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A B S T R A C T

Cerebral ischemia is one of leading causes of death and long-term disability worldwide. Stem cell-based therapy
is promising some valuable strategies for the structural and functional recovery after ischemic insult. The in-
hibition of phosphodiesterases (PDEs) has wide spectrum neuroprotective properties by stimulating proliferation
of neural stem cells (NSCs). However, the potential role of PDE9 on NSCs proliferation after cerebral ischemia is
not well investigated. The present study aimed to assess the contribution of PDE9 inhibition on the proliferation
of NSCs and to determine the details of its underlying mechanisms against cerebral ischemia. The survival and
proliferation of NSCs were assessed by CCK-8 assay and BrdU immunofluorescence staining, respectively. PDE9
activity and cGMP level were measured by ELISA kits. The protein expression of PKG and BDNF was detected by
Western blot. Exposing NSCs of cultured primary hippocampus to oxygen-glucose deprivation/reoxygenation
(OGD/R) significantly decreased the survival rate, but increased the proliferation of NSCs. Meanwhile, PDE9
activity was decreased, cGMP level was increased, PKG and BDNF protein expression was increased. PF-
04447953, a PDE9 inhibitor, increased the survival rate of NSCs, moreover, PDE9 activity reduced more, and
NSCs proliferation, cGMP level, PKG and BDNF protein expression were increased further, compared with OGD/
R model group. These effects of PF-04447953, except for PDE9 activity and cGMP level, were reversed by
treatment with KT5823, a PKG inhibitor. Taken together, the inhibition of PDE9 can promote the proliferation of
NSCs following OGD/R injury, which may be, at least partly, mediated by cGMP-PKG pathway.

1. Introduction

Stroke is one of leading causes of death and long-term disability
worldwide. It has been found that more than 80% of stroke is induced
by cerebral ischemia. At present, there is no neuroprotective agent that
has been approved by FDA for treatment of ischemic stroke. Brain self-
repair processes after ischemic stroke are attracting more attention.
Accumulating studies have suggested that neural stem cells (NSCs),
which occurs mainly in the subventricular zone and subgranular zone in
hippocampus, are important to restore cerebral function after ischemia
(Zhang et al., 2013). NSCs could be activated under pathological con-
ditions. Then the activated NSCs can proliferate, differentiate, migrate,
and integrate into the damaged area to promote the recovery of neu-
rological function (Vandenbosch et al., 2009). However, these abilities
of endogenous NSCs are remarkably poor. Meanwhile, the transplan-
tation of exogenous NSCs is restricted because of limited sources, im-
munological rejection, and ethical considerations (De et al., 2012).

Therefore, the activation of endogenous NSCs might be an effective
therapeutic strategy after ischemic insult. Unfortunately, there is still a
lack of knowledge about the involved signaling pathways to regulate
and the specific targets to promote the proliferation of NSCs.

Altering intracellular signaling pathways involved in inflammation
and immune regulation, neurotransmitters have shown therapeutic
benefits in experimental models of neurological diseases (Whitney
et al., 2009). One of the second messengers, cyclic guanosine mono-
phosphate (cGMP), is intracellular signaling target, the elevation of
which has produced beneficial cellular effects within a range of CNS
pathologies, including promoting the proliferation of NSCs in cerebral
ischemia (Chalimoniuk and Strosznajder., 1998). cGMP activates
cGMP-dependent protein kinase (PKG), then induces cGMP response
element-binding protein (CREB) phosphorylation and affect several
other targets, such as brain-derived neurotrophic factor (BDNF), which
possesses the well-established neurotrophic action and neuroprotective
effect (Chen et al., 2017). The only known negative regulators of cyclic
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nucleotides are phosphodiesterases (PDEs) family that hydrolyze cyclic
nucleotides into adenosine monophosphate (AMP) or guanylate
monophosphate (GMP). Mammalian PDE enzymes are divided into 11
families of proteins and three broad groups based on their catalytic
selectivity to cyclic nucleotides: cAMP-specific PDEs (PDE4, PDE7 and
PDE8), cGMP-specific PDEs (PDE5, PDE6, and PDE9), and PDEs that
lack specificity, hydrolyzing both cyclic nucleotides (PDE1, PDE2,
PDE3, PDE10, and PDE11) (Knott et al., 2017). Among them, PDE9, a
specific hydrolase for cGMP, is highly abundant in hippocampus and
cortex, which are related to learning and memory and emotion (Reyes-
Irisarri et al., 2007). Studies have found that the inhibition of PDEs
enhances the proliferation of NSCs. For example, PDE5 inhibition in-
creases the proliferation in subventricular zone derived NSCs cultures
(Santos et al., 2014); PDE7 inhibition promotes proliferation and neu-
ronal differentiation in subventricular zone and subgranular zone of the
adult brain (Morales-Garcia et al., 2017). Since PDE9 is also present in
the central nervous system, some studies have reported that PDE9 in-
hibitors can significantly improve the learning and memory impairment
induced by scopolamine and MK801 in rats (Van der Staay et al., 2008;
Kroker et al., 2014), and can promote the elongation of nerve cells and
synapse formation (Hutson et al., 2011). However, the effect of PDE9
inhibition on NSCs proliferation after cerebral ischemia is unknown.

