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Abstract

Scientific and clinical research interest in mesenchymal stem cells (MSCs) has increased exponentially since
the identification of MSCs in the bone marrow. It is now recognized that MSCs possess the in vitro characteristics of
stem cells with the abilities to proliferate, symmetrically divide, and produce multi-lineage mesodermal derivatives,
making MSCs attractive candidates for use in potential cellular therapies. Furthermore, MSCs can be relatively
easily isolated and expanded in culture with low tumorigenicity and teratoma formation, and have been reported to
display immunomodulatory properties that may be advantageous in clinical transplantation. Discovery of the ability of
MSCs to differentiate into cells of non-mesodermal tissues, particularly neural cells, has also raised the possibility of
utilizing MSCs in regenerative and reparative therapies for neurological disorders. However, a number of hurdles re-
main to be resolved, including conflicting findings concerning the capacity of MSCs to suppress immune responses
and contribute to multiple tissue lineages, highlighting the need for a greater understanding of mechanisms under-
lying the observed phenomena. In this review we will discuss: (1) recent advances in our understanding of MSC
plasticity/transdifferentiation and immunomodulatory properties; (2) evidence for cell-based therapies, in particular
MSC-based therapies for Parkinson’s disease; and (3) current challenges and potential strategies for the utilization

of MSCs in the treatment of Parkinson’s disease.

Introduction

Evidence for the existence of a stem cell (SC) population within
the bone marrow (BM) that produced non-hematopoietic progeny
emerged in the mid-1960’s with the pioneering work of Friedenstein
and colleagues [1-3]. These studies demonstrated the occurrence of
in vivo osteogenesis in transplants of BM, as well as clonal fibroblast
colony formation in vitro in monolayer culture (also known as colony
forming unit - fibroblastic formation). In addition, this work described
a rudimentary technique for isolating the mesenchymal stem cell
(MSC) fraction from BM by adherence to cultureware and removal
of non-adherent hematopoietic cells [3,4]. These findings, together
with those of several independent studies, showed that MSCs were
multipotent and differentiated into cells of the mesodermal lineage,
including osteoblasts [5-9], chondroblasts [5,10,11], adipocytes [7,12]
and myoblasts [13].

Since these initial reports, scientific and clinical research interest
in MSCs has increased exponentially. It is now recognised that MSCs
possess the in vitro characteristics of SCs with the ability to proliferate,
symmetrically divide, and produce multi-lineage mesodermal
derivatives, making MSCs an attractive candidate for use in potential
cellular therapies. MSCs exhibit further promising qualities for
regenerative medicine, including relatively easy isolation from small
aspirates of BM, as well as relatively easy expansion in culture with
low tumorigenicity and teratoma formation. Furthermore, MSCs
have been reported to display immunosuppressive properties that
are advantageous for allogeneic transplantation [14-16], and in ideal
settings, autologous transplantation is also possible. In addition,
subpopulations of MSCs have been reported to be capable of
differentiation to non- mesodermal lineages [17-28], indicating the
potential application of MSCs in a wider range of diseases. However,
conflicting findings concerning the capacity of MSCs to suppress
immune responses and contribute to multiple tissue lineages, highlights
the need for a greater understanding of the mechanisms underlying the
observed phenomena.

In this review we will discuss: (1) recent advances in our
understanding of MSC  plasticity/transdifferentiation =~ and
immunomodulatory properties; (2) evidence for cell-based therapies,
in particular MSC-based therapies for Parkinson’s disease (PD); and
(3) current challenges and potential strategies for the utilization of
MSCs in the treatment of PD.

Lineage Conversion Potential of BM-Derived MSCs

The traditional model of embryonic development (Figure 1) centres
upon a strict hierarchy of SC subsets that display progressive and
orderly differentiation in a unidirectional manner, finally culminating
in a terminally differentiated cell type [29-36]. Central to this view
is the early specification of cells during development into the three
embryonic germ layers in the course of gastrulation. The segregation of
cells into each germ layer was thought to be an irreversible event, and
subsequent tissue regeneration and cell replacement were believed to
occur through tissue-resident SCs only capable of generating mature
cell types of that tissue. However, these established paradigms have
been challenged in the past decade with reports demonstrating the
surprising ability of adult SCs to cross lineage boundaries, bringing
about a remarkable evolution in the field of SC biology [29-38].

In particular, an increasing number of reports, from our laboratory
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Figure 1: Stem cell developmental potential. Stem cells (SCs) are typically
classified according to developmental potential, with pluripotent embryonic SCs
(ESCs) possessing the greatest capacity for differentiation. Multipotent tissue-
committed SCs are restricted to producing cell types of the tissue from which
the SCs are derived. A long-held belief of the process of SC commitment is
that it proceeds unidirectionally from left to right, with decreasing potential and
increasing lineage commitment. More recently, the extent of lineage commitment
of tissue SCs has been challenged by findings of transdifferentiation of cells from
one lineage to a different lineage under certain circumstances, giving rise to the
concept of adult SC plasticity. BM, bone marrow.

and others, have shown MSCs to be capable of differentiation into a
wide range of non-mesodermal cell types both in vitro and in vivo,
including ectodermal neuronal and glial cells [17-26], as well as
endodermal hepatic cells [23,27,28]. These findings have challenged
the extent of lineage commitment of MSCs, and together with similar
findings in other adult SC populations, have suggested the potential of
adult SCs to be capable of transdifferentiation.

While generating great interest in the potential therapeutic value
of these cells, observations of MSC multi-lineage differentiation
challenge the long-held dogma of irreversible tissue specification
during development, and this remains a highly controversial area.
It is generally accepted that more rigorous and consistent scientific
evidence is necessary to verify these claims before the basic tenets
of developmental biology are discarded [29,35]. It has also been
proposed that higher standards of evidence should be established for
demonstrating adult SC transdifferentiation [29].

The controversy surrounding the MSC plasticity debate has been
further fuelled by recent findings that MSCs not only acquire non-
mesodermal marker expression following exposure to differentiation
conditions, but also express genes and proteins of heterologous lineages
prior to differentiation, leading to the suggestion that MSCs possess a
“multidifferentiated” or “pluridifferentiated” phenotype [18,19,26,39-
51]. Whilst, only one study has detected endodermal gene expression in
undifferentiated MSCs [41], numerous reports have demonstrated that
rodent and human MSCs (hMSCs) express ectodermal markers before
differentiation, in particular those of the neural lineage [18,19,26,39-
45,47-51]. In addition, rat and murine MSCs have recently been found
to express germ-line specific and pluripotency markers, including
protamine 2, POU5F1 (POU class 5 homeobox 1; also known as
OCT3/4) and zinc finger protein 42 homolog (also known as REX1)
[23,41,50].

The significance of these findings is three-fold: firstly, it reveals the
necessity of ascertaining the basal levels of lineage marker expression
by undifferentiated MSCs, and also uncovers possible repercussions

for previous reports claiming transdifferentiation without examining
expression levels prior to commencement of differentiation; secondly,
these findings provide additional support for the propensity of MSCs to
undergo neural differentiation, by demonstrating the ease with which
neural properties are spontaneously expressed by MSCs; and thirdly,
the constitutive expression of both mesodermal and ectodermal
phenotypes suggests that MSCs have a “multidifferentiated”[41] or
“pluridifferentiated”[42] phenotype.

Neural Differentiation Capacity of MSCs In Vivo

The prospect of using MSCs in autologous transplantation
therapies provides the advantages of overcoming the ethical issues
and constraints associated with the acquisition of other types of donor
tissue and embryonic SCs (ESCs), and circumvents the need for anti-
rejection drugs and the possibility of transplant rejection. Additionally,
transplantation of MSCs is not associated with teratoma formation,
unlike ESC transplantation. These factors, and the abilities to expand
MSCs relatively easily in culture, as well as to differentiate MSCs
into many cell types in vitro, clearly make these cells attractive for
potential cell-based patient-specific therapies. The fate of MSCs after
transplantation in vivo has been investigated widely, with much interest
garnered through reports of MSC-mediated disease improvement in
experimental animal models. However, despite recent progress in our
understanding, much remains to be determined concerning the in vivo
behaviour and function of MSCs.

The ability of MSCs to contribute to particular organ systems has
also been the focus of intense investigation. Studies have examined the
potential of MSCs to integrate and differentiate after transplantation
into normal tissue, as well as developing and injured post-natal
tissue. Numerous reports have now described the remarkable efficacy
of MSCs in ameliorating damage caused by injury and disease in
a wide range of organs and tissues. The mechanisms underlying
the observed improvements are yet to be clearly defined; however,
transdifferentiation and replacement of damaged cells, secretion of
trophic factors, interaction with endogenous host cells, alteration of
immune responses, or a combination of these, have been proposed to
be involved.

The majority of initial reports demonstrating neural engraftment
and restoration by MSCs examined direct intracerebral transplantation
of cells into neural regions, including the corpus striatum of normal
albino rats [52], the lateral ventricles of neonatal mice [17], the
ventricles of embryonic rats in utero [22], and the ischemic boundary
zones in rat models of cerebral ischemia [20,21]. Injection of MSCs
into uninjured animal models resulted in engraftment, migration
along known neural SC (NSC) migratory pathways, incorporation into
successive layers of the brain, and phenotypic expression of markers in
a manner suggesting the involvement of region-specific signals within
the different neural microenvironments to produce characteristics
of radial glia, subventricular zone progenitors, migratory cells,
parenchymal neurons, and glia [17,22,52]. In addition, Azizi, et al. [52]
found an approximate MSC engraftment rate of 20%, loss of COL1A1
and fibronectin production by MSCs post-transplantation, and lack
of an inflammatory response or rejection of grafted cells. MSCs also
exhibited long-term survival at 1 and 2 postnatal months when infused
in rat ventricles in utero at embryonic day 15.5, and were detected in
distant locations throughout the brain, including the olfactory bulbs,
rostral migratory stream, frontal, parietal and occipital cortices,
hippocampus, dentate gyrus, and the telencephalic ventricular and
subventricular zones [22].
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In experimental models of stroke, intracerebral MSC
transplantation was found to result in significant recovery of motor
and somatosensory deficits [20,21,53]. In these studies MSCs were
observed to survive and migrate along white matter tracts, as well as
differentiate to express neural phenotypic proteins, including astrocytic
marker glial fibrillary acidic protein (GFAP), oligodendrocytic marker
GALC (galactosylceramidase), and neuronal markers neuronal nuclear
antigen (NeuN), microtubule-associated protein (MAP)-2, B tubulin
II1, neuron-specific enolase (NSE), and neurofilament proteins, when
grafted into the ischemic brain microenvironment. However, while
behavioural improvement was detected, the grafted cells did not re-
establish a normal tissue cytoarchitecture, with Zhao and colleagues
noting that grafted cells displayed a spherical morphology with few
processes. From these observations the authors suggested that cell
replacement and integration into host circuitry may not be responsible
for functional recovery, and this could instead be mediated by trophic
factor secretion by MSCs, or by host cells in response to interaction
with MSCs [20,21]. Li et al. [54] also demonstrated functional
improvement following administration of MSCs via an intracarotid
arterial route in a rat middle cerebral artery occlusion model of cerebral
ischemia. MSCs were observed throughout the ischemic region in
middle cerebral artery territory and in multiple areas of the ipsilateral
hemisphere, however, more than 90% of MSCs were localized in the
ischemic core and boundary zone. In addition, approximately 10% of
MSCs in the ipsilateral hemisphere were observed to express GFAP,
and 1% expressed MAP-2, suggesting possible differentiation in vivo
towards astrocytes and neurons respectively. Furthermore, the results
of this study suggested that intra-arterial administration of MSCs was
superior to using an intracerebral route, and transplantation of MSCs
did not appear to evoke an inflammatory response. However, the
mechanisms underlying the observed neurological recovery remained
undefined, although the authors commented that it was unlikely to be
due to the apparent adoption of a neural phenotype by MSCs, and could
be related to trophic factors produced by MSCs or interaction of MSCs
with the host brain [54]. Intracerebral and intravenous transplantation
of MSCs into rodent models of traumatic brain injury have also yielded
successful results with observations of neurological improvement in
the recipient animals [55-58]. Promising outcomes have also been
obtained in animal models of PD following transplantation of MSCs
(discussed later in greater detail). Collectively these studies highlight
MSCs as a promising therapeutic modality for degeneration, ischemia
and injury of the nervous system, and are indicative of the ability of
MSCs to respond to specific signals in different microenvironments in
vivo.

Neural Differentiation Capacity of MSCs In Vitro

A wide variety of methods for neural differentiation of MSCs
have been investigated, with some studies yielding promising results,
including the induction of neural gene and protein expression and, in
some cases, action potential generation. However, like many areas in
the field of SC research, much remains to be determined.

The generation of neuroectodermal-like derivatives from
MSCs in vitro is typically achieved through manipulation of the
culture microenvironment. In general, at the commencement of
neural differentiation, the MSC expansion medium is altered or
substituted with culture media, supplements and coating substrates
characteristically used in neural cell culture. Depending on whether
a specific neural cell type is desired, a range of different supplements
and substrates have been employed. Surface coating substrates utilized

in MSC neural differentiation include fibronectin [23,24,26,59], poly-
D-lysine [60,61], poly-L- lysine [25,62,63], poly-L-lysine/laminin [64],
poly-ornithine [43] and poly-L- ornithine/laminin [65].

