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ABSTRACT
The discovery of neurogenesis in the adult brain has
created new possibilities for therapeutics in neurodegenerative diseases. Neural precursor cells, which have
been found in various parts of the brain, e.g., the subventricular zone (SVZ) and substantia nigra (SN), have
promising potential to replace the extensive loss of
neurons occurring in neurodegenerative disorders. In
Parkinson’s disease (PD) the degeneration of nigral
dopaminergic neurons and consequently the nigrostriatal pathway, which has been found to innervate proximally to the SVZ, causes motor and cognitive
impairments. There is strong evidence that neurogenesis is impaired in PD, which has been related to the
nonmotor symptoms of the disease. Recent evidence
supports that this impairment in neurogenesis is par-

tially caused by the lack of dopamine in one of the
adult neurogenic niches, the SVZ. Thus, restoring the
dopaminergic pathway in PD patients may have implications not only for motor function improvement, but for
other cognitive and autonomic symptoms. Currently,
there are no effective treatments that can stop or
reverse the neurodegeneration process in the brain.
Here we review the neurogenic process and observed
alterations found in PD animal models and postmortem
brains of PD patients. Finally, we review several
attempts to stimulate the neurogenic process for nigral
and/or striatal dopaminergic restoration by transgenic
expression, exercise, or cell therapy. J. Comp. Neurol.
522:2817–2830, 2014.
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Adult neurogenesis, a process which new neurons
are generated in the adult brain, was first discovered in
rats more than 40 years ago (Altman, 1969). This concept was controversial for many years, until the late
1990s, when it was discovered in the human brain.
Researchers injected a chemical marker for dividing
cells into cancer patients and revealed newly generated
cells in the hippocampus after postmortem histology
(Eriksson et al., 1998). Today, the demonstration of
neurogenesis and the isolation of neural precursor cells
(NPCs) from the adult mammalian central nervous system (CNS) suggests new therapeutic possibilities for
neurodegenerative diseases, in which there is extensive
loss of cells in the brain.
NPCs exist in many regions throughout the adult
brain (Zhao et al., 2008). However, they produce new
neurons in only two specific regions under physiological
conditions: the subventricular zone (SVZ) lining the lateral ventricles (Sanai et al., 2004) and the subgranular
zone (SGZ) of the dentate gyrus (DG) in the hippocampus (Eriksson et al., 1998). The neurogenic process in
the adult brain can be divided into a series of distinct
C 2014 Wiley Periodicals, Inc.
V

developmental steps, which can be examined separately, and include the proliferation of precursor cells,
the survival of newly born cells, the migration of these
cells, differentiation into mature functional neurons, and
finally, their integration in the neuronal network. The
adult SVZ contains three main types of progenitor cells.
Glial fibrillary acidic protein (GFAP)-positive, slowly
dividing astrocyte-like-cells (type B) generate actively
dividing transient amplifying cells (type C) which can be
identified by the expression of the epidermal growth
factor receptor (EGFR) (Hoglinger et al., 2004). C-cells
differentiate into polysialic neural cell adhesion molecule1 (PSA-NCAM1)-restricted migrating neuroblasts
(type A) (Zhao et al., 2008). The migrating neuroblasts
migrate in chains ensheathed by the astrocytes (type B
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cells) to the olfactory bulb (OB) along the rostral migratory stream (RMS) (Kam et al., 2009). In the adult
human brain, this migratory stream seems to be not as
active as in rodents or young humans (Sanai et al.,
2004; Wang et al., 2011). The transient amplifying cells
(type C cells) form clusters next to the chains of
migrating cells. After arrival in the center of the OB,
neuroblasts detach from their chains and migrate in the
overlying granular and periglomerular layers (Ming and
Song, 2005). Most of the cells differentiate into gamma
aminobutyric acid (GABA)-ergic granular neurons, and
only small numbers differentiate into periglomerular
neurons expressing tyrosine hydroxylase (TH) in addition to GABA (Winner et al., 2002; Kiyokage et al.,
2010). Accordingly, SGZ contains: GFAP-expressing
cells with radial processes (type 1) that generate GFAPnegative cells with short processes (type 2), which in
turn give rise to doublecortin (DCX)-expressing neuroblasts (Zhao et al., 2008). Neurons born in the adult
SGZ migrate into the granule cell layer of the dentate
gyrus and become dentate granule neurons (Seri et al.,
2004).

PARKINSON’S DISEASE
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, after Alzheimer’s disease,
affecting 1% of the population at the age of 65 years.
It is a progressive, chronic disease involving many factors with a complex etiology. Its cardinal symptoms
include motor symptoms such as bradykinesia, tremor,
rigidity, and postural instability. Other manifestations
are nonmotor-related PD symptoms, e.g., olfactory deficits, autonomic dysfunction, depression, cognitive deficits, and sleep disorders (Gaig and Tolosa, 2009).
Early studies have associated PD mainly with the
degeneration of dopaminergic neurons of the substantia
nigra (SN) pars compacta leading to loss of dopamine
(DA) in the striatum, which is associated with the motor
deficits of the disease (Koller et al., 1991). However,
recent studies have revealed that the onset of the disease begins many years before the appearance of the
motor symptoms and Braak et al. (2002) have proposed
distinct stages of the disease progress in the brain
(Gaig and Tolosa, 2009). PD is considered a synucleinopathy, the abnormal accumulation and aggregation of
wildtype a-synuclein (a-syn) protein. It is a major component in intracellular inclusion bodies, termed Lewy
bodies (LB), and argyrophilic processes, termed Lewy
neurites (LN). Furthermore, studies have shown mechanisms of cell-to-cell propagation by alpha-synuclein
oligomers released into the extracellular space and subsequent uptake of neighboring neurons (Danzer et al.,
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2009), astrocytes (Lee et al., 2010), as well as microglia (Alvarez-Erviti et al., 2011) which offer a possible
explanation for the neuropathological stages proposed
by Braak et al. (Olanow and Brundin, 2013). In cases
with cognitive impairment, neuronal populations in the
striatum, hippocampus, and neocortex are affected
(Harding et al., 2002; McKeith et al., 2004). Accumulation of a-syn in these structures affects nonmotor functions such as neurogenesis and olfaction, contributing
to PD pathology (Fleming et al., 2008; Desplats et al.,
2012). Moreover, a-syn is hypothesized to activate the
brain’s innate immune system by the activation of
microglia cells. Gao and Hong (2008) even suggested
neuroinflammation as a driving force in the progression
of DA degeneration. Consequently, neuroinflammation
could directly affect neural stem cells and thereby
inhibit the brain’s endogenous regenerative potential
(Das et al., 2011; Russo et al., 2011; Worlitzer et al.,
2012).
At present, there are only symptomatic treatments
for PD patients that offer relative relief for the motor
symptoms. Dopamine replacement therapy—e.g., Ldopa, the gold standard of pharmacological therapy—
does not effectively alleviate all PD features and has
psychiatric side effects. Moreover, prolonged treatment
causes loss of efficacy, dyskinesias, and nonmotor manifestations. Other treatments, such as deep brain stimulation, treat solely motor symptoms (Brichta et al.,
2013). Cell replacement therapy (CRT) emerged three
decades ago with the aim of replacing the lost DAergic
neurons with new and healthy ones. As proof of concept it was demonstrated that by new DAergic neurons
grafting, improvement in humans and animal models
can be achieved. However, this approach still presents
several technical and ethical problems which has prevented their clinical translation (Ganz et al., 2011).
Through induced pluripotent stem cells (iPSC) technology, patient-specific stem cell lines were generated for
disease modeling purposes and to treat patients with
personalized, tissue-matched transplants, without the
accompanying immunological complications (Park et al.,
2008). It was demonstrated that DAergic neurons can
be generated by mouse fibroblast-derived iPSCs (Wernig
et al., 2008), PD patients somatic cells (Hargus et al.,
2010), and more recently this was achieved through a
21-day fast protocol and 93% differentiation efficiency
(Theka et al., 2013). All of the generated cells showed
behavioral improvements after intrastriatal transplantation in the 6-OHDA PD animal model. Recently, it was
demonstrated that ectopic expression of different sets
of transcription factors can rapidly and efficiently convert mouse fibroblasts into functional DAergic neurons
with therapeutic potential in animal models of PD (Kim
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et al., 2011). iPSCs-DA and iDA represent a great
advance for stem cell research and regenerative
approaches in PD, holding tremendous potential for
future clinical translation. However, they still have many
drawbacks and further investigation is needed before
clinical application is pursued. Although beneficial in
research of the basic disease processes, patientderived iPSCs and iNs may carry mutations, polymorphisms, or epigenetic marks that could make them
more susceptible to develop PD-like features after
transplantation (Thomson et al., 1998; Kordower et al.,
2008; Arenas, 2010).
Although CRT is being studied extensively, a new
approach by using endogenous neural stem cells
(NSCs) in replacing degenerated neurons seems to be a
very interesting strategy for repairing the damaged PD
brain. By introducing factors to the PD-diseased brain,
which will induce endogenously the generation of DAergic neurons and restoring the denervation of the striatum, and the SVZ eventually, may have beneficial
effects on motor deficiencies and perhaps even cognitive impairments, without the technical complications of
CRT implantation.