Therefore, an oxygen glucose deprivation/reoxygenation (OGD/R)
model was used in cultured hippocampal primary NSCs to mimic cer-
ebral ischemia. PDE9 inhibitor, PF-04447943 and PKG inhibitor,
KT5823 were applied to determine the action of PDE9 inhibition and
the underlying regulation of cGMP-PKG signaling pathway.

2. Materials and methods

2.1. Chemical and regents

PF-04447943 (C20H25N7O2; MW: 395.46; purity ≥ 99.84%; LCMS-
grade) was purchased from Medchem Express (Monmouth, NJ, USA).
KT5823 was purchased from R&D Systems (Minnesota, MN, USA).
Dulbecco's modified Eagle's medium (DMEM)/F12, B27, and
StemPro™Accutase™Cell dissociation reagent were purchased from
Gibco Life Technologies (Grand Island, NY, USA). Fetal bovine serum
(FBS) was purchased from Sijiqing (Jiangsu, China). Epidermal growth
factor (EGF) and basic fibroblast growth factor (bFGF) were purchased
from Peprotech, Inc (Rocky Hill, NJ, USA). 5′-bromo-2-deoxyuridine
(BrdU) and poly-L-lysine (PLL) were purchased from Sigma Aldrich
(Santa Clara, CA, USA). Cell counting kit-8 (CCK-8) and 4′, 6-diami-
dino-2-phenylindole (DAPI) were purchased from Genview (Beijing,
China). Dylight 594 and Alexa Fluor 488 were purchased from
Immunoway Biotechnology (Plano, TX, USA). cGMP, PDE9 ELISA Kits
were purchased from MEIBIAO Biological Co. Ltd (Jiangsu, China).
RIPA lysate and BCA Protein Quantification Kits were purchased from
Beijing Dingguo Changsheng Biotechnology Co. Ltd (Beijing, China).
BDNF, BrdU and nestin antibodies were purchased from Abcam
(Cambridge, UK). PKG antibody was purchased from Bioss

Biotechnology Co. Ltd (Beijing, China). β-actin antibody was purchased
from Proteintech Group, Inc (Hubei, China). The remaining reagents
were analytical grade.

2.2. Isolation and cultivation of hippocampal NSCs

Animal experiments were carried out in strict accordance with the
regulations in the Guide for the Care and Use of Laboratory Animals
issued by the Ministry of Science and Technology of the People's
Republic of China. All experiments involving rats were reviewed and
approved by the Animal Laboratory Administration Center and the
Ethics Committee of Chongqing Medical University [Permit Number:
SCXK (Chongqing)-2018-0003]. Neonatal 1-day-old Sprague-Dawley
rats, provided by the Experimental Animal Center of Chongqing
Medical University, were used for primary hippocampal NSCs cultiva-
tion, as previously described with slight modifications (Reynolds et al.,
1992; Andersen et al., 2007; Babu et al., 2011). Briefly, neonatal rats
were decapitated and the bilateral hippocampus were isolated and
minced in a 0.125% trypsin solution for 20 min at 37 °C. The tissue was
washed in media containing 10% FBS, and then passed through a 200
mesh filter screen. The extracted cells were resuspended in complete
medium containing DMEM/F12, 2% B27, 20 ng/mL recombinant rat
bFGF, and 20 ng/mL recombinant rat EGF, 100 U/mL penicillin, and
100 mg/mL streptomycin. The cell suspension was filtered through a
400 mesh filter screen, plated in 75 cm2 glass culture flasks
(1 × 106 cells/mL), and maintained at 37 °C in a humidified atmo-
sphere containing 5% CO2. Fresh complete medium was replaced every
2–3 days, and the cells were subcultured once every 7 days. Experi-
ments were performed using the third passage cells. Cells were plated
onto PLL–coated plastic culture plates or dishes containing complete
medium.

2.3. Identification of NSCs

Briefly, the identification of NSCs has changed slightly as previously
described (Cheng et al., 2015). Cells were fixed with 4% paraf-
ormaldehyde in PBS for 30 min at room temperature; rinsed three times
with PBS; and permeabilized with 0.3% Triton X-100 in PBS for 30 min.
Cells were then blocked with 10% normal goat serum for 30 min at
room temperature. Subsequently, the NSCs were incubated overnight at
4 °C with nestin antibody (1:100). The following day, cells were washed
and incubated for 90 min at room temperature with Alexa Fluor 488
antibody (1:100). Cell nuclei were counterstained with DAPI for
3–5 min in the dark. Finally, the cells were examined by fluorescence
microscopy.