The main approaches taken for MSC neural induction primarily
involve the use of chemicals, growth factors and/or signalling molecules,
conditioned media, or co-culture systems. On a lesser scale, some
studies have employed a genetic engineering approach, whilst other
protocols have combined various aspects of the different approaches.

Neural differentiation by chemical induction

Rapid in vitro transformation of human and rat MSCs into
neuronal-like cells using a simple chemical treatment protocol was first
reported by Woodbury and colleagues [19]. This study proposed that
treatment with pre-induction media, containing Dulbecco’s Modified
Eagle’s Medium (DMEM), 20% FBS, 1 mM B-mercaptoethanol (BME)
and Fibroblast Growth Factor (FGF)-2 for 24 hours, followed by
neuronal induction media composed of DMEM, 2% dimethylsulfoxide
(DMSO), and 200 uM butylated hydroxyanisole (BHA) produced cells
exhibiting neuronal morphology and protein expression (NSE, NF-M
and Tau) in a very short period (changes observed as early as 60 min to
3 hours) [19]. This procedure was also used in a neurosphere formation
protocol [65], which was later optimized with the addition of 10 uM
forskolin, N-2 supplement, 2 mM VPA, 5 nM K252A, and 10 mM KCI
[66], to yield greater than 70% morphologic conversion and expression
of Tau, NeuN, NSE, and TUC-4 within 24 hours in the absence of
mitosis [66].

Induction of early neural progenitors from hMSCs has also been
achieved using conditions that increase intracellular cyclic adenosine
mono-phosphate (cAMP; 0.5 mM IBMX / 1 mM dibutyryl cAMP
(dbcAMP) in DMEM/20% FBS) [39]. Treatment for 6 days resulted in
conversion of 20% of MSCs to neuronal-like morphology and increased
expression of NSE and vimentin protein [39]. A study comparing the
Woodbury and Deng methods found a higher percentage of neuron-
like cells generated from the Woodbury protocol, however, this
method also yielded a much higher degree of cell death at 53% of
total cells, compared to less than 5% cell death in the Deng protocol
[67]. Alternative techniques that have been reported for hMSC neural
differentiation include the application of 10* M BME +/- 5 x 107 M
all-trans-retinoic acid (RA) to attain nestin (NES), NSE, NeuN and {
tubulin IIT protein expression within 5 hours [68], and treatment with
3 uM 5-bromo-2- deoxyuridine (BrdU) for 3 weeks to increase hMSC
multi-lineage differentiation potential [69].

Recent findings have raised doubts over the phenomenon observed
during chemical induction and question whether these changes occur
through true differentiation processes or through alternative cellular
events. The factors underlying these concerns include the seemingly
unrealistic time frame of the observed changes, which occurred rapidly
over several hours, as well as the lack of neurite growth cone formation
with development of neuronal morphology, and the high degree of
cell death accompanying the induction process. Recent independent
studies using chemical neuronal induction techniques, in particular the
DMSO/BHA and IBMX/dbcAMP methods, were unable to reproduce
the results of the original studies [26,46,49,70-73]. Furthermore, the
morphological changes and increases in certain neuronal markers
elicited by chemical exposure were demonstrated to be due to cellular
toxicity, cell shrinkage and disruption of the actin cytoskeleton in
response to environmental stress, rather than complex regulated
cellular differentiation processes [46,70-72]. Observations of similar
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cellular responses by a range of cell types, including primary fibroblasts,
HEK293 cells and NIH3T3 cells [49,70-72], and the lack of de novo
neural- specific protein translation [72,73], further substantiated these
results.

Neural differentiation by cytokine and signalling molecule
induction

Different combinations of cytokines and signalling molecules
have been utilized for MSC neural differentiation in attempts to
mimic the physiological environment thought to drive in vivo
neural development. Additionally, clues garnered from the culture
requirements of NSCs have also been implemented. Sanchez-Ramos
and colleagues [18] conducted the first study examining cytokine
and signalling molecule induction of MSCs toward neural-like cells.
This work demonstrated that human and mouse MSCs cultured with
10 ng/mL epidermal growth factor (EGF) or 0.5 uM RA and 10 ng/mL
brain-derived neurotrophic factor (BDNF) could be induced toward a
neuronal phenotype [18]. These factors caused large flat fibronectin-
positive MSCs to transform into smaller ovoid or spindle-shaped
cells, which expressed neural markers and decreased expression of
fibronectin [18]. Shortly afterwards, combined stimulation with FGF-
2, RA and fibronectin substrate was found to yield a significant increase
in expression of neuronal lineage marker NF-M from <1.0% to 40%
in hMSCs [59]. This combination proved to be the most effective in
generating NF-M expression, however, the neurofilament protein-
expressing cells obtained were considered to be immature neuronal
lineage progenitors, since action potential-like responses could not be
observed in whole cell patch-clamp studies [59].

Experiments conducted in our laboratory with hMSCs have utilized
FGF-2, EGF, platelet-derived growth factor (PDGF) and fibronectin
surface coating to produce a stable neuronal-like phenotype that is
maintained for up to 3 months in vitro [26]. Changes in cell morphology
were observed at 2 weeks post-cytokine induction, with the majority
(80-95%) of cells displaying retraction of the cytoplasm towards
the nucleus, formation of refractile cell bodies and development of
long branching processes [26]. Additionally, increased expression
of neuronal markers, including NF-M, NSE, B tubulin III, MAP-2
and Tau, were detected post-induction, and neuronal-like cells also
expressed neurotransmitters or associated proteins, such as GABA,
tyrosine hydroxylase (TH) and serotonin, suggesting generation of
GABAergic, dopaminergic and serotonergic neuron-like cells [26].
Significantly, this work also showed in parallel experiments using
sister cultures of MSCs that growth factors were capable of inducing
a neuronal-like phenotype in MSCs, while chemical agents elicited
changes that were not associated with physiological development and
also caused cell death after 48 hours [26].

Alternative combinations tested include EGF, FGF-2, RA and
nerve growth factor (NGF) in mouse MSCs, for production of cells
with neuronal-like processes and neuronal marker expression (NeuN,
MAP-2, Tau, and synaptic function-associated proteins, including
synaptophysin, GABA, alA and alB calcium channel subunits and
NR2A glutamate receptor subunits), albeit in the absence of appropriate
intracellular localisation [60]. Whereas, the MAPC subset of the MSC
population of rodents have been stimulated sequentially with FGF-
2, followed by FGF-8, and finally BDNF, resulting in a more mature
neural phenotype than stimulation with FGF-2 alone [23]. MSCs
stained positively with markers for neurons (neurofilament-200; 68%),
astrocytes (GFAP; 15%) and oligodendrocytes (GALC; 12%) when
cultured with FGF-2 alone, but with the sequential cytokine induction

approach, mature neuronal markers for dopamine (DA)-containing
neurons (30% dopa decarboxylase and TH positive), serotonin-
containing neurons (20% serotonin positive) and GABA-containing
neurons (50% GABA positive), as well as MAP-2 and Tau could be
detected [23]. In a later study, with the addition of sonic hedgehog
(SHH) to the second step (FGF-8) of the differentiation protocol,
murine MAPC-derived neuron-like cells were demonstrated to acquire
functional voltage-gated sodium channels; however, this could only be
achieved after co-culture with astrocytes [24].

Interestingly, several studies have also reported the formation
of neurosphere-like aggregates from rat and human MSCs that are
morphologically similar to those produced by NSCs [25,43,65,74].
Suzuki, et al. induced neurosphere formation in rat MSCs using FGF-
2 alone, followed by neurosphere differentiation via plating spheres
onto poly-L-ornithine/laminin coated surfaces with media containing
FGEF-2 for the first 1-2 days, followed by BDNF for up to 7 days [65].
Whereas, Hermann and colleagues observed neurosphere-forming
capacity with addition of FGF-2 and EGF to hMSC cultures, and
also induced terminal neural differentiation by plating onto poly-L-
lysine-coated surfaces and treating with RA and BDNF for neuronal
differentiation, or RA and PDGF for glial differentiation [25].
Furthermore after neuronal differentiation, neurosphere-derived cells
were found to be capable of DA production and potassium-dependent
release. However, neither mature MAP-2ab-positive neurons nor TH-
positive/DA producing cells were obtained through this protocol, and
cells continued to express pluripotency marker POUS5FI [25]. Sphere
formation by hMSCs was initiated in a similar manner by Suon, et
al., through suspension culture and supplementation with EGF and
FGF-2 [74]. However, for further differentiation neurosphere-like
aggregates were plated onto poly-ornithine/laminin-coated surfaces in
serum-free medium containing IBMX, forskolin and TPA (4f-12-O-
tetradecanoylphorbol 13-acetate) for 3 hours, followed by dbcAMP
for 7 days, producing neuronal-like cells with GABAergic-like and
dopaminergic-like traits [74]. While NES expression was found by
another study to be necessary for neurosphere formation by rat MSCs
[43].

Neural differentiation by conditioned media or co-culture
systems

Co-culturing of MSCs with a variety of neural cell types or
treatment with neural cell- conditioned media has also been performed
in attempts to achieve a more mature neuronal phenotype. The earliest
report of cytokine- and signalling molecule-based neural induction of
MSCs also demonstrated that co-culturing murine MSCs with primary
fetal murine midbrain cells provided enhanced differentiation [18].
After co-culturing, the number of MSC-derived cells expressing NeuN
and GFAP increased by at least two-fold, supporting the hypothesis
that cell-to-cell contact plays an important role in MSC differentiation,
in addition to signalling with cytokines and trophic factors [18].

Astrocytes have been utilized in co-culture and conditioned media
experiments [24,64], since hippocampus-derived astrocytes have
been shown to have a role in instructing neuronal fate specification
of NSCs and promoting neuronal maturation and functional synapse
formation [75,76]. Application of astrocyte-conditioned medium was
found to generate greater process elaboration in neuronal-like cells
and fewer astrocyte-like cells [64]. While, co-culturing with fetal brain
astrocytes was found to result in prolonged survival, and acquisition of
more elaborate axonal morphology and electrophysiological properties
typical of neurons, which was only observed following co-culturing,
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and not with exposure to astrocyte-conditioned medium or cytokine
induction alone [24].

Neural SCs have also been employed in co-culture systems for rodent
MSC neural differentiation [43,77]. Varied results have been obtained,
although, in general, NSC, glial and neuronal marker expression and
morphological changes were observed. A later study further showed
that rat MSCs co-cultured with murine cerebellar granule neurons
expressed neuronal markers, including Tujl and NeuN, and displayed
electrophysiological properties of immature neurons, such as single-
action potential generation and response to several neurotransmitters
[78]. The microenvironment created by tissue explant cultures has
also been utilized for examining neuronal differentiation from murine
MSCs [61,79]. Culturing MSCs in the presence of an organ of Corti
explant and neural induction medium appeared to promote survival,
proliferation and acquisition of a sensory neuron-like phenotype,
with expression of defined sensory neuron markers Brn3a, glutamate
receptor 4, and calretinin [61]. An organotypic hippocampal slice
co-culture model has also been employed, in which neuron-like cells
were obtained that formed network-like connections and axon-like
processes that penetrated into the hippocampal tissue [79].

Neural differentiation by genetic engineering

A genetic engineering approach has also been employed to attain
MSC-derived neural-like cells through the over-expression of specific
genes known to be important for neural development and function.
Genes that have been over-expressed in MSCs for generation of neural
cells include: Noggin [80], the Notch intracellular domain (NICD) [81],
and the BDNF gene [82].

Transfection of MSCs with the Noggin gene caused cells to
aggregate and detach from culture surfaces, and form non-adherent
neurosphere-like clusters [80]. Plating of the cluster-forming cells onto
poly-L-ornithine/fibronectin-coated surfaces and growth in medium
containing a cytokine cocktail, elicited differentiation into neuronal-
like cells, with greater than 50% of cells expressing MAP-2, and evidence
of calcium influx in response to depolarizing stimuli [80]. Transfection
of MSCs with NICD together with application of FGEF-2, ciliary
neurotrophic factor (CNTF), forskolin, and in some cases glial-derived
neurotrophic factor (GDNF) or BDNF/NGEF, resulted in the generation
of neuronal-like cells capable of electrophysiological activity, as well
as behavioral improvement in an animal disease model [81]. Whilst,
combination of BDNF gene transfection with RA induction produced
cells with significantly increased expression of neural markers, NES,
NeuN, O4 and GFAP, and the ability to generate voltage dependent
K+/Ca2+ currents using the patch clamp technique [82]. However,
since clinical application is often the goal of directed differentiation of
MSCs toward mature neural cell types, it is desirable to obtain these
cells through methods devoid of genetic engineering strategies.

Evidence of neuronal differentiation of MSCs

The results of the above-mentioned studies, together with studies
examining in vivo MSC transplantation, reveal great promise for the
eventual use of MSCs in cellular therapies for neurodegenerative
diseases. However, recent inconsistent results and findings of MSC
fusion with mature cell types have revealed the necessity for further
detailed analyses in order to gain a greater understanding of the true
nature of MSC multi-lineage differentiation events. Moreover, a
number of factors complicate the interpretation of published results,
as the methods employed for neural differentiation and assessment
of the produced cells are often fragmented and inconsistent [37].

Additionally, many markers used for classifying neural cell types are
not entirely neural-specific, and in vitro expansion of MSCs in culture
may introduce artifacts [37].

