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ABSTRACT

Parkinson’s disease is characterized by a loss of dopaminergic neurons in a specific brain region, the
ventral midbrain. Parkinson’s disease is diagnosed when approximately 50% of the dopaminergic neu-
rons of the substantia nigra pars compacta (SNpc) have degenerated and the others are already af-
fected by the disease. Thus, it is conceivable that all therapeutic strategies, aimed at neuroprotection,
start too late. Therefore, an urgent medical need exists to discover new pharmacological targets and
novel drugs with disease-modifying properties. In this regard, modulation of endogenous adult neuro-
genesis toward a dopaminergic phenotype might provide a new strategy to target Parkinson’s disease
by partially ameliorating the dopaminergic cell loss that occurs in this disorder. We have previously
shown that a phosphodiesterase 7 (PDE7) inhibitor, S14, exerts potent neuroprotective and anti-
inflammatory effects in different rodent models of Parkinson’s disease, indicating that this compound
could represent a novel therapeutic agent to stop the dopaminergic cell loss that occurs during the
progression of the disease. In this report we show that, in addition to its neuroprotective effect, the
PDE7 inhibitor S14 is also able to induce endogenous neuroregenerative processes toward a dopami-
nergic phenotype. We describe a population of actively dividing cells that give rise to new neurons in
the SNpc of hemiparkinsonian rats after treatment with S14. In conclusion, our data identify $14 as a novel
regulator of dopaminergic neuron generation. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:564-575

SIGNIFICANCE

Parkinson’s disease is a neurodegenerative disorder characterized by the loss of dopaminergic neurons
in the ventral midbrain. Currently, no cure and no effective disease-modifying therapy are available for
Parkinson’s disease; therefore, an urgent medical need exists to discover new pharmacological targets
and novel drugs for the treatment of this disorder. The present study reports that an inhibitor of the
enzyme phosphodiesterase 7 (S14) induces proliferation in vitro and in vivo of neural stem cells, pro-
moting its differentiation toward a dopaminergic phenotype and therefore enhancing dopaminergic
neuron generation. Because this drug is also able to confer neuroprotection of these cells in animal
models of Parkinson’s disease, S14 holds great promise as a therapeutic new strategy for this disorder.

as the locus ceruleus and dorsal nuclei of the vagus,
among others [3].The underlying cause of dopami-
nergic cell death and the mechanisms implicated
remain elusive. Because of the slow progressive-
ness of this neurodegenerative process [4], PD is
usually diagnosed when more than 50% of the
dopaminergic neurons of the SNpc have already
degenerated and others have already been affected

INTRODUCTION

Parkinson’s disease (PD) is a chronic and progres-
sive neurodegenerative disorder characterized by
motor symptoms (muscular rigidity, resting tremor,
and bradykinesia or slowness of movement) and
nonmotor symptoms (visual hallucinations and de-
mentia) [1].The hallmark of PD is the gradual loss of

dopamine-producing neurons, dopaminergic neu-
rons, in a specific brain region, the ventral midbrain
[2]. Although the selective loss of dopaminergic
neurons within the substantia nigra pars compacta
(SNpc) is the pathological characteristic of this dis-
ease, cell loss also occurs in other brain areas, such

by the disease. Because, to date, no treatments are
available that prevent the development of PD or
modify its detrimental course (“disease-modifying
agents”) and the ones used are only palliative and
only lead to temporary improvement of the symp-
toms, an urgent medical need exists to discover
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new therapeutic strategies for PD that could slow, halt, or reverse
the disease process.

Phosphodiesterases (PDEs) comprise a family of 21 members,
which have been so far been classified into 11 groups, according
to their sequence homology, cellular distribution, and sensitivity
to different PDE inhibitors [5, 6], with some expressed in the cen-
tral nervous system [7]. PDE7 is a cAMP-specific PDE [5, 8], and it
has recently been demonstrated that can be a target for the
control of neuroinflammation [9]. PDE7 inhibition has recently
emerged as a good therapeutic option for the treatment of differ-
ent neurodegenerative diseases. Several studies from our group
have shown that different inhibitors of PDE7 are potent neuro-
protective and anti-inflammatory agents in some animal models
of neurodegenerative disorders, including PD [10-13]. Very recent
data from our group have shown that PDE7 depletion in the SNpc,
using specific short hairpin RNAs for PDE7, significantly protects do-
paminergic neurons and improves motor function in lipopolysac-
charide (LPS) and 6-hydroxydopamine (6-OHDA) lesioned mice [14].

