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Abstract
Parkinson’s disease is characterized by a loss of dopaminergic neurons in the ventral midbrain. This disease is diagnosed when
around 50% of these neurons have already died; consequently, therapeutic treatments start too late. Therefore, an urgent need
exists to find new targets involved in the onset and progression of the disease. Phosphodiesterase 7 (PDE7) is a key enzyme
involved in the degradation of intracellular levels of cyclic adenosine 3′, 5′-monophosphate in different cell types; however, little
is known regarding its role in neurodegenerative diseases, and specifically in Parkinson’s disease.We have previously shown that
chemical as well as genetic inhibition of this enzyme results in neuroprotection and anti-inflammatory activity in different models
of neurodegenerative disorders, including Parkinson’s disease. Here, we have used in vitro and in vivo models of Parkinson’s
disease to study the regulation of PDE7 protein levels. Our results show that PDE7 is upregulated after an injury both in the
human dopaminergic cell line SH-SY5Y and in primary rat mesencephalic cultures and after lipopolysaccharide or 6-
hidroxydopamine injection in the Substantia nigra pars compacta of adult mice. PDE7 increase takes place mainly in
degenerating dopaminergic neurons and in microglia cells. This enhanced expression appears to be direct since 6-
hydroxydopamine and lipopolysaccharide increase the expression of a 962-bp fragment of its promoter. Taking together, these
results reveal an essential function for PDE7 in the pathways leading to neurodegeneration and inflammatory-mediated brain
damage and suggest novel roles for PDE7 in neurodegenerative diseases, specifically in PD, opening the door for new therapeutic
interventions.
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Abbreviations
6-OHDA 6-Hydroxydopamine
AD Alzheimer’s disease
DAPI 4′,6-Diamidino-2-phenylindole
GFAP Glial fibrillary acidic protein

LPS Lipopolysaccharide
PD Parkinson’s disease
PDEs Phosphodiesterases
PDE7 Phosphodiesterase 7
SNpc Substantia nigra pars compacta
TH Tyrosine hydroxylase

Introduction

Neurodegenerative diseases are debilitating conditions strong-
ly linked with age and characterized by a slow progressive
loss of neurons in different areas of the brain, which finally
leads to deficits in specific brain functions that causes move-
ment disorders (ataxias) or mental functioning alterations (de-
mentias). Amongst neurodegenerative diseases, dementias are
responsible for the greatest burden of disease, with
Alzheimer’s disease representing most of the cases. Another
neurodegenerative disease having a great impact on the qual-
ity of life of patients is Parkinson’s disease (PD), which is
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characterized by motor symptoms (tremor, rigidity or stiff-
ness, bradykinesia or slowness of movement) and non-motor
symptoms (visual hallucinations, dementia, etc.). Although
the mechanism that drives chronic progression of neurodegen-
erative diseases remains elusive, several processes have been
implicated in PD pathogenesis: aging, oxidative stress, mito-
chondrial dysfunction, protein misfolding and aggregation,
glutamate excitotoxicity, and apoptosis [1].

Inflammation is a protective mechanism aimed to repair,
remove the damaged tissues/cells, and repair the organisms
after tissular damage, infective agents, parasites, or toxins
[2]. Specifically, neuroinflammation is the protective mecha-
nism in the central nervous system to restore the damaged
neuronal cells mediated mainly by microglial cells [3]. In con-
trast to other neural cells, once the neurons are damaged or
degenerated, they are unable to be repaired or regenerated in
the central nervous system [4]. However, although at the be-
ginning of a brain injury, glial cell activation can be protective
[5], after a certain time, these cells (astrocytes as well as mi-
croglia) become over-activated and start releasing pro-
inflammatory agents that further damage the neurons. Thus,
currently, neuroinflammation is recognized as a critical com-
ponent of neurodegenerative diseases, including PD [6–9]. In
fact, activated glial cells have been detected in the Substantia
nigra pars compacta (SNpc) of patients concurrently with an
increased expression of pro-inflammatory mediators, leading
to an inflammatory cycle that ultimately worsen the progres-
sion of the disease. In addition, different studies using preclin-
ical models of PD indicate that inflammatory processes are
instrumental in neuronal cell death [10–12]. Therefore, there
is an urgent need to investigate more in deep those factors
involved in the chronic activation of glial cells, worsening
the progressive neurodegeneration that characterizes
neurodegeneration.

Cyclic nucleotide phosphodiesterases (PDEs) are a large
family of enzymes implicated in the metabolism of the 3′,
5′-cyclic nucleotides (cAMP and cGMP) [13]. The PDE su-
perfamily consists of 11 subtypes (PDE1–PDE11) based
largely on their sequence homology and is coded by 21 iden-
tified genes [14]. cAMP and cGMP are intracellular signaling
molecules that mediate a huge variety of events in the central
nervous system, including neurogenesis, the establishment of
neuronal circuitry, apoptosis, plasticity, sleep, sensorimotor
gating, mood stability, memory, and other cognitive functions
[15]. Aging and age-related diseases, including Parkinson’s
disease, are associated with impairments in many, if not all,
of these processes [16], suggesting that cyclic nucleotide sig-
naling may be compromised in these patient populations.
Moreover, elevation of intracellular cAMP level controls im-
munosuppressive and anti-inflammatory processes, and selec-
tive inhibitors of cAMP-specific PDEs have been widely an-
alyzed as possible therapeutic agents for the treatment of hu-
man diseases [17–19]. Regarding PDE7, this enzyme is

expressed in some regions of the brain, especially in
Parkinsonism-related structures like striatum or SN [17,
20–23], which must be taken into account when designing
new therapeutic strategies for the development of innovative
treatments. In that sense, our group has previously described
the neuroprotective and anti-inflammatory role of PDE7 inhi-
bition in preclinical models of PD [24, 25]. Recently, we have
described that PDE7 inhibition activates adult neurogenesis
in vitro and in vivo [26]. Interestingly, PDE7 inhibition spe-
cifically promotes the formation of new dopaminergic neu-
rons in an animal model of Parkinson’s disease, which ame-
liorate the impaired neurogenesis that occurs as a consequence
of the progress of the disease.

