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Abstract

Degeneration of the midbrain dopaminergic neurons during Parkinson's disease (PD) may affect
remote regions of the brain that are innervated by the projections of these neurons. The dentate
gyrus (DG), a site of continuous production of new neurons in the adult hippocampus, receives
dopaminergic inputs from the neurons of the substantia nigra (SN). Thus, depletion of the SN
neurons during disease or in experimental settings may directly affect adult hippocampal
neurogenesis. We show that experimental ablation of dopaminergic neurons in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydopyridine (MPTP) mouse model of PD results in a transient increase in cell
division in the subgranular zone (SGZ) of the DG. This increase is evident for the amplifying
neural progenitors and for their postmitotic progeny; our results also indicate that MPTP treatment
affects division of the normally quiescent stem cells in the SGZ. We also show that L-DOPA, used
in the clinical treatment of PD, while attenuating the MPTP-induced death of dopaminergic
neurons, does not alter the effect of MPTP on cell division in the DG. Our results suggest that a
decrease in dopaminergic signaling in the hippocampus leads to a transient activation of stem and
progenitor cells in the DG.
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INTRODUCTION

New neurons are continuously generated in the adult mammalian brain (Gage, et al., 2008,
Lledo, et al., 2006, Ming and Song, 2005, Zhao, et al., 2008). Persistent neurogenesis is
normally restricted to the subventricular zone (SVZ) of the lateral wall of the lateral
ventricles, and the dentate gyrus (DG) of the hippocampus. New neurons are produced from
neural stem and progenitor cells after a series of division, elimination, differentiation, and
maturation events. Each step of this differentiation cascade can be affected by a variety of
intrinsic and extrinsic factors, among them neurotransmitters such as dopamine (Lledo, et
al., 2006, Zhao, et al., 2008). Furthermore, adult neurogenesis is strongly affected by aging
and disease. Parkinson's disease (PD), in particular, may have a profound effect on adult
neurogenesis, with results from both in vitro and in vivo settings indicating that dopamine is
a potent regulator of proliferation of neural progenitors (Baker, et al., 2004, Borta and
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Hoglinger, 2007, Dawirs, et al., 1998, Freundlieb, et al., 2006, Hoglinger, et al., 2004,
Kippin, et al., 2005, O'Keeffe, et al., 2009, Peng, et al., 2008, Yang, et al., 2008). The
neurogenic regions of the adult brain are innervated by dopaminergic projections from the
substantia nigra (SN) and ventral tegmental area (VTA) (Gasbarri, et al., 1997, Gasbarri, et
al., 1994, Scatton, et al., 1980, Swanson, 1982, Verney, et al., 1985); therefore, the reduction
of the dopamine levels caused by the disease may directly affect the production of new
neurons in the SVZ and DG. Given the possible link between production of hew neurons
and mood disorders and olfaction (Sahay, et al., 2007, Warner-Schmidt and Duman, 2006,
Zhao, et al., 2008), it is conceivable that inadequate neurogenesis in the SVZ and DG may
underlie depression and impairment of olfaction which often accompany PD.

The specific cell populations and the stages of the neuronal differentiation cascade affected
by dopamine are not known. Moreover, the effect of dopamine on neurogenesis may be
complex and this neurotransmitter has been described both as a positive and a negative
regulator of neurogenesis and neural stem/progenitor cell proliferation. Dopamine receptor
antagonists and dopamine depletion have been reported to reduce cell proliferation in the
SVZ and DG of rodents and primates (Baker, et al., 2004, Borta and Hoglinger, 2007,
Freundlieb, et al., 2006, Hoglinger, et al., 2004, O'Keeffe, et al., 2009, Yang, et al., 2008);
however, exposure to dopamine antagonists and ablation of dopaminergic neurons have also
been reported to induce neural stem/progenitor cells division (Dawirs, et al., 1998, Kippin,
et al., 2005, Peng, et al., 2008). The outcome of the changes in the dopamine levels may
reflect a differential response of dopamine receptors and transporters to the variations in the
neurotransmitter's levels, activation of compensatory mechanisms, specifics of the animal
models, as well as the stage of the disease progression.

We here investigated the effect of dopamine depletion on hippocampal neurogenesis in the
1-methyl-4-phenyl-1,2,3,6-tetrahydopyridine (MPTP) animal model of PD (Bove, et al.,
2005, Jackson-Lewis and Przedborski, 2007). Our results indicate that ablation of
dopaminergic neurons leads to a transient elevation of hippocampal neurogenesis and that
the destruction of dopaminergic neurons in the SN may be the main cause of this elevation.
They further indicate that levodopa (L-DOPA) modulates the effect of the ablation and that
both the quiescent and the amplifying populations of neural progenitors in the DG may be
the main targets of the changed dopamine levels. These results suggest a stage-dependent
effect of dopamine depletion on DG neurogenesis.

