MSCs are involved in the initiation of the epithelial tumor [121],
and therefore MSC-based treatments can be considered safe.

4. Conclusions

Neurodegenerative diseases exhibit overlapping pathophysio-
logical processes. Stem-cell-based treatments have the poten-
tial to ameliorate the symptoms of various neurodegenerative
diseases. MSCs are a promising autologous source for stem cell
therapy primarily due to their safety and abundance. Addi-
tionally, MSCs possess the useful characteristics of homing
and chemokine secretion. Moreover, emerging transgenic
technologies should enable MSCs to serve as ‘Trojan horses’,
carrying neurotrophic factors to certain tissues, and to serve
better as neural-like cells, after being programmed robustly
into the neural lineage (Figure 1). Indeed clinical trials testing
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MSC based therapies for ALS and multiple sclerosis are in
progress [46,122]. Recently, a Phase I clinical trial conducted on
ALS patients demonstrated that intrathecal transplantation is
not toxic or tumorogenic for up to 44 months [123,124].

5. Expert opinion

Neurodegenerative diseases share underlying pathophysiolog-
ical processes and therefore have the potential to respond to
common therapies. Accordingly, over the years almost every
drug developed for one disease has later been tested for the
others. A relatively new therapy for neurological diseases
undergoing testing is based on stem cells, in particular
MSCs. Stem cells unlike conventional molecule-based drugs
are considered ‘dirty drugs’. This is because molecule-based
drugs are developed with specific rationale and mechanisms in
mind whereas stem cells can influence the treated tissue by
various mechanisms and cannot be controlled after transplan-
tation. The only way to control their mechanism of action, at
least partially, is to induce a genetic change prior to trans-
plantation, for example, to engineer overexpression of a
trophic factor or transcription factor.
As discussed in this review MSC-based therapies can alle-

viate neurological disease symptoms through various mechan-
isms. In general the mechanisms can be classified as either
cellular replacement or paracrine secretion, with the latter
subdivided into trophic factor secretion and immunomodula-
tion by cytokines. Currently, replacement is less applicable
clinically to diseases of the CNS, as fully transdifferentiated
MSCs that exhibit neuronal phenotypes, such as electrophys-
iological behavior, have not yet been generated. This not-
withstanding, several studies have shown that neural-like

MSCs can integrate into neural tissue and sustain their
phenotype. However, it remains likely that the therapeutic
effect of such neural-like MSCs in animal models is due to
cytokine secretion.

Analyzing how transplanted MSCs influence neurodegen-
erative diseases is challenging, as it is difficult to determine
whether the disease is affecting MSC behavior or the MSCs
are secreting proteins that affect disease progression. More-
over, it is possible that MSCs react to extrinsic signals and
change phenotype accordingly and/or that there are non-
identical sub-populations of MSCs, one of which becomes
dominant depending on the context. Also, in light of such
complexity, it is more than likely that experimental analyses
are plagued by research-based bias, whereby the mechanism is
examined and proved according to the research hypothesis.
These mechanistic issues aside, the data described in this
review underscore the therapeutic potential of MSC-based
treatments for neurodegenerative diseases, treatments that will
hopefully soon become available for clinical use.

When trying to foresee the future of MSC-based treatment,
it seems that the clinical applications in the fields of immu-
nology will increase rapidly. Pre-clinical and small clinical
trials have already shown the efficacy of MSC in treating
diseases such as graft-versus-host disease, systemic lupus
erythematotous, autoimmune arthritis and others. It is prob-
ably a matter of time until a standard protocol can be
developed to include MSCs as another line of therapy for
many non-neurological indications. Accordingly, the first
clinical application of MSCs in the neurological ward will
probably be for treating multiple sclerosis, and after establish-
ing clear and safe protocol other treatment-refractory diseases
will follow.

Paracrine effect

Cytokins
secretion

Anti-inflammatory
effect

Neurogenesis

Neurotrophic
factors secretion

Transdifferentiation

MSCs

Astrocytic
phenotype

Glutamate
uptake

Neuroprotection

Neuronal
phenotype

Reprograming

e.g., Dopa-
minergic

cells for PD

e.g., BDNF,
GDNF etc.

e.g., BDNF,
GDNF etc.

CXCR4
and CD44
expression

‘Trojan horse’

Homing

Genetic
manipulations

Replacement
therapy

Figure 1. Mechanisms of mesenchymal stem cell (MSC)-based treatment. MSCs transplantation can influence the treated tissue in
two main ways, the less established manner is transdifferentiation, and the more accepted manner is the paracrine effect.
Adapted from [28].
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On the research bench, it appears that three main directions
will be developed: the first is the establishment of MSC-based
treatment as is, without genetic manipulations; the second is
to genetically modify the transplanted MSC so these cells will
be safe vectors as compared with viral vectors; and the third
direction, which currently is not in the main scope of research,
is to establish pharmacological-based treatments that will
recruit MSCs to the blood stream and allow them to migrate
to the diseased tissue (e.g., administrating such a drug hours
after a stroke to reduce lesion size).

MSCs are a surprising source for the treatment and
understanding of neurological diseases. These cells are a

striking example for the need to not to stay captured under
known dogmas such as the clear separation between the three
germ lines and limited plasticity of adult stem cells. When
trying to analyze the current trend of research, MSCs are
taking a growing portion of stem-cell-based therapy, and will
probably become a standard method of care within several
years.
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