NEUROGENESIS IN PD MODELS
Many studies have found that in PD there are alterations in the neurogenic process. Neurogenesis is a
complex mechanism which involves many factors, one
of them being dopamine, as revealed by in vivo and in
vitro studies (Berg et al., 2013).
DA neurons originating in the SN project to the SVZ
in mice (Baker et al., 2004), primates (Freundlieb et al.,
2006), and humans (Hoglinger et al., 2004), and create
a dense innervation. Most cells surrounding these dopaminergic nerve endings have been shown to express
the epidermal growth factor receptor (EGFR). EGFR is
expressed by all C-cells and a small subset of B-cells,
suggesting that the fibers project mainly to progenitor
cells (Hoglinger et al., 2004). In addition, a number of
studies revealed the presence of DA receptors, supporting the possible effect of DA on cells in the SVZ. D1like receptors were detected in the cytoplasm of C-cells
and in membranes of A-cells, while D2-like receptors
were most abundant in C-cells but less so in A-cells in
rats (Hoglinger et al., 2004).
The two main animal models of PD involve the specific destruction of SN dopaminergic neurons by neurotoxins, i.e., 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) or 6-hydroxydopamine (6-OHDA) (Przedborski
et al., 2000; Simola et al., 2007). Several studies have
demonstrated that in an MPTP rodent model of PD
there is reduced proliferation of progenitor cells in the

SVZ, and a similar effect in the SGZ as well, resulting in
reduced neurogenesis (Hoglinger et al., 2004; L’Episcopo et al., 2012).
Freundlieb et al. (2006) showed similar results in the
SVZ of an MPTP model in nonhuman primates, while
another investigation showed that no neurogenesis
occurs at all in the striatum (Tande et al., 2006). In
addition, unilateral administration of 6-OHDA into the
nigrostriatal pathway causes a decline in the number of
proliferating cell nuclear antigen (PCNA)-expressing
cells. Proliferation was seen to be restored completely
by selective agonists of D2-like receptors (Hoglinger
et al., 2004), and more specifically the D3 dopamine
receptor agonist (Van Kampen et al., 2004). However,
Kippin et al. (2005) showed an increase in proliferation
of NSCs on applying the chronic treatment of a D2
receptor antagonist. These results can be explained by
the fact that while dopamine promotes proliferation of
transient amplifying cells, it may inhibit stem cell proliferation. This inhibition may appear after chronic treatment, due to the fact NSCs divide less frequently than
the amplifying cells (Berg et al., 2013). Baker et al.,
(2004) demonstrated a decrease in bromodeoxyuridine
(BrdU)-labeled cells in the SVZ after 6-OHDA injection
to the medial forebrain bundle and SN. However, this
reduction in proliferative capacity has been challenged.
MPTP-injected mice were labeled with markers for
PCNA and phosphohistone-H3 to find that NSCs in the
SVZ maintain their proliferative capacity (van den Berge
et al., 2011). Other studies have reported an increase
in precursor proliferation in the SVZ, but only a small
increase in aged mice (Peng et al., 2008; Peng and
Andersen, 2011).
Aggregation of human a-syn, in adult transgenic
mice, resulted in reduced neurogenesis in the SVZ and
DG, mainly because of diminished survival of NPCs in
the neurogenic regions (Winner et al., 2002, 2004).
Subsequently, they found that this decrease was mediated by a p53 repression of notch-1, as well as by
increased induction of NPCs apoptosis (Desplats et al.,
2012). Notch1 signaling has profound effects on the
development of the nervous system, including maintenance of stem cell self-renewal, proliferation, neuronal
differentiation, and glial determination (Louvi and
Artavanis-Tsakonas, 2006).

NEUROGENESIS IN PD
Nowadays, studies of adult neurogenesis in PD use
solely postmortem analyses, which are limited. Hoglinger et al. (2004) found that the dopaminergic innervation of EGFR1 subependymal zone cells is conserved in
adult humans, and that in PD patients there is a
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significantly reduced number of PCNA1 in the SVZ, in
tissue fixation, compared with controls matched for
age, gender, and time from death. Another study found
a significantly reduced number of EGFR1 cells, which
are C-cells, in the PD SVZ compared to matched controls (O’Keeffe et al., 2009b). Moreover, decreased EGF
levels have been observed in the striatum and the prefrontal cortex of PD patients, possibly related to dopaminergic denervation (Iwakura et al., 2005). In addition,
O’Sullivan et al. (2011) found that expression of Musashi1, a marker for NSCs and NPCs, correlates negatively with disease progression and positively correlated
with the amount of lifetime levodopa used. These
results provide strong evidence for the dopaminergic
modulation of forebrain precursor proliferation in adult
humans.
However, these results of reduced proliferation have
been challenged by van den Berge et al. (2011), who
showed that proliferation of NSCs in the SVZ, measured
by PCNA and phospho-histone-H3, did not change in
PD patients compared to matched controls. Furthermore, neurospheres were generated from the SVZ of
PD patients, with a success rate similar to that of control donors, which indicates that the SVZ in PD still contains proliferative, multipotent neural stem cells (van
den Berge et al., 2011).
These contradictory results may have several explanations. First of all, DA replacement treatment is only
considered in O’Sullivan et al., which can cause variations in results. Different levels of DA is an important
factor which may affect neurogenesis. Therefore, consideration of the DA replacement therapy and its characterization is necessary for precise analysis. Second,
different cell quantification and analyzing methods are
used, as discussed in van den Berge et al. (2012) and
Hoglinger et al. (2012). Finally, there are variable postmortem delays, causing different levels of tissue deterioration. Interestingly, the generation of neurospheres in
vitro implies that the SVZ maintains its proliferative
capacity in PD but lacks the sufficient signaling for
proliferation.