Nigrostriatal pathway controls the motor function, being
cAMP one of the key intracellular mediators by binding to
the striatal D1 and D2 dopamine receptors [27]. Therefore,
PDE7 becomes a valuable therapeutic target to restore striatal
dopamine signaling deficiencies, since its inhibition in the
striatal postsynaptic terminals leads to an increase in cAMP
levels, which in turn stimulates the levels of dopamine
through the dopamine receptor–cAMP-mediated signaling
[28]. Understanding how and why Parkinson’s disease de-
velops would provide novel strategies for a better treatment
of this disease. In line with this, and taken into account the role
of PDE7 inhibition in neurodegenerative diseases, in this
work, we have aimed to an understanding of the mechanism
through which this enzyme is regulated.

Methods

SH-SY5Y Cell Culture

SH-SY5Y human neuroblastoma-derived cells (Sigma) were
cultured and propagated in RPMI (Sigma) supplemented with
glutamine 2 mM (Sigma) and 10% of fetal bovine serum (FBS,
Gibco), under standard conditions. Cells were seeded onto 100-
mm culture plates (1.5 × 106 cells/plate) for Western blot anal-
ysis, onto 24-well plates (3 × 105 cells/well) for transient trans-
fections and immunocytochemical analysis (1.5 × 105 cells/
well), and onto 96-well plates (3 × 104 cells/well) for cell via-
bility assay. On attaining semiconfluence, cells were treated
with 6-OHDA (35 μM, Sigma) during 16, 24, 48, or 72 h.

Mesencephalic Mixed Neuron/Glia Cultures

Primary rat ventral mesencephalic neuron/glia cultures were
prepared as previously described [24]. Briefly, ventral mesen-
cephalic tissues were dissected from embryonic day 13/14 rats
and dissociated with a mild mechanical trituration. Then, the
supernatant was collected and centrifuged at 1200×g/5 min,
and the pellet was resuspended and the cells were seeded onto
100-mm culture plates (1,5 × 106 cells/plate) for Western blot
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analysis or grown on glass coverslips in 24-well plates
(5 × 105 cells/well) for immunocytochemical analysis.
After 1 week in culture, cells were treated with LPS
(10 μg/ml, Sigma) or 6-OHDA (35 μM, Sigma) for
16, 24, 48, or 72 h. Immunocytochemical analysis indi-
cated that, at the time of treatment, the cultures were
made up of 12% Iba1-immunoreactive (IR) microglia,
48% GFAP-IR astrocytes, and 40% Neu-N-IR neurons
of which 2.8–3.8% were TH-IR neurons.

Primary Glial Cultures

Rat primary glial cultures were prepared from the cerebral
cortex of 3-day-old rats as described previously [29].
Briefly, cerebral cortex was dissected, dissociated, and incu-
bated with 0.25% trypsin/EDTA at 37 °C for 1 h. After cen-
trifugation, the pellet was washed three times with HBSS
(Gibco) and the cells were plated in poly-D-lysine
(20 μg/ml) pretreated flasks (75 cm2). After 7–10 days, the
flasks were agitated in an orbital shaker for 4 h at 230 rpm at
37 °C and non-adherent microglial cells were isolated and
plated onto 24-well plates (3 × 105 cells/well). Then, DMEM
was added to the flasks, which were agitated in a horizontal
shaker at 260 rpm at 37 °C. After overnight agitation, the
supernatant (oligodendrocytes and some remaining microglial
cells) was removed, and astrocytes (adherent cells) were col-
lected and plated onto 24-well plates (3 × 105 cells/well). The
purity of the cultures was > 95%, as determined by immuno-
fluorescence analysis using an antiglial fibrillary acidic pro-
tein (GFAP; clone G-A-5; Sigma-Aldrich) antibody to identi-
fy astrocytes, an anti-Iba1 (Wako) antibody to identify
microglial cells, and an anti-O4 (Millipore) antibody as a ol-
igodendrocyte marker.

Cell Viability Assay

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit (Roche
Diagnostic, GmbH), based on the ability of viable cells to reduce
yellow MTT to blue formazan. The extent of reduction of MTT
was quantified by absorbancemeasurement at 595 nm according
to the manufacturer’s protocol. Each data point represents the
mean ± SD of 6 replications in 3 different experiments.