Currently, the majority of studies have relied on morphological,
immunological and gene expression changes as evidence of neural
plasticity of MSCs. However, several criteria have been proposed
to define whether a functional neuron has indeed been generated
[83,84]. According to Reh [84], the proposed neuronal cell should
be (1) post-mitotic, (2) polarized, with a single axon and multiple
dendrites, (3) capable of firing voltage-gated action potentials, and
(4) able to communicate with other neurons through synapses,
requiring both neurotransmitter release and neurotransmitter
receptors. Furthermore, in defining a new neuron, not only should
the correct anatomy of a neuron be displayed, but the cell should
display appropriate developmental maturation, that is, the anatomical
features of a maturing neuron should be matched with the expression
of neuronal-specific markers [83]. However, the specificity of markers
relies heavily on the quality of the antibody, as a result, markers should
only be considered as indicative of neuronal identity, and cannot
confirm neuronal identity on their own [83]. Therefore, the ultimate
tests for identification of neuronal cells are assessment of the ability to
connect and form synapses with other neurons, and to subsequently
affect the behavioral function of an animal; these are typically examined
through electrophysiological techniques and transplantation into
animal disease models with demonstration of graft function through
behavioral testing [83]. To date, none of the studies examining MSC-
derived neuronal-like cells have shown fulfilment of all these criteria.

The expression of neural genes and proteins by undifferentiated
MSCs prior to application of differentiation stimuli emphasizes the
need for examining basal expression levels in MSCs, and for caution
in interpreting results. Therefore, in neuronal differentiation of MSCs
it would be necessary to demonstrate significant up-regulation of an
already expressed neuronal marker/s, and/or de novo expression of
neuronal-specific marker/s. In addition, if genes and proteins from
multiple lineages are constitutively expressed in MSCs, it would be
expected that concomitant down-regulation of non-neuronal markers
should be observed. Expression of NES by MSCs has frequently been
reported in the literature as evidence of a NSC-like or neural progenitor-
like phenotype, since NES was originally described as a marker of
NSCs [85]. However, NES expression has now been documented in
a variety of cells and tissues, including developing and regenerating
muscle [86-88], newly formed endothelial cells [89-91], epithelial cells
of the developing lens [90], and activated hepatic stellate cells [92].
In addition, non-neural cells such as chondrocytes, myoepithelial
cells and certain fibroblast populations have been reported to express
GFAP, neurofilament and/or NSE proteins [93,94]. Phinney and
Prockop [37] have also commented that while many reports have
shown expression of a wide range of neural proteins in MSC-derived
neuron-like cells, only an unbalanced repertoire of neuronal markers
has been described, with cells often lacking the functional properties of
bona fide neurons. Furthermore, limitations with the current evidence
of electrophysiological activity also exist, as those studies which have
shown acquisition of neuronal functional properties have not verified
the presence of all electrical characteristics of neurons, or are unable to
show these attributes [37].

Recently, time-lapse microscopy has been employed for examining
the process of neural differentiation from ratand human MSCs using the
chemical induction method and serum withdrawal [70-72,95]. Using
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this technique it was shown that the acquired morphological changes
after application of BME, DMSO/BHA or serum withdrawal were due
to cellular shrinkage rather than new neurite outgrowth, and that there
was no motility or further elaboration of the processes remaining after
cytoplasmic retraction [70-72,95]. Furthermore, these morphological
changes could be reproduced in normal primary fibroblasts, and could
be mimicked by drugs that elicit cytoskeletal collapse and disruption of
focal adhesion contacts [71,72,95], or by various cellular stressors such
as detergents, high-molarity sodium chloride, and extremes of pH [70].

Nevertheless, cytokine-based neural differentiation has yielded
promising results, with an earlier study by our group demonstrating
active and dynamic responses by hMSCs to cytokine-induction [96].
We found that cytokine-based induction elicited an entirely distinct
cellular response in hMSCs compared with the “simple chemical
induction protocol” described by Woodbury and colleagues [19]. Cells
exposed to a cytokine cocktail (FGF-2/EGF/PDGF) were highly active
and motile, displaying dynamic extension and movement of neurite-
like processes and structures similar to neuronal growth cones, as well
as the formation of transient branching morphology, as recorded in live
cell imaging videos. These observations differed greatly from reports
showing that morphological changes generated by chemical induction
(DMSO/BHA or IBMX/cAMP) were the result of the cytotoxic effects
of added chemicals [46,49,70-73]. In addition, cytokine-induced
hMSCs progressively attained neuronal-like morphology over the first
week of culture and maintained these changes for at least 1 month in
vitro. Viability of cultures was consistently maintained at >85% over
the course of differentiation, and the time frame of these changes
was in terms of days and weeks, rather than hours, and allowed
sufficient time for alteration of cellular organization and gene/protein
expression, unlike the rapid conversion (within hours) observed with
chemical treatment. Furthermore, MSCs could not be maintained in
DMSO/BHA serum-free conditions, because of increased cell death
(50% death within 72 hours) and detachment from the culture surface
[26,70]. Subculturing DMSO/BHA-treated cells was also not possible
due to the failure of these cells to re-attach following trypsinization.
These findings suggest that the alterations in cell phenotype induced by
cytokine-based neuronal differentiation of hMSCs are not simply due
to culture artifacts, but can be attributed to active and dynamic cellular
processes. With respect to the use of morphological analysis as evidence
of MSC neural differentiation, it appears that time-lapse microscopy
is a useful technique for ascertaining the validity of morphological
changes, and to ensure that any putative axons/dendrites were formed
through outgrowth rather than cellular shrinkage.

Another challenging aspect in characterizing MSC neuronal
differentiation, involves the identification of MSC-derived neurons
after grafting. Much of the difficulty with this is in distinguishing
between host and graft cells. Currently, for grafting cells of the same
species, identification of donor cells is mainly achieved through the use
of genetic modification to label cells (e.g. with GFP or -galactosidase),
transplanting male donor cells to allow for Y chromosome detection,
pre-labelling cells with fluorescent dyes, or using BrdU or tritiated
thymidine to label dividing cells before transplantation [83]. In
addition, if hMSCs are to be grafted into an animal model, then it is
possible to stain for detection of human specific markers such as human
nuclear antigen (HNA). Using the above cell identification techniques
together with neural-specific markers, therefore, allows identification
of grafted cells and an indication of whether neuronal differentiation
events have occurred. However, caution should be taken in analyzing
tissue-sections using this method, as false double- positive cells may be

detected with standard fluorescence microscopic analysis (i.e. single-
labelled cells juxtaposed onto one another). Instead, detailed analysis
of tissue sections using high-powered analytical equipment, such
as confocal microscopes, would be useful to reduce the likelihood of
detecting false double-positive cells [83]. The possibility of cell fusion
must also be considered, particularly with in vivo transplantation
experiments or in vitro co-culture systems, in which the MSCs are
in direct contact with other cell types. The reported frequency of cell
fusion events is typically low, however, it has been detected in lethally
irradiated animals receiving BM grafts [97,98], and in mouse BM cells
co-cultured with mouse ESCs [99]. Nevertheless, cell fusion cannot
account for all MSC neural differentiation events, as in vitro studies
have shown acquisition of neural phenotypes by MSCs that were not in
contact with neural cells.

While much remains to be determined, continued investigations
conducted in a meticulous and systematic manner in areas such
as MSC prospective isolation, efficient clonal selection, optimal
expansion and in vitro differentiation, will undoubtedly provide a great
deal of knowledge and understanding for the proper development of
therapeutic approaches involving MSCs. Advancements have already
been made with an increasing number of studies reporting evidence
for the acquisition of electrophysiological properties by MSCs post-
neuronal differentiation in vitro [100-103]. Functionality has been
shown in these studies by demonstrating neurotransmitter synthesis
and packaging [100,101], neurotransmitter release in response to
depolarizing stimuli [102,103], presence of spontaneous post-synaptic
currents [100,102], constitutive DA release [101], and up- regulation of
voltage-gated potassium [101] and sodium channels [102].

Immunomodulatory Properties of MSCs

Further clinical interest in MSCs has been fuelled by an emerging
body of data indicating that MSCs possess immunomodulatory
properties. MSCs had been long thought of as having an immune
privileged status, but are now recognized to possess the dual ability
to both suppress and/or activate immune responses, depending on
the stimulus to which the cells have been exposed [104,105]. Initially,
investigations centred on the immunosuppressive nature of MSCs in
relation to T lymphocytes [14-16]. However, increasing evidence has
revealed that MSCs may exert effects on a broad range of immune cells,
including antigen- presenting cells (APCs) [106-110], natural killer
(NK) cells [106,111-115] and B cells [115-118].

Effects of MSCs on T cells

In vitro studies with human, baboon and murine MSCs have
demonstrated that MSCs are capable of inhibiting the proliferation
of T cells induced by allogeneic cells or mitogens such as
phytohemagglutinin and concanavalin A [14,16,119,120], as well as the
activation of T cells by CD3 and CD28 antibodies [15,120], in a dose-
dependent manner. Furthermore, MSCs have been reported to escape
recognition by cytotoxic T lymphocytes (CTLs), inhibit the formation
of CTLs, induce formation of regulatory CD8" T cells, decrease the
secretion of interferon (IFN)- y by T helper (T,) 1 cells and increase
interleukin (IL)-4 secretion by T2 cells, favour the differentiation of
CD4*CD25* regulatory T cells and decrease the alloantigen-specific
cytotoxic capacity of CTLs or NK cells [106,112,114,121].

The suppressive effect of MSCs on T cell proliferation was found
to be independent of the major histocompatibility complex (MHC)
[15,16], with the majority of studies showing involvement of soluble
factors secreted by MSCs, such as hepatocyte growth factor (HGF),
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transforming growth factor (TGF)-P1, prostaglandin E2 (PGE2),
indoleamine 2,3- dioxygenase (IDO; which depletes tryptophan, an
essential factor for lymphocyte proliferation), nitric oxide and IL-10
[14,106,112,120-124]. However, due to conflicting data, there remains
no consensus on which soluble factors are essential for suppression.
In addition, a role for direct cell-to-cell contact mechanisms in MSC-
mediated suppression has also been described [15,117].

Another possible mechanism of MSC-mediated immune
suppression is induction of T cell anergy. MSCs express MHC class
I molecules which may activate T cells, but lack surface expression of
costimulatory molecules, such as CD80 and CD86, resulting in MSCs
being unable to provide a secondary signal and thereby leaving T
cells anergic [105,125,126]. MSCs have been demonstrated to induce
division arrest anergy in T cells, in which T cell proliferation was
inhibited (arrested at G, phase) and IFN-y production was decreased
[118]. However, this condition differed to classical anergy, which can
be reversed by exogenous IL-2, as T cell proliferation could not be
restored upon addition of exogenous IL-2.

Overall, these studies have been interpreted as indicative of an
immunosuppressive role of MSCs, however, it has been acknowledged
that the current evidence only shows targeting of T cell proliferation in
vitro rather than T cell effector function, and therefore may suggest a
general non-specific anti-proliferative effect of MSCs [126-128].

Effects of MSCs on professional antigen-presenting cells

The differentiation, maturation and function of the initiators of the
immune response, the professional APCs e.g. dendritic cells (DCs), are
also disrupted by MSCs. Several studies have shown that the presence
of MSCs significantly inhibited differentiation of both monocytes and
CD34* progenitors into DCs, and prevented the increase of CDla,
CD40, CD80, CD86 and HLA-DR expression. During maturation,
MSCs prevented up-regulation of CD40 and CD86, while mature DCs
treated with MSCs also showed reduced CD83 expression, suggesting
skewing toward an immature status. Furthermore, exposure to MSCs
during differentiation and maturation resulted in cells with decreased
capacity for inducing T cell proliferation, showing that DC phenotype
and function are affected by MSCs [108-110]. It has also been reported
that hMSCs induce APCs toward a regulatory phenotype, and that the
cells produced possess T cell-suppressive properties [107]. Additionally,
alterations in DC cytokine production have been demonstrated, with
hMSCs found to cause decreased secretion of pro-inflammatory
cytokines tumour necrosis factor-a (TNF-a) and IL-12, and increased
production of anti-inflammatory cytokine IL-10 [106-108, 110].
Together these results indicate that MSCs are capable of suppressing
DC differentiation and can cause the formation of immature DCs that
display a suppressor or inhibitory phenotype [126].

Effects of MSCs on B Cells

MSC:s have also been shown to exert immunosuppressive activities
on B cells. Human B cell proliferation was shown to be inhibited
by MSCs in vitro, through cell arrest in the G /G, cell cycle phase,
prevention of differentiation to antibody-secreting cells as seen by
impaired immunoglobulin (Ig)M, IgG and IgA production, and
interference with chemotaxis through down-regulation of CXCR4,
CXCR5 and CCR?7 expression [116]. However, no effect on B cell
costimulatory molecule expression and cytokine production was
observed, while paracrine secretion of soluble factors was implicated
in the mechanism of B cell suppression. Murine studies have also
observed similar findings of inhibition of B cell proliferation following

stimulation with anti-CD40 monoclonal antibody and IL-4 or
pokeweed mitogen, with soluble factors playing a role in suppression
(117, 118]. Additionally, co-culturing of B cells from a murine model
of systemic lupus erythematosus with allogeneic MSCs resulted in
inhibition of B cell proliferation, activation and IgG secretion [129].
However, contradictory data has been reported, which found that B
cell proliferation could only be inhibited by MSCs in the presence of
exogenous IFN-y [115]. Nonetheless, these studies suggest that MSCs
are capable of modulating B cell functions at multiple levels.