MATERIALS AND METHODS

Animals

Adult male C57BL/6 mice were used for all experiments (11-15 weeks old at the onset of
experiment; purchased from Taconic Farms, Inc., NY). Animals were housed in a standard
light- and temperature-controlled environment (12 hr light/dark cycle; light on at 7:00 a.m.;
t=21+2°) and access to food and water ad libitum. All procedures were approved by Animal
Care and Use Committees of Cold Spring Harbor Laboratory, and the protocols are in
accordance with Guidelines for the Use and Treatment of Animals by National Institutes of
Health.

MPTP, L-DOPA, and BrdU treatment

The mice received a series of four intraperitoneal (i.p.) injections of 20 mg/kg MPTP

hydrochloride, dissolved in saline (2 mg MPTP/ml), at 2 hr intervals for a total of 80 mg/kg.
MPTP handling and safety followed established guidelines (Jackson-Lewis and Przedborski,
2007). Animals in the control groups received an equivalent volume of saline (10 ul/g body
weight). Mice received a single injection of 5-bromo-2'-deoxyuridine (BrdU, 150 mg/kg) to

Exp Neurol. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park and Enikolopov

Page 3

label proliferating cells 24 hr before euthanasia at 4 days, 7 days or 14 days (day 1 being the
date of MPTP injection). In the experiments with L-DOPA we used two schemes of
treatment: in one set of experiments, mice were daily treated with L-DOPA (methyl-L-
DOPA hydrochloride, 15 mg/kg, i.p.) 1 day after the last MPTP treatment for 12 days and
sacrificed at day 14; in the second set of experiments, mice received daily the same amount
of L-DOPA for 14 days, starting at 15 days after the last MPTP treatment. Twenty minutes
before the L-DOPA treatment, the mice received benserazide hydrochloride (BZ, 12.5 mg/
kg, i.p.), a peripheral DOPA decarboxylase inhibitor which increases the production of
dopamine from L-DOPA in the brain. Animals in the control groups received an equivalent
volume of saline (10 ul/g body weight) without BZ and L-DOPA. Mice were injected with
BrdU (150 mg/kg) to label proliferating cells 24 hr before euthanasia at 4 days or 30 days.
All reagents were purchased from Sigma. Number of animals per experimental group is
indicated in the legends to the figures and results for individual animals are shown as black
dots on the histograms.

Tissue preparation

Animals were deeply anesthetized with an overdose of chloral hydrate (150 mg/kg) and
transcardially perfused with 30 ml of PBS, followed by 30 ml of 4% paraformaldehyde
(PFA) in PBS, pH 7.4. The harvested brains were post-fixed with 4% PFA overnight and
stored in PBS with 0.1% sodium azide. The brain was embedded in 2% agarose and 50 mm
thick sagittal sections were collected from lateral to midline using Vibratome 1500. Every
sixth section was processed for immunohistochemistry.

Immunohistochemistry

Immunohistochemical analysis was performed as described previously (Encinas and
Enikolopov, 2008). Briefly, the brain sections were treated with 2N HCI at 37° for 1 hr (for
the subsequent detection of BrdU) and neutralized with 0.1 M borate, pH 8.5 for 10 min
twice. The sections were then washed three times with washing solution (PBS with 0.2%
TritonX-100) and incubated in the blocking solution (PBS containing 3% normal goat serum
and 0.2% TritonX-100) for 30 min at room temperature. After rinsing, the sections were
incubated overnight at 4° with primary antibodies diluted in the blocking solution as
follows: rat anti-BrdU (1:300, Accurate Chemical Inc., OBT-0030), rabbit anti-prospero-
related homeobox-1 (Prox-1, 1:2,000, Chemicon Inc., AB-5475), mouse anti-proliferating
cell nuclear antigen (PCNA, 1:200, Chemicon Inc., MAB-424), mouse anti- polysialylated
neural cell adhesion molecule (PSA-NCAM, 1:400, Chemicon Inc., MAB-5324), mouse
anti-tyrosine hydroxylase (TH) (1:4,000, Sigma, T-2928), rabbit anti-brain lipid-binding
protein (BLBP, 1:1,000, Chemicon Inc., AB-9558), rabbit anti-1ba-1 (1:2,000, Wako
Chemicals, 019-19741). The sections were washed with the washing solution and secondary
antibodies (1:400 dilution, Molecular Probes, Alexa Fluor [AF] 488, AF568, or AF633),
appropriate for the host of the primary antibody, were applied in the blocking solution. Two
hours after the incubation, the sections were washed and mounted with fluorescent mounting
medium (DakoCytomation). For counting TH and PSA-NCAM immunoreactive (IR) cells,
the sections were processed using a Vectastain ABC-Kkit (VVector Laboratories). IR signals
were developed using a coupled reaction of horse radish peroxidase and glucose oxidase.
Briefly, immunolabeled cells were visualized after Vectastain ABC reaction which is based
on glucose oxidase reaction (1.3 mg glucose oxidase with 0.1 g B-D-glucose, 0.02 g
ammonium chloride, and 1.21 g ammonium nickel sulfate in 50 ml of 0.2 M acetate, pH 4.0)
in which B-D-glucose is oxidized at a constant rate to D-gluconolactone and hydrogen
peroxide, with chromogen 3,3'-diaminobenzidine (DAB, 10 mg) to visualize the product.
After terminating the reaction with distilled water, the sections were mounted on slides,
dehydrated through a graded series of ethanol incubations, cleared in xylene, and
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coverslipped with DPX mounting medium (VWR Inc.). All reagents, if not mentioned
specifically, were purchased from Sigma.