Immunoblot Analysis

Total proteins were isolated from cell cultures using ice-cold
RIPA buffer as described elsewhere [30]. A total amount of
30 μg of protein was subjected to 10% SDS-PAGE; then, the
proteins were transferred into nitrocellulose membranes
(Protran, Whatman). After blocking with 5% fat-free milk in
Tris-buffered saline containing 0.1% Tween-20 for 1 h at RT,
the membranes were incubated with different primary

antibodies overnight at 4 °C according to standard procedures.
A rabbit polyclonal anti-PDE7 (Proteintech) antibody was
used. As a control, a mouse anti-α-tubulin (Sigma) antibody
was used. The proteins were detected by chemiluminescence
using an HRP substrate (GE Healthcare) after incubating the
membrane with HRP-conjugated secondary antibody and
washing with Tris buffered saline with Tween-20 (TBST).
Secondary antibody was HRP-conjugated IgG goat anti-
rabbit (Jackson Immunoresearch). Representative images of
at least three independent experiments corresponding to three
different samples are shown. The images of blotting were
quantified using ImageJ software (Wayne Rasband, NIH,
Bethesda, MD). Values in the text are the mean of at least
three different experiments.

Immunocytochemistry

For immunofluorescence analysis, SH-SY5Yor primary mes-
encephalic cultures, grown on glass coverslips in 24-well cell
culture plates, were fixed in phosphate-buffered saline (PBS)
containing 4% paraformaldehyde (Sigma), blocked in PBS
containing 0.1% Triton X-100 for 30 min at 37 °C, and incu-
bated overnight at 4 °C with primary antibodies. The follow-
ing antibodies were used: goat polyclonal anti-PDE7 (A-18,
Santa Cruz Biotechnology), rabbit polyclonal anti-tyrosine
hydroxylase (TH, Millipore), mouse monoclonal anti-Iba1
(Wako), and mouse monoclonal anti-GFAP (Sigma). Cells
were then incubated for 45 min at 37 °C with appropriate
Alexa Fluor 488- and 546-conjugated secondary antibodies
(Jackson Immuno Research). Nuclei were stained with
DAPI. Coverslips were mounted with Vectashield Mounting
Medium (Vector Laboratories). Images were captured using a
Zeiss LSM710 laser scanning spectral confocal microscope
equipped with Plan-Apochromat 63X/1.4. Confocal micro-
scope settings were adjusted to produce the optimum signal-
to-noise ratio. To compare fluorescence signals from different
preparations, settings were fixed for all samples within the
same analysis. Representative images of at least three inde-
pendent experiments are shown. A quantitative analysis of
PDE7 expressing cells given a particular marker (TH, GFAP
or Iba-1) was performed using the Image Pro software (Media
Cybernetics, USA) and normalized to total nuclei (stained
with DAPI). Areas to be counted were traced at high power
(× 400), and at least four different counting fields were select-
ed at random from six independent experiments of parallel
cultures as previously described [31]. Results are expressed
as a percentage of total dopaminergic (TH+), microglial
(Iba1+), or astroglial (GFAP+) cells co-expressing PDE7.

Promoter Cloning and Transient Transfections

A fragment of the human PDE7 promoter, from − 962/+ 109,
was PCR-amplified from human genomic DNA using specific
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primers and high-fidelity Eppendorf Triple Master PCR
System (Eppendorf). The primers used were as follows: 5′-
TGG GGATTT TTC CAGAGTGGG-3′ (forward sequence)
and 5′-CCC TGG GTG AGT AAC ACC AC-3′ (reverse se-
quence). The entire promoter fragment, P.PDE7/1071, was
sequenced and subcloned in the promoterless luciferase re-
porter vector pxp1. For transient transfection experiments,
semiconfluent SH-SY5Y cells and rat glial primary cultures
were transfected with lipofectamine 2000 (Invitrogen) using
the complete PDE7 promoter (2.5 μg DNA/well). Twenty-
four hours after transfection, cells were harvested for determi-
nation of luciferase activity by using a reporter assay system
(Promega, Madison, WI). β-Galactosidase was used to deter-
mine transfection efficiency. Each transient transfection exper-
iment was repeated at least three times in triplicate. Some
transfected cultures were stimulated with 6-OHDA (35 μM)
or LPS (10 μg/ml) for 24 h; then, cultures were harvested for
determination of luciferase activity as mentioned above.

Animals

All animal experiments were specifically approved by the
“Ethics Committee for Animal Experimentation” of the
Instituto de Investigaciones Biomedicas (CSIC-UAM) and
carried out in accordance with the European Communities
Council Directive (2010/63/EEC) and National regulations
(normative 53/2013). Adult, male Wistar rats from our
Animal facilities, weighing about 250 g, were housed in a
cage (2–3 animals per cage for adults) with free access to food
and water under a 12 h light/dark cycle. Special care was taken
to minimize pain or discomfort of animals.

LPS and 6-OHDA Injection In vivo

The animals (four rats per experimental group) were anesthe-
tized and placed in a stereotaxic apparatus (Kopf Instruments,
CA). LPS (10 μg in 2.5 μl PBS) or 6-OHDA (9 μg in 2.5 μl
PBS containing 0.05% ascorbic acid) were injected into the
right side of the SNpc (coordinates from Bregma: posterior −
4.8 mm; lateral + 2.0 mm; ventral: + 8.2 mm, according to the
atlas of Paxinos andWatson) [32]. Animals injected only with
vehicle (basal group) were used as controls throughout all the
in vivo experiments. After injection, animals were housed to
recover and sacrificed 72 h after lesioning.