The ability of the adult central nervous system to produce
new neurons is limited, rendering the brain particularly vulnera-
ble to injury and disease. In mammals, most neurons have been
born by the prenatal period, but it is well established that neurons
continue to arise in two niches of the adult brain, the subventric-
ular zone (SVZ) of the lateral ventricle and the subgranular zone of
the dentate gyrus of the hippocampus [15, 16]. The generation of
new neurons in these regions might contribute to endogenous re-
pair mechanisms after brain damage and/or chronic disease [17].
Itis known that dopamine regulates adult neurogenesisin the SVZ
and hippocampus in rodents and humans, and a decrease in new
stem cell proliferation has been described in PD (reviewed in
[18]). A decreased proliferation has been shown of NSCs in the
subventricular zone of human PD brains and in 2 animal models
of PD (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 6-OHDA)
[19-21], as a consequence of dopamine depletion caused by the
loss of dopaminergic neurons in the SNpc. Consequently, various
therapeutic approaches, in addition to the classic use of dopa-
minergic agents, are now aimed at manipulating the resident
stem/progenitor cells to produce neuroblasts, which could even-
tually differentiate into dopaminergic cells. The potential of this
strategy, inducing endogenous neurogenesis by new therapeutic
agents, holds great promise because this increased neurogenesis
could help to replace the dopaminergic cells lost in PD and already
lost by the time a patient is diagnosed.

The aim of the present study was to investigate the effects of
the PDE7 inhibitor S14 on adult neurogenesis in the 6-OHDA model
of PD, mimicking a severe dopaminergic striatal deficit. We show
that pharmacological manipulation of PDE7 in vivo induces a strong
neurogenesis in the SNpc of 6-OHDA-lesioned animals toward a do-
paminergic phenotype. In vitro, PDE7 inhibition increased the neu-
ronal differentiation of neurospheres obtained from either the
embryonic ventral midbrain or adult SVZ. Next, using PDE7 inhibi-
tors, we could potentially contribute to upregulate endogenous
neurogenesis and/or favor integration of new dopaminergic neu-
rons to stimulate neurorepair in PD.

MATERIALS AND METHODS

Animals

Adult male Wistar rats (8—12 weeks old) were used in this study.
All procedures with the rats were specifically approved by the
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Ethics Committee for Animal Experimentation of the Instituto
de Investigaciones Biomedicas (CSIC-UAM) and performed in
accordance with the protocols issued, which followed national
(normative 1201/2005) and international recommendations
(normative 86/609 from the European Communities Council). Ad-
equate measures were taken to minimize the pain or discomfort
experienced by the rats.

Embryonic Mesencephalic Precursor Isolation

Cultures were derived from the ventral mesencephalon (VM) of
rat embryos at embryonic day 14, as previously described [10].
In brief, ventral mesencephalon was isolated in ice-cold Hanks’
balanced salt solution medium Ca* and Mg2+ free, washed sev-
eral times, and tissue digested 15 minutes at 37°Cin trypsin-EDTA
plus DNase (0.05%). VM was then gently minced and triturated
with a micropipette, and the supernatant was collected and
centrifuged at 1,200g for 5 minutes. The pellet was resuspended
in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s-F12 (1:1)
containing 0.5 mM glutamine, 200 U/ml penicillin, and 200 ug/ml
streptomycin (Gibco, Grand Island, NY, http://www.invitrogen.
com), 1% fungizone, 10 ng/ml epidermal growth factor (EGF;
PeproTech, London, U.K., http://www.peprotech.com), 10 ng/ml
fibroblast growth factor (FGF; PeproTech), and 1X B27 (Gibco).
The cells were seeded onto 12-well plates (~40,000 cells per cm?).

Adult SVZ Precursor Isolation

Primary precursor cultures were prepared from the SVZ of the lat-
eral ventricle of adult Wistar rats, as previously described [22]. In
brief, SVZ was microdissected, isolated, and dissociated in DMEM
(Invitrogen) containing glutamine, gentamicin, and fungizone.
After 15 minutes’ digestion at 37°Cin trypsin-EDTA, hyaluronidase,
and DNase, myelin was removed using Dulbecco’s phosphate-
buffered saline (PBS) (Invitrogen). Isolated precursor cells were
seeded into 12-well dishes at a density of ~40,000 cells per cm?
in DMEM/F12 (1:1; Invitrogen) containing 10 ng/ml EGF, 10 ng/ml
FGF, and N2 medium (Gibco).

Neurosphere Culture and Treatment

After 3 days in culture, neural stem cells formed spherical cellu-
lar aggregates known as neurospheres (NSs). At that moment,
we started to treat free-floating NSs with BRL-50481 (30 uM;
Tocris Bioscience, Bristol, U.K., http://www.tocris.com), S14
(10 wM), or vehicle for 7 days. The quinazoline S14 was synthe-
sized following described procedures [23]. The effective dose of
compounds was determined from previous studies [10]. For
measurements of growth and proliferation, the NSs were counted,
and their size was analyzed using the Nikon Digital Sight, SD-L1
software (Nikon, Tokyo, Japan, http://www.nikon.com). The
number and diameter of neurospheres were then scored. In
each experiment, 6-8 wells per condition were tested and
counted, and the radius of 50 neurospheres was determined.
For the cell differentiation studies, free-floating NSs cultured
for 7 days in the presence or not of the PDE7 inhibitor BRL-50481
or S14 were seeded onto poly-L-lysine (Sigma-Aldrich, St. Louis,
MO, http://www.sigmaldrich.com) precoated 6-well plates
and/or coverslips. The seeded NSs were further cultured for 3 days
in the absence of exogenous growth factors in medium containing
1% fetal bovine serum and in the presence or absence of BRL-50481
or S14.