Effects of MSCs on natural killer cells

Several independent groups have demonstrated that MSCs also
inhibit NK cell proliferation in response to IL-2, IL-15 and alloantigens
[111,113-115]. However, proliferation of activated NK cells was
only partially suppressed by MSCs [111]. Additionally, co-culture
with MSCs was found to suppress the effector functions of NK cells.
Secretion of cytokines, including IFN-y, IL-10 and TNF-a, were
reduced after culturing in the presence of MSCs [106,113,115,130], and
NK cell cytotoxic activity was also impaired [113,114,130]. Suppression
of cytotoxic activity was shown to be related to the down-regulation
of activating NK receptors NKp30 and NKG2D, which are involved
in NK cell-activation and target cell killing, and absence of NKp44
activating receptor [130]. However, other studies have found that
cytolytic activity is not inhibited in freshly isolated NK cells [112], or
was restricted to HLA-class I-expressing targets [113].

Initially, MSCs were thought to escape recognition by NK cells, since
it was reported that MSCs were not lysed by killer cell immunoglobulin-
like receptor ligand mismatched alloreactive NK cells [112]. However,
recent reports have shown that hMSCs are highly susceptible to lysis
by activated NK cells, and that this is mediated by activating NK
receptors NKp30, NKG2D and DNAM-1 and the expression of the
corresponding ligands by MSCs [111,113]. Interestingly, exposure of
hMSC:s to IFN-y caused protection from NK cell-mediated lysis due to
the up-regulation of surface HLA-class I expression [111].

The mechanisms of MSC-mediated NK cell suppression are
still under investigation, but soluble factors IDO, PGE2 and TGF-$
[113,115,130], as well as cell-to-cell contact [113], have been implicated,
suggesting the existence of different mechanisms.

MSC immunomodulation in In vivoe studies and clinical
studies

The immunosuppressive effects and immunogenicity of MSCs
have primarily been demonstrated in in vitro studies, and only a few
studies have investigated these properties in in vivo or clinical settings.
However, the limited data available at present provides little evidence
that donor MSCs are able to engraft after infusion or transplantation
[131,132].

In one of the earliest in vivo studies, Bartholomew and colleagues
[119] showed that intravenous administration of allogeneic, MHC-
mismatched MSCs prolonged the survival of allogeneic skin grafts in
baboons to 11 days, in comparison with 7 days in controls. Engraftment
in multiple tissues and site-specific differentiation of hMSCs has also
been reported after intrauterine transplantation in fetuses of sheep,
even after development of immunocompetency [133,134].

MSCs have also been found to exert therapeutic effects on severe
graft-versus-host disease (GVHD), which was first reported in a
landmark case study showing that repeated infusion of MSCs from
the patient’s HLA-haploidentical mother with cyclosporine treatment,
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completely reversed grade IV acute GVHD of the gut and liver [135].
Additionally, systemic infusion of adipose-derived MSCs has been
found to control lethal GVHD in mice, with greater efficiency if MSCs
were administered early after hematopoietic SC transplantation, and
possible requirement of repeated doses [136]. However, another
murine study failed to show any effect of MSC transplantation on
the incidence and severity of GVHD, although this may be due to
administration of a single MSC dose alone [126,137]. Horwitz, et al.
have also administered allogeneic MSCs to children with osteogenesis
imperfecta via intravenous infusion and demonstrated potential
engraftment, at least for short-term periods of 4-6 weeks [138].

Contrary to these findings, MSCs have been found to be
immunogenic in certain transplant scenarios, indicating that MSCs
are not intrinsically immune privileged. Xenogeneic transplantation
of hMSCs into the myocardium of immunocompetent rats resulted
in an intense cellular immune response (primarily macrophage
infiltration) and graft rejection [139]. In contrast, myocardial
engraftment was seen after transplantation into RNU athymic or
tacrolimus-immunosuppressed rats. Furthermore, significant rat
lymphocyte proliferation was observed when hMSCs were co-cultured
with lymphocytes of rats previously exposed to hMSCs, indicating the
presence of a sensitization reaction. Another study examining the effect
of MSCs on allogeneic BM transplantation in sublethally irradiated
mice found that addition of syngeneic host MSCs significantly
enhanced long-term engraftment, whereas infusion of donor-derived
MSCs not only failed to prevent rejection, but increased rejection
[140]. This study further showed that MSCs were capable of inducing
a memory T cell response after injection into immunocompetent
hosts. Together with a previous study showing rejection of allogeneic
MSCs after transplantation in MHC-mismatched mice [141], these
findings indicate that MSCs can be immunogenic under appropriate
circumstances.

Controversy related to MSC immunomodulation

The precise mechanisms underlying the immunomodulatory
properties of MSCs remain largely unresolved, despite being of
increasing importance. The currently available data is controversial,
and the majority of reports including a clinical study performed by our
group [142], have not demonstrated long-term engraftment of donor
MSCs. Le Blanc and Ringden [131] have commented that the diversity
in findings could be attributed to the use of different techniques for
obtaining MSCs, different stimuli, culture conditions, doses and
kinetics, and different lymphocyte populations. Furthermore, after
in vivo transplantation it has been difficult to detect or recover MSCs
from the BM of recipients, which could be due to a number of reasons,
including homing of MSCs to other sites for mediating immune
suppression, non-specific lodging in capillary beds of other tissues
(particularly pulmonary tissue), the possibility that MSCs exert effects
by production of growth factors and die after completion of this role,
or perhaps difficulty in detecting MSCs within BM aspirates due to the
endosteal location of these cells [126,131].

Overview of Parkinson’s Disease

The development of methods to induce neuronal differentiation of
hMSCs has opened the possibility of applying these cells in regenerative
or reparative therapies of the central nervous system (CNS). The loss of
neurons characterizes many neurodegenerative diseases, such as PD,
Alzheimer’s disease, and Huntington’s disease, and injuries such as
stroke, traumatic brain injury, and spinal cord injury. Furthermore,

the CNS is known to have a poor capacity for generating new neurons
and oligodendrocytes after injury or degeneration, with the adult and
aged CNS, in particular, possessing a prevailing non-neurogenic and
growth-inhibitory milieu that negatively influences these processes
[143,144]. For these reasons, therapies endeavoring to replace the
damaged or missing neurons and restore some degree of function
have been the focus of much attention. Positive outcomes, including
neurological recovery, have been observed following transplantation of
MSCs into animal models of CNS disorders, revealing MSCs to be a
promising therapeutic modality for the treatment of CNS diseases and
injuries.

PD is a chronic neurodegenerative disorder characterized by
the progressive loss of nigrostriatal neurons that synthesize the
neurotransmitter DA [145]. The cell bodies of affected dopaminergic
neurons reside within the substantia nigra pars compacta, while the
nerve terminals project rostrally to innervate the striatum (also known
as the caudate putamen). Consequently, neuronal degeneration in PD
is associated with a reduction in striatal DA content, with the severity
of symptoms being proportional to the DA deficiency.

Neuropathological features of Parkinson’s disease

A number of neuropathological features define PD, including the
specific loss of pigmented catecholaminergic neurons of the substantia
nigra (A9 group of dopaminergic neurons), the presence of Lewy
bodies in remaining nigral neurons, and the normal appearance of
the striatum [146-149]. The classic macroscopic finding of substantia
nigra depigmentation or pallor results from the depletion of neurons
which normally contain conspicuous amounts of neuromelanin [147].
Lewy bodies are visible as single or multiple, eosinophilic, round
to elongated inclusions in the cytoplasm of affected neurons, and
are composed of numerous proteins, including misfolded synaptic
protein a-synuclein, parkin, ubiquitin, synphilin and neurofilaments
[145,147,150]. Often, these protein aggregates have a dense hyaline
core surrounded by a clear halo, and ultrastructurally, are composed
of fine filaments densely packed together at the core, but loose at the
rim [145,147]. Additionally, Lewy neurites can be observed, which
occur when proteinaceous aggregates form in dendrites producing a
local swelling [147]. Interestingly, in PD the mesolimbic dopaminergic
neurons, which reside in the ventral tegmental area (VTA) adjacent
to the substantia nigra pars compacta, are much less affected [147].
Further neurodegeneration also exists in PD beyond that observed in
dopaminergic neurons, with degeneration and Lewy body formation
evident in noradrenergic (locus coeruleus), serotonergic (raphe), and
cholinergic (dorsal motor nucleus of vagus, nucleus basalis of Meynert)
systems, and in the cerebral cortex (especially the cingulate gyrus
and parahippocampal gyrus), olfactory bulb and autonomic nervous
system [145-147]. However, degeneration of dopaminergic neurons
of the substantia nigra pars compacta remains the earliest and most
consistent neuropathologic feature of PD.

Clinical features of Parkinson’s disease

The clinical features of PD were initially described almost two
centuries ago by James Parkinson in 1817 [150-152]. The cardinal
symptoms of PD include bradykinesia (slow movement), muscular
rigidity and resting tremor, although postural instability, impaired
gait, depression, dementia and other motor and non-motor symptoms
may also be involved [146,148,150]. Of the cardinal symptoms,
bradykinesia primarily contributes to the disability experienced by PD
patients, whilst tremor is the most conspicuous feature and stigmatizes

J Stem Cell Res Ther

Stem Cell Based Therapy

ISSN:2157-7633 JSCRT, an open access journal



Citation: Khoo MLM, Tao H, Ma DDF (2011) Mesenchymal Stem Cell-Based Therapies for Parkinson’s Disease: Progress, Controversies and
Lessons for the Future. J Stem Cell Res Ther S2:005. doi:10.4172/2157-7633.52-005

Page 9 of 24

patients as PD sufferers [148]. Degeneration of dopaminergic neurons
is well underway by the time symptoms become apparent, with loss of
approximately 50% of nigral dopaminergic neurons and depletion of
70-80% of DA in the striatum [150,153,154]. Estimates from the rates
of substantia nigra cell loss suggest that disease onset in PD patients
commences approximately 5 years prior to the onset of symptoms
[154].

Although the symptoms and pathology of PD have been long
identified, the mechanisms underlying the dysfunction and progressive
loss of dopaminergic neurons is still poorly defined. Idiopathic PD is
usually sporadic, with major risk factors of aging and environmental
exposure, but evidence of a genetic component has also been
demonstrated with a 2-14 fold increase in relative risk found in close
relatives of PD patients, and some concordance between identical
twins who develop PD at less than 50 years of age, or when examining
subclinical dysfunction of the nigrostriatal dopaminergic system
by positron emission tomography (PET) imaging [150,155-158].
Nonetheless, investigation of an environmental cause was the focus
of much research, with epidemiological studies showing geographical
variation in incidence that appeared to be associated with living in a
rural environment, well-water consumption, and exposure to pesticides,
herbicides, farming and industrial chemicals [151,155,157,159], and
the finding of a PD syndrome resulting from a single exposure to a
toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [160].
Surprisingly, an inverse relationship has also been found between
cigarette smoking and the risk for PD, which has been considered to
provide support for an environmental cause of PD [151].

Treatments for Parkinson’s disease

The current treatment of PD involves alleviation of symptoms
through pharmacologic replacement of DA with L-DOPA (immediate
precursor of dopamine; also referred to as Levodopa (International
Nonproprietary Name)) [145,150,161]. Additionally, a peripheral
DOPA-decarboxylase inhibitor is co-administered to control disabling
side effects, and together these drugs effectively alleviate akinesia and
rigidity in early- and middle-stage disease [150]. This combination
therapy has been the gold standard for symptomatic treatment of PD
for four decades [161]. Other drugs have also been developed such
as dopamine receptor agonists, slow-release L-DOPA formulations,
inhibitors of degrading enzymes catechol-O-methyltransferase and
monoamine oxidase B, dopamine transport blockers, anti-cholinergic
drugs, and anti-glutamatergic drugs [148,150,161]. However, these
medications do little to prevent or reverse disease progression, and
efficacy declines several years after disease onset [145,150]. Furthermore,
after long-term levodopa therapy patients frequently develop severe
side effects, particularly in the form of dyskinesias [150,161].

The use of neurosurgery as a therapy for PD has been revisited
after originally being implemented over 50 years ago [150,161]. At
that time, surgical intervention was not very reliable, and could only
address tremor symptoms. Presently, neurosurgery has shown promise
with the advent of modern imaging techniques, electrophysiological
monitoring during surgery, improved understanding of basal ganglia
circuits and disturbances caused by PD that have allowed identification
of critical target sites, as well as the introduction of chronic deep-brain
stimulation for functional and reversible inhibition of target areas
[148,150,161]. Now, rather than focusing on primary symptom relief,
surgical intervention has been applied for controlling levodopa-induced
dyskinesias, therefore extending pharmacotherapy to advanced patients
[150]. New approaches are needed for pharmacological therapies for

PD, and while drug trials concentrate primarily on motor symptoms
and complications, studies have found that quality of life is, instead,
determined by other factors, including depression and dementia [148].
Another approach under investigation as a potential treatment for PD
is cellular therapy by transplantation of DA-producing cells, which at
present, remains predominantly experimental.

Experimental animal models of Parkinson’s disease

A number of experimental models of PD are available, which
have proven to be valuable tools in evaluating clinical approaches
for symptomatic treatments. This has allowed the development of
effective DA replacement therapies that are now routinely used in
clinical settings, and is one of the major reasons for the advancement
of PD therapies in comparison with other neurodegenerative diseases,
which still lack effective symptomatic treatments [162]. Nevertheless,
whilst many approaches have been taken for producing animal models
of PD, including use of a range of toxins, transgenic expression
of mutant proteins involved in familial PD, and deletion of genes
affecting dopaminergic neuronal development (knock-out models),
there are still no accepted experimental models that closely resemble
the progression and pathogenesis of PD as observed in humans [162].
Additionally, while the existing models have demonstrated utility in
identifying symptomatic treatments, these models have been much
less successful in discovering neuroprotective therapies [162]. For this
purpose, new models may be required which more accurately portray
PD pathogenesis as it affects humans [162].