Fluorescent Immunohistochemical Analysis

Brains were processed as previously described [25]. Shortly,
after animal perfusion with 4% paraformaldehyde, brains
were removed, postfixed in the same solution at 4 °C over-
night, cryoprotected in 30% sucrose, and frozen, and finally,
30-μm coronal sections were obtained using a cryostat. For
immunohistochemistry, sections were incubated overnight at

4 °C with the appropriate primary antibody. Next day sections
were washed thoroughly and subsequently incubated for 1 h at
room temperature with appropriate Alexa Fluor 488- and 647-
conjugated secondary antibodies (Jackson Immuno
Research). For nuclear staining, sections were incubated with
DAPI for 15 min at RTand then washed in PBS. Finally, brain
slides were mounted in Vectashield H-1000 (Vector
Laboratories). The following primary antibodies were used:
goa t po lyc lona l an t i -PDE7 (A-18 , San t a Cruz
Biotechnology), rabbit polyclonal anti-tyrosine hydroxylase
(TH, Millipore), rabbit polyclonal anti-dopamine transporter
(DAT, Millipore), mouse monoclonal anti-DARPP32 (BD
Bioscience), mouse monoclonal anti-GFAP (Sigma), and
mouse monoclonal anti-Iba1 (Wako). Some sections contain-
ing the SNpc were used for caspase 3 active immunodetection
in a triple immunofluorescence analysis. In that case, the pri-
mary antibodies used were goat polyclonal anti-PDE7 (A-18,
Santa Cruz Biotechnology), mouse monoclonal anti-tyrosine
hydroxylase (TH, Sigma), and rabbit polyclonal anti-caspase
3 active (R&D Systems) followed by the subsequent incuba-
tion with Alexa Fluor 488-, 546-, and 647-conjugated second-
ary antibodies (Jackson Immuno Research).

Cell Count Analysis and Densitometry

The number of dopaminergic neurons (TH-reactive cells),
astroglia (GFAP-positive cells), or microglial cells (immuno-
reactive to Iba1) expressing PDE7 after injury, as well as the
number of dopaminergic neurons co-expressing PDE7 and
active caspase 3 in the SNpc, was estimated. To that end, a
modified stereological approach was used as previously de-
scribed [25]. Confocal images of serial coronal sections
(30 μm) containing the entire SNpc (rostrocaudal extent) were
acquired under an objective (× 63) to avoid oversampling er-
rors. The number of positive cells was counted in a 1:6 series
of sections, determining the boundaries of the SNpc with ref-
erence to internal anatomic landmarks [32]. Images were an-
alyzed using computer-assisted image analysis software (Soft
Imaging System Corporation, USA). Four rats per group were
used. The total number of dopaminergic neurons, astroglial,
and microglial cells in the SNpc expressing PDE7 or dopami-
nergic neurons expressing PDE7 together with active caspase
3 was determined by multiplying the average numbers of la-
beled cells/section by the total number of 30-μm-thick sec-
tions containing the SNpc. Data were expressed as a percent-
age, for a better understanding.

Optical densitometry was performed on coronal sections
containing the striatum and immunostained with anit-TH, an-
ti-DAT, or anti-DARPP32 antibodies using Image Pro soft-
ware (Media Cybernetics, USA). The area of interest was
delimited in the rostrocaudal axis in coronal slides 30 μm
thick covering the whole striatal area. Images were acquired
with a Zeiss LSM710 laser scanning spectral confocal

809Mol Neurobiol (2020) 57:806–822



microscope equipped with a Plan-Apochromat 10×/0.45 DIC
objective. In this system a motorized x, y axis enables to au-
tomatically capture multiple fields of view. The software of-
fers tile Scan, in which small square grids of images are ac-
quired to finally perform a whole striatal reconstruction. All
lighting conditions and magnifications were held constant.
After the whole striatal images (16 total) were stitched, color
pictures were used in Fig. 5 and then converted to 8-bit
greyscale images for quantification. For each animal, the

average optical density was determined. The damage was cal-
culated as the percent of the TH-, DAT-, or DARPP32-positive
area in the lesioned striatum divided by the DAT-positive area
of the untreated contralateral side.

Statistical Analysis

All numerical values are presented as mean ± standard devia-
tion. Statistical significance was determined using 2-tailed t

Fig. 1 PDE7 expression in the dopaminergic cell line SH-SY5Yafter 6-
OHDA-induced cell death. Cells were treated with 6-OHDA (35 μM) at
indicated times. a Cell viability measurement after 6-OHDA treatment at
indicated times. Values represent the mean ± SD of six replications in
three different experiments. b Representative Western blot and quantifi-
cation analysis showing expression levels of PDE7 in SH-SY5Y cells
after damage. c Immunofluorescence analysis and quantification of

PDE7 expression (green) and tyrosine hydroxylase (TH, red) in the do-
paminergic cell line SH-SY5Y. Representative images of at least three
independent experiments are shown. Scale bar, 20μm. Nuclei were coun-
terstained with DAPI (blue). Quantifications are expressed as a percent-
age of total dopaminergic (TH+) cells co-expressing PDE7. ***p ≤ 0.001;
**p ≤ 0.01 (basal-compared)
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test analysis comparing the damaged group with control using
SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). p values <
0.05 were considered significant.