©AlphaMed Press 2015
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Immunoblot Analysis

Proteins were isolated from the cell cultures using standard meth-
ods. In brief, the cells were resuspended in ice-cold cell lysis buffer
(Cell Signaling Technology, Beverly, MA, http://www.cellsignal.
com) with a protease inhibitor cocktail (Roche, Indianapolis, IN,
http://www.roche.com) and incubated for 15-30 minutes on
ice. A total amount of 30 ug of protein was loaded on a 10% or
12% SDS-polyacrylamide gel electrophoresis gel and transferred
to nitrocellulose membranes (Protran, Whatman; Sigma-Aldrich).
The membranes were blocked in Tris-buffered saline with 0.05%
Tween-20 and 5% skimmed milk, incubated with primary and sec-
ondary antibodies, and washed according to standard proce-
dures. The primary antibodies were PDE7A (rabbit; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, http://www.scbt.com), PDE7B
(rabbit; Proteintech Group, Chicago, IL, http://www.proteintech.
com), phosphorylated cAMP response element-binding protein
(p-CREB) (rabbit; Cell Signaling), CREB (rabbit; Cell Signaling),
Musashil (rabbit; Abcam, Cambridge, U.K., http://www.abcam.
com), B-ll-tubulin (Tuj-1 clone, rabbit; Abcam), microtubule-
associated protein 2 (MAP-2) (mouse; Sigma-Aldrich), Nurrl (rab-
bit; Santa Cruz Biotechnology), tyrosine hydroxylase (TH) (rabbit;
EMD Millipore, Billerica, MA, http://www.emdmillipore.com),
and a-tubulin (mouse; Sigma-Aldrich). The secondary peroxidase-
conjugated antibodies were donkey anti-rabbit (Amersham Bio-
sciences, GE Healthcare, Piscataway, NJ, http://www.amersham.
com) and rabbit anti-goat and rabbit anti-mouse antibodies (Jack-
son ImmunoResearch Laboratories, Inc., West Grove, PA, http://
www.jacksonimmuno.com). The data presented in the figures are
the average of the quantification of at least three independent
experiments corresponding to three different samples.

Immunocytochemistry

NS cultures were examined immunocytochemically, as previously
described [24]. In brief, after 1 hour of incubation with the corre-
sponding primary antibody, the cells were washed with PBS and
incubated with the appropriate Alexa Fluor-labeled secondary anti-
body (Alexa Fluor-488 or Alexa Fluor-647; Molecular Probes, Leiden,
The Netherlands, http://probes.invitrogen.com) for 45 minutes
at 37°C. Later, the images were obtained using a LSM710 laser
scanning spectral confocal microscope (Carl Zeiss, Jena, Germany,
http://www.zeiss.com). The confocal microscope settings were ad-
justed to produce the optimum signal/noise ratio. Primary antibod-
ies were directed against the following: B-lll-tubulin (TulJ-1 clone;
rabbit; Abcam), MAP-2 (mouse; Sigma-Aldrich), Nurrl (rabbit; Santa
Cruz Biotechnology), and TH (rabbit; EMD Millipore). Staining of
nuclei was performed using 4’,6-diamidino-2-phenylindole.

Neurogenic Studies In Vivo

To determine the neurogenic effects of S14 in a model of dopa-
minergic cell loss, the rats were properly anesthetized and placed
in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA,
http://www.kopfinstruments.com). Rats (n = 5 per group) were
injected into the right side of the striatum with 6-OHDA (9 ug
in 2.5 wl PBS containing 0.02% ascorbic acid) based on the follow-
ing coordinates: from bregma, posterior —3.0mm, lateral +1.0 mm,
ventral +5.0 mm, according to the atlas of Paxinos [25]. Control
rats of the same age were injected with PBS. The rats were then
housed individually to recover and 15 days after lesioning S14
compound (10 mg/kg body weight) was intragastrically admin-
istered in a sodium carboxy methyl cellulose suspension. This
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dose was chosen because of its effectiveness in different previ-
ously published works [10, 13]. The rats were sacrificed 1 month
after lesioning. To label the entire population of proliferating
cells, the rats were intraperitoneally injected with 5-bromo-2-
deoxyuridine (BrdU; 50 mg/kg) at the indicated times (1, 14,
and 16 days) before sacrifice.