Two of the most extensively studied models of PD are the
6-Hydroxydopamine (6-OHDA) and the MPTP toxin-based models
[149,162,163]. Once it was found that 6-OHDA exhibited toxicity
towards catecholaminergic neurons (dopamine and noradrenaline), it
was applied in the depletion of these neurotransmitters in the forebrain
and opened the way for toxin-based models of PD [149,162,164,165].
Destruction of catecholaminergic neurons is believed to occur
through the selective uptake of 6-OHDA by these neurons, and
autooxidation of 6-OHDA following intracellular metabolism,
resulting in the simultaneous formation of several cytotoxic products
[166]. The unilateral 6-OHDA-lesioned rat has become the universal
standard model for assessing potential PD pharmacotherapies [149].
Typically, the neurotoxin is stereotaxically injected into the medial
forebrain bundle or substantia nigra of one hemisphere, causing
unilateral degeneration of the nigrostriatal pathway and depletion
of striatal DA [149,162]. Unilateral lesioning results in a quantifiable
functional asymmetry that is readily measurable by inducing
rotational behavior in rats with administration of direct or indirect DA
agonists, apomorphine and amphetamine, respectively [149,163,165].
Furthermore, several other deficits exist in this model that correspond
with the degree of nigrostriatal loss, including abnormalities in
sensorimotor performance, posture and paw usage [163,167].

Although, the 6-OHDA model is useful for testing symptomatic
treatments, there exist several discrepancies between this experimental
modeland PD in humans. Firstly, it only reproduces a single component
of the cell death process rather than the complex cascade of events that
occurs in PD; secondly, there is little evidence of Lewy body formation,
despite this being a characteristic pathological hallmark of PD; thirdly,
the pattern of pathology and cell loss in different neural regions is
not reproduced; and fourthly, 6-OHDA administration leads to acute
death of dopaminergic neurons in the substantia nigra, rather than the
progressive degeneration usually observed in PD [149,162,168]. Other
drawbacks of this model include the need for stereotactic application of
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6-OHDA to appropriate regions of the brain, and that using rotational
behavior as a measure of functional improvement is not relevant to the
pathophysiology of PD symptoms [168].

The discovery that MPTP causes an irreversible and severe
parkinsonian syndrome in humans that is almost indistinguishable
from PD provided perhaps the greatest advance in PD experimental
models, and also led to the first effective non-human primate model
of PD [162]. Generally, the MPTP model is produced with systemic
administration of MPTP, and a murine model is widely utilized, but,
this is not as robust and reproducible a model of PD as sometimes
reported [162]. The mechanism of action of MPTP involves entry of
the neurotoxin into the CNS, followed by metabolism into the active
form (1-methyl-4- phenylpyridinium) by astrocytes, and entry into
dopaminergic neurons via the dopamine transporter, where it inhibits
complex I of the mitochondrial electron transport chain [152,169].
Important roles for glial activation and the accompanying up-
regulation of inducible nitric oxide synthase in MPTP neurotoxicity
have also been discovered [152,169]. Although, like most toxin-based
PD models, the MPTP model is also divergent from PD in humans
for the same reasons as the 6-OHDA model [162, 168]. Additional
drawbacks exist with the MPTP model, such as the lack of permanency
of motor deficits, and tremor symptoms are not often observed [168].

Cellular Replacement Therapies for Parkinson’s Disease

The primary aim of cell-based treatments for PD is to restore
neuronal function by transplanting cells with DA-producing capacity
into the striatum in an attempt to replace the lost nigrostriatal neurons.
Ideally, the implanted cells should also reconstitute neural networks
and provide physiologically-regulated feedback-controlled DA
release to prevent graft-related side effects [170]. Cell transplantation
therapy is believed to hold great potential for PD, due to the localized
nature of this lesion, however, at present research in this area is still
largely exploratory [170]. In addition, several issues concerning cell
transplantation exist that have limited research progress, including
scientific, technical and ethical difficulties [148]. Nonetheless,
encouraging results have been reported in both animal models
and human clinical trials, suggesting that further understanding of
appropriate cell populations and target sites for transplantation, as
well as improved surgical and technical approaches, could lead to the
development of much needed neuroprotective or neurorestorative
interventions for PD.

Fetal neural tissue transplantation in Parkinson’s disease

A variety of cellular sources have been investigated for the potential
to act as a renewable supply of transplantable dopaminergic neurons for
PD, including fetal brain tissue, embryonic and adult SC populations,
and xenogeneic porcine fetal nigral tissue. In preclinical studies
involving neurotoxin-induced parkinsonian rodents and non-human
primates, transplantation of embryonic or fetal dopaminergic neuron-
rich mesencephalic tissue resulted in the amelioration of at least some
aspects of lesion-induced motor deficits [171-176]. Additionally, these
studies revealed that grafted cells survived, produced DA, formed
effective dopaminergic terminals and synapses, and re-innervated the
striatum. Furthermore, graft survival and functional improvements
were also reported in xenogeneic situations, with transplantation of
human fetal mesencephalic tissue from 6.5-9 week old or first trimester
donors into the striatum of Parkinsonian rats [177-179].

These promising findings led to the initiation of clinical trials
in the late 1980s, in which fetal ventral mesencephalic tissue from

aborted human fetuses were transplanted into patients with PD [180-
182]. The majority of the early studies were open-label, uncontrolled
trials, which reported a remarkable ability of transplanted human
fetal dopaminergic cells to survive and provide clinically meaningful
improvement that in some cases could replace pharmacological
therapies [183-192]. However, subsequent double-blind, placebo-
controlled trials were unable to replicate these findings, and failed to
show evidence of significant clinical benefit, with a few patients also
developing dyskinesias or abnormal movements [170,193-195].

Recent clinical trial results have proven more optimistic, with most
human dopaminergic neuron-containing transplants found to display
functional activity for at least a decade [196-198]. Moreover, Mendez
and colleagues detected the presence of graft survival in the absence of
pathology for atleast 14 years after transplantation [198]. Notably, other
reports found that in a few long-term cases (11 years post-transplant), a
minor proportion of surviving dopaminergic neurons showed signs of
pathological changes associated with PD, including protein aggregation
and fibrillar changes suggestive of Lewy body formation [197,199]. The
mechanism underlying this observed pathology remains unknown,
and reflects the many biological and technical challenges that lie ahead
in developing a cell-based therapy for PD.

Neural stem cell transplantation in Parkinson’s disease

One of the limitations of using fetal neural tissue for cellular
therapies is the rarity of developing dopaminergic neurons appropriate
for transplantation, which are only present in 6-8 week old embryos
[195,200]. This, together with the low post-operative survival of these
cells, necessitates the sourcing of mesencephalic tissue from multiple
aborted fetuses, as well as transplantation within hours of tissue
harvesting [200]. To address this problem, research efforts since the
early 1990s have been directed towards investigating the potential of
different SC populations to act as an alternative dopaminergic cell
source [170,195].

At first, in vitro culture expanded human fetal neural precursor
cells were employed in the 6-OHDA unilaterally lesioned Parkinsonian
rat model [201-203]. These studies revealed that upon transplantation
into the lesioned adult striatum, expanded neural precursors were
capable of survival, migration and differentiation towards glia and
neurons, including TH-immunoreactive neurons. Although, in
contrast with the large self-contained tissue masses formed by primary
fetal neural tissue grafts, the expanded neural precursors formed only
thin grafts containing small numbers of surviving cells, and did not
migrate extensively into host tissues. Occasional TH-positive cells
were detected in low numbers, with the observed expression perhaps
being a transient event. In most cases, the small number of these cells
was unable to elicit any functional effects, except in 2 animals that
displayed partial reversal of lesion-induced rotation deficits. While
the generation of some TH-positive neurons in these studies provided
encouragement, it was clear that improvements were necessary for
increased graft survival and dopaminergic differentiation.

Studer et al. [204] addressed these issues through in vitro culture
expansion and pre-differentiation of neural precursors toward
dopaminergic neurons prior to implantation. Using this procedure the
yield of dopaminergic neurons was increased and partial alleviation
of behavioral deficits in hemiparkinsonian rats could be achieved.
However, in vitro expansion was only performed for a short period
(6-8 days) and the degree of expansion was small [200]. Subsequent
studies have continued to examine these issues, and have tested the use
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of NSCs from different neural regions, different expansion and pre-
differentiation techniques, ex vivo genetic modification of cells, and
administration of trophic factors together with cell transplantation,
with varying degrees of success. Common to the majority of these
studies is the limited access to autologous NSCs from patients, due
to the location of NSCs within the brain. Interestingly, a possible
autologous cell source for PD cellular therapy has recently been
described in a study showing functional improvement in the 6-OHDA
rat model using SCs from rat and human olfactory mucosa [205].

Embryonic stem cell transplantation in Parkinson’s disease

Another potential source of cells that have been investigated are
ESCs, which also provide opportunities for the development of large
quantities of therapeutically useful cells. The first demonstration of
TH-positive neuronal cell derivation from ESCs was reported by Lee,
et al. [206]. This study implemented a differentiation protocol that
comprised of multiple induction stages, including embryoid body
generation, selection of CNS SCs with a defined medium, proliferation
of these cells using mitogen FGF-2, together with SHH and FGF-8,
and differentiation and maturation following removal of FGF-2 and
supplementation with ascorbic acid (AA). Cells obtained through this
procedure were found to express CNS- and midbrain-specific genes
in a pattern suggestive of progressive restriction to a mesencephalic
and metencephalic CNS SC fate. Furthermore, murine ESC-derived
neurons were shown to produce DA, respond to neurotransmitters,
and exhibit spontaneous synaptic activity. By the end of the final
stage, this system yielded >30% TH-positive neurons, giving strength
to the possibility of using ESCs as a reliable donor cell source for
dopaminergic neuron transplantation in PD [206].

This prospect was further extended by studies investigating the in
vivotransplantation potential of ESCsinthe 6-OHDA hemiparkinsonian
rodent model. Transplantation of low numbers of undifferentiated
murine ESCs into the rat striatum resulted in spontaneous generation
of dopaminergic neurons capable of gradual and sustained restoration
of motor asymmetry from 5-9 weeks post-transplantation [207]. In
addition, PET and functional magnetic resonance imaging scans also
confirmed that the ESC-derived dopaminergic neurons had become
integrated within the host brain circuitry and mediated functional
improvement. Nevertheless, 20% of rats receiving grafts developed
teratomas within 9 weeks at the site of transplantation[207], indicating
the need for caution and removal of proliferating and non-neuronal
cells prior to application of this technique in the clinic.

However, another study reported the absence of teratoma
formation and proliferative marker Ki-67, when pre-differentiated
NR4A2-transfected ESCs were grafted into the striatum of 6-OHDA
lesioned rats [208]. Graft analysis revealed the presence of TH-
positive cells that possessed complex cellular morphologies, with the
immunoreactive cell bodies restricted to the graft region, whereas
TH-positive cell processes extended into the parenchyma of the host
striatum up to 2 mm away from the graft site. Additionally, these cells
were found to release DA, form functional synaptic connections and
modulate spontaneous and pharmacologically-induced behaviours,
strongly supporting the capability of ESC-derived neurons to survive
and function after intrastriatal grafting [208]. Following these findings,
other studies have continued to improve these procedures by examining
different methods of pre-differentiation (cytokines, inductive factors,
genetic modification, co-culture systems, and combinations of these),
selection and enrichment of dopaminergic neuron populations, and
combining trophic factor administration with transplantation.

Patient-specific cellular transplantation in Parkinson’s
disease

Recent advances in the understanding of pluripotent SC biology
have extended this work to include the possibility of patient-specific
dopaminergic neuron replacement therapies. Therapeutic cloning
strategies have been utilized to generate nuclear transfer ESCs,
using donor fibroblasts obtained from individual 6-OHDA lesioned
hemiparkinsonian mice [209]. The genetically matched ESCs were then
differentiated into midbrain dopaminergic neurons and transplanted
back into the original donor mouse. Significantly, this study found
enhanced graft survival and amelioration of parkinsonian behaviour
with autologous grafts, in comparison with allogeneic grafts, which
appeared to be related to decreased graft immunogenicity [209].

In another study by Jaenisch and colleagues [210], the need for
nuclear transfer techniques was circumvented through the use of
induced pluripotent stem (iPS) cells [211,212]. Murine iPS cells were
successfully differentiated into dopaminergic neurons of midbrain
character through application of regional patterning factors (SHH
and FGF-8) to FGF-2 responsive, iPS cell-derived neural precursor
cells. Intrastriatal transplantation of these cells into the 6-OHDA
unilaterally lesioned rat model of PD resulted in marked improvement
in rotational behaviour at 4 weeks post-grafting. Attempts were also
made to minimize the risk of teratoma formation by employing
fluorescence-activated cell sorting (FACS) to remove contaminating
pluripotent cells (SSEA1-positive fraction) from the cell suspension
prior to transplantation [210].