Results

PDE7 Expression Increases in Dopaminergic Cell
Cultures After 6-Hydroxydopamine (6-OHDA)-Induced
Death

6-OHDA causes a time-dependent decrease of cell viabil-
ity in the human dopaminergic cell line SH-SY5Y; there-
fore, it is widely used for in vitro models of PD. We first
analyzed PDE7 expression in dopaminergic cultures 16,
24, 48, and 72 h after 6-OHDA-induced death (Fig. 1).
Numerous studies have described the importance of PDE7
in striatum and its relationship with Parkinson’s disease
[12, 33–35]. High concentrations of PDE7 mRNA are also
found in those areas related to dopaminergic pathway, i.e.,
Substantia nigra and striatum [21, 23] and its expression
is increased after dopamine D1 receptor activation suggest-
ing that PDE7 could be involved in the regulation of the
signaling cascade initiated by this receptor [28]. To estab-
lish a time frame for the study of PDE7 expression, SH-
SY5Y cell cultures were exposed to 6-OHDA during the
times indicated above (Fig. 1a). As can be seen in this
figure, SH-SY5Y cell survival diminished during the ex-
position to the neurotoxin. When PDE7 expression was
analyzed in SH-SY5Y cultures by Western blot, high
levels of PDE7 were found in the treated groups in com-
parison with low levels found in the basal state (Fig. 1b).
Quantification analysis showed a significant increase in
PDE7 protein levels starting at 16 h after damage. We
next performed immunocytochemistry in these cultures af-
ter damage using a specific antibody against PDE7.
Results summarized in Fig. 1c also showed an increased
expression of PDE7 in dopaminergic neurons (TH-
expressing cells) as a consequence of the treatment with
6-OHDA at all time points.

PDE7 Expression Increases in Embryonic Ventral
Mesencephalic Cultures After Damage

Embryonic ventral mesencephalic cultures provide a useful
tool for understanding the dopaminergic neuron properties
and the pathways involved in the pathogenesis of Parkinson.
These mixed cultures contain not only dopaminergic precur-
sors but also glial cells, and can be subjected to various stress
agents that mimic PD pathology and to neuroprotective com-
pounds in order to stop or slow down neuronal degeneration.
So next, some of these mixed cultures were treated with LPS
to induce glial activation and therefore promote the initiation

of neuroinflammatory processes. Other cultures were exposed
to the neurotoxin 6-OHDA in order to damage specifically
dopaminergic neurons. We have previously shown a low ex-
pression of PDE7 in basal conditions in these cultures [24]. To
analyze the role of PDE7 in neurodegeneration and neuroin-
flammation, we first determined by Western blot the levels of
PDE7 in embryonic ventral mesencephalic cultures 16, 24, 48,
and 72 h after exposure to LPS or 6-OHDA. As can be ob-
served in Fig. 2a, quantification of blots reveals a significant
increase in PDE7 after damage suggesting that these mixed
cultures, containing glial cells and dopaminergic neurons,
were able to respond to injury increasing PDE7 levels in cul-
ture. Next, we performed double immunocytochemistry stud-
ies in embryonic ventral midbrain cultures in order to analyze
which kind of cells, either dopaminergic neurons (Fig. 2b) or
glial cells (Fig. 3), were expressing PDE7 in response to dam-
age. Immunostaining with a specific dopaminergic marker
(tyrosine hydroxylase, TH) together with an anti-PDE7 anti-
body revealed that after LPS- or 6-OHDA-damage, dopami-
nergic neurons in mesencephalic cultures were clearly ex-
pressing PDE7 (Fig. 2b). Similar results were obtained when
midbrain cultures after exposure to LPS- or 6-OHDA were
double immunostained with the microglial marker Iba-1 or
GFAP to detect astrocytes. Figure 3 summarizes these results
showing the expression of PDE7 in microglial cells and astro-
cytes after exposure to injury.

Brain-Derived Glial Culture Response to Injury
Increasing PDE7 Expression After Damage

PDE7 expression is increased in glial cells (astrocytes as well
as microglia) derived from mixed embryonic mesencephalic
cultures after different insults, promoting neuroinflammation
that eventually leads to dopaminergic cell death. Thus, we
next wonder whether pure primary glial cultures derived from
adult brain rats subjected to a cellular damage will also in-
crease the expression of PDE7. To that purpose, we isolated
and cultured separately brain-derived microglial cells and as-
trocytes. Each type of culture was treated for 16, 24, 48, and
72 h with LPS and PDE7 detection was performed by

�Fig. 2 PDE7 expression on embryonic mesencephalic-derived cultures
after damage. Embryonic ventral mesencephalic cells were isolated, cul-
tured, and treated with lipopolysaccharide (LPS, 10 μg/ml) or 6-
hydroxydopamine (6-OHDA, 35 μM) at indicated times. a
Representative Western blot and quantification analysis showing expres-
sion levels of PDE7 in mesencephalic cultures after damage. b
Immunofluorescence analysis and quantification of PDE7 expression
(green) in dopaminergic precursor cells (tyrosine hydroxylase positive
cells, TH, red) on primary mesencephalic cultures after LPS- or 6-
OHDA exposure at indicated times. Nuclei were counterstained with
DAPI (blue). Scale bar, 20 μm. Representative images of at least three
independent experiments are shown. Quantification results are expressed
as a percentage of total dopaminergic (TH+) cells co-expressing PDE7.
***p ≤ 0.001 (basal-compared)
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Fig. 3 PDE7 expression on glial cells in embryonic mesencephalic-
derived cultures after damage. Primary mesencephalic-derived cultures
were treated with LPS (10 μg/ml) or 6-OHDA (35 μM) and the expres-
sion of PDE7 (green) after damage at indicated times determined by
immunofluorescence. PDE7 expression in microglial cells (Iba1-
positive cells, red) and astroglial cells (GFAP-expressing cells, red) was