Confocal microscopy and quantification

We obtained fluorescent images by using confocal microscope (Carl Zeiss-LSM510)
equipped with a 488 nm and 568 nm argon laser and a 633 nm HeNe laser. The
configuration and the detection channels were set according to the manufacture
specification, including the main and secondary dichroic beam splitter, band pass filter (BP)
and high pass filter (LP); BP 505-530 was assigned for the detection of fluorescent
secondary antibody AF488, BP 585-615 for the AF568, and LP 650 for the AF633 under a
multitrack mode. We first scanned the DG under a 10x objective lenses and the region
containing immunoreactive signals was additionally analyzed under magnification using a
63x objective lenses. In order to count BrdU*BLBP™* double-labeled cells, twenty optical z
serial sections were collected at 2.5 um intervals from the lower bottom to the top covering
the entire 50 um thick section. We used a maximized scan condition (frame size, X 256 and
Y 256; scan speed, 9; scan average, unidirection). We counted manually immunolabeled
cells after making three-dimensional images from the optical z sections using Zeiss LSM
image browser. We obtained representative images using a pinhole setting of 130 um for all
three channels, with an optical slice less than 1.0 um. To count the TH and PSA-NCAM IR
cells, DAB-mediated immunostained sections were imaged using an upright microscope
(Carl Zeiss) connected to a CCD camera. Using the Cell Counter program of the NIH
ImageJ software, we counted TH-IR cells of the captured microphotographs; the medial
lemniscus (ml) and the medial terminal nucleus of the accessory optic tract (MT) were used
as topographic markers for the SN and the VTA. We quantified the TH IR cells of the
substantia nigra pars compacta (SNpc) (lateral 0.24 mm-1.80 mm from the midline) and
those of the VTA (lateral 0.24 mm-0.90 mm from the midline) (Franklin and Paxinos,
1997). The counting was blind, with the information on each group and animals sealed and
only revealed after counting. We obtained a single tile image of the brain sections
immunolabeled for TH using Mosaic module in Axiovision Rel. (Carl Zeiss) from as series
of images with 20% overlap.

Statistical analysis

RESULTS

Data are presented as the mean + SEM. Comparisons between groups were performed using
parametric and nonparametric statistical methods as specified in the text and linear
regression analysis was performed with GraphPad Prism4 (GraphPad Software, Inc.).
Histograms were charted using SigmaPlot 8.0.

Neurotoxin MPTP destroys dopaminergic neurons and their fibers

To examine the effect of dopamine innervation on adult hippocampal neurogenesis, we
selectively ablated dopaminergic neurons by exposing mice to the neurotoxin MPTP (4
injections of 20 mg/kg MPTP with 2 hr intervals, with the control group receiving saline
injections) (Bove, et al., 2005, Jackson-Lewis and Przedborski, 2007). To characterize the
effect of MPTP on dopaminergic neurons and on hippocampal neurogenesis, we analyzed
the animals 4, 7, 14, and 30 days after the MPTP treatment, injecting thymidine analog 5-
bromo-2-deoxyuridine (BrdU) 24 hrs before the analysis (n=5 for each time point) (Fig. 1A).
We detected dopaminergic neurons by immunolabeling for tyrosine hydroxylase (TH) and
dividing cells by immunolabeling for BrdU.

Exposure to MPTP induced significant loss of dopaminergic neurons in the SNpc and the
VTA and of their axons in the striatum and nucleus accumbens (NAc) (Fig. 1B, C). The loss
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of TH-positive neurons and fibers was evident 4 and 7 days after MPTP treatment and was
highly pronounced 14 days after the treatment. The number of TH-positive cells in the SNpc
and the VTA decreased (as compared to the saline control) by 30.2% and 28.8%,
respectively, 7 days after the treatment; 14 days after the treatment the numbers decreased
by 26.6% and 30.7%, respectively. Even at the stage when the number of TH-positive cells
in the SN had not shown a statistically significant decrease (4 days after the MPTP
treatment), there was a large number of activated Ibal-positive microglial cells in the region,
closely overlapping the zones of the degenerating TH neurons in the SNpc and substantia
nigra pars reticulata (SNpr) (Fig. 1D). Some of the Ibal-positive activated microglial cells
were dividing, as evident by BrdU labeling; their fraction was particularly high in SNpc
(Fig. 1E). Notably, we did not observe BrdU incorporation into the TH-positive neurons of
the SNpc or SNpr, with or without the MPTP treatment. Together, these results demonstrate
that MPTP selectively destroyed dopaminergic neurons in the SN and VTA and their fibers
in the striatum and NAc and that this process was accompanied by the activation and
division of microglial cells in the SN.