Immunohistochemistry

The animals previously anesthetized were perfused transcardially
with 4% paraformaldehyde, and brains were obtained, postfixed
in the same solution at 4°C overnight, cryoprotected, and frozen.
Finally, 30-um coronal sections were obtained in a cryostat. Free-
floating sections were immunostained using immunofluores-
cence analysis or the diaminobenzidine method, as previously
described [22]. In brief, for BrdU detection, the samples were
first incubated with 2 M HCI for 30 minutes at 37°C before
blocking for 1 hour in PBS containing 5% normal serum, 0.1 M
lysine, and 0.1% Triton X-100. The sections were then incubated
with anti-BrdU mouse monoclonal (Dako, Glostrup, Denmark,
http://www.dako.com), anti-nestin rabbit polyclonal (Abcam),
anti-TH rabbit polyclonal (EMD Millipore), anti-glial fibrillary
acidic protein mouse monoclonal (GFAP; Sigma-Aldrich), and
Texas Red Lycopersicon esculentum (tomato-lectin; Vector Labo-
ratories, Burlingame, CA, http://www.vectorlabs.com) antibod-
ies at 4°C overnight, washed 3 times and incubated with Alexa
Fluor-488 or Alexa Fluor-647 secondary antibodies for 1 hour at
room temperature. After rinsing, the sections were mounted with
Vectashield (Vector Laboratories). Images were obtained using
aLSM710laser scanning spectral confocal microscope (Carl Zeiss).
Confocal microscope settings were adjusted to produce the
optimum signal/noise ratio. For doublecortin (DCX), CREB, and
p-CREB detection floating sections were immersed in 3% hydro-
gen peroxide to inactivate endogenous peroxidase, blocked for
2 hours at room temperature in 5% normal horse serum in PBS,
containing 4% bovine serum albumin, 0.1 M lysine, and 0.1% Tri-
ton X-100. Next, the sections were incubated overnight with
an anti-DCX goat (Santa Cruz Biotechnology), anti-p-CREB poly-
clonal rabbit (Abcam) or anti-CREB (Cell Signaling) polyclonal rabbit
antibody. After several rinses, the sections were incubated for
1 hour with the corresponding biotinylated secondary antibody
and then processed following the avidin-biotin protocol (ABC,
Vectastain kit; Vector Laboratories). The slides were examined
with a Nikon eclipse 90i microscope, equipped with a DS-Fil
digital camera (Nikon). Five rats from each experimental group
were analyzed.

Cell Counts

The total number of cells stained with a particular marker was de-
termined, as previously described [10], with some modifications.
Immunoreactive cells in the SNpc, SVZ, or midbrain aqueduct
were counted in 1-in-6 series of 30-um coronal sections (micro-
tome setting) from the rostrocaudal extent of the SNpc, SVZ, or
aqueduct. The boundaries of each nervous system region were
determined with reference to internal anatomic landmarks
[25]. For each area of interest, 3,3'-diaminobenzidine-stained
images were analyzed under a light microscope (Eclipse 80i;
Nikon). Double labeling was examined with a confocal laser scan-
ning microscope (Carl Zeiss). Five well-defined high magnification
(<X 400) fields per rat were analyzed using computer-assisted image
analysis software (Soft Imaging System Corporation, Lakewood,
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CO, http://www.soft-imaging.com). Positive cells, which inter-
sected the uppermost focal plane (exclusion plane) and the lateral
exclusion boundaries of the counting frames, were not counted.
Five rats per group were used.

Rotation Behavior Analysis

The rats were tested for apomorphine-induced contralateral
rotations, as previously described [10, 14]. In brief, 30 days after
unilateral 6-OHDA injection into the striatum, apomorphine
(Sigma-Aldrich, Madrid, Spain) was subcutaneously administered
at 0.5 mg/kg. After apomorphine injection, the rats were individ-
ually setinto hemispherical glass bowls (diameter 20 cm). Starting
10 minutes after apomorphine application, the numbers of full
contralateral rotations were monitored for 40 minutes. Analysis
of the completed (360°) rotations was done offline and are
expressed as the number of contralateral net turns per minute.
Three different experiments with at least 12 rats per experimental
group were performed.

Statistics Analysis

Statistical comparisons for significance were performed using
analysis of variance using the SPSS statistical software package,
version 20.0, for Windows (IBM Corporation, Armonk, NY,
http://www.ibm.com) followed by the Newman-Keuls test. Dif-
ferences were considered statistically significant at p << .05.

RESULTS

Effect of PDE7 Inhibition on the Levels of PDE7 and
p-CREB in Neurosphere Cultures

We first performed Western blot analysis to determine the levels
of PDE7 and CREB phosphorylation in vitro, using neural progen-
itorsisolated from the embryonic VM. The progenitor cells divide,
forming small proliferating NSs, visible after 3 days in culture.
Because PDE7 comprises two genes, PDE7A and PDE7B, both
isoforms were analyzed. As shown in Figure 1A, both isoforms
were expressed in VM-derived NS, with the levels of PDE7B more
prominent than those of PDE7A. No effect of $14 or BRL50481
(a commercially available PDE7 inhibitor used as a standard re-
ference) on PDE7A and PDE7B expression was observed. We next
examined the effects of S14 and BRL50481 on the phosphorylation
levels of the CREB, a well-known target of the cAMP signaling
pathway, to confirm that effectively the S14 compound is acting
through inhibition of PDE7 and subsequent induction of the cAMP
pathway. To analyze this, NS cultures were treated or not with
BRL50481 or S14 for 7 days, and the phosphorylation of CREB
was determined. The results presented in Figure 1B clearly show
that treatment of NS with BRL50481 or S14 promoted a significant
increase in the levels of p-CREB.