evaluated and quantified. Nuclei were counterstained with DAPI (blue).
Representative images of at least three independent experiments are
shown. Scale bar, 20 μm. The bar graphs show the percentage of total
microglial (Iba1+) and/or astroglial (GFAP+) cells co-expressing PDE7
after LPS or 6-OHDA exposure. ***p ≤ 0.001; **p ≤ 0.01 (basal-
compared)
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immunocytochemistry andWestern blot. In response to differ-
ent stimuli, such as LPS or 6-OHDA, glial cells become acti-
vated and undergo morphological as well as functional alter-
ations [36]. As expected, in our model, exposure of glial cells
to damage induced morphological changes compatible with
microglia and astroglia reactivity. Under stimulating condi-
tions, microglial cells become irregular with an ameboid
shape, while astrocytes present thickened surfaces and short-
ening of cytoplasmic projections (Fig. 4). These changes are
characteristic of reactive cells. As shown in Fig. 4a, immuno-
cytochemistry analysis revealed reactive microglial cells ex-
pressing PDE7 after LPS exposure at all stages treated.
Interestingly, PDE7 level quantification, as measured by
Western blot, increased notably in microglia after LPS expo-
sure (Fig. 4b) starting from 16 h. Similar results were observed
in astroglial cultures (Fig. 4c and d) with an increase of the
expression of PDE7 after damage in astrocytes as observed by
immunocytochemistry (Fig. 4c). Quantification of PDE7
levels in astroglial cells (Fig. 4d) confirmed this increase after
insult although PDE7 expression seemed to be lower, in com-
parison with microglia, and also starts later.

PDE7 Expression Is Increased in the Substantia nigra
pars compacta in Preclinical Models of PD

In view of the above-described results suggesting a role of
PDE7 on neurodegeneration and neuroinflammation pro-
cesses, we next examined PDE7 protein levels in two clin-
ically relevant in vivo models of PD. Adult rats were
injected into the SNpc with LPS (neuroinflammatory mod-
el) or 6-OHDA (oxidative stress model), and the expression
of PDE7 was evaluated 72 h after intracranial injection.
Brain examinations revealed, as expected, a loss of dopami-
nergic cells after injury, which was paralleled by an en-
hanced expression of the PDE7 protein (Fig. 5). Since
PDE7-mediated cAMP level decrease may interfere with
dopaminergic signaling, we next measured the expression
of TH, DAT, and DARPP32 in the striatum. DAT is a dopa-
mine transporter expressed in striatal axon terminals [37]
and DARPP32 is a marker of dopaminoceptive neuros
[38]. Figure 5b clearly shows that following the unilaterally
delivery of LPS and 6-OHDA in the SNpc, the degeneration
of TH+ fibers in the striatum began immediately. This rapid
loss of dopaminergic fibers is in accordance with the loss of
striatal DAT-positive fibers. Interestingly, we can also find a
decrease in the immunostaining of DARPP-32 fibers.

In order to analyze whether the increase in PDE7 expres-
sion took place in dying neurons, we performed immunoflu-
orescence analysis using anti-active caspase-3, anti-TH, and
anti-PDE7 specific antibodies on brain sections containing the
SNpc of animals injected with LPS or 6-OHDA (Fig. 6).
Representative images show that in the SNpc, those dopami-
nergic neurons closest to the ventral tegmental area did not

show any cellular damage at the time analyzed. They
expressed neither PDE7 nor caspase 3. On the contrary, those
neurons closest to the pars lateralis seemed to be degenerating
and presented a shrinking morphology (white arrows). In
these neurons that exhibited greater dopaminergic damage,
we observed an induction on the expression levels of active
caspase-3 as well as PDE7, suggesting that, indeed, PDE7
expression is induced in those cells that are degenerating.

Next, we examined PDE7 expression in the activated glial
cells present in the two PD animal models used (Fig. 7). In
vehicle-injected animals, SNpc displays ramified Iba-1 posi-
tive cells with two or three fine processes, a morphology con-
sistent with resting microglial cells. As expected 72 h after
intracerebral LPS or 6-OHDA injection, the number of Iba1-
positive cells was highly increased, and the majority of these
microglial cells did not show ramified but a round morpholo-
gy, characteristic of a microglial-activated state (Fig. 7a).
When PDE7 expression was evaluated, higher levels were
found 72 h after damage, both in the neuroinflammation
(LPS-injection) and in the oxidative stress (6-OHDA
injection) animal models. As shown in Fig. 7a, most of the
PDE7 was located in the SNpc, in those microglial cell–
enriched areas surrounding the dopaminergic neurons, and
particularly in the hyperactivated microglial cells. The same
results were observed in areas of the SNpc containing astro-
cytes. After damage, astrocytes modify their characteristic
morphology, appearing as round thickened cells with short-
ened condensed processes (Fig. 7b) and a higher expression of
GFAP was also observed. At this hyperactivation state, many
of them also expressed high levels of PDE7.