NEUROGENESIS IN THE SN: HEALTHY
BRAIN AND PD MODELS
There have been several studies of the possibility of
neurogenesis in the SN. Lie et al. (2002) have shown
that new cells are born in the healthy SN. However,
most of the newborn cells were associated with the
glial progenitor marker NG2 and no mature neurons
were detected. However, they have demonstrated that
precursor cells isolated from the SN have the ability to
differentiate into neurons in vitro (Lie et al., 2002).
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Another group has reported the generation of new
mature nigral DA neurons under physiological conditions by colocalization of BrdU and TH (Zhao et al.,
2003; Zhao and Janson Lang, 2009). However, Borta
and Hoglinger (2007) raised the possibility that the
markers seen represented cells that are adjacent, and
not the same cell. A number of works have also
described the expression of PSA-NCAM in the SN
(Nomura et al., 2000; Yoshimi et al., 2005; Peng et al.,
2008), a marker for multipotent progenitor cells in the
SVZ and the DG and, additionally, is widely expressed
in the mammalian brain (Xiong et al., 2008; GomezCliment et al., 2011; Bonfanti and Nacher, 2012).
Borta et al. (2007) discussed that PSA-NCAM is
expressed not only in neuroblasts, but in other cells
undergoing plastic changes as well, and these results
do not support the hypothesis of dopaminergic neurogenesis in the SN. Several studies have explored neurogenesis in the SN in PD models, and have not found
newborn DA neurons (Kay and Blum, 2000; Lie et al.,
2002; Cooper and Isacson, 2004; Frielingsdorf et al.,
2004; Mohapel et al., 2005; Yoshimi et al., 2005).
Other interesting findings involve the presence of low
levels of oligodendrogenesis and astrogliogenesis in
the SN after 6-OHDA lesion. However, the findings
seem to be strongly dependent on the model and the
timepoint of investigation (Kay and Blum, 2000; Lie
et al., 2002; Yoshimi et al., 2005; Steiner et al., 2008;
Klaissle et al., 2012). Nevertheless, increasing evidence suggests oligodendrogenesis as an interesting
new potential therapeutic target in PD (Worlitzer et al.,
2012).
Whether proliferation in the SN ultimately leads to
the formation of mature DA neurons remains controversial, although in vitro and in vivo differentiation of SN
precursors to neurons in the hippocampus imply that
there may be a presence of neuronal differentiation
inhibition or a lack of proneural signals in the local SN
environment (Lie et al., 2002). Perhaps by inducing an
appropriate environment with growth factors and
DAergic differentiation signaling factors, DA-secreting
cells can be generated. The conflicting results may be
explained by variations in the labeling protocols.
Recently, Zhao et al. (2009) proposed a sensitive protocol which involves higher doses of BrdU and an additional 3 weeks survival, to enable the maturation of the
dividing cells into neurons at detectable levels. This
implies the presence of dividing cells, although in
smaller amounts and with slower division rates in the
SN. However, even if in the future researchers will succeed in inducing DA neurogenesis in the SN, the more
problematic issue is reinnervation of the striatum of
these newborn cells.
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USE OF EXOGENOUS FACTORS IN
INDUCING DAERGIC NEUROGENESIS
As described above, the main pathology of PD is the
degeneration of DA cells in the SN and denervation of
the striatum. The presence of progenitor cells in the
SVZ and SN of the parkinsonian brain has been demonstrated (Wang et al., 2012). Therefore, several studies
have attempted to find factors which induce neurogenesis in these regions, to facilitate endogenous cellreplacement strategies (Table 1, Figure 1).
In several studies, transforming growth factor a
(TGFa) has been introduced into the striatum of 6OHDA-lesioned rats (Fallon et al., 2000; Cooper and
Isacson, 2004; de Chevigny et al., 2008). All studies
have shown increase in proliferation in the SVZ and
migration of these cells to the DA-depleted striatum.
However, only one study has found a small amount of
newly generated dopaminergic neurons in the striatum,
expressing TH and dopamine transporter (Kim et al.,
2011). Moreover, they have shown a reversal of the
motor dysfunction (Fallon et al., 2000). The other studies failed to demonstrate motor recovery and dopaminergic differentiation in the striatum, or in the SN. In
addition, the increase in neurogenesis has not been
found in na€ıve rats, implying a synergic effect of the
lesion and TGFa (Cooper and Isacson, 2004; de Chevigny et al., 2008). It was found that the cells, which
had migrated to the striatum, were of multipotent Ccell-phenotype, which in turn differentiated into mature
neurons in the OB. This evidence suggests that such Clike cells require further midbrain or forebrain cues to
differentiate into mature DA neurons suitable to
improve function in PD (de Chevigny et al., 2008).
Another study administered fibroblast growth factor 2
(FGF-2) to an MPTP model in mice (Peng et al., 2008).
They found an increase in neuronal differentiation in
the SVZ and the SN, but did not provide evidence of
the cells eventually turning into dopaminergic neurons,
and where the cells in the SN originated. Another group
has shown that the addition of epidermal growth factor
(EGF), to FGF-2, leads to an increase of proliferation
and the number of neuroblasts in the SVZ of 6-OHDAlesioned rats. This increase was more pronounced in
the 6-OHDA-animals. However, most of the newly generated cells showed a glial phenotype (Winner et al.,
2008). Increased proliferation in the SVZ and the striatum was seen in 6-OHDA rats, which received an intraventricular infusion of liver growth factor (LGF), and
25% of the proliferating cells were DCX-positive. Moreover, some of the newborn cells were mature neurons.
However, these neurons have not been observed to be
dopaminergic (Gonzalo-Gobernado et al., 2009). Other

growth factors have been investigated. In a 6-OHDA
model, platelet-derived growth factor (PDGF) and brainderived neurotrophic factor (BDNF) have been shown to
increase proliferation and differentiation into neurons in
the striatum, yet they fail to induce dopaminergic neurons (Mohapel et al., 2005).
The effect of DA receptor (DAR) agonists on neurogenesis have been investigated. The chronic treatment
of 7-OH-DPAT, a D3 receptor agonist, was administered
to the third ventricle of 6-OHDA rats. This resulted in a
rise in cell proliferation in the SVZ and SN, and more
interestingly, an increase in the expression of TH in
newborn cells in the SN. Moreover, these cells demonstrated functional recovery which lasted for at least 4
months after the treatment ended (Van Kampen and
Eckman, 2006). Another study examined a combination
of DAR agonists, for D1-like receptors and D2-like
receptors, in a 6-OHDA model (O’Keeffe et al., 2009a).
An increase in BrdU-positive cells in the SVZ and a significant increase of newborn neurons in the OB was
demonstrated. Another DAR agonist, pramipexole (PPX),
has been investigated and revealed an increase in the
SVZ-OB system by increasing SVZ-cell proliferation and
survival of newly generated neurons in the OB. However, no striatal neurogenesis has been noted (Winner
et al., 2009).
A recent study investigated how cell proliferation and
cell differentiation in the adult mouse SN would be
altered after treatment with the antiinflammatory minocycline in the acute nigral 6-OHDA injection model of
PD (Worlitzer et al., 2013). EdU1 cells in the SN were
recorded, but there were no signs of new mature neurons 3 weeks after 6-OHDA injection. In this study, the
low numbers of cells and the resulting high variations
between animals made it difficult to make any assumptions about the effect of 6-OHDA-induced lesion and
minocycline. Interestingly, Worlitzer et al. (2013) found
a high percentage of DCX1 cells among the EdU1
cells in the SN. However, previous reports failed to
demonstrate the presence of DCX1 cells in the SN
(Frielingsdorf et al., 2004; Mohapel et al., 2005; Van
Kampen and Eckman, 2006; Steiner et al., 2008; Klaissle et al., 2012). The explanation for these conflicting
results may be due to the coimmunostaining of DCX
with BrdU that often interferes with antibody binding of
proteins with a low expression level. On the other hand,
DCX expression has been linked to neural shape plasticity and growth cone dynamics (Burgess and Reiner,
2000; Nacher et al., 2001; Friocourt et al., 2003). Consequently, expression of DCX is not sufficient to prove
the existence of neurogenesis in the SN. Another
recent report detailed the effects of the injection of
clustered ephrin-A1 into the lateral ventrical of 6-OHDA
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MPTP in mice

6-OHDA in rats

6-OHDA in rats

6-OHDA in rats

6-OHDA in rats

6-OHDA in rats

FGF-2

FGF-2 & EGF

LGF

BDNF & PDGF

7-OH-DPAT
(D3r agonist)

D1-like receptors &
D2-like receptors
agonists
pramipexole
(DAR agonist)

6-OHDA in mice

6-OHDA in rats

MPTP in mice

Minocycline

Clustered ephrin-A1

Exercise

6-OHDA in rats

6-OHDA in rats

Model

TGFa

Stimulus
Increase in SVZ proliferation,
migration to striatum and
neurogenesis
Increase in SVZ proliferation,
migration to striatum but no
neuronal differentiation
Increase in SVZ proliferation,
migration to striatum but no
neuronal differentiation
Neurogenesis in the striatum and
limitied neurogenesis in the SN
Increase in SVZ proliferation and
increased number of neuroblasts in the SVZ and striatum.
Gliogenesis rather than
neurogenesis
Increase in SVZ proliferation,
migration to striatum and
neurogenesis
Increase in SVZ proliferation,
migration to striatum or proliferation in the striatum and
neurogenesis
Increase in SVZ and SN proliferation, and neurogenesis in the
SN
Increase in SVZ proliferation
Increase in neuronal differentiation in olfactory bulb
Increase in SVZ proliferation
Increase in neuronal differentiation in OB
Increase in SN proliferation oligodendrogenesis and astrogliosis
in the SN
Increase in SVZ proliferation
migration to striatum, neurogenesis and angiogenesis
Increased proliferation in the
OB

Main findings

No

No

ND

Yes
In the striatum

No

No

No

Yes
In the SN

No

No

No

Yes

Yes

ND

Yes

ND

Yes

ND

No

ND

ND

No

No

No

Yes

Behavioral
improvement

Yes
In the striatum

DAergic
neurogenesis

TABLE 1.
Stimulation of Neurogenesis in Parkinson’s Disease Models

Fisher et al., 2004

Jing et al., 2012

Worlitzer et al., 2013

Winner et al., 2009

O’Keeffe et al., 2009a

Van Kampen and
Eckman, 2006

Mohapel et al., 2005

Gonzalo-Gobernado
et al., 2009

Winner et al., 2008

Peng et al., 2008

de Chevigny et al., 2008

Cooper and
Isacson, 2004

Fallon et al., 2000

Study

O. Lamm et al.

6-OHDA in rats

Induced hMSCs
transplantation
in the SVZ
Systematic administration
of hMSCs

Main findings
Down-regulation of DAT
Up-regulation of the dopamine
D2 receptor
Decreased expression of striatal
TH and DAT
The number of DAergic cells in
SN increased
Increased neurogenesis in the
hippocampus
Oligodendrogenesis in the SN
Oligodendrogenesis in the SN
only after levodopa
Increase in SVZ proliferation,
migration to striatum and
neurogenesis
Increase in SVZ proliferation,
migration to striatum and
neurogenesis
Augmented neurogenesis in both
the SVZ and SN, and increased
DAergic differentiation in the
SN
Yes

Yes (but not known if
new-born or recovered)
ND

Yes (but not known if
local or migrated)

No

No

No

Yes

No

ND

Yes

ND

ND

ND

Behavioral
improvement

DAergic
neurogenesis

Park et al., 2012

Kan et al., unpublished

Cova et al., 2010

Klaissle et al., 2012

Wu et al., 2008

Smith et al., 2011)

Petzinger et al., 2007

Study

DAergic, dopaminergic; ND, not demonstrated; 6-OHDA, 6-hydroxydopamine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SN, substantia nigra; OB, olfactory bulb; SVZ, subventricular zone; TGFa, transforming growth factor a; FGF, fibroblast growth factor; EGF, epidermal growth factor; LGF, liver growth factor; PDGF, platelet-derived growth factor; BDNF, brain-derived neurotrophic factor; D3r, D3 receptor;
DAT, dopamine transporter; hMSC, human mesenchymal stem cells.