2.4. OGD/R model

In brief, the OGD/R model was established with a slight change as
described above (Chen et al., 2011; Wu et al., 2012). After washing
three times with D-Hanks’ solution, NSCs were maintained with a
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glucose-free serum-free DMEM medium in a humidified anaerobic in-
cubator containing 94% N2, 1% O2, and 5% CO2 at 37 °C for 150 min.
For reoxygenation, the a glucose-free serum-free DMEM medium was
replaced with complete medium and the NSCs were incubated in a
humidified normoxic atmosphere containing 5% CO2 for 48 h. To in-
vestigate the action of PDE9 inhibition and the effect of cGMP-PKG
signaling pathway, PF-04447943 (10−7 mol/L, PDE9 inhibitor) alone
or with KT5823 (10−6 mol/L, PKG inhibitor) were used after OGD/R
for 48 h.

2.5. CCK-8 assay

The CCK-8 assay was used to quantitatively assess cell survival.
Briefly, the third passage NSCs (approximately 5 × 103 cells/well)
were seeded in PLL-coated 96-well plates with six replicates in each
group, and subjected to the various treatments described previously.
10% CCK-8 solution was added to each culture well, and NSCs were
incubated for 4 h at 37 °C. Absorbance at 450 nm was measured with a
microplate reader (Denley Dragon Wellscan MK3, Thermo). The results
of three independent experiments were used for statistical analysis.

2.6. BrdU labeling of proliferative NSCs

To evaluate the proliferation of NSCs, cells in the different groups
were incubated in 24-well plates (approximately 5 × 104 cells/well)
with three replicates in each group with 10 μmol/L BrdU; for 6 h at
37 °C in a humidified atmosphere containing 5% CO2. Briefly, cells
were fixed with 4% paraformaldehyde in PBS for 30 min at room
temperature; rinsed three times in PBS; and permeabilized with 0.3%
TritonX-100 in PBS for 30 min. Permeabilization was followed by
30 min incubation in 2 N HCl for DNA denaturation. Cells were then
blocked with 10% normal goat serum for 30 min at room temperature.
Subsequently, the NSCs were incubated overnight at 4 °C with BrdU
antibody (1:200). The following day, cells were washed and incubated
for 90 min at room temperature with Dylight 594 antibody (1:200). Cell
nuclei were counterstained with DAPI for 3–5 min in the dark. Finally,
the cells were examined by fluorescence microscopy. Positive cell rate
(i.e., total number of positive cells/total number of viable
cells × 100%) was calculated by using image analysis (Image-pro plus
6.0., Media Cybernetics). The results of three independent experiments
were used for statistical analysis.

2.7. ELISA assay

Briefly, the third passage NSCs (approximately 1 × 106 cells/well)

were seeded in PLL-coated 6-well plates with three replicates in each
group. According to the manufacturer's instructions, the cGMP level
and PDE9 activity in the media of cultured cells were determined using
ELISA Kits. The optical density (OD) values were measured at the wa-
velength of 450 nm using a microplate reader. Then the concentrations
of cGMP and PDE9 were calculated by their specific standard curves,
respectively. The results of three independent experiments were used
for statistical analysis.

2.8. Western blot analysis

For extraction of total proteins, cells were rinsed twice with ice-cold
PBS, lysed in RIPA lysis buffer containing 1% PMSF, and determined by
BCA assay. Protein samples were subjected to 10% SDS-polyacrylamide
gel electrophoresis and transferred to the membrane by wet method.
Antibodies [β-actin (1:2000), PKG (1:1000), and BDNF (1:1000)] were
added and incubated overnight after closed with BSA. The membranes
was incubated with secondary antibody (1:2000) for 2 h. The bands
were visualized using the enhanced chemiluminescence method.
Repeat three times for each group. The signal was quantified using
Image Lab software (Bio-Rad).

2.9. Statistical analysis

All data are expressed as mean ± SD. Statistical analysis was
performed using SPSS 17.0. The between group differences were eval-
uated by using one-way analysis of variance (ANOVA) and Tukey's
range test. P < 0.05 was considered statistically significant. GraphPad
Prism 5.01 software was used for drawing.

3. Results

3.1. Identification of NSCs

Nestin is a specific marker for NSCs. The nestin was in positive
expression after 3 passages of purified culture. The percentage of
marked DAPI of NSCs arrived at 100%, and the nuclei of NSCs ex-
pressed blue fluorescence. The results indicate that the cells are NSCs
and can be used for subsequent experimental observations (Fig. 1).