Exposure to MPTP increases cell division in the DG

We next examined the MPTP-induced changes in cell division in the DG. 4 and 7 days after
the treatment the number of BrdU-labeled cells in the neurogenic zones of the DG of MPTP-
treated animals did not change compared to the saline-treated controls. However, 14 days
after the treatment the number of labeled cells in the DG of MPTP-treated animals was
significantly higher (208%) than in the saline-treated controls; 30 days after the treatment
the number of labeled cells in both groups did not differ (Fig. 1F). As an alternative to DNA
labeling with BrdU, we counted the number of cells immunoreactive for proliferating cell
nuclear antigen (PCNA), an endogenous marker of cell division (Fig. 1G). The results
(although numerically slightly higher than for BrdU labeling, as typical of the PCNA-
labeled cell populations (Yu, et al., 1992), confirmed that the number of dividing cells in the
DG significantly increased (168%) 14 days after MPTP treatment and then decreased to
control levels. The bulk of the dividing cells in the DG were in the subgranular zone (SGZ)
of the DG, where neural stem and progenitor cells reside in the adult hippocampus; in the
MPTP-treated animals some BrdU-labeled cells, possibly corresponding to microglia, were
also observed in the molecular layer of the DG (Fig. 1H). To determine whether dividing
cells in the SGZ correspond to neural progenitors, we probed the DG sections of mice 14
days after the MPTP treatment with an antibody to brain lipid-binding protein (BLBP), a
marker of early stem and progenitor cells (Enikolopov and Overstreet-Wadiche,
2008,Kempermann, et al., 2004). The majority of BrdU-labeled cells in the SGZ of control
and MPTP-labeled animals were immunoreactive for BLBP (Fig. 1H). Together, the results
of BrdU-, PCNA-, and BLBP labeling confirm that exposure to MPTP transiently induces
division of neuronal progenitors in the SGZ.

L-DOPA counteracts the effects of MPTP on cell death but not on cell division in the DG

A precursor to dopamine, L-DOPA, is used clinically to ameliorate motor impairments
during PD (Fahn, et al., 2004, Olanow, et al., 2009). We asked whether L-DOPA can affect
the MPTP-induced loss of dopaminergic neurons in the SN and VTA and the increase in cell
division in the DG. Animal cohorts receiving MPTP or saline have also received injections
of L-DOPA (15 mg/kg, administered together with 12.5 mg/kg of benserazide
hydrochloride, a peripheral DOPA decarboxylase inhibitor which increases the levels of L-
DOPA-derived dopamine in the brain) for 12 days, starting either 1 or 15 days after the last
injection of MPTP (Fig. 2A).

As in the previous series of experiment, MPTP exposure destroyed a large fraction of the
TH-positive neurons in the SNpc and VTA (38.9% and 41.5%, respectively) and the TH-

Exp Neurol. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park and Enikolopov

Page 6

positive fibers in the striatum and NAc (Figs. 2B, C). L-DOPA alone did not induce
noticeable changes in the distribution or the number of the TH-positive neurons. However,
when started immediately after MPTP treatment, L-DOPA administration significantly
inhibited the MPTP-induced loss of neurons in the SNpc and noticeably suppressed the loss
of TH-positive fibers in the striatum and NAc (Fig. 2B).

We next examined the effect of L-DOPA administration on cell division in the DG. As in
the previous series of experiments, MPTP increased the number of dividing (BrdU-labeled)
cells in the SGZ 14 days after the treatment (Fig. 2D, E). L-DOPA administration alone did
not affect progenitor cell division in the DG and its administration immediately following
MPTP treatment did not alter the effect of MPTP (Fig. 2D, Ea. When L-DOPA was
administered starting at 15 days after the MPTP treatment, it did not affect the number of
BrdU-labeled cells neither when administered alone nor in combination with MPTP (Fig.
2Eb).

Interestingly, the variance of the values of the BrdU-labeled cells' number was significantly
higher for the MPTP-exposed groups (with and without L-DOPA) than for the saline- or L-
DOPA-treated groups (p<0.005 in the Bartlett's test) (Fig. 2E; a similar trend is seen in Fig.
1F). This suggests that the response to the MPTP treatment is highly variable between
individual animals and may reflect the extent of damage to the populations of dopaminergic
neurons. We therefore analyzed the relationship between the BrdU incorporation and the
number of TH-positive cells in the SNpc and the VTA in individual animals. Linear
regression analysis indicates that the number of BrdU-labeled cells in the DG was inversely
related to the number of TH-positive cells in the SNpc for the MPTP+L-DOPA-treated
animals (r2=0.4447, p=0.0498) but not in the SNpc of other groups or in the VTA of all 4
groups (Fig. 2F). Together, the results of these experiments suggest that while L-DOPA
suppresses the dopaminergic neuron-directed toxicity of MPTP, it does not noticeably alter
the effect of MPTP on cell division in the DG.