MPTP in mice

6-OHDA in rats

Healthy Aged mice
MPTP in mice

Healthy Aged mice

Model

Intrastriatal hMSCs
transplant

Exercise

Stimulus

TABLE 1. Continued

Harnessing neurogenesis for PD
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Figure 1. A schematic illustration of potential treatment for PD by enhancing endogenous dopaminergic neurogenesis. SVZ, subventricular
zone; SNpc, substantia nigra pars compacta; St, striatum; FGF, fibroblast growth factor; BDNF, brain-derived neurotrophic factor; EGF, epidermal growth factor; LGF, liver growth factor; PDGF, platelet-derived growth factor; TGF-a, transforming growth factor a; SHH, sonic
hedgehog.

rats. Proliferation in the SVZ increased, as did the number of BrdU1 cells in the striatum and OB, and the
number of cells expressing TH in the striatum. In addition they also observed augmented angiogenesis (Jing
et al., 2012).
These inconsistent results concerning neurogenesis
in the SN and SVZ indicate that a thorough and indepth study, investigating multiple factors which stimulate neuroprotection and/or DA neuroregeneration, is
warranted. Moreover, studies which administer factors
inducing DAergic differentiation in these areas are
needed. For example, members of the Wnt family, i.e.,
Wnt1, 3a, and 5a, have been reported to play a major
role in DA neuron generation and development, among
other factors such as sonic hedgehog and FGF8
(reviewed extensively in Kim, 2011).

EXERCISE AND NEUROGENESIS IN PD
MODELS
Motor performance is dependent on the interaction
between automatic and cognitive control of movement
(Mazzoni and Wexler, 2009; Redgrave et al., 2010). In
PD, the preferential loss of DA neurons in the dorsal
basal ganglia leads to increased cognitive control of
motor movements to compensate for the diminished
automatic control. As a result, individuals with PD have
a much larger cognitive load in executing motor or cognitive tasks (Wu and Hallett, 2008; Redgrave et al.,
2010). Studies in the last decade have demonstrated
the role of exercise, involving both automatic and
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cognitive control of movement, in improving motor
performance in PD.
Epidemiological studies have also supported a link
between energetic exercise and reduced risk for PD
(Chen et al., 2005; Xu et al., 2010). Exercise is
described as a physical activity that is planned, structured, and repetitive for the purpose of conditioning
any part of the body. The importance of exercise in PD,
is that repeating and challenging the body while skill
training, leads to the improvement of motor performance. Since prefrontal cognitive circuits are critically
involved in early phases of motor learning, another
important component of exercise in PD is cognitive
engagement.
Animal models provide an important tool to investigate the mechanisms by which exercise induces neuroplasticity in the mammalian brain. A study has shown
that treadmill exercise in mice led to increased motor
performance. The exercise was started 5 days after
acute MPTP administration, which allowed cell death to
occur before exercise was initiated (Fisher et al., 2004).
The results showed a downregulation of DAT, a protein
important in regulating dopamine uptake, and upregulation of the DA D2 receptor, a receptor important in
motor behavior (Fisher et al., 2004). Another study
found no difference in striatal DA levels between MPTPtreated mice with or without exercise. However, they
did find increased striatal DA in saline-treated mice
undergoing exercise (Petzinger et al., 2007). Additionally, immunohistochemical staining for striatal TH and
DAT demonstrated decreased expression in MPTP-
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treated mice that exercised, as compared to MPTPtreated mice that did not exercise (Petzinger et al.,
2007). This suggests that the benefits of treadmill exercise, while beneficial for all mice, are different in MPTPlesioned versus non-MPTP-treated mice. However, exercise did not result in DA neuron restoration in the SN.
In another MPTP-model, exercise was initiated after 7
days of MPTP treatment (Smith et al., 2011). Exercise
led to improvement in gait performance for both the
mice who received MPTP and those who did not. Furthermore, the effects of early treadmill-based intervention appear to be unique in mice who received MPTP.
The number of DA cells in SNpc increased after treadmill exercise (Smith et al., 2011). This can be explained
by the moderate lesion in this study: there was a 50%
decrease in TH-labeled neurons in the SNpc, compared
to a severe loss, more than 60%, in others (Fisher
et al., 2004; Petzinger et al., 2007). However, the
authors did not examine whether the TH1 neurons
were newborn or recovered neurons. Consequently,
exercise may be more beneficial for patients with mild
symptoms or at risk.
Neurogenesis has been shown to increase in the hippocampus of middle-aged mice, which had undergone 5
weeks of treadmill training. The researchers observed
the enhancement of NSC proliferation, the promotion of
neurite growth of newborn neurons, and the increased
survival of newborn neurons (Wu et al., 2008). A different study demonstrated that physical activity and
enriched environment induced generation of newborn
cells in the adult mouse SN. The majority of these cells
expressed NG2, a marker for oligodendrocytic precursor
cells. Mature oligodendrocytes have been found as well
in the SN. However, this effect was seen in MPTP-mice
only after levodopa treatment, which implies the role of
dopamine oligodendrogenesis. NG21 cells have been
reported to bear neuroprotective and neuroregenerative
capacities in the adult (Klaissle et al., 2012).
In conclusion, physical exercise has proven to
enhance neurogenesis in healthy mice, improve motor
function in PD models, and to help restore SN damage
in a moderate PD model. However, there are very few
studies which examined the connection between
exercise, neurogenesis, and their effect on motor or
cognitive performance. Thus, more studies linking exercise and neurogenesis enhancement in PD are needed
to further elucidate this subject.

MESENCHYMAL STEM CELL-BASED
NEUROGENESIS INDUCTION IN PD
MODELS
Mesenchymal stem cells or mesenchymal stromal
cells (MSCs), first identified by Friedenstein et al.