PDE7 Inhibition Induces Proliferation and Growth of
Embryonic Ventral Mesencephalic-Derived
Neurospheres

Next, we analyzed whether S14 affected the neural stem cell pro-
liferation of NS cultures. To assess the involvement of PDE7 inhi-
bition in neurosphere formation, NSs were cultured in floating
conditions on nonadhesive dishes and cultured for 7 days in
the presence or absence of BRL50481 or S14, and the number
and diameter of the neurospheres were evaluated. The results
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Figure 1. PDE7 expression in embryonic ventral mesencephalic
(VM) neurospheres. VM-derived neurospheres were cultured as indi-
cated in Materials and Methods and treated with vehicle, BRL
(30 uM), or S14 (10 M) for 7 days. (A): Representative Western blot
showing the levels of PDE7A and PDE7B. (B): Western blot showing
the levels of p-CREB. Quantification analysis is also shown. Results
are mean =* SD from 3 independent experiments. ##*, p = .001 ver-
sus vehicle-treated (basal) cultures. Abbreviations: BRL, BRL50481;
CREB, cAMP response element-binding protein; p-CREB, phosphory-
lated CREB; PDE, phosphodiesterase.

depicted in Figure 2A show that PDE7 inhibition increased the rate
of NS formation and their size. Treatment with BRL50481 and S14
significantly increased the number of NSs derived from embry-
onic VM (350 £ 11 and 401 = 16), respectively, compared with
vehicle-treated cultures (180 * 13). The size of the NSs also in-
creased after BRL50481 (162.5 * 12.5 um) or S14 (156.5 * 11 um)
treatment compared with nontreated cultures (101 = 9 um).
Later, we analyzed the levels of musashi-1, a known marker of the
NS undifferentiated state, in NSs cultured under proliferative
conditions in the presence or absence of PDE7 inhibitors for 7 days.
The Western blot analysis shown in Figure 2B clearly shows a
decrease in the amount of musashi-1 protein in those cultures
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Figure 2. Effects of phosphodiesterase 7 inhibition on embryonic ven-
tral mesencephalic (VM) neurosphere formation. VM-derived neuro-
spheres were cultured, treated with vehicle, BRL (30 uM), or S14
(10 M) for 7 days, and the number and size were determined as indi-
cated in Materials and Methods. (A): Representative phase-contrast
micrographs and quantification analysis showing the number and size
of the neurospheres. Scale bars = 100 uwm. (B): Representative Western
blot and quantification analysis showing expression levels of the precur-
sor cell marker Musashi-1. Results are mean = SD from 3 independent
experiments. *, p = .05; **, p = .01; ***, p = .001 versus vehicle-
treated (basal) cultures. Abbreviation: BRL, BRL50481.
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treated with BRL50481 or S14, suggesting a diminution of the main-
tenance of NS stemness in those cultures treated with both com-
pounds. Taking together, these results indicate that BRL50481
and S14 treatment promoted an increase in the number and size
of neurospheres derived from embryonic VM, suggesting that
PDE7 inhibition controls the proliferation and growth of neural pro-
genitors in this area of the brain.

PDE7 Inhibition Upregulates MAP-2 Expression in
Neural Stem Cells Derived From Ventral Mesencephalon

To investigate whether BRL50481 and S14 influenced neuronal
differentiation after adhesion of NSs, we analyzed using immuno-
cytochemistry the expression of 2 neuronal markers, 8-l1l-tubulin
(a classic marker of immature neurons) and MAP-2 (a marker of
more mature neurons). To this end, NSs treated with BRL50481 or
S14for 7 days adhered to a substrate and allowed to differentiate
for 3 days. Next, immunocytochemical analysis using specific anti-
bodies was performed. Some cultures were used for Western blot
analysis and quantification of protein levels. Immunocytochemi-
cal analysis showed no differences in B-llI-tubulin expression be-
tween the control and treated cultures (Fig. 3) in the outgrowth of
the NSs. In contrast, inhibition of PDE7 with BRL50481 and S14
resultedin anincrease inthe number of MAP-2-positive cells com-
pared with basal levels. Western blot analysis confirmed that
PDE7 inhibition significantly promoted cell maturation of embry-
onic neural stem cells toward a neuronal phenotype.

PDE7 Inhibition Upregulates Nurrl and TH Expression in
Neural Stem Cells Derived From Ventral Mesencephalon
and SVZ

Considering the potential neurogenic effect of PDE7 inhibition, we
next investigated whether treatment with the PDE7 inhibitors
BRL50481 and S14 could specifically promote the differentiation
of NSs toward dopaminergic neurons. For this purpose, we analyzed
the expression levels of Nurrl (a marker of dopaminergic precursors)
and TH (the rate-limiting enzyme in dopamine synthesis and marker
of dopaminergic neurons) in NS cultures derived from both embry-
onic midbrain and adult SVZ. NSs treated or not with BRL50481 or
S14 during 7 days were adhered to poly-L-lysine-coated plates and
allowed to differentiate for 3 days. Next, immunocytochemical and
Western blot analysis using specific antibodies were performed. The
results presented in Figure 4A show that the number of Nurrl- and
TH-positive stained cells in embryonic VM cultures is greatly in-
creased in those cultures treated with either BRL50481 or S14 com-
pounds, with respect to the controls. Furthermore, this increase was
also observed in NS cultures derived from a well-established adult
neurogenic niche, the SVZ (Fig. 4B). These results clearly indicate
that PDE7 inhibition promotes the differentiation of neural stem
cells in vitro toward a dopaminergic phenotype.