PDE7 Promoter Activity in Transfected Dopaminergic
Cell Line and Primary Glial Cells after Damage

To further analyze the regulation of PDE7 by 6-OHDA and
LPS, we next performed transient transfection experiments on
the dopaminergic cell line SH-SY5Y and on primary glial
cultures isolated from adult rats. To that end, we analyzed
the expression of a fragment of 962 bp of the Homo sapiens
PDE7 promoter (plus 109 bp of the first exon). Figure 8a
shows the results obtained when transfecting SH-SY5Y cells
with a construction containing this fragment (PDE7/1071)
with/without 6-OHDA treatment. As can be seen, there is a
significant increase in the relative luciferase activity in those
cells transfected with the PDE7/1071 construct, compared
with the basal values, arbitrarily assigned with the value 1
(cells transfected with the empty Pxp1 vector), and these
values were significantly increased in those cultures treated
with 6-OHDA.Next, we analyzed the effect of LPS in primary
cultures of microgial cells (Fig. 8b) and astrocytes (Fig. 8c),
isolated from adult rats. As can be seen, and as it happened
with 6-OHDA, treatment of glial cultures with LPS resulted in
a significant increase of PDE7 promoter activity, as compared
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with the values obtained with the empty vector. These results
indicate that PDE7 expression is directly upregulated after an
oxidative stress as well as after an inflammatory injury.

Discussion

PD is the most predominant movement disorder, characterized
by the loss of dopaminergic neurons in the pars compacta of the
Substantia nigra that leads to a reduced facilitation of voluntary
movements. Although levodopa treatment mitigates some of the
motor symptoms of PD, thanks to the dopamine replacement,
therefore contributing to improve the quality of life of patients, so
far there is no treatment that forestalls the progressive degenera-
tion of dopaminergic neurons [39], indicating that new targets
and novel therapeutic strategies to inhibit this disease ought to be
considered. In line with this, up to now, the precise mechanisms
responsible for progression of neurodegenerative diseases remain
elusive, being chronic neuroinflammation as one of the most
prominent features shared by several neurodegenerative diseases,
included PD [6–8], playing an important role in the onset and
progression of the diseases [9].

PDE enzymes selectively degrade cAMP and/or cGMP,
one of the most important intracellular messengers, regu-
lating the intracellular concentrations of these cyclic nu-
cleotides, their signaling pathways, and therefore count-
less biological responses in heal th and disease.
Consequently, therapeutic effects of PDEs inhibitors have
been widely investigated, being the subject of numerous
studies to prove their effectiveness in the treatment of
several pathologies like heart failure (PDE3 inhibitor),
severe chronic obstructive pulmonary disease (PDE4 in-
hibitors), pulmonary hypertension, or erectile dysfunction
(PDE5 inhibitors) [40]. In recent years, some other differ-
ent isoforms of PDEs are drawing the attention of the
scientific community looking for novel therapeutic targets
against neurodegenerative disorders [41–43]. In relation-
ship with PD, the inhibition of PDE4, PDE7, and PDE10

seems to be involved in protecting dopaminergic neurons
and/or sustaining dopaminergic tone in PD models [44].
Our group was the first to demonstrate a potent neuropro-
tective and anti-inflammatory effect of PDE7 inhibition in
different models of neurodegenerative diseases, including
Alzheimer’s disease [45], spinal cord injury [46], stroke
[47], autoinmune encephalomyelitis [48], multiple sclero-
sis [49], and PD using several approaches, such as chem-
ical inhibition [24] as well as genetic depletion [50].
However, up to now, very little is known regarding the
physiological role of PDE7 and its implication in the on-
set and progression of neurodegenerative diseases. Also,
little is known about the subcellular distribution of PDE7
in specific cells types. In this work, we demonstrate for
the first time that PDE7 expression is upregulated in
in vitro and in vivo models of PD, which suggests that
this enzyme plays an important role in the progress of the
disease. Previous studies about PDE7 location in brain are
based on in situ hybridization as well as RT-PCR studies
[22, 23, 51, 52]. Some preliminary observations derived
from studies of our group, based on the use of PDE7
inhibitors, suggested an increase in the expression of
PDE7 in the SNpc of parkinsonian rats [50]. Moreover,
previous to this work, we had observed in vitro the pres-
ence of PDE7 in the cytoplasm of the dopaminergic cell
line SH-SY5Y and in primary mesencephalic cultures
[24]. In this work, in vitro experiments, using the human
dopaminergic cell line SH-SY5Y and embryonic mesen-
cephalic primary cultures, reveal an early PDE7 activation
shortly after damage, remaining high some hours later.
Similarly, results derived from in vivo analysis show an
increase in the expression of PDE7 in the SNpc, as a
consequence of the damage induced by 6-OHDA and/or
LPS. However, the increase in PDE7 expression is not
homogeneous throughout the entire SNpc. Increased
PDE7 expression after damage is mainly located in those
areas of the SNpc containing a large amount of
degenerating dopaminergic neurons that also express ap-
optotic markers such as activated caspase-3.

The early activation of PDE7 here described may result in
the onset and/or progression of PD leading to the degeneration
of dopaminergic neurons. We have observed similar results
in vitro in the dopaminergic cell line SH-SY5Y after 6-
OHDA exposure, with degenerating neurons also expressing
active caspase-3 and annexin V [24], and agrees with previous
observations by our group [24, 50] demonstrating that activa-
tion of this enzyme occurs within a few hours after neuronal
damage and is maintained over the 72 h period following
insult. This fact could be really important in the early diagno-
sis of PD, since the activation of PDE7 could be a primary
trigger of neuronal damage.