(1974), are multipotent cells with a self-renewal
capacity that can differentiate into cells of several distinct mesodermal lineages, including bone, cartilage,
and adipose tissues (Pittenger et al., 1999). They are
fibroblast-like cells and can be isolated from almost all
tissues, including bone marrow, muscle, fat, dermis,
tooth, placenta, amniotic membrane and fluid, endometrium, umbilical cord and cord blood, lung, liver, spleen,
tonsils, peripheral blood, and blood vessels (Bianco
et al., 2008). A neural predisposition hypothesis of
MSCs was proposed by the findings that MSCs express
the basal level of neural genes, including nestin,
neuron-specific enolase, and beta-tubulin III (Blondheim
et al., 2006) and that MSCs can be induced to differentiate into neural-like cells under similar culture conditions for neural induction of embryonic stem cells
(Sanchez-Ramos et al., 2000; Woodbury et al., 2000;
Levy et al., 2003; Khoo et al., 2008). This neural plasticity aroused great interest for the therapeutic application of MSCs for various neurodegenerative diseases
(NDDs). However, neuronal and dopaminergic differentiation of bone-marrow-derived cells requires transdifferentiation from a mesodermal to a neuroectodermal
lineage. This possibility is still being debated (Bertani
et al., 2005; Phinney and Prockop, 2007; Tondreau
et al., 2008). Other characteristics that make MSCs an
interesting possibility for cell therapy in NDD are their
homing capabilities to the damaged tissue via circulation, immunosuppression qualities (Prockop and Oh,
2012) to protect further tissue damage and secretion
of factors that induce neuroprotection and endogenous
repair.
It has been demonstrated that both intravenous and
intracerebral injection of MSCs improved functional
recovery and reduced lesion size in rodents in ischemic
brain injury models. Different administration methods
resulted in similar outcomes, implying that the mode of
administration was not a key factor in recovery
(Jackson et al., 2010). Migration of MSCs to neuronal
lesions and increased viability were also demonstrated
in a 6-OHDA animal model (Hellmann et al., 2006). It is
still unknown how and why MSCs home to damaged
tissues but studies imply inflammation as one probable
cause (Hong et al., 2009; Yagi et al., 2010). This ability
may ease the administration of MSCs in clinical
applications.
MSCs transplanted into the injury site have been
shown to affect neurogenesis. A study which transplanted hMSCs intrastriatally in a 6-OHDA rodent model
demonstrated increased proliferation and transformation of progenitor cells into neuroblasts (Type A), which
migrated towards the lesioned striatum. However, the
enhancement of neurogenesis could not be detected in
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sham animals following transplantation, suggesting a
synergistic action between the MSCs and the lesion on
neurogenesis (Cova et al., 2010). We also reported an
increase in proliferation and differentiation of neuronal
progenitors in the SVZ of healthy mice after MSCs
transplantation in the SVZ. The NPCs expressed NeuN
3 weeks later. It was hypothesized that secretion of
trophic factors from the transplanted cells caused this
increase (Kan et al., 2011). A continuing investigation
demonstrated that the transplantation of induced-MSCs
to the SVZ in a 6-OHDA rodent model stimulated
endogenous astrogenesis and showed neuroprotection
of DA terminals leading to improved gait performance
(Kan et al., unpubl.).
A recent study has demonstrated that hMSC administration significantly augmented neurogenesis in both
the SVZ and SN of MPTP animal model, which led to
increased differentiation of NPCs into dopaminergic
neurons in the SN. However, their data (Park et al.,
2012) did not provide information as to whether hMSCinduced cell proliferation in the SN occurred from resident NPCs or cells that migrated from the SVZ. Moreover, hMSC administration notably increased the
expression of EGFR in the SVZ of MPTP-treated PD animals, and coculture of hMSCs significantly raised the
release of EGF in the medium of MPP1-treated NPCs
(Park et al., 2012). EGF is known to be an endogenous
regulator of SVZ neurogenesis, leading to the significant
enhancement in the proliferation and migration of NPCs
in the SVZ (Kuhn et al., 1997).
The use of MSCs for therapeutics in PD seems
encouraging, exhibiting immunomodulatory, neuroprotective, and neuroregenerative properties. Furthermore,
MSCs raise no ethical concerns and can be administered by autologous transplantation (Kan et al., 2007).
Moreover, the probability of MSCs being tumorigenic is
low and they have been shown to be safe in clinical trials (Venkataramana et al., 2010).

CONCLUSION
The research on neurogenesis in the adult brain has
just begun to make progress in the field of neurorestoration and neuroprotection. Only recently it was discovered that NPCs exist in many regions in the adult
human brain, including the SN, and they can be isolated and differentiated in vitro. Moreover, these cells
exist in the brain of PD patients as well, although it
seems that there is a decrease in their proliferation,
seemingly from the dopaminergic denervation. PDassociated pathology not only has an impact on the
degeneration of mature neurons but also influences the
generation of neural progenitor populations in the adult
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brain. Therefore, stimulation of the endogenous stem
and progenitor cell population might be a promising
means to restore some of the diseased regions in PD.
There is no concrete evidence as to whether there is
dopaminergic neurogenesis in PD or PD models. Studies show promising evidence that exogenous factors
increase neurogenesis, and may even stimulate dopaminergic neurogenesis in the SVZ and the SN. However,
in our opinion, a combination of multiple factors, one
which induces proliferation and another inducing DAergic differentiation, is needed to succeed in dopaminergic restoration and further studies are required to find
the ideal “mix” of factors. The striatum seems a more
feasible target for this DAergic restoration, because of
the unlikely reinnervation of the SVZ of newborn DAergic neurons in the SN. Exercise seems to be beneficial
in improving the motor performance in PD, although a
direct correlation to neurogenesis has not yet been proven. The use of MSCs for the treatment of PD shows
promise, but it is mostly neuroprotective and not restorative, which is most needed. Further investigation still
needs to be conducted to clarify the precise mechanisms and effects these cells have on neurogenesis,
and will it lead to restore dopamine levels in the brain.
Moreover, iPSCs is attracting more and more interest in
procedures of neurorestoration, pushing aside MSCs.
The variability in PD animal models leads to contradictory results, warranting the need for a standardized
model to imitate the disease progression in humans
and incorporate additional pathologies other than the
loss of the striata-nigra pathway, perhaps lesioning of
the pathway in transgenic a-syn mice. Finally, developing new ways of in vivo imaging of adult neurogenesis
in PD patients and animal models may provide much
more insight into how we see it today.

ACKNOWLEDGMENTS
This study was partially supported by the Israeli Ministry for Science, Technology and Space. This work was performed in partial fulfillment of the requirements for a
Ph.D. degree of Omri Lamm, Sackler Faculty of medicine,
Tel Aviv University, Israel.

CONFLICT OF INTEREST
D.O. and E.M. are consultants in Brainstorm Cell
Therapeutics, Israel. The other authors declare no conflict of interest.

ROLE OF AUTHORS
All authors had full access to all the data in the
study and take responsibility for the integrity of the
data and the accuracy of the data analysis. Analysis

The Journal of Comparative Neurology | Research in Systems Neuroscience

Harnessing neurogenesis for PD

and interpretation of data: O.L, J.G., D.O., Drafting of
the article: O.L, J.G. Critical revision of the article for
important intellectual content: E.M., D.O. Obtained
funding: D.O.

LITERATURE CITED
Altman J. 1969. Autoradiographic and histological studies of
postnatal neurogenesis. IV. Cell proliferation and migration in the anterior forebrain, with special reference to
persisting neurogenesis in the olfactory bulb. J Comp
Neurol 137:433–457.
Alvarez-Erviti L, Couch Y, Richardson J, Cooper JM, Wood MJ.
2011. Alpha-synuclein release by neurons activates the
inflammatory response in a microglial cell line. Neurosci
Res 69:337–342.
Arenas E. 2010. Towards stem cell replacement therapies for
Parkinson’s disease. Biochem Biophys Res Commun 396:
152–156.
Baker SA, Baker KA, Hagg T. 2004. Dopaminergic nigrostriatal
projections regulate neural precursor proliferation in the
adult mouse subventricular zone. Eur J Neurosci 20:575–
579.
Berg DA, Belnoue L, Song H, Simon A. 2013. Neurotransmitter-mediated control of neurogenesis in the adult vertebrate brain. Development 140:2548–2561.
Bertani N, Malatesta P, Volpi G, Sonego P, Perris R. 2005.
Neurogenic potential of human mesenchymal stem cells
revisited: analysis by immunostaining, time-lapse video
and microarray. J Cell Sci 118(Pt 17):3925–3936.
Bianco P, Robey PG, Simmons PJ. 2008. Mesenchymal stem
cells: revisiting history, concepts, and assays. Cell Stem
Cell 2:313–319.
Blondheim NR, Levy YS, Ben-Zur T, Burshtein A, Cherlow T,
Kan I, Barzilai R, Bahat-Stromza M, Barhum Y, Bulvik S,
Melamed E, Offen D. 2006. Human mesenchymal stem
cells express neural genes, suggesting a neural predisposition. Stem Cells Dev 15:141–164.
Bonfanti L, Nacher J. 2012. New scenarios for neuronal structural plasticity in non-neurogenic brain parenchyma: the
case of cortical layer II immature neurons. Progr Neurobiol 98:1–15.
Borta A, Hoglinger GU. 2007. Dopamine and adult neurogenesis. J Neurochem 100:587–595.
Braak H, Del Tredici K, Bratzke H, Hamm-Clement J,
Sandmann-Keil D, Rub U. 2002. Staging of the intracerebral inclusion body pathology associated with idiopathic
Parkinson’s disease (preclinical and clinical stages). J
Neurol 249(Suppl 3):III/1–5.
Brichta L, Greengard P, Flajolet M. 2013. Advances in the
pharmacological treatment of Parkinson’s disease: targeting neurotransmitter systems. Trends Neurosci 36:
543–554.
Burgess HA, Reiner O. 2000. Doublecortin-like kinase is associated with microtubules in neuronal growth cones. Mol
Cell Neurosci 16:529–541.
Chen H, Zhang SM, Schwarzschild MA, Hernan MA, Ascherio
A. 2005. Physical activity and the risk of Parkinson disease. Neurology 64:664–669.
Cooper O, Isacson O. 2004. Intrastriatal transforming growth
factor alpha delivery to a model of Parkinson’s disease
induces proliferation and migration of endogenous adult
neural progenitor cells without differentiation into dopaminergic neurons. J Neurosci 24:8924–8931.
Cova L, Armentero MT, Zennaro E, Calzarossa C, Bossolasco
P, Busca G, Lambertenghi Deliliers G, Polli E, Nappi G,
Silani V, Blandini F. 2010. Multiple neurogenic and