S$14 Induces Proliferation and Differentiation of Adult
Progenitor Cells In Vivo in the SNpc

Given the in vitro results showing a neurogenic effect of PDE7 in-
hibition and demonstrating an increase in the number of de novo
dopaminergic neurons, we next assessed the efficacy of the PDE7
inhibitor S14 in vivo. It has been suggested that neurogenesis
is impaired in PD; therefore, any treatment able to enhance en-
dogenous neurogenesis might have relevant disease-modifying
effects in this disorder.

To analyze in vivo neurogenesis, adult rats were lesioned with
6-OHDA and 15 days later received a daily oral dose of S14, which
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Figure 3. Inhibition of phosphodiesterase 7 promotes neurogenesis of embryonic ventral mesencephalic neurospheres. Neurospheres were cul-
tured in the presence of vehicle, BRL (30 wM), or S14 (10 wM) for 7 days and later adhered for 3 days to allow differentiation in the presence of
inhibitors. Immunocytochemistry and Western blot were performed on differentiated neurospheres as indicated in Materials and Methods. Immu-
nofluorescence images show the expression of the neuronal markers TuJ clone (early neurogenesis) in green and MAP-2 (mature neurons) in red.
DAPI was used for nuclear staining. Scale bar = 20 um. Western blot and quantification analysis are also shown. *:, p =< .001 versus vehicle-treated
(basal) cultures. Abbreviations: BRL, BRL50481; DAPI, 4',6-diamidino-2-phenylindole; MAP-2, microtubule-associated protein 2; Tul, B-lll-tubulin.

is known to cross the blood-brain barrier [13, 26] for another 15
days, following the experimental approach shown in Figure 5A.
The rats were also intraperitoneally injected with BrdU. To test
whether neurons are generated in the SNpc after S14 treatment,
coronal sections containing the SNpc were doubled-immunostained
using anti-TH- and anti-BrdU-specific antibodies. Vehicle-treated
rats presented with BrdU" cells throughout the entire SNpc
(Fig. 5B). These results are in agreement with those previously de-
scribed by others [27], indicating that proliferating cells are present
in this region. In accordance with these results, we found BrdU-
labeled cells predominantly in doublets, suggesting that the cells
had divided locally. Rats lesioned with 6-OHDA also presented with
some scattered BrdU-labeled cells. When the 6-OHDA-lesioned
rats were treated with S14, in addition to the BrdU" cells, we also
observed cells double-stained for BrdU and TH, suggesting that
this compound elicited an increase in the generation of new do-
paminergic cells in the injured SNpc of adult rats. In accordance
with the increase in TH cells elicited by S14 in the SNpc, a parallel
increase in TH staining was observed in the striatum of the treated
animals (Fig. 5C). Concerning neuroinflammation, an event that
occurs after a brain injury, we observed a significant reduction
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in glial activation (astrocytes and microglial cells) in those rats
lesioned with 6-OHDA and treated with S14 (supplemental
online Fig. 1). Because of these results, we next studied whether
the new generation of dopaminergic cells in the SNpc, together
with the reinnervation observed in the striatum and the anti-
inflammatory effect of S14, was associated with an improvement
of the motor alterations induced by 6-OHDA injection. To this end,
30 days after lesioning, the rats were tested for apomorphine-
induced contralateral rotations. Apomorphine subcutaneous ad-
ministration induces contralateral rotational behavior in dener-
vated animals. Our results clearly showed a significant increase
in the number of contralateral turns per minute after apomor-
phine administration in 6-OHDA-lesioned rats (Fig. 5D) compared
with that in the control animals. S14 administration led to sub-
stantial attenuation of the asymmetric motor behavior in the
lesioned animals.

The newborn cells found in the SNpc could originate from pre-
cursors already present in this area or from precursor cells exist-
ing in other areas of the brain. Therefore, we first examined the
presence of possible neural progenitor cells (NPCs) in the SNpc by
analyzing the occurrence of nestin and DCX-stained cells. Nestin is

©AlphaMed Press 2015
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mesencephalic.

commonly used as a reliable biological marker of NPCs in vitro and
in vivo [28-31]. DCX is a microtubule-associated protein and
a valuable endogenous marker for dividing neuroblasts and im-
mature neurons [32, 33]. The results shown in Figure 5E indicate
the presence of nestin- and DCX-labeled cells in the SNpc of the
vehicle- and 6-OHDA-injected animals. The presence of nestin-
positive cells suggest that, as indicated by other investigators,

©AlphaMed Press 2015

the SNpc of adult animals can also contain neural precursor cells.
Figure 5E also shows that rats lesioned with 6-OHDA and treated
with S14 presented with an increase in the number of nestin-
positive cells. Also, the number of cells expressing DCX was in-
creased in the S14-treated animals.