Challenges in cellular replacement therapies for Parkinson’s
disease

Many important biological, technical, and surgical hurdles
and challenges need to be addressed before cellular replacement
therapy for PD patients can be implemented in the clinic. Currently,
detailed knowledge is still required concerning critical issues, such
as: 1) the appropriate neuronal (and perhaps also glial) cell type for
transplantation, including the cellular and biochemical characteristics
necessary in the donor cell population; 2) the correct anatomical
location for cell administration; 3) suitable selection criteria for
identifying patients most likely to respond to cellular replacement
therapy, which may be influenced by the stage of the disease and
responsiveness to levodopa; 4) effective parameters for cell preparation
and delivery to obtain optimal graft survival, including the optimal
volume, dosage and format of cells; 5) mechanisms for limiting host
immunological responses to donor cells; and 6) connectivity variables
for functional reconstitution of neurocircuitry [170].

Another crucial challenge for clinical application is the
optimization of graft function, whilst preventing graft-related side
effects, since midbrain dopaminergic neurons are highly specialized cell
types that must be capable of physiologically appropriate DA release
and establishment of specific short- and long-distance connections
within a complex cellular network [170]. Additionally, investigation
of cellular transplantation therapies must take into account the rate
of cellular maturation when progenitor cell populations are used,
since this is donor dependent and currently available data indicates
that long-term clinical evaluation periods may be necessary [170].
Production of clinical grade, individual, patient-specific cell lines
also presents a considerable logistical challenge [195]. It must also
be remembered that the pathological changes present in PD are not
restricted to dopaminergic neurons alone, with degeneration occurring
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in other neural regions [195]. However, while gaps exist in our current
knowledge, renewed hope is provided through the major research
efforts directed towards understanding and developing novel cellular
therapies for PD.

MSC-Based Cellular Therapies for Parkinson’s Disease

A number of investigations have been performed to determine
the potential of MSCs to differentiate into functional DA-producing
neuronal-like cells, and to examine the capability of MSC grafts to
re-innervate the striatum and ameliorate behavioural deficits in
animal models of PD. To date, these studies have exhibited varying
degrees of success, ranging from the generation of TH-positive cells,
to observations of electrophysiological activity and DA secretion, to
significant improvements in pharmacologically-induced rotational
behaviour in hemiparkinsonian rodent models. Although, amongst the
different studies a diverse array of methodologies have been employed
and variations exist in the cell types obtained, which together have
caused difficulty in the evaluation and comparison of experimental
outcomes. Nevertheless, the promising results that have been reported
provide much encouragement for the prospect of developing a MSC-
based cellular therapy for PD.

Undifferentiated MSCs express dopaminergic neuronal
markers

Recent findings from our laboratory and others, have described the
expression of key markers of the neuro-dopaminergic system by rat
and human MSCs prior to commencement of neuronal differentiation
procedures. These markers include TH, NR4A2, PITX3, EN1, aldehyde
dehydrogenase 1, aromatic L-amino acid decarboxylase, catechol-o-
methyltransferase, GTP cyclohydrolase-1, OTX-1, SHH receptor
components (patched and smoothened), and GDNF family receptor
alpha 1 [48,213,214]. Expression of these dopaminergic neuronal
markers demands that caution be taken in the interpretation of hMSC
neural differentiation, particularly through examination of neural
markers prior to differentiation as well as post-differentiation. However,
these observations also provide support for the dopaminergic neuronal
differentiation capacity of hMSCs [215]. Furthermore, the constitutive
NR4A?2 expression present in hMSCs suggests that these cells may be
viable candidates for cellular replacement therapies for PD, particularly
since transfection of ESCs with NR4A2 was considered to be crucial
for the successful generation of ESC-derived dopaminergic neurons
[208]. This study demonstrated that stable transfection of murine ESCs
with NR4A2 in conjunction with a five-stage dopaminergic neuronal
differentiation method allowed the generation of TH-expressing
neurons with electrophysiological activity and the ability to promote
significant behavioural recovery in transplanted Parkinsonian rats.

Dopaminergic neuronal differentiation of MSCs and
transplantation in parkinsonian models

Similar methods have been investigated for dopaminergic
neuronal differentiation of MSCs as have been utilized in general MSC
neuronal differentiation, but with the inclusion of factors more specific
to midbrain dopaminergic neuron development. At present, there
are a limited number of reports describing dopaminergic neuronal
differentiation of MSCs from rodents [24,62,81,216,217] and humans
(25,74,81,101,103,214,218-220]. The majority of these studies employed
the addition of extrinsic factors to cell cultures, such as cytokines and
small molecules; however, the effects of gene transfection, conditioned
medium and co-culturing, as well as combinations of these methods
were also investigated. These studies are summarized in Table 1.

The initial report by Jiang and colleagues [24] described a multi-
stage differentiation strategy capable of generating midbrain neuronal-
like cells from the MAPC subset of murine MSCs. The first stage
consisted of supplementation with FGF-2 (7 days), followed by a
combination of FGF-8 and SHH (7 days), then BDNF (7 days), and
finally co-culture with fetal brain astrocytes (5-12 days). Phenotypic
and electrophysiological characteristics similar to midbrain neurons
were obtained, with approximately 25% efficiency of dopaminergic
neuron generation. Co-culturing with astrocytes also resulted in 80-
100% of cells acquiring functional voltage-gated sodium channels. In
addition, activation of transcription factors known to be involved in
neuroectodermal development, such as SOX1, OTX2, OTX1, PAX2,
PAX5 and NR4A2, were detected in a similar developmental pattern as
described for NSCand ESC dopaminergic differentiation [24]. However,
a number of caveats are associated with this approach, including lack
of specificity for dopaminergic neuron production, since serotonergic
(~25%) and GABA-ergic (~50%) neurons were also produced, and as a
consequence of this, requirement for selection of desired dopaminergic
cells. Additionally, astrocyte-conditioned medium or cytokines alone
were unable to provide appropriate differentiation signals, therefore,
astrocyte co-culture is necessary, which impedes clinical translation.
This study was also conducted using murine cells, and whether the
same results can be obtained in humans must be confirmed.

The next key study demonstrating production of dopaminergic
neuronal-like cells from MSCs employed transfection of the NICD gene
and administration of trophic factors FGF-2 and CNTF with forskolin,
followed by addition of GDNF [81]. Importantly, it was shown that this
approach could generate TH-positive cells with 41% efficiency, which
was the highest reported rate at the time, and the cells obtained also
displayed in vitro and in vivo functional properties of neurons, with
little glial differentiation. Delayed rectifier potassium currents were
recorded after treatment with FGF-2, CNTF and forskolin, whereas
further administration of BDNF and NGF was necessary for voltage-
gated fast sodium currents and action potentials. Treatment with GDNF
elevated the expression of transcription factors NR4A2, LMX1B, EN1
and PITX3, and also resulted in in vitro DA release in response to high
K* depolarizing stimuli. Significant improvements were also detected
in hemiparkinsonian rats, in terms of apomorphine-induced rotational
behaviour and non-pharmacological assessments (step adjustment
and paw-reaching tests). Additionally, the authors confirmed that
similar results could be obtained when using rat or human MSCs
[81]. However, this study was not without limitations. The use of gene
transfection may be problematic for application in the clinic, although
it was noted that this could be avoided through induction with a JAK/
STAT inhibitor [81]. Also, while neural trophic factors were employed,
those typical of midbrain dopaminergic neuronal specification were
not included, suggesting that the observed differentiation may be
divergent from that occurring in normal development.

Application of extrinsic factors alone has also resulted in the
induction of MSCs toward a dopaminergic neuronal phenotype
[25,62,74,103,216,217,219,220]. An NSC- like population was obtained
from hMSCs through the formation of neurosphere-like structures in
low-attachment culture flasks in the presence of serum-free medium
containing EGF and FGF-2 [25]. The majority of the neuroprogenitor-
like cells obtained upregulated expression of NES protein to high
levels, while mesodermal fibronectin protein was downregulated.
Quantitative PCR analysis showed decreases in SOX1, POU5FI, and
neurotrophic tyrosine kinase receptor type 1, whereas neuroectodermal
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Differentiation Method Cell Type
Multi-stage method:
1) FGF-2 (7d)

FGF-8, SHH (7d) Murine MAPC

2)
3) BDNF (7d)
4) Astrocyte co-culture (5-12d)

NICD transfection, FGF-2+CNTF+ FBS
+forskolin (5d), GDNF or BDNF+NGF
(7-11d)

Human and rat MSCs

Neurosphere formation with EGF+FGF-2

(2-10 weeks), BDNF (10-14d) Human MSCs
Neurosphere formation with
IBMX+forskolin+ TPA (3hrs), dbcAMP Human MSCs

(7d)

IBMX (2d), GDNF+ IL-1B+mesencephalic
glial-conditioned med-ium+flash-frozen
mesencephalic cell fragments (7-15d)

Rat MSCs

Expansion (10% FBS+ DMEM,; 3d),
neuron-conditioned medium alone (6-
9d), SHH+ FGF-8+neuron-conditioned
medium (3-12d)

Human MSCs from Wharton’s jelly of
umbilical cord

CoCl,+Y-27632 (72hr) Murine MSCs

SHH+FGF-8+FGF-2 (12d) Human MSCs

FGF-2+EGF (48hr), BHA+dbcAMP+IBMX

+RA+GDNF (96hr) Human MSCs
FGF-2+EGF (48-72hr),

dbcAMP+IBMX+AA+ (BDNF+RA or Human MSCs
GDNF+ TGF3+RA) (7d)

Multi-stage:

1) FGF-2 (7d) Rat MSCs

2) SHH+FGF-8 (7d)
3) BDNF (7d)

FGF-2+GDNF+10% fetal calf serum Human MSCs (PD-derived)
(2wk)

Multi-stage:

1) FGF-2+EGF (7d)

2) SHH+FGF-8+AA (7d)
3) GDNF+AA (7d)

Human MSCs

d, days
IF, immunofluorescence staining

Results (In vitro/In vivo) References

25% efficiency of dopaminergic neuron
generation (IF); electrophysiological
characteristics similar to midbrain
neurons

Jiang et al. [24]

41% TH-positive (IF);
electrophysiological properties; DA
release after depolarization; functional
improvement in hemiparkinsonian rats

Dezawa et al. [81]

11% TH-positive (IF); DA release after
depolarization; loss of osteogenic
differentiation capacity

Hermann et al. [25]

15% of B tubulin llI-positive cells also
TH-positive (IF); lack of graft survival
and differentiation in PD model

Suon et al. [74]

35% TH-positive (IF) Guo et al. [62]
12.7% TH-positive (IF); DA secretion;
partial correction of amphetamine- Fu et al. [218]

evoked rotational behavior

TH expression; neurotransmitter
responsiveness: glutamate (42%), DA
(76%)

Pacary et al. [216]

o R, . .
67% TH .posmve (IF); synthesize and Trzaska et al. [101]
constitutively secrete DA

TH protein expression; DA secretion;

31% TH-positive (flow cytometry) Kan etal. [103]

30% TH-positive (flow cytometry); DA

secretion in response to depolarization Barzilay et al. [219]

60% B tubulin lll-positive; none TH-
positive; functional improvement in
hemiparkinsonian rats, but in both
control and neuronal-like MSCs

Bouchez et al. [208]

30% TH-positive (flow cytometry); DA

release after depolarization Zhang et al. [220]

60-80% B tubulin lll-positive; none TH-
positive; transient survival of Stage 1
cells in lesioned hemisphere; microglial
and astroglial accumulation around graft

Khoo et al. [214]

Table 1: In Vitro Dopaminergic Neuronal Differentiation of MSCs.

transcripts OTX1, NEUROD1, NEUROG2, musashi and NES were
acquired with neurosphere formation. Further differentiation was
achieved using BDNF for neuronal differentiation (42% f tubulin
III positive), or PDGF for glial differentiation (45% GFAP-positive
and 27% GALC-positive). Interestingly, with this general neuronal
differentiation procedure, 11% of cells expressed TH and were capable
of releasing DA in response to membrane depolarization in vitro. In
addition, osteogenic differentiation capacity was lost after induction
into neuroprogenitor-like cells [25]. However, the electrophysiological
function of neuronal-like cells could not be examined due to technical
constraints, and further assessment of function through in vivo
transplantation is required. This system does not appear capable of

generating mature neuronal cells, although the authors suggested
that immature cells are more suitable for transplantation, since fully
differentiated mature neural cells poorly survive detachment and
transplantation [25]. Additionally, MSC dopaminergic neuronal
differentiation occurred at a low rate, although even this is surprising
given the lack of specific dopaminergic inductive cues.

Neural progenitor-like sphere formation has also been utilized
prior to dopaminergic neuronal differentiation by plating spheres
on a poly-ornithine/laminin-coated surface in serum-free medium
containing IBMX, forskolin and TPA for 3 hours, followed by dbcAMP for
7 days [74]. Down-regulation of mesenchymal genes was observed with
concomitant up-regulation of neural-associated genes. Additionally,
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15% of B tubulin III-positive cells also expressed TH. Surprisingly, all
of the cells expressed GABA, including those found to be TH-positive.
Intrastriatal transplantation of MSC-derived spheres in 6-OHDA
unilaterally lesioned rats resulted in short-term graft survival, however,
no further dopaminergic differentiation could be observed, and
instead only GABA-positive cells were detected. The lack of survival of
transplanted hMSCs, despite administration of cyclosporine A, reveals
a potential limitation in this method of assessment of hMSC in vivo
function.