neurorescue effects of human mesenchymal stem cell
after transplantation in an experimental model of Parkinson’s disease. Brain Res 1311:12–27.
Danzer KM, Krebs SK, Wolff M, Birk G, Hengerer B. 2009.
Seeding induced by alpha-synuclein oligomers provides
evidence for spreading of alpha-synuclein pathology. J
Neurochem 111:192–203.
Das S, Dutta K, Kumawat KL, Ghoshal A, Adhya D, Basu A.
2011. Abrogated inflammatory response promotes neurogenesis in a murine model of Japanese encephalitis. PloS
one 6:e17225.
de Chevigny A, Cooper O, Vinuela A, Reske-Nielsen C, Lagace
DC, Eisch AJ, Isacson O. 2008. Fate mapping and lineage
analyses demonstrate the production of a large number
of striatal neuroblasts after transforming growth factor
alpha and noggin striatal infusions into the dopaminedepleted striatum. Stem Cells 26:2349–2360.
Desplats P, Spencer B, Crews L, Pathel P, MorvinskiFriedmann D, Kosberg K, Roberts S, Patrick C, Winner B,
Winkler J, Masliah E. 2012. alpha-Synuclein induces
alterations in adult neurogenesis in Parkinson disease
models via p53-mediated repression of Notch1. J Biol
Chem 287:31691–31702.
Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM,
Nordborg C, Peterson DA, Gage FH. 1998. Neurogenesis
in the adult human hippocampus. Nat Med 4:1313–
1317.
Fallon J, Reid S, Kinyamu R, Opole I, Opole R, Baratta J, Korc
M, Endo TL, Duong A, Nguyen G, Karkehabadhi M,
Twardzik D, Patel S, Loughlin S. 2000. In vivo induction
of massive proliferation, directed migration, and differentiation of neural cells in the adult mammalian brain. Proc
Natl Acad Sci U S A 97:14686–14691.
Fisher BE, Petzinger GM, Nixon K, Hogg E, Bremmer S,
Meshul CK, Jakowec MW. 2004. Exercise-induced behavioral recovery and neuroplasticity in the 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine-lesioned mouse basal
ganglia. J Neurosci Res 77:378–390.
Fleming SM, Tetreault NA, Mulligan CK, Hutson CB, Masliah E,
Chesselet MF. 2008. Olfactory deficits in mice overexpressing human wildtype alpha-synuclein. Eur J Neurosci
28:247–256.
Freundlieb N, Francois C, Tande D, Oertel WH, Hirsch EC,
Hoglinger GU. 2006. Dopaminergic substantia nigra neurons project topographically organized to the subventricular zone and stimulate precursor cell proliferation in
aged primates. J Neurosci 26:2321–2325.
Frielingsdorf H, Schwarz K, Brundin P, Mohapel P. 2004. No
evidence for new dopaminergic neurons in the adult
mammalian substantia nigra. Proc Natl Acad Sci U S A
101:10177–10182.
Friocourt G, Koulakoff A, Chafey P, Boucher D, Fauchereau F,
Chelly J, Francis F. 2003. Doublecortin functions at the
extremities of growing neuronal processes. Cereb Cortex
13:620–626.
Gaig C, Tolosa E. 2009. When does Parkinson’s disease
begin? Move Disord 24(Suppl 2):S656–664.
Ganz J, Lev N, Melamed E, Offen D. 2011. Cell replacement
therapy for Parkinson’s disease: how close are we to the
clinic? Expert Rev Neurother 11:1325–1339.
Gao HM, Hong JS. 2008. Why neurodegenerative diseases are
progressive: uncontrolled inflammation drives disease
progression. Trends Immunol 29:357–365.
Gomez-Climent MA, Guirado R, Castillo-Gomez E, Varea E,
Gutierrez-Mecinas M, Gilabert-Juan J, Garcia-Mompo C,
Vidueira S, Sanchez-Mataredona D, Hernandez S, BlascoIbanez JM, Crespo C, Rutishauser U, Schachner M,
Nacher J. 2011. The polysialylated form of the neural

The Journal of Comparative Neurology | Research in Systems Neuroscience

2827

O. Lamm et al.

cell adhesion molecule (PSA-NCAM) is expressed in a
subpopulation of mature cortical interneurons characterized by reduced structural features and connectivity.
Cereb Cortex 21:1028–1041.
Gonzalo-Gobernado R, Reimers D, Herranz AS, Diaz-Gil JJ,
Osuna C, Asensio MJ, Baena S, Rodriguez-Serrano M,
Bazan E. 2009. Mobilization of neural stem cells and
generation of new neurons in 6-OHDA-lesioned rats by
intracerebroventricular infusion of liver growth factor. J
Histochem Cytochem 57:491–502.
Harding AJ, Lakay B, Halliday GM. 2002. Selective hippocampal neuron loss in dementia with Lewy bodies. Ann Neurol 51:125–128.
Hargus G, Cooper O, Deleidi M, Levy A, Lee K, Marlow E, Yow
A, Soldner F, Hockemeyer D, Hallett PJ, Osborn T,
Jaenisch R, Isacson O. 2010. Differentiated Parkinson
patient-derived induced pluripotent stem cells grow in
the adult rodent brain and reduce motor asymmetry in
Parkinsonian rats. Proc Natl Acad Sci USA 107:15921–
15926.
Hellmann MA, Panet H, Barhum Y, Melamed E, Offen D. 2006.
Increased survival and migration of engrafted mesenchymal bone marrow stem cells in 6-hydroxydopaminelesioned rodents. Neurosci Lett 395:124–128.
Hoglinger GU, Barker RA, Hagg T, Arias-Carrion O, Caldwell
MA, Hirsch EC. 2012. Quantitative evaluation of the
human subventricular zone. Brain 135(Pt 8):e221, 221–
224; author reply e222, 221–226.
Hoglinger GU, Rizk P, Muriel MP, Duyckaerts C, Oertel WH,
Caille I, Hirsch EC. 2004. Dopamine depletion impairs
precursor cell proliferation in Parkinson disease. Nat
Neurosci 7:726–735.
Hong HS, Lee J, Lee E, Kwon YS, Lee E, Ahn W, Jiang MH,
Kim JC, Son Y. 2009. A new role of substance P as an
injury-inducible messenger for mobilization of CD29(1)
stromal-like cells. Nat Med 15:425–435.
Iwakura Y, Piao YS, Mizuno M, Takei N, Kakita A, Takahashi
H, Nawa H. 2005. Influences of dopaminergic lesion on
epidermal growth factor-ErbB signals in Parkinson’s disease and its model: neurotrophic implication in nigrostriatal neurons. J Neurochem 93:974–983.
Jackson JS, Golding JP, Chapon C, Jones WA, Bhakoo KK.
2010. Homing of stem cells to sites of inflammatory
brain injury after intracerebral and intravenous administration: a longitudinal imaging study. Stem Cell Res Ther
1:17.
Jing X, Miwa H, Sawada T, Nakanishi I, Kondo T, Miyajima M,
Sakaguchi K. 2012. Ephrin-A1-mediated dopaminergic
neurogenesis and angiogenesis in a rat model of Parkinson’s disease. PloS One 7:e32019.
Kam M, Curtis MA, McGlashan SR, Connor B, Nannmark U,
Faull RL. 2009. The cellular composition and morphological organization of the rostral migratory stream in the
adult human brain. J Chem Neuroanat 37:196–205.
Kan I, Melamed E, Offen D. 2007. Autotransplantation of bone
marrow-derived stem cells as a therapy for neurodegenerative diseases. Handb Exp Pharmacol 219–242.
Kan I, Barhum Y, Melamed E, Offen D. 2011. Mesenchymal
stem cells stimulate endogenous neurogenesis in the subventricular zone of adult mice. Stem Cell Rev 7:404–412.
Kay JN, Blum M. 2000. Differential response of ventral midbrain and striatal progenitor cells to lesions of the nigrostriatal dopaminergic projection. Dev Neurosci 22:56–67.
Khoo ML, Shen B, Tao H, Ma DD. 2008. Long-term serial passage and neuronal differentiation capability of human
bone marrow mesenchymal stem cells. Stem Cells Dev
17:883–896.