MPTP stimulates division of neural stem cells in the DG

We next sought to determine the class of progenitor cell in the DG whose proliferation was
increased by MPTP. There are several population of neural progenitors in the DG, including
a subclass of highly quiescent cells (described as Typel cells, radial glia-like progenitors,
and quiescent neural progenitors, QNPs) corresponds to stem cells of the DG; a subclass of
actively dividing cells corresponds to the transit-amplifying progeny of stem cells (described
as Type 2a cells, intermediate neural progenitors, and amplifying neural progenitors, ANPS);
and a subclass of postmitotic progenitors which gradually mature into differentiated granule
neurons (described as Type 3 cells, D-type cells, and neuroblasts, NB) (Encinas, et al., 2006,
Enikolopov and Overstreet-Wadiche, 2008, Filippov, et al., 2003, Kempermann, et al., 2004,
Mignone, et al., 2004, Seri, et al., 2004, Steiner, et al., 2006). QNPs, ANPs, and NBs can be
identified by a set of expressed protein markers or the expression of reporter transgenes
(Encinas, et al., 2006, Enikolopov and Overstreet-Wadiche, 2008, Kempermann, et al.,
2004). In particular, antibody to BLBP identifies QNPs and a subset of ANPs (during a short
period after their birth from the QNPSs), whereas antibody to PSA-NCAM reveals NBs.
Treatment with MPTP and MPTP+L-DOPA (but not with L-DOPA alone) increased the
number of BrdU-positive (Figs. 1F, 2E, and 3A) and BLBP-positive BrdU* cells in the SGZ
(Fig. 3A-D), when analyzed 14 days later. The number of BrdU-positive cells was also
increased in the molecular layer; however, these cells did not express BLBP (corresponding,
probably, to microglial cells) (Fig. 3B).

Within the dividing cells in the SGZ, the largest fraction (~95%) is represented by ANPs,
with a minority of the BrdU-positive population represented by QNPs (~4%) and
oligodendrocytes precursor cells (OPCs) (~1%). The number of BrdU*BLBP* QNPs
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increased in response to the MPTP and MPTP+L-DOPA treatments and was not affected by
the treatment with L-DOPA alone (Fig. 3C). The number of BrdU*™ ANPs (including those
that express BLBP and ceased to express BLBP) was also significantly increased in response
to MPTP and MPTP+L-DOPA but not L-DOPA alone (Fig. 3D). The fraction of the QNP
and ANP cells within the population of labeled cells in the SGZ did not vary significantly in
response to the treatment (Fig. 3E). Since the variance of the values' distribution was again
larger for the MPTP-exposed groups, we analyzed the representation of subclasses of
labeled cells among all labeled cells in the SGZ and the relation between those subclasses
and the TH-expressing cells in the SNpc and the VTA. We found that the number of
BrdU*BLBP* QNPs was significantly correlated (r=0.4615, p=0.0442) with the number of
all BrdU™ cells in the MPTP+L-DOPA group, but not in other groups (Fig. 3F); the number
of BrdU-positive ANP cells was correlated with the total number of BrdU™ cells for all 4
groups of animals, as expected (since they represent the bulk of the BrdU-positive
population in the SGZ) (Fig. 3G). When the relation between the BrdU-labeled cells in the
SGZ and the TH-labeled cells in the midbrain was analyzed, we found a significant inverse
correlation between the number of BrdU-labeled ANPs and the number of the TH-positive
neurons in the SNpc in the MPTP+L-DOPA group (r2=0.4625, p=0.0438) (Fig. 3H), but not
in other groups; we also did not see any correlation for any of the groups when compared to
the TH-neurons in the VTA.

We next analyzed the changes in the PSA-NCAM-expressing postmitotic progenitor cells
(NBs) in the DG of the treated animals. The number of PSA-NCAM-labeled cells was
significantly increased in the MPTP+L-DOPA group as compared to the L-DOPA-treated
group (Fig. 4A, B). Since postmitotic progenitors start to migrate away from the SGZ, we
analyzed the distribution of the PSA-NCAM-positive cells within the subregions of the DG
— the SGZ, the inner granular zone (IGZ; we combined the numbers in the SGZ and the
IGZ because of uncertainty in ascribing individual PSA-NCAM-positive cells to each
group), the middle granular zone (MGZ), and the outer granular zone (OGZ). Although the
bulk of PSA-NCAM immunoreactive cells remained in the SGZ and IGZ, MPTP and L-
DOPA treatments introduced significant changes in the number of PSA-NCAM cells in all
three layers; furthermore, the fraction of cells moving to the MGZ and OGZ was also
increased in the MPTP— and MPTP+L-DOPA-treated animals. Together, our results suggest
that exposure to MPTP and L-DOPA affects dividing progenitors and their postmitotic
progeny in the neurogenesis cascade in the DG.