Yet another differentiation approach was taken by Guo, et al.
[62], which yielded a rate of 35% TH-positive cells from rat MSCs,
after exposure to IBMX for 2 days, followed by application of GDNF,
IL-1B, mesencephalic glial cell-conditioned medium, and flash-
frozen mesencephalic cellular fragments for 7-15 days. However,
examination of DA secretion and excitability of the resulting cells was
not performed, and assessment of this system using hMSCs is yet to
be done. In addition, treatment with glial-conditioned medium and
membrane fragments is unsuitable for use in clinical settings.

The remaining studies employed similar procedures including:
multiple-stage application of cytokines FGF-2 (1 week), SHH+FGF-8
(1 week) followed by BDNF (1 week) [217]; treatment with FGF-2/
EGF for 48 hours as step 1, then application of BHA, dbcAMP, IBMX,
RA and GDNF for 96 hours as step 2 [103], and a later study by the
same group found improved TH expression with addition of dbcAMP,
IBMX and AA with BDNF alone or GDNF/RA/TGF-f3 in the second
step [219]; application of CoCl, and Y-27632, to presumably cause
hypoxia-inducible factor 1 activation and Rho kinase inhibition [216];
and treatment with cytokines FGF-2 and GDNF, and 10% fetal calf
serum, for 2 weeks [220]. A varying degree of success was achieved,
including depolarization-induced secretion of DA [103,219,220], and
reduction of behavioral deficits in a Parkinsonian rat model [217].
Furthermore, it was demonstrated for the first time that hMSCs
isolated from PD patients could be induced toward a DA-secreting
neuronal phenotype, with expression of TH protein in approximately
30% of cells [220].

MSCs isolated from Wharton’s jelly of human umbilical cord were
also employed in a multi-stage differentiation method consisting of
expansion in 10% FBS-DMEM for stage 1, neuronal differentiation
through incubation with neuron-conditioned medium in stage 2, and
induction of a dopaminergic neuronal phenotype with application of
neuron-conditioned medium, SHH and FGF-8 [218]. TH-positive
neurons were generated with approximately 12.7% efficiency, and
DA secretion into the culture medium was detectable. In addition,
functional effects were observed in vivo following transplantation into
the striatum of hemiparkinsonian rats, as seen by partial correction of
amphetamine-evoked rotational behavior. The primary caveat of this
work was the low efficiency of dopaminergic neuronal differentiation,
which may have contributed to the incomplete behavioral recovery.
Electrophysiological characteristics of the resulting cell population
were also not examined, and it should be noted that umbilical cord-
derived MSCs have been reported to possess different properties than
adult BM-derived MSCs [221].

A single-step cytokine-based procedure for inducinga dopaminergic
neuronal phenotype from hMSCs was reported by Trzaska and
colleagues [101]. This method utilized a cocktail of cytokines (SHH,
FGEF-8, and FGF-2), and generated promising results including the
highest reported efficiency of TH-positive cell production (~67%),
expression of dopaminergic-specific genes, synthesis and secretion of

DA, and the presence of electrophysiological properties comparable
with immature neurons. However, despite detection of DA release in
vitro, this was not found to occur in response to depolarization, and
instead DA was found to be constitutively released into the culture
medium. Although up-regulation of dopaminergic-specific markers
was demonstrated, examination of mesodermal and MSC markers
was not conducted, and in order to show clear dopaminergic neuronal
differentiation, one would expect to observe concomitant down-
regulation of markers of MSCs and the mesodermal lineage.

Our laboratory has also endeavored to induce a dopaminergic
phenotype through sequential application of growth factors important
in midbrain dopaminergic neuronal development [214]. This
procedure (MultiDA method) consisted of initial application of FGF-
2 and EGF to prime hMSCs toward a neural fate, followed by SHH,
FGF-8 and ascorbic acid to initiate midbrain specification, and lastly
GDNF and ascorbic acid to induce differentiation and maturation
towards a dopaminergic neuronal phenotype. Since a range of methods
have been reported and no consensus exists on an optimal method,
we also conducted a comparison of published methods [26,101].
Despite the different procedures employed, all three methods were
effective to a similar extent and were only capable of generating
immature neuronal-like cells. Interestingly, slightly different responses
were elicited in hMSCs by the three methods, and the first stage of
the MultiDA method was unique in the spontaneous formation of
neurosphere-like structures, together with the greatest upregulation
of NES and NR4A2. Transplantation of neural-primed hMSCs yielded
transient survival in the lesioned hemisphere of immunosuppressed
Parkinsonian rats, which may have been due to the accumulation of
microglia and astrocytes around graft sites, suggestive of the presence
of an inflammatory response. We found that the growth factor-based
methods were successful in driving hMSCs toward an early neuronal
fate; however cells continued expressing mesodermal and pluripotency
markers, suggesting the need for further neuronal differentiation.
Further experiments are warranted for investigating whether the
electrophysiological properties of these neuronal-like cells resemble
those of immature neurons.

The above studies that examined the in vivo functional potential
of MSC-derived dopaminergic neuron-like cells have often found
behavioral improvement with transplantation of these cells over that of
control undifferentiated MSCs. However, other studies have reported
survival, migration, generation of TH-positive cells and functional
improvement with transplantation of undifferentiated MSCs [222,223].
Li and colleagues [222] performed the initial study investigating
intrastriatal MSC transplantation in a murine MPTP-induced bilateral
model of PD. Behavioral recovery was analyzed using the rotarod test,
with results showing that mice with a MSC graft exhibited prolonged
duration on the rotarod at day 35, when compared with control sham
grafted mice. Additionally, MSCs were found to survive within graft
sites for at least 4 weeks, and a small proportion of scattered MSCs
were TH-immunoreactive. However, the authors hypothesized that
the therapeutic benefits most likely originated from MSC secretion
of growth factors capable of promoting survival and plasticity within
the damaged brain, since improvement was observed rapidly and few
MSCs were present in the target tissue [222]. Hellmann, et al. [223]
also transplanted undifferentiated MSCs into parkinsonian rodents
(6-OHDA unilaterally lesioned), but for the purposes of assessing
MSC survival, migration and differentiation. It was found that MSCs
exhibited higher survival in the lesioned hemisphere in comparison with
the unlesioned side. In addition, MSC transplantation into the striatum
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contralateral to the lesion resulted in migration of MSCs through the
corpus callosum into the striatum, thalamic nuclei and substantia nigra
of the 6-OHDA lesioned hemisphere [223]. These studies suggest that
the therapeutic benefits observed following MSC transplantation in
rodent PD models may be conferred through mechanisms other than
cellular replacement and DA production.

Optimization of MSC dopaminergic neuronal differentiation

The cytokine induction methods employed by our laboratory
were only successful in driving hMSCs toward an early neuronal fate,
with cells continuing to express neuronal progenitor marker NES
and pluripotency markers POU5F1 and NANOG [214]. Furthermore,
the persistence of mesodermal and glial markers, together with the
pluripotency markers, suggests that additional differentiation signals are
required for attaining proper neuronal differentiation and maturation.
A comparative study conducted by Hermann and colleagues [215]
also found continued expression of mesodermal marker fibronectin in
certain neuronal differentiation methods, including the initial methods
reported for cytokine-based [18] and chemical-based systems [19].
Examination of mesodermal lineage markers was not performed in
these initial reports, therefore, our findings and those of Hermann
and colleagues highlight the importance of showing concomitant
down-regulation of mesodermal and MSC markers with neuronal
differentiation.

In addition, these findings suggest that further differentiation
signals or factors may be required for the in vitro neural differentiation
of MSCs, particularly since a complex milieu of cytokines and signalling
molecules are believed to be present in neural development in vivo. A
number of potential factors have been identified to provide advantages
for the neuronal and dopaminergic neuronal differentiation of MSCs.
One such factor involves co-culturing MSCs together with neural
support cells, such as astrocytes, which may function through direct
cell-cell interactions, trophic factor production, or removal of glutamate
from the culture environment [24]. Support for this approach has been
shown in ESC and astrocyte co-culture systems, in which the type of
neurons obtained were found to be dependent upon the regional origin
of the astrocytes, with mesencephalic astrocytes strongly potentiating
dopaminergic neurogenesis [224]. Another approach similar to the co-
culturing method is the supplementation of cultures with conditioned
medium from neural support cells [64].

Recently, studies have also described improved MSC neuronal
differentiation through the addition of fatty acids, such as
docosahexaenoic acid and arachidonic acid [225], and inflammatory
mediator IL-la [100,226]; whilst, still others have suggested
that beneficial effects could be produced through additional
supplementation with RA, BDNF and/or NGF [101], or through the
optimization of culture surface nanotopography [227]. However, while
research efforts are continuing to reveal new insights into the induction
of a dopaminergic phenotype from MSCs, further improvements and
optimization of established techniques is still very much desired.

Aside from the improvement and optimization of culture
components, the time required for in vitro dopaminergic neuronal
differentiation requires careful consideration, as it may differ between
species and may also differ to that required for other neuronal cell
types. In an earlier study, Bjorklund and colleagues transplanted
ESCs into the 6-OHDA unilaterally-lesioned Parkinsonian rat and
demonstrated that the time course of behavioral recovery corresponded
with the developmental rate (i.e. length of gestational period) of the

donor species [207]. Thus, if dopaminergic differentiation of hMSCs
does indeed mimic that which occurs during gestation, then it would
be expected that longer periods are required for the differentiation of
human cells than for rodent cells. Evidence supporting this has been
shown in a meta-analysis of studies which found that behavioral
recovery in Parkinsonian rats occurred approximately 5 weeks after
mouse fetal ventral mesencephalon transplantation, while for the
equivalent human cells, recovery only occurred after approximately
20 weeks [228]. Longer periods of in vitro hMSC differentiation may
therefore be required, particularly since most protocols, including
our own, have only been conducted over several weeks, which is
considerably shorter than the 20 week period reported for in vivo
behavioral recovery using human fetal cells. However, it should be
noted that neural differentiation of hMSCs may be divergent from
that occurring in normal physiological development, particularly since
undifferentiated hMSCs have been shown to constitutively express
some neural markers.

Potential mechanisms of functional improvement following
MSC transplantation

The majority of published reports in this field have demonstrated
some level of MSC- induced restoration of neurodegeneration in
Parkinsonian animal models, whether it be renewed presence of
immunoreactivity to dopaminergic markers within the lesioned
hemisphere or functional improvement in behavioral asymmetry.
Initially it was believed that neurological recovery occurred as a result
of conversion of MSCs to a neural phenotype and integration into host
circuitry, although more recently it has been suggested that recovery
may instead be related to the secretion of trophic factors by MSCs, or
interaction of MSCs with host cells [20,21,54]. An increasing number of
studies have now described the ability of MSCs to promote tissue repair
and functional improvement, despite little evidence of differentiation
and only low or transient levels of in vivo engraftment [37,38]. These
studies have suggested that MSCs may not repair tissues solely through
differentiation and replacement of lost cells, but may possess a more
prominent role in the secretion of factors with the ability to alter the
host tissue microenvironment.

A neurotrophic response in host cells following intracerebral
hMSC transplantation has been reported in a number of recent
studies. Stimulation of proliferation, migration and differentiation
of endogenous NSCs into neural precursors and mature cells was
attributed to the secretion of NGF, VEGF, CNTF, FGF-2 and other
chemokines by hMSCs [229]. It was suggested that these secreted
factors acted directly on NSCs, or may have activated astrocytes that
then produced the increase in neurogenesis. Improved neurologic
function in an experimental model of transient forebrain ischemia was
reported to occur through hMSC expression of anti-immune, anti-
inflammatory and anti-apoptotic-related factors and establishment of
a Th2-immune bias through alternative activation of microglia and/
or macrophages by hMSCs [230]. Equivalent behavioral improvement
was also observed following intrastriatal transplantation of both
undifferentiated and partially neuronal-differentiated MSCs in a
hemiparkinsonian rodent model [217]. Recovery occurred rapidly
(within 1 week post-transplantation) and was maintained over the
6 week study period. Detection of BDNF, GDNF, FGF-2 and FGF-8
expression in vitro by undifferentiated and neuronal-differentiated
MSCs, suggested that neurotrophic factor secretion could be the
mechanism behind recovery [217].

The majority of recently published studies have concentrated on
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the growth factor secretory effects of MSCs in Parkinsonian rodents in
vivo [231-233], or in neural co-culture systems in vitro [231,233,234].
BDNF, GDNF and FGF-2 have been found to be released by murine
MSCs into culture media, and treatment of embryonic dopaminergic
neurons with conditioned medium prior to transplantation yielded
significantly enhanced graft survival and more rapid behavioral
recovery of hemiparkinsonian rats [231]. A different strategy has also
been employed in which hMSCs were directed toward an astrocyte-
like, neurotrophic factor-secreting phenotype [232,233]. These cells
were capable of eliciting behavioral improvement, enhanced striatal
DA levels, and increased TH immunoreactivity after intrastriatal
transplantation. Interestingly, a different 6-OHDA hemiparkinsonian
model was used, comprising a partial lesion with residual surviving
DA terminals, which was chosen as the authors were interested in
examining the protection-restoration effect of trophic factor-secreting
MSCs. Furthermore, neurotrophic factor-secreting cells were not
expected to be beneficial in complete lesion models, which would only
show improvement with dopaminergic cell replacement [232].

In vitro effects of trophic factor secretion by MSCs have also been
described, with findings of increased expression of TH and DA by
ventral mesencephalic cells co-cultured with undifferentiated rat MSCs
[234]. Treatment with MSC-conditioned medium also increased the
survival of embryonic mesencephalic dopaminergic neurons in in
vitro neuronal injury models of serum deprivation and exposure to
6-OHDA ([231]. Furthermore, marked protection was demonstrated
when conditioned medium from astrocyte-like, neurotrophic
factor-secreting MSCs or undifferentiated MSCs were applied to
neuroblastoma cell line, SH-SY5Y, one hour prior to exposure to
neurotoxin 6-OHDA [233].