2828

Kim HJ. 2011. Stem cell potential in Parkinson’s disease and
molecular factors for the generation of dopamine neurons. Biochim Biophys Acta 1812:1–11.
Kim J, Su SC, Wang H, Cheng AW, Cassady JP, Lodato MA,
Lengner CJ, Chung CY, Dawlaty MM, Tsai LH, Jaenisch R.
2011. Functional integration of dopaminergic neurons
directly converted from mouse fibroblasts. Cell Stem Cell
9:413–419.
Kippin TE, Kapur S, van der Kooy D. 2005. Dopamine specifically inhibits forebrain neural stem cell proliferation, suggesting a novel effect of antipsychotic drugs. J Neurosci
25:5815–5823.
Kiyokage E, Pan YZ, Shao Z, Kobayashi K, Szabo G, Yanagawa
Y, Obata K, Okano H, Toida K, Puche AC, Shipley MT.
2010. Molecular identity of periglomerular and short
axon cells. J Neurosci 30:1185–1196.
Klaissle P, Lesemann A, Huehnchen P, Hermann A, Storch A,
Steiner B. 2012. Physical activity and environmental
enrichment regulate the generation of neural precursors
in the adult mouse substantia nigra in a dopaminedependent manner. BMC Neurosci 13:132.
Koller WC, Langston JW, Hubble JP, Irwin I, Zack M, Golbe L,
Forno L, Ellenberg J, Kurland L, Ruttenber AJ, et al.
1991. Does a long preclinical period occur in Parkinson’s
disease? Geriatrics 46(Suppl 1):8–15.
Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW.
2008. Lewy body-like pathology in long-term embryonic
nigral transplants in Parkinson’s disease. Nat Med 14:
504–506.
Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH. 1997.
Epidermal growth factor and fibroblast growth factor-2
have different effects on neural progenitors in the adult
rat brain. J Neurosci 17:5820–5829.
L’Episcopo F, Tirolo C, Testa N, Caniglia S, Morale MC, Deleidi
M, Serapide MF, Pluchino S, Marchetti B. 2012. Plasticity
of subventricular zone neuroprogenitors in MPTP (1-methyl4-phenyl-1,2,3,6-tetrahydropyridine) mouse model of Parkinson’s disease involves cross talk between inflammatory
and Wnt/beta-catenin signaling pathways: functional consequences for neuroprotection and repair. J Neurosci 32:
2062–2085.
Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, Hwang D,
Masliah E, Lee SJ. 2010. Direct transfer of alpha-synuclein
from neuron to astroglia causes inflammatory responses
in synucleinopathies. J Biol Chem 285:9262–9272.
Levy YS, Merims D, Panet H, Barhum Y, Melamed E, Offen D.
2003. Induction of neuron-specific enolase promoter and
neuronal markers in differentiated mouse bone marrow
stromal cells. J Mol Neurosci 21:121–132.
Lie DC, Dziewczapolski G, Willhoite AR, Kaspar BK, Shults
CW, Gage FH. 2002. The adult substantia nigra contains
progenitor cells with neurogenic potential. J Neurosci 22:
6639–6649.
Louvi A, Artavanis-Tsakonas S. 2006. Notch signalling in vertebrate neural development. Nat Rev Neurosci 7:93–102.
Mazzoni P, Wexler NS. 2009. Parallel explicit and implicit control of reaching. PloS One 4:e7557.
McKeith I, Mintzer J, Aarsland D, Burn D, Chiu H, CohenMansfield J, Dickson D, Dubois B, Duda JE, Feldman H,
Gauthier S, Halliday G, Lawlor B, Lippa C, Lopez OL,
Carlos Machado J, O’Brien J, Playfer J, Reid W, International Psychogeriatric Association Expert Meeting on
DLB. 2004. Dementia with Lewy bodies. Lancet Neurol
3:19–28.
Ming GL, Song H. 2005. Adult neurogenesis in the mammalian
central nervous system. Annu Rev Neurosci 28:223–250.
Mohapel P, Frielingsdorf H, Haggblad J, Zachrisson O, Brundin
P. 2005. Platelet-derived growth factor (PDGF-BB) and

The Journal of Comparative Neurology | Research in Systems Neuroscience

Harnessing neurogenesis for PD

brain-derived neurotrophic factor (BDNF) induce striatal
neurogenesis in adult rats with 6-hydroxydopamine
lesions. Neuroscience 132:767–776.
Nacher J, Crespo C, McEwen BS. 2001. Doublecortin expression in the adult rat telencephalon. Eur J Neurosci 14:
629–644.
Nomura T, Yabe T, Rosenthal ES, Krzan M, Schwartz JP. 2000.
PSA-NCAM distinguishes reactive astrocytes in 6-OHDAlesioned substantia nigra from those in the striatal terminal fields. J Neurosci Res 61:588–596.
O’Keeffe GC, Barker RA, Caldwell MA. 2009a. Dopaminergic
modulation of neurogenesis in the subventricular zone of
the adult brain. Cell Cycle 8:2888–2894.
O’Keeffe GC, Tyers P, Aarsland D, Dalley JW, Barker RA,
Caldwell MA. 2009b. Dopamine-induced proliferation of
adult neural precursor cells in the mammalian subventricular zone is mediated through EGF. Proc Natl Acad
Sci U S A 106:8754–8759.
O’Sullivan SS, Johnson M, Williams DR, Revesz T, Holton JL, Lees
AJ, Perry EK. 2011. The effect of drug treatment on neurogenesis in Parkinson’s disease. Move Disord 26:45–50.
Olanow CW, Brundin P. 2013. Parkinson’s disease and alpha
synuclein: is Parkinson’s disease a prion-like disorder?
Move Disord 28:31–40.
Park IH, Lerou PH, Zhao R, Huo H, Daley GQ. 2008. Generation of human-induced pluripotent stem cells. Nat Protoc
3:1180–1186.
Park HJ, Shin JY, Lee BR, Kim HO, Lee PH. 2012. Mesenchymal stem cells augment neurogenesis in the subventricular zone and enhance differentiation of neural precursor
cells into dopaminergic neurons in the substantia nigra
of a parkinsonian model. Cell Transplant 21:1629–1640.
Peng J, Andersen JK. 2011. Mutant alpha-synuclein and aging
reduce neurogenesis in the acute 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine model of Parkinson’s disease.
Aging Cell 10:255–262.
Peng J, Xie L, Jin K, Greenberg DA, Andersen JK. 2008. Fibroblast growth factor 2 enhances striatal and nigral neurogenesis in the acute 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine model of Parkinson’s disease. Neuroscience 153:664–670.
Petzinger GM, Walsh JP, Akopian G, Hogg E, Abernathy A,
Arevalo P, Turnquist P, Vuckovic M, Fisher BE, Togasaki
DM, Jakowec MW. 2007. Effects of treadmill exercise on
dopaminergic transmission in the 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine-lesioned mouse model of basal
ganglia injury. J Neurosci 27:5291–5300.
Phinney DG, Prockop DJ. 2007. Concise review: mesenchymal
stem/multipotent stromal cells: the state of transdifferentiation and modes of tissue repair—current views.
Stem Cells 25:2896–2902.
Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,
Mosca JD, Moorman MA, Simonetti DW, Craig S,
Marshak DR. 1999. Multilineage potential of adult human
mesenchymal stem cells. Science 284:143–147.
Prockop DJ, Oh JY. 2012. Mesenchymal stem/stromal cells
(MSCs): role as guardians of inflammation. Mol Ther 20:
14–20.
Przedborski S, Jackson-Lewis V, Djaldetti R, Liberatore G, Vila
M, Vukosavic S, Almer G. 2000. The parkinsonian toxin
MPTP: action and mechanism. Restor Neurol Neurosci
16:135–142.
Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC,
Lehericy S, Bergman H, Agid Y, DeLong MR, Obeso JA.
2010. Goal-directed and habitual control in the basal
ganglia: implications for Parkinson’s disease. Nat Rev
Neurosci 11:760–772.