DISCUSSION

Dopaminergic neurons of the SN and VTA send humerous projections to distant regions of
the brain (Gasbarri, et al., 1997, Gasbarri, et al., 1994, Scatton, et al., 1980, Swanson, 1982,
Verney, et al., 1985); thus, degeneration of the SN dopaminergic neurons, a hallmark of
Parkinson's disease, may have profound consequences for these remote regions. In
particular, major dopaminergic projections from the midbrain are found in the hippocampal
formation and the DG, the site of persistent adult neurogenesis; importantly, PD patients
show a significant decrease in dopamine levels in the hippocampus (Lang and Obeso, 2004,
Schapira, et al., 2006). The mechanisms of dopamine action on the division of neural
precursors is insufficiently understood, with results from different in vivo and in vitro
experimental systems reporting opposite effects of dopamine addition or depletion. For
instance, destruction of dopaminergic neurons decreases neurogenesis in the SVZ and DG in
rodents and primates in vivo (Baker, et al., 2004, Freundlieb, et al., 2006, Hoglinger, et al.,
2004); however, in a similar experimental setting and in in vitro experiments with dopamine
receptor antagonists, suppression of the dopamine signaling has been reported to have an
opposite effect, suggesting a role for dopamine as a negative regulator of division of neural
progenitors (Dawirs, et al., 1998, Kippin, et al., 2005, Peng, et al., 2008). These conflicting
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results may reflect a complex and multifunctional nature of the dopamine signaling in
dividing cells; furthermore, they may reflect some compensatory mechanisms that are
activated to help the nervous system cope with the disease.

We here show that treatment with the dopaminergic neuron-specific toxin MPTP results in a
transient elevation of cell division in the DG. This elevation is evident 14 days after the
treatment; after 30 days the number of dividing cells in the DG returns to the control levels.
While we do not know the mechanism of this transient elevation, it is conceivable that the
temporary increase in stem and progenitor division reflects a combination of immediate and
compensatory changes in the vicinity of neurogenic zones or in neural progenitors
themselves, elicited in response to the changes in dopamine signaling. Our results highlight
a complex dependence of neurogenesis on dopamine stimulation and may help reconcile the
reports in which seemingly opposite directions of change in the DG in the MPTP model
have been observed (Hoglinger, et al., 2004, Peng, et al., 2008).

Our results indicate that transient MPTP-induced increase in cell division in the DG may
reflect activation of the DG stem cells, normally a highly quiescent population of neural
progenitors. Interestingly, activation of stem cells has been also reported for other models of
neurodegeneration and may reflect a general compensatory mechanism that attempts to
restore the neuronal loss by activating division of stem cells (Curtis, et al., 2005, Gao, et al.,
2009, Jin, et al., 2004, Kunze, et al., 2006, Parent, et al., 2006, Yu, et al., 2008); note,
however, we did not find evidence for neurogenesis in the SN, with or without the MPTP
treatment. Post mortem studies of the PD brains show a decreased number of radial glia cells
(analogous to the QNP stem cells in our model) and a reduced number of dividing cells in
the hippocampus (Hoglinger, et al., 2004), perhaps reflecting the effect of chronic
progressive neurodegeneration that cannot be compensated by the proliferative resources of
hippocampal stem cells.

Our results indicate that L-DOPA has neuroprotective effect on dopaminergic neurons when
applied immediately after MPTP. However, while attenuating the loss of TH-neurons in the
SNpc, L-DOPA does not sufficiently alter the effects of MPTP on hippocampal
neurogenesis. This may reflect the possibility that L-DOPA-induced suppression of neuronal
death is insufficient to fully compensate for the effect of neuronal loss on hippocampal
neurogenesis (e.g., if neurogenesis is exquisitely sensitive to the levels of dopamine), or the
possibility that neurogenesis reacts to more subtle effects of MPTP (e.g., perturbations of
dopamine receptor signaling).

Adult hippocampal neurogenesis is associated with learning and memory as well as stress,
depression, and response to antidepressant therapies (Sahay, et al., 2007, Warner-Schmidt
and Duman, 2006, Zhao, et al., 2008). There is high comorbidity between PD and
depression, with over 50% of PD patients reported to experience symptoms of depression;
moreover, depression may precede the manifestation of the motor deficits in PD patients
(Chaudhuri and Schapira, 2009, Mentis and Delalot, 2005, Vajda and Solinas, 2005).
Therefore, it is conceivable that changes in adult neurogenesis may be related to the etiology
of depression in PD and may affect the response of the PD patients to antidepressants.
Further investigations of the neural stem cells' response to altered levels of dopamine may
help elucidate the link between the death of dopaminergic neurons and the cognitive
sequelae of PD.
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Figure 1. Treatment with MPTP induces transient increase in dividing cells in the DG

(A) Scheme of the experiment. Adult male mice were treated with MPTP or saline on day 1
and BrdU was injected 24 hr before each euthanasia point on the 4t 7th, 14th and 30t day
(n=5 for each time point).

(B) Single tile images of sagittal brain sections immunostained for tyrosine hydroxylase
(TH). MPTP treatment destroys dopaminergic neurons in the midbrain and their axon fibers
in the striatum and nucleus accumbens (NAc). Top row - saline- or MPTP-treated animals 7
days after the treatment; bottom row — higher magnification of the midbrain region 4, 7, or
14 days after the MPTP treatment or 14 days after saline treatment (control). Note the
gradual disappearance of TH-stained dopaminergic neurons in the VTA and SN and loss of
TH-positive fibers in the striatum and NAc.