It is known that PDE7 inhibition increases cAMP levels. Con-
sequently, we next analyzed the phosphorylation state of CREB,
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a well-known target of the cAMP signaling pathway. The results
shown in Figure 6 clearly indicate that S14 oral administration
increases the levels of p-CREB in the SNpc in this animal model
of PD. Immunodetection of the total amount of CREB protein
was used as a control of the induction of the phosphorylation state.

$14 Increases the Number of Nestin-Positive Cells in the
Mesencephalic Aqueduct and Induces Proliferation and
Differentiation of Adult Progenitor Cells In Vivo in

the SVZ

As noted, the newborn cells found in the SNpc could also have
originated from precursors present in other brain areas such as
the mesencephalic aqueduct and could have migrated to the
SNpc, such as has been previously suggested [27, 34]. Also, several
reports have shown impaired neurogenesis in the SVZ in patients
with PD and in several animal models of PD. Consequently, we fi-
nally analyzed the presence of possible NPCs in both regions (Fig.
7). Figure 7A shows that S14 treatment considerably increased
the number of nestin-positive cells in the mesencephalic aque-
duct of rats lesioned with 6-OHDA and treated later with S14,
compared with the control vehicle-treated animals. In the SVZ,
S14 treatment considerably increased the number of nestin/
BrdU double-stained cells (Fig. 7B). These results suggest that
S14 stimulates the proliferation of new progenitors in the mesen-
cephalic aqueduct and in the SVZ of adult rats. We also analyzed
the presence of DCX-stained cells in this neurogenic niche. As
shown in Figure 7C, the increase in proliferating cells in the SVZ
after S14 treatment correlated with a notable increase in the
number of DCX" cells in this area. An increase in the migrating
chain of cells was also observed.

DIScuUsSION

Similar to other neurodegenerative diseases, PD is diagnosed
when more than 50% of the dopaminergic neurons of the SNpc
have already degenerated. Currently, no cure and no effective
disease-modifying therapy are available; dopamine replacement
treatment is only palliative, leading to temporarily limited
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improvement of the clinical symptoms. Also, chronic treatment
with dopaminergic drugs, such as L-DOPA, results in severe side
effects such as dyskinesia [35]. Consequently, new approaches
to treat PD are being developed. Grafts of dopamine neurons de-
rived from induced pluripotent or embryonic stem cells have
been used to test the clinical potential of differentiated stem cells
in PD. However, their value is largely questioned by data from
transplanted patients that indicate that the grafted neurons have
compromised function and eventually acquire disease [36—40].
Another approach to achieve clinical benefit is an indirect method
by activating precursor cells already present in the brain. In the
present study, we investigated the potential effect of PDE7 inhi-
bition on the promotion of dopaminergic cells in the 6-OHDA an-
imal model of PD. Our results demonstrated a unique role for the
PDE7 inhibitor S14 as a regulator of dopamine precursor cell pro-
liferation and differentiation in the SNpc of 6-OHDA-lesioned
adult rats, which could have potential implications for future in-
novative therapies in PD.

Previous work from our group has shown that the PDE7 inhib-
itor S14 significantly protects dopaminergic neurodegeneration
and improves motor function in LPS-lesioned animals [10]. In the
present study, we show that S14 regulates the expansion and dif-
ferentiation of the stem cell population derived from VM. This is
evident in vitro by an enhanced number and size of neurospheres
and an induction of MAP2-positive cells. More interestingly, we also
found asignificantincrease in the number of Nurrl- and TH-positive
cells, indicating that the S14 compound can elicit differentiation
of VM stem cells toward a dopaminergic phenotype. We also ob-
served an increase in Nurrl- and TH-labeled cells in the NS cultures
derived from the SVZ of adult rats treated with the compound.

Our work shows that PDE7 inhibition by S14 has a dual func-
tion in neural stem cells: induction of proliferation and differen-
tiation, and suggests that this compound is not only mitogenic for
neural stem cells, but also is an inducer of neuronal differentia-
tion. Inhibition of PDE7 can promote both proliferation and differ-
entiation. However, precedents for this phenomenon have been
seenin other cases, such as leukotriene B4 [41], mild hypoxia [42],
bone morphogenetic proteins [43], EGF/FGF2 [44], nerve growth
factor/brain-derived neurotrophic factor/basic fibroblast growth
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Figure 7.

Effect of the inhibition of PDE7 on neurogenesis in the adult midbrain Aq and SVZ in an animal model of Parkinson disease.