Together these studies provide support for alternative mechanisms
by which MSCs may effect functional improvement in Parkinsonian
models. Further evaluation of both the neuroprotective and cell
regenerative/replacement properties of MSCs will be required in
order to harness these effectively in cellular therapies for PD and other
neurological diseases.

Activation of innate immune response with intracerebral
MSC transplantation

Once considered as having the unique ability to suppress immune
responses both in vitro and in vivo, MSCs are now recognised to
possess immunomodulatory properties with the capacity to suppress
and/or activate immune responses [104,105]. In addition, while the
brain has been traditionally viewed as an immunologically privileged
organ, evidence suggesting otherwise is now apparent and reveals
routine and effective immunological surveillance of the CNS [235].
Consequently, transplanted cells and tissues are exposed to host
immunological responses, particularly since the transplantation
procedure elicits inflammatory processes due to surgical trauma
[236,237]. Contrary to earlier findings, recent evidence also suggests
the lack of MSC survival following intracerebral transplantation into
normal or hemiparkinsonian rodents [74,214,233,238,239], raising
further questions concerning the ability of MSCs to engraft and mature
after transplantation into the CNS.

Coyne and colleagues demonstrated that transplantation of MSCs
into the intact adult rat hippocampus or striatum elicited an immediate
inflammatory response involving massive infiltration of activated
microglia/macrophages and astrocytes in the presence of cyclosporine-

mediated immunosuppression. This led to the rapid rejection of
hMSC grafts with near complete rejection by 7 days, a much briefer
period than rejection through adaptive immune responses, which
generally commence 10-14 days post-transplantation [238]. The
inflammatory response was ascribed to the mechanical trauma
produced by intracerebral transplantation. Subsequently, robust
cellular immune responses (MHC class I- and class II- expressing cells
and CD4+ and CD8+ lymphocytes) were also detected following
injection of undifferentiated rat MSCs into the striatum of allogeneic
hemiparkinsonian recipients [239]. However, despite the presence of
a marked immune response, some grafted MSCs were still detectable
at 22-24 days post-transplantation; although MSC administration was
not found to prevent behavioral deficits or DA depletion, and MSCs
did not acquire the ability to synthesize TH [239].

These findings are in accordance with the current understanding of
the role of microglia/macrophages in orchestrating the inflammatory
response of CNS innate immunity [240,241]. Previous studies
reported that mechanical injury to the brain provoked rapid and
focal microglial activation to shield the injured area, with possible
immediate phagocytic engulfment and removal of damaged tissue
[242,243]. Microglia-mediated inflammation has also been associated
with astrogliosis [244,245], and microglia have been shown to produce
pro-inflammatory cytokine IL-1, which is capable of inducing
astrogliosis [245]. In addition, our observations of the pattern of
microglial and astrocytic distribution [214] bore resemblance to the
pattern of microglial and astroglial reactions to inflammatory lesions
in experimental autoimmune encephalomyelitis [244]. This pattern
consisted of (1) early response of microglia to inflammatory lesions;
(2) proliferation of microglia close to lesions, with astrocytes encasing
the lesions; and (3) formation of micro-astroglial scars at later stages
that were composed of residual inflammatory cell aggregates and
dense microglial and astrocytic gliosis [244]. Additional evidence for
the induction of a microglial-mediated innate inflammatory response
with SC transplantation was found in a recent study examining
transplantation of Miiller SCs into an experimental model of retinal
degeneration [246]. Extensive microglial accumulation was found in
this study, in association with poor migration, integration and survival
of Miiller SCs [246].

Support for the rejection of hMSC transplants by an inflammatory
response is found in another study examining the early cellular
responses mediating rejection of xenogeneic porcine endothelial cells
and fetal neurons transplanted into the rat striatum [247]. Surprisingly,
rapid rejection of endothelial cell grafts within 11 days through an
inflammatory response mediated by microglia/macrophages was
found, whereas rejection of fetal mesencephalic neurons occurred after
3 weeks and was typical of an adaptive immune response involving
T cells. The differences in rejection kinetics were thought to arise
from the intrinsic characteristics of the xenogeneic donor cells, such
as differences in MHC-I surface expression and production of pro-
inflammatory cytokines. These findings also indicate the possibility
that transplantation of non-neural cell types into neural environments
elicits an immunological response distinct to that resulting from
transplantation of neural cell types. In addition, since MSCs are
known to secrete a wide variety of growth factors, including GM-CSF
and others that support granulocyte and macrophage proliferation
and maturation [248,249], Coyne and colleagues commented that
the production of these factors by MSCs post-transplantation could
augment post-operative inflammation, as well as aid graft destruction
[238]. Further to this, GM-CSF has been described to be a potent
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mitogen for microglia, with the ability to induce reactive microglia
capable of scavenging and removal of damaged tissue [245].

Despite implementation of cyclosporine immunosuppression in
these studies, MSC graft rejection still occurred. Czech, et al. have
also found that cyclosporine administration could not prevent or delay
the rejection of xenogeneic bovine endothelial cells grafted into the
rat CNS [250]. Since cyclosporine treatment acts primarily to inhibit
T lymphocyte-mediated immunity [251,252], these findings indicate
the involvement of other arms of the immune system, such as innate
immunity, in MSC graft rejection. In addition, cyclosporine treatment
for neural xenotransplantation has been reported to be suboptimal
[253,254]. Furthermore, complement factors, immunoglobulins and
macrophages may be involved in immune responses against discordant
xenografts, and these are not affected in a crucial way by cyclosporine
treatment [255-257].

Administration of further immunosuppression may therefore
be required for improved MSC graft survival. Enhanced microglial
suppression was employed for Miller SC transplantation into

degenerated retina through application of oral cyclosporine
A, azathioprine, prednisolone, and indomethacin [246]. This
immunosuppressive  regimen yielded decreased microglial

accumulation and increased survival of Miiller SCs. Other studies
investigating xenograft survival in the CNS have found promising
outcomes through the use of triple drug therapy (cyclosporine,
methylprednisolone, azathioprine), complete complement blockade,
and absence of an induced primate anti-mouse antibody response
[258]; tacrolimus or cyclosporine treatment with additional inductive
treatment using prednisolone or mycophenolate mofetil [259]; or local
immunosuppression by co-transplantation of liposomal tacrolimus
[260].

Another potential factor affecting neuronal-primed hMSC
engraftment in vivo is the immunogenicity of hMSCs following in
vitro differentiation. At present, the majority of studies have examined
the immunomodulatory properties of MSCs in the undifferentiated
state, and little is known of whether this is affected by in vitro
differentiation. Recently, in vitro chondrogenic differentiation has
been reported to increase the immunogenicity of rat MSCs, resulting
in the stimulation and maturation of human DCs, possibly due to
MSC up-regulation of costimulatory B7 molecules after chondrogenic
differentiation [261]. Furthermore, the presence of stimulated DCs was
required for chondrogenic-differentiated MSC induction of human
peripheral blood lymphocyte proliferation and cytotoxicity. On the
other hand, osteogenic and adipogenic differentiation did not appear
to alter the immunological properties of MSCs [261]. Therefore, the
immunogenicity of MSCs following in vitro differentiation may depend
on the resulting cell type obtained through differentiation.

In vitro cytokine-based neuronal differentiation has been found to
cause increased hMSC expression of HLA molecules and costimulatory
CD80 molecules, however, the proliferation of allogeneic peripheral
blood lymphocytes could not be induced [262]. Instead, neuronal
differentiated hMSCs suppressed the proliferation of peripheral
blood lymphocytes induced by allogeneic lymphocytes or mitogens,
through mechanisms involving cell-cell contact and soluble factors,
such as TGF-B1 and IL-10. Treatment with IFN-y enhanced the
expression of HLA molecules by differentiated hMSCs, suggesting
that an inflammatory environment in vivo could elicit increased
immunogenicity of hMSCs. However, IFN-y exposure was unable to
significantly up-regulate CD40, CD80 or CD86 expression, indicating

that functional costimulatory signalling on neuronally differentiated
hMSCs was incomplete. Also, peripheral blood lymphocyte
proliferation was suppressed to a similar extent even after IFN-y
treatment [262]. Further studies are required to more clearly elucidate
the immunogenicity and immunomodulatory properties of hMSCs
after neuronal differentiation, and it will be of interest to evaluate
whether these factors may contribute to the lack of hMSC engraftment
observed in some studies.

Unresolved technical aspects of MSC transplantation in
Parkinson’s disease

A number of technical aspects remain undetermined concerning
the transplantation of MSCs into experimental models of CNS
diseases. One of the primary concerns is the improvement of cell
survival and differentiation post-transplantation. Graft survival can
be linked to a number of factors, including the quantity of SCs used
for transplantation. The majority of reported studies have transplanted
MSCs at a dose of 100,000 cells per site in Parkinsonian rodent models
[81,218,223]. For NSCs, transplantation of between 150,000 and
300,000 cells per site has been reported to be adequate for yielding graft
survival, however, it was still suggested that use of higher numbers
of SCs may result in higher survival rates [201]. Whereas, a separate
report comparing the transplantation of 200,000, 1 million or 2 million
human neural precursors into 6-OHDA hemiparkinsonian rats found
that smaller grafts elicited greater neuronal fibre extension and less
immunological rejection in comparison with larger grafts [203]. For
MSCs, it was found that primate MSC engraftment into the primate
CNS was enhanced when ‘low’doses (500,000) rather than high doses
(2.5 million) of MSCs were injected intracerebrally [263]. Therefore,
hMSC engraftment may be improved through increasing the number
of hMSCs transplanted to a quantity more similar to that used in
successful NSC transplantation or primate MSC transplantation.

Findings of glial scar formation at graft sites [214,238,246] raise the
question of whether the migration and integration of transplanted cells
were prevented or inhibited. The glial scar formed at graft sites contains
an inhibitory proteoglycan component; and the presence of inhibitory
proteins, such as the chondroitin sulfate proteoglycans ACAN,
versican, and neurocan, can inhibit axon guidance and prevent neurite
outgrowth and axon regeneration [143,264-266]. Recent studies have
attempted to improve graft survival and integration by creating a more
permissive microenvironment at graft sites through chondroitinase
ABC treatment to reduce inhibitory proteoglycans [246,267].
Combined transplantation of Miiller SCs together with chondroitinase
ABC has been employed for promotion of matrix degradation and
cell migration in the degenerated retina [246]. This treatment in
conjunction with enhanced microglial suppression resulted in dramatic
improvement in migration of SCs into the retina, decreased microglial
accumulation, significantly higher numbers of transplanted SCs, and a
characteristic neuronal morphology in the migrating cells. These results
suggest that abnormal extracellular matrix deposition and activation of
innate inflammatory responses may constitute major barriers to retinal
SC transplantation [246]. Furthermore, a combination of olfactory
ensheathing cell and Schwann cell transplantation with chondroitinase
ABCresulted in improved axonal regeneration and locomotor recovery
after complete spinal cord transection [267].

Manipulation of the graft niche to facilitate cross-talk between
transplanted SCs and the diseased brain has been proposed to
aid transplantation in chronic lesions or advanced stages of
neurodegenerative diseases in the aged CNS [268]. Evidence supporting
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this was seen with the over-expression of neural cell adhesion molecule
L1 in donor NSCs and recipient transgenic MPTP-lesioned mice,
which resulted in rapid and extensive distribution of donor NSCs,
rescue of dysfunctional host dopaminergic neurons, and enhanced
differentiation of donor NSCs into TH-expressing neurons [268]. These
findings offer further options for more efficacious transplantation of
SCs into the diseased CNS, and further studies are warranted.

Other strategies aimed at improving the survival and differentiation
of SC and neuronal progenitor grafts have been suggested, including
the addition of trophic factors, such as FGF-2 [269,270], or antioxidants
[271] to the cell suspension prior to transplantation. Furthermore,
little is known of the optimal timing or therapeutic window for SC
transplantation post-injury. In liver fibrosis treatment, immediate
systemic infusion of MSCs post-injury was able to significantly reduce
liver damage and collagen deposition, whereas delaying MSC infusion
by 1 week hampered the prevention of disease progression [272].
Unfortunately, no conclusions have been reached on which techniques
or combinations of techniques provide the best outcomes and further
investigation into these aspects is necessary.

Summary/Conclusion

A variety of distinct approaches have been implemented in the
quest for MSC dopaminergic neuronal differentiation and application
in potential PD therapies. Nonetheless, the reported findings possess
a number of unifying elements, although these mainly lie in the realm
of newly raised questions and issues that remain to be resolved. In the
midst of these pertinent issues, are questions regarding the optimal
developmental point at which to transplant differentiating cells, the
relevance of animal models and studies to the situation in humans, the
little-defined potential immunological responses to undifferentiated
and differentiated MSC grafts, and the suitability for translation into
the clinic. A meticulous and systematic approach is therefore required
for the proper development of reproducible and reliable methods for
MSC neuronal differentiation and application in cellular therapies
for neurological diseases. While much progress has been achieved
and promising results have been obtained, the generation of mature
functional midbrain dopaminergic neurons from MSCs remains
elusive. However, although improvements to our current understanding
of MSC-based cellular therapies for PD are still required, the progress
in this field to date validates the significance of this work and renders
continued research efforts in this field as worthwhile pursuits.
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