(C) Quantification of TH-immunoreactive (IR) cells in the SNpc and VTA. MPTP treatment
results in a significant loss of TH IR neurons in the SNpc and VTA on the 7t and 14t day
after the treatment compared to saline-treated controls (n=5 for each time point). Error bars
show s.e.m. *p=<0.05 in Student's unpaired t-test.

(D) Fluorescent Immunostaining for TH and Iba-1, a marker of microglia, 4 days after the
MPTP or saline treatment. MPTP induces loss of TH-positive dopaminergic neurons in SN
and VTA (top row). Hypertrophic Iba-1-stained microglia is seen near the VTA (third row)
and the SNpc (bottom row).

(E) Fluorescent immunostaining for BrdU, Iba-1, and TH 4 days after the MPTP or saline
treatment in the SNpc, middle, and around the VTA, bottom. Most of the BrdU-labeled
newborn cells in the SNpc and around the VTA are co-labeled with Iba-1.

(F) Quantification of BrdU- and PCNA-IR cells in the DG 4, 7, 14, and 30 days after the
MPTP treatment, with BrdU injected 24 hrs before the analysis. The results for individual
animals are shown as black dots; error bas show s.e.m. *p<0.05 in Student's unpaired t-test.
(G) Fluorescent immunostaining for BrdU and PCNA in the DG 4 and 14 days after
treatment with MPTP or saline.

(H) Fluorescent immunostaining for BrdU and BLBP in the DG 14 days after treatment with
MPTP or saline. The majority of newborn cells are in the SGZ, close to radial-glia like
BLBP-positive QNP stem cells, below the granular cells layer. Some labeled cells can be
seen in the hilus and molecular layer of the MPTP-treated animal brain.

Abbreviations; cp, cerebral peduncle; Hip, hippocampus; LV, lateral ventricle; ml, medial
lemniscus; MT, medial terminal nucleus of the accessory optic tract; SGZ, subgranular zone;
SVZ, subventricular zone; SNpc, substantia nigra pars compacta; SNpr, substantia nigra pars
reticulata; Tu, olfactory tubercle; VTA, ventral tegmental area; NAc; nucleus accumbens.
Scale bars: 1 mm in B; 100 pm (top row) and 10 um (middle and bottom rows) in D; 100
um in E; 10 um in G; 100 pm in H.
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Figure 2. L-DOPA effects on cell death in the midbrain and cell division in the DG

(A) Scheme of the experiment. Adult male mice were treated with MPTP or saline on day 1
and L-DOPA and BZ or saline (control) were injected daily for 12 days, starting 1 or 14
days after the last MPTP injection. BrdU was injected 24 hr before euthanasia.

(B) Single tile images of sagittal brain sections immunostained for tyrosine hydroxylase
(TH). The loss of dopaminergic neurons and fibers is evident in the midbrain, striatum, and
NAc and of their axon fibers in the striatum and nucleus accumbens (NAc). Top row -
saline- or MPTP-treated animals; bottom row — L-DOPA or MPTP+L-DOPA 14 days after
the treatment. Note that L-DOPA attenuates the MPTP-induced loss of TH-positive
dopaminergic neurons in the SNpc and VTA and of their fibers in the striatum and NAc.
(C) Quantification of TH-IR cells in the SNpc and VTA 14 days after the treatment with
saline (n=4), MPTP (n=9), L-DOPA (n=5), or MPTP+L-DOPA (n=9). The results for
individual animals are shown as black dots; error bas show s.e.m. *p<0.05, **p<0.01,
***p<0.001 compared to the saline-treated group in ANOVA followed by Newman-Keuls
post hoc test.

(D) Fluorescent Immunostaining of cells in the DG for BrdU, PCNA and Prox-1. Most of
the BrdU- and PCNA-labeled cells are distributed in the SGZ (top two rows, lower
magnification), below the Prox-1-labeled granular cells of the DG (middle and bottom rows,
showing granular cells and SGZ cells at higher magnification).

(E) Quantification of BrdU-labeled cells in the DG 14 days (a) or 30 days (b) (see scheme in
Fig, 3A) after the treatment with saline (n=4 for 14 days and 5 for 30 days), MPTP (n=9 for
14 days and 4 for 30 days), L-DOPA (n=5 for 14 days and 4 for 30 days), or MPTP+L-
DOPA (n=9 for 14 days and 4 for 30 days), with BrdU injected 24 hrs before the analysis.
The results for individual animals are shown as black dots; error bas show s.e.m. The
variance of the values was significantly higher for the MPTP-exposed groups than for the
saline- or L-DOPA-treated groups (p<0.0002 in the Bartlett's test for the 14 day set), the
distribution of values was not Gaussian, and the number of subjects in each groups was
different, indicating the use of a non-parametric Kruskal-Wallis test (p=0.0318) with the
Dunn multiple comparison post hoc test; *p<0.05.

(F) The loss of TH-positive dopaminergic neurons in the SNpc and cell division in the DG
show a significant linear relationship in the MPTP+L-DOPA group 14 days after the
treatment (regression coefficient, r2=0.4447; p=0.0498).