The experimental approach used was that described in Figure 5A. (A): Brain coronal sections showing nestin-expressing cells in the Ag. Scale
bars =100 um. (B): Coronal sections of SVZ showing the immunofluorescence expression of BrdU-positive (green) and nestin-positive (red) cells.
(C): DCX-expressing cells in the SVZ. Insets show higher magnifications of representatives selected areas. Scale bars = 75 um. Quantification of
the number of nestin-positive cells in the Ag (A) and BrdU-positive/nestin-positive cells (B) and DCX-positive cells (C) in the SVZ is shown. Values
represent the mean = SD from 3 different experiments and 5 rats per experiment per experimental group. *,p = .05; #*,p < .01;**:*,p =< .001
versus 6-OHDA-injected control rats. Abbreviations: 6-OHDA, 6-hydroxydopamine; Ag, aqueduct; BrdU, 5-bromo-2-deoxyuridine; DAPI, 4',6-
diamidino-2-phenylindole; DCX, doublecortin; SVZ, subventricular zone.

factor [45], and the transcription factors Lmx1a and Lmx1b [46].
Thus, we suggest that inhibition of PDE7 could represent a new
strategy for restoring neurogenesis.

The mechanism of action of this compound seems to be an
inhibition of PDE7, the subsequent activation of the cAMP/PKA
signaling pathway, and the activation of the transcription factor
CREB by phosphorylation. These results are in accordance with
different studies showing that p-CREB plays a considerable role
in adult neurogenesis [47], in particular, in the hippocampus
[48, 49]. Our results add new and important data suggesting that
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activation of CREB after PDE7 inhibition results in the generation
of new neurons with a dopaminergic phenotype.

Several studies have suggested that neurogenesisinthe SVZis
impaired in PD, which might be due to the lack of dopamine in the
subventricular zone [19, 20, 50]. An impairment in neurogenesis
could have negative consequences for the development of new
therapeutic approaches, because neural stem cells are a potential
source for endogenous repair of the lost dopaminergic neurons.
Our in vivo studies demonstrate an enhancement of neural stem
cell proliferation and a larger population of new TH-positive cells
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in the SNpc of rats lesioned with 6-OHDA and treated with S14.
Our findings that endogenous neurogenesis can be induced by
PDE7 inhibition after a 6-OHDA lesion raises the question of
whether this can be used therapeutically in neurodegenerative
diseases, and specifically PD. Other studies in rodents have sug-
gested that promoting cell proliferation in the subventricular
zone can have a positive effect in models of PD, probably medi-
ated by a neurotrophic effect on the nigrostriatal system [51,
52]. Our results also show an increase, induced by the treatment
with S14, inthe number of double-labeled nestin/BrdU cells in the
SVZ of lesioned rats, indicating an increase in the generation of
new progenitor cells in this neurogenic niche. It has been shown
that in adult humans, new neurons integrate in the striatum,
which is adjacent to the SVZ niche [53]. It is known that in the
SVZ of humans, the generation of neuronal precursors occurs;
however, unlike rodents, these new neurons are not added in
the olfactory bulb of adult humans [54, 55]. This fact poses the
question of whether neuroblasts can migrate to another location
close to the ventricle (e.g., the striatum). Our data suggest that
the newly generated neurons found in the SNpc of adult rats after
S14 treatment might originate from the SVZ, such as has been de-
scribed in humans. In line with this notion, data have shown that,
although the vast majority of neurons generated in the SVZ in
rodents integrate in the olfactory bulb, a number of striatal neu-
rons are also generated from the SVZ in both rodents and mon-
keys after a stroke [56-58].

Although some of the newly generated neurons found in the
SNpc can be generated in the SVZ, other origins cannot be ex-
cluded. The presence of progenitor cells in non-neurogenic
regions, such as the cortex, septum, spinal cord, ventricular exten-
sion, and SN has also been demonstrated but at a less appreciable
level compared with the established neurogenic regions [59]. In
the present study, we report that cells expressing the uncommit-
ted neural precursor marker nestin are present not only in the SVZ
but also in the SNpc and in the midbrain aqueduct. Similarly, we
have found DCX" cells, a marker associated with dividing neuro-
blasts, in the SNpc after treatment with S14. We furthermore re-
port a significant increase in the SNpc neurons in rats lesioned
with 6-OHDA after treatment with S14. Similar results have been
previously reported by others, describing the presence of dopa-
minergic neurons with BrdU-positive nuclei in the SNpc, suggest-
ing that these cells could have migrated from the midbrain

aqueduct or arisen from precursors already existing in the SNpc
[34, 60, 61]. However, other investigators have not been able
to reproduce these results, and the occurrence of neurogenesis
in the SNpc remains controversial [18, 27]. These discrepancies
among the different studies could have resulted from the differ-
ent methodologies used. Our findings suggest that the newly gen-
erated dopaminergic cells, in response to the S14 treatment, can
originate from precursor cells migrating either from the SVZ or the
midbrain aqueduct toward the SNpc and/or from precursor cells
already present in the SNpc.

CONCLUSION

Together, these observations suggest that PDE7 inhibition could
represent a method of replacing neurons lost in the SNpc of PD
patients and consequently could confer therapeutic benefit in
this disease. The PDE7 inhibitor S14 holds great promise as a ther-
apeutic new strategy for PD, because this compound, in addition
toinducing the replacement of dopaminergic neurons, is also able
to induce significant neuroprotection of the remaining cells.
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