Russo I, Barlati S, Bosetti F. 2011. Effects of neuroinflammation on the regenerative capacity of brain stem cells. J
Neurochem 116:947–956.
Sanai N, Tramontin AD, Quinones-Hinojosa A, Barbaro NM,
Gupta N, Kunwar S, Lawton MT, McDermott MW, Parsa
AT, Manuel-Garcia Verdugo J, Berger MS, Alvarez-Buylla
A. 2004. Unique astrocyte ribbon in adult human brain
contains neural stem cells but lacks chain migration.
Nature 427:740–744.
Sanchez-Ramos J, Song S, Cardozo-Pelaez F, Hazzi C,
Stedeford T, Willing A, Freeman TB, Saporta S, Janssen
W, Patel N, Cooper DR, Sanberg PR. 2000. Adult bone
marrow stromal cells differentiate into neural cells in
vitro. Exp Neurol 164:247–256.
Seri B, Garcia-Verdugo JM, Collado-Morente L, McEwen BS,
Alvarez-Buylla A. 2004. Cell types, lineage, and architecture of the germinal zone in the adult dentate gyrus. J
Comp Neurol 478:359–378.
Simola N, Morelli M, Carta AR. 2007. The 6-hydroxydopamine
model of Parkinson’s disease. Neurotox Res 11:151–
167.
Smith BA, Goldberg NR, Meshul CK. 2011. Effects of treadmill
exercise on behavioral recovery and neural changes in
the substantia nigra and striatum of the 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine-lesioned mouse. Brain
Res 1386:70–80.
Steiner B, Kupsch A, Siebert E, Hosmann K, Klempin F,
Morgenstern R, Winter C. 2008. Unilateral lesion of the
subthalamic nucleus transiently provokes bilateral subacute glial cell proliferation in the adult rat substantia
nigra. Neurosci Lett 430:103–108.
Tande D, Hoglinger G, Debeir T, Freundlieb N, Hirsch EC,
Francois C. 2006. New striatal dopamine neurons in
MPTP-treated macaques result from a phenotypic shift
and not neurogenesis. Brain 129(Pt 5):1194–1200.
Theka I, Caiazzo M, Dvoretskova E, Leo D, Ungaro F, Curreli
S, Manago F, Dell’Anno MT, Pezzoli G, Gainetdinov RR,
Dityatev A, Broccoli V. 2013. Rapid generation of functional dopaminergic neurons from human induced pluripotent stem cells through a single-step procedure using
cell lineage transcription factors. Stem Cells Transl Med
2:473–479.
Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA,
Swiergiel JJ, Marshall VS, Jones JM. 1998. Embryonic
stem cell lines derived from human blastocysts. Science
282:1145–1147.
Tondreau T, Dejeneffe M, Meuleman N, Stamatopoulos B,
Delforge A, Martiat P, Bron D, Lagneaux L. 2008. Gene
expression pattern of functional neuronal cells derived
from human bone marrow mesenchymal stromal cells.
BMC Genomics 9:166.
van den Berge SA, van Strien ME, Korecka JA, Dijkstra AA,
Sluijs JA, Kooijman L, Eggers R, De Filippis L, Vescovi
AL, Verhaagen J, van de Berg WD, Hol EM. 2011. The
proliferative capacity of the subventricular zone is maintained in the parkinsonian brain. Brain 134(Pt 11):3249–
3263.
van den Berge SA, van Strien ME, Korecka JA, Dijkstra AA,
Sluijs JA, Kooijman L, Eggers R, De Filippis L, Vescovi
AL, Verhaagen J, van de Berg WDJ, Hol EM. 2012. Reply:
Quantitative evaluation of the human subventricular
zone. Brain 135.
Van Kampen JM, Eckman CB. 2006. Dopamine D3 receptor
agonist delivery to a model of Parkinson’s disease
restores the nigrostriatal pathway and improves locomotor behavior. J Neurosci 26:7272–7280.
Van Kampen JM, Hagg T, Robertson HA. 2004. Induction of
neurogenesis in the adult rat subventricular zone and

The Journal of Comparative Neurology | Research in Systems Neuroscience

2829

O. Lamm et al.

neostriatum following dopamine D3 receptor stimulation.
Eur J Neurosci 19:2377–2387.
Venkataramana NK, Kumar SK, Balaraju S, Radhakrishnan RC,
Bansal A, Dixit A, Rao DK, Das M, Jan M, Gupta PK,
Totey SM. 2010. Open-labeled study of unilateral autologous bone-marrow-derived mesenchymal stem cell transplantation in Parkinson’s disease. Transl Res 155:62–70.
Wang C, Liu F, Liu YY, Zhao CH, You Y, Wang L, Zhang J, Wei
B, Ma T, Zhang Q, Zhang Y, Chen R, Song H, Yang Z.
2011. Identification and characterization of neuroblasts
in the subventricular zone and rostral migratory stream
of the adult human brain. Cell Res 21:1534–1550.
Wang S, Okun MS, Suslov O, Zheng T, McFarland NR, VedamMai V, Foote KD, Roper SN, Yachnis AT, Siebzehnrubl
FA, Steindler DA. 2012. Neurogenic potential of progenitor cells isolated from postmortem human Parkinsonian
brains. Brain Res 1464:61–72.
Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu D, Soldner F,
Broccoli V, Constantine-Paton M, Isacson O, Jaenisch R.
2008. Neurons derived from reprogrammed fibroblasts
functionally integrate into the fetal brain and improve
symptoms of rats with Parkinson’s disease. Proc Natl
Acad Sci U S A 105:5856–5861.
Winner B, Cooper-Kuhn CM, Aigner R, Winkler J, Kuhn HG.
2002. Long-term survival and cell death of newly generated neurons in the adult rat olfactory bulb. Eur J Neurosci 16:1681–1689.
Winner B, Lie DC, Rockenstein E, Aigner R, Aigner L, Masliah
E, Kuhn HG, Winkler J. 2004. Human wild-type alpha-synuclein impairs neurogenesis. J Neuropathol Exp Neurol
63:1155–1166.
Winner B, Couillard-Despres S, Geyer M, Aigner R, Bogdahn U,
Aigner L, Kuhn HG, Winkler J. 2008. Dopaminergic lesion
enhances growth factor-induced striatal neuroblast
migration. J Neuropathol Exp Neurol 67:105–116.
Winner B, Desplats P, Hagl C, Klucken J, Aigner R, Ploetz S,
Laemke J, Karl A, Aigner L, Masliah E, Buerger E, Winkler
J. 2009. Dopamine receptor activation promotes adult
neurogenesis in an acute Parkinson model. Exp Neurol
219:543–552.
Woodbury D, Schwarz EJ, Prockop DJ, Black IB. 2000. Adult
rat and human bone marrow stromal cells differentiate
into neurons. J Neurosci Res 61:364–370.
Worlitzer MM, Bunk EC, Hemmer K, Schwamborn JC. 2012.
Anti-inflammatory treatment induced regenerative

2830

oligodendrogenesis in parkinsonian mice. Stem Cell Res
Ther 3:33.
Worlitzer MM, Viel T, Jacobs AH, Schwamborn JC. 2013. The
majority of newly generated cells in the adult mouse
substantia nigra express low levels of Doublecortin, but
their proliferation is unaffected by 6-OHDA-induced nigral
lesion or minocycline-mediated inhibition of neuroinflammation. Eur J Neurosci 38:2684–2692.
Wu T, Hallett M. 2008. Neural correlates of dual task performance in patients with Parkinson’s disease. J Neurol Neurosurg Psychiatry 79:760–766.
Wu CW, Chang YT, Yu L, Chen HI, Jen CJ, Wu SY, Lo CP, Kuo
YM. 2008. Exercise enhances the proliferation of neural
stem cells and neurite growth and survival of neuronal
progenitor cells in dentate gyrus of middle-aged mice. J
Appl Physiol 105:1585–1594.
Xiong K, Luo DW, Patrylo PR, Luo XG, Struble RG, Clough RW,
Yan XX. 2008. Doublecortin-expressing cells are present
in layer II across the adult guinea pig cerebral cortex:
partial colocalization with mature interneuron markers.
Exp Neurol 211:271–282.
Xu Q, Park Y, Huang X, Hollenbeck A, Blair A, Schatzkin A,
Chen H. 2010. Physical activities and future risk of Parkinson disease. Neurology 75:341–348.
Yagi H, Soto-Gutierrez A, Parekkadan B, Kitagawa Y, Tompkins
RG, Kobayashi N, Yarmush ML. 2010. Mesenchymal
stem cells: mechanisms of immunomodulation and homing. Cell Transpl 19:667–679.
Yoshimi K, Ren YR, Seki T, Yamada M, Ooizumi H, Onodera
M, Saito Y, Murayama S, Okano H, Mizuno Y, Mochizuki
H. 2005. Possibility for neurogenesis in substantia nigra
of parkinsonian brain. Ann Neurol 58:31–40.
Zhao C, Deng W, Gage FH. 2008. Mechanisms and functional
implications of adult neurogenesis. Cell 132:645–660.
Zhao M, Janson Lang AM. 2009. Bromodeoxyuridine infused
into the cerebral ventricle of adult mice labels nigral neurons under physiological conditions—a method to detect
newborn nerve cells in regions with a low rate of neurogenesis. J Neurosci Methods 184:327–331.
Zhao M, Momma S, Delfani K, Carlen M, Cassidy RM, Johansson
CB, Brismar H, Shupliakov O, Frisen J, Janson AM. 2003.
Evidence for neurogenesis in the adult mammalian substantia nigra. Proc Natl Acad Sci U S A 100:7925–7930.

The Journal of Comparative Neurology | Research in Systems Neuroscience