Scale bars, 1 mm in B; 100 um in the top two rows (BrdU/PCNA) in D and 10 um in the
middle row (BrdU/PCNA/Prox-1) in D.
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Figure 3. MPTP and L-DOPA affect progenitor cells in the DG

(A) Fluorescent Immunostaining of cells in the DG for BrdU and BLBP. Bracketed areas in
the top row are presented at higher magnification in the bottom rows. QNPs are seen as
BrdU*BLBP* radial glia-like cells with a long basal process (white arrows), ANPs as BrdU
+BLBP* and BrdU*BLBP~ compact cells with the basal process (white arrowheads), and
OPCs as BrdU*BLBP* and BrdU+BLBP~ multiprocess cells (yellow arrowheads). Scale
bars are 100 um in the top row and 10 pm in the middle and bottom rows.

(B) MPTP and MPTP+L-DOPA treatments increased cell proliferation in the molecular
layer of the DG and stratum lacunosum-molecular of the hippocampus; however, most of
the dividing cells were negative for BLBP immunostaining. Scale bar is 10 pm.

(C) Quantification of BrdU*BLBP* QNP cells in the DG 14 days after the treatment with
saline (n=4), MPTP (n=9), L-DOPA (n=5), or MPTP+L-DOPA (n=9). The results for
individual animals are shown as black dots; error bas show s.e.m. The variance of the values
was significantly higher for the MPTP-exposed groups than for the saline- or L-DOPA-
treated groups (p<0.0005 in the Bartlett's test), the distribution of values was not Gaussian,
and the number of subjects in each groups was different, indicating the use of a non-
parametric Kruskal-Wallis test with the Dunn multiple comparison post hoc test.

(D) Quantification of BrdU*BLBP* and BrdU*BLBP~ ANP cells in the DG 14 days after
the treatment with saline (n=4), MPTP (n=9), L-DOPA (n=5), or MPTP+L-DOPA (n=9).
The results for individual animals are shown as black dots; error bas show s.e.m. The
variance of the values was significantly higher for the MPTP-exposed groups than for the
saline- or L-DOPA-treated groups (p<0.005 in the Bartlett's test), the distribution of values
was not Gaussian, and the number of subjects in each groups was different, indicating the
use of a non-parametric Kruskal-Wallis test (p=0.0307) with the Dunn multiple comparison
post hoc test; p = 0.052 for MPTP and 0.058 for MPTP+L-DOPA.

(E) The fraction of BrdU-labeled QNP and ANPs cells among all BrdU-labeled cells in the
SGZ. MPTP or L-DOPA treatments did not significantly change the fraction of BrdU-
labeled QNP or ANPs cells (*p>0.05; Kruskal-Wallis test with the Dunn multiple
comparison post hoc test).

(F) The number of BrdU*/BLBP* QNP cells shows a significant linear relationship
(r2=0.4615 p=0.0442) with the number of BrdU*-labeled cells in the MPTP+L-DOPA
group.

(G) The number of BrdU*- labeled ANP cells shows a significant linear relationship (saline,
r2=0.9988, p=0.0006; MPTP, r2=0.9989, p=0.0001; L-DOPA, r?=0.9761, p=0.0016; MPTP
+LDOAP, r2=0.9973, p=0.0001) with the number of BrdU*-labeled cells in all animal
groups.

(H) The loss of TH-positive dopaminergic neurons in the SNpc and cell division in the DG
show a significant linear relationship in the MPTP+L-DOPA group (r2=0.4625; p=0.0438).
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Figure 4. MPTP affects maturation of postmitotic neuronal progenitors in the DG

(A) Fluorescent immunostaining for PSA-NCAM and Prox-1, markers of potsmitioc
neuroblasts and young neurons. Note that a fraction of PSA-NCAM- and Prox-1-expressing
cells are localized in the middle and outer cell layer of the DG in the MPTP- and MPTP+L-
DOPA-treated animals. Scale bar is 100 pum.

(B) Quantification of PSA-NCAM-expressing cells in the DG 14 days after the treatment
with saline (n=4), MPTP (n=9), L-DOPA (n=5), or MPTP+L-DOPA (n=9). The results for
individual animals are shown as black dots; error bas show s.e.m. MPTP+L-DOPA
increased the number of PSA-NCAM-labeled immature neurons in the DG, compared to the
MPTP- and L-DOPA treated groups (p=0.0154 in Kruskal-Wallis test with the Dunn
multiple comparison post hoc test; *p<0.05).

(C) Distribution of PSA-NCAM expressing cells in different layers of the DG: the
subgranular (SGZ), inner (1GZ), middle (MGZ), and outer (OGZ) granular zones of the DG.
MPTP and MPTP+L-DOPA treatments increased the fraction of PSA-NCAM-expressing
cells in the MGZ and the OGZ of the DG (p=0.0181, 0.0487, and 0.0114 in the Kruskal-
Wallis test for the SGZ+IGZ, MGZ, and OGZ, respectively).
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