It has been shown that PDE7 is involved in pro-
inflammatory processes and could be a target for the control

�Fig. 4 PDE7 expression on primary glial cultures after damage. Primary
glial cultures were treated with LPS (10 μg/ml) at indicated times. a
PDE7 expression (green) analysis by immunofluorescence and quantifi-
cation in microglial cells (Iba1-expressing cells, red). Nuclei were coun-
terstained with DAPI (blue). Representative images of at least three inde-
pendent experiments are shown. Scale bar, 20 μm. The bar graphs show
the percentage of total microglial (Iba1+) cells co-expressing PDE7 after
damage. b RepresentativeWestern blot and quantification analysis show-
ing expression levels of PDE7 in microglial cells after LPS exposure. c
PDE7 expression (green) and quantification in astroglial cells (GFAP-
positive cells, red). Nuclei were counterstained with DAPI (blue).
Representative images of at least three independent experiments are
shown. Scale bar, 20 μm. The bar graphs show the percentage of total
astroglial (GFAP+) cells co-expressing PDE7 after insult. d
Representative Western blot and quantification analysis showing expres-
sion levels of PDE7 in astroglial cells after LPS exposure at indicated
times. ***p ≤ 0.001 (basal-compared)
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Fig. 5 In vivo PDE7 expression in dopaminergic neurons of the
Substantia nigra pars compacta after intracerebral damage.
Dopaminergic striatal alterations. LPS (10 μg) or 6-OHDA (9 μg) was
injected unilaterally into the Substantia nigra pars compacta (SNpc) of
adult rats and after 72 h, the brains were removed and tissue sections were
processed. a Immunofluorescence analysis showing the expression of
PDE7 (green) in dopaminergic neurons (tyrosine hydroxylase, TH, red)

in the SNpc after damage. Scale bars, 50 μm. Quantification of dopami-
nergic cells (TH-immunoreactive) expressing PDE7 is shown. ***p ≤
0.001 (vehicle-compared). b Representative stitched images (tile scan)
of TH-, DAT-, and DARPP32-immunoreactive (IR) fibers in the striatum.
Arrows represent areas of loss of IR fibers. Optical density analysis for
every given marker is shown. ***p < 0.001 (vehicle-compared). Scale
bar, 250 μm
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Fig. 6 In vivo PDE7 and active caspase-3 co-expression in dopaminergic
neurons of the Substantia nigra pars compacta after intracerebral dam-
age. LPS (10 μg) or 6-OHDA (9 μg) was injected unilaterally into the
adult Substantia nigra pars compacta (SNpc) of adult rats and after 72 h,
the brains were removed and tissue sections were processed. Nissl stained
images show those areas of the SNpc used for immunofluorescence

analysis. Confocal representative images showing the co-expression
(arrows) of PDE7 (green) and active caspase-3 (magenta) in dopaminer-
gic neurons (tyrosine hydroxylase immunoreactive cells, TH, red) in the
SNpc after damage. Scale bars, 50 μm. Quantification of apoptotic (active
caspase 3 expressing cells) dopaminergic cells (TH-immunoreactive) is
shown. ***p ≤ 0.001 (vehicle-compared)
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of this process [45, 53]. Additionally, PDE7 is necessary for the
induction of T cell proliferation [54]. All these data, together
with the results here described support our initial hypothesis
that PDE7 is responsible to some extent for the progressive
neuronal damage that occurs in neurodegenerative disorders,

in part due to the regulation of neuroinflammation, suggesting
that that PDE7 can be an important agent in the progression of
PD. In point of fact, we observed a clear induction of PDE7
expression, mainly in microglial cells, both in vitro and in vivo,
suggesting that the expression of this enzyme is important for

Fig. 7 PDE7 expression in glial cells in the Substantia nigra pars
compacta after intracerebral damage. LPS (10 μg) or 6-OHDA (9 μg)
was injected unilaterally into the adult Substantia nigra pars compacta
(SNpc) of adult rats and after 72 h, the brains were removed and tissue
sections were processed. Immunofluorescence analysis showing the

expression of PDE7 (green) in microglial cells (Iba-1-expressing cells,
red) (a) and astroglial cells (GFAP-positive cells, red) (b) in the SNpc
after damage. Scale bars, 50 μm. Quantification of microglial cells (Iba1-
immunoreactive) and astrocytes (GFAP-positive cells) expressing PDE7
is shown. ***p ≤ 0.001 (vehicle-compared)
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the neuroinflammatory response triggered by these cells leading
to an increase in the degeneration of dopaminergic neurons.

Regarding PDE7 transcriptional regulation by 6-OHDA and
LPS, transient transfection experiments with a fragment of the
PDE7 promoter region (PDE7/1071) revealed that neurons and
glial cells exposed to these agents result in a significant induction
in the expression of PDE7 promoter, suggesting that PDE7 ac-
tivity is directly upregulated by both compounds. Certainly, more
experiments are needed in order to define the regulatory regions
in the PDE7 gene promoter responsible for this regulation.

Collectively, our findings clearly support the suggestion that
the expression of PDE7 increases in dopaminergic neurons and
glial cells after inducing an oxidative stress process or following
a pro-inflammatory stimulus in in vitro and in vivo models of
PD. Therefore, PDE7 could play an important role in the onset
and/or progression of the disease. These data provide
constraining reasons to identify new drugs, which selectively
target PDE7, preventing the PD progression.
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