3.2. Effect of PDE9 inhibition on the cell viability of NSCs

Exposing to OGD/R, the cell viability of NSCs was reduced by
37.8%, compared with normal NSCs (P < 0.01). Incubation with PF-
04447943 at 10−7 mol/L significantly increased the OGD/R-decreased

Fig. 1. Identification of NSCs by immuno-
fluorescence (scale = 10 μm). A–C: NSCs were
identified by the representative marker nestin as
adherent monolayer culture. D–F: Neurosphere was
identified by the representative marker nestin.
Nuclei were labeled with DAPI (blue) (A, D).
Primary hippocampal NSCs from neonatal rats were
immunolabeled with an antibody against nestin
(green) (B, E). Merged views of panels A/B and D/E
(C, F).
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cell viability by 45.9% (P < 0.01), which was close to the level of
normal NSCs (P > 0.05). KT5823 at 10−6 mol/L could completely
block the effect of PF-04447943 (P < 0.01) (Fig. 2).

3.3. Effect of PDE9 inhibition on the cell proliferation of NSCs

There were very few BrdU-positive cells in normal NSCs, but the
number of BrdU-positive cells increased by 53.3% after OGD/R
(P < 0.05). Notably, the BrdU-positive cells increased by 1.4 times by
treatment with PF-04447943 at 10−7 mol/L, compared with OGD/R
model group (P < 0.01). KT5823 at 10−6 mol/L could block the effect
of PF-04447943 (P < 0.01) (Fig. 3).

3.4. Effect of PDE9 inhibition on PDE activity and cGMP level

PDE9 activity reduced by 20.9% but cGMP level augmented by 1.0
times after OGD/R (P < 0.05). PF-04447943 incubation decreased
PDE9 activity by 37.3% and increased intracellular cGMP by 1.5 times,
compared with OGD/R model group (P < 0.01). However, KT5823
had no significant effects on the actions of PF-04447943 (P > 0.05)
(Fig. 4).

3.5. Effect of PDE9 inhibition on PKG and BDNF protein expression

PKG and BDNF protein expression increased by 72.7% and 30.9%,
respectively, after OGD/R (P < 0.05). Compared with OGD/R model
group, PF-04447943 (10−7 mol/L) significantly upregulated the ex-
pression of both PKG and BDNF, by 49.1% (P < 0.05) and 72.7%,
respectively (P < 0.01), which significantly was inhibited by KT-5823
(10−6 mol/L) (P < 0.05)(Fig. 5).

4. Discussion

After cerebral ischemic injury, the endogenous NSCs proliferate and
migrate to the damaged regions, where they may differentiate into
neurons to help neural function recovery. But the number of pro-
liferating cells is less and the survival is poor (Arvidsson et al., 2002;
Parent et al., 2002a; Parent et al., 2002b). Meanwhile, the disease
process itself may weaken and destroy the ability of NSCs to grow and
repair (Liang et al., 2016). Enhancing the proliferation of endogenous
NSCs is promising some valuable strategies for the structural and
functional recovery after cerebral ischemic insult. Therefore, it is im-
portant to understand the involved mechanisms and to find the new
targets on the proliferation of NSCs.

cGMP is a key intracellular mediator of signal transduction. It has
now been found that increasing cGMP level promotes the proliferation
of NSCs and protects against nerve damage. cGMP level is regulated by
the balance between its production and removal, which is produced by
the catalysis of guanylate cyclase (GC) and hydrolyzed by the action of
PDE. In recent years, cGMP from GC has been enthusiastically in-
vestigated (Bian and Murad., 2014). The inhibition of PDE subtypes has
also been demonstrated to enhance performance of animals in various
cognition tasks and accordingly PDE inhibitors have been proposed as
new approach for treatment of cognitive dysfunction (Reneerkens et al.,
2009). PDE9 is cGMP-specific and is highly expressed in hippocampus.
Studies have shown that PDE9 is involved in the development and
progression of Alzheimer's disease (AD) (Zhang et al., 2018). However,
the effects of PDE9 on the proliferation of NSCs are few studies after
cerebral ischemia. OGD/R model is one way to better study ischemia/
refusion injury in vitro. In this study, the cell viability decreased, sug-
gesting that cerebral ischemic injury was appeared after OGD/R treat-
ment in cultured hippocampal NSCs. Meanwhile, the increase of BrdU
positive cells indicated that cerebral ischemia itself can promote the
proliferation of NSCs. Concurrently, PDE9 activity decreased and cGMP
level increased, suggesting that PDE9-cGMP-related pathway involved
the proliferation of NSCs after cerebral ischemia.

PKG is the crucial downstream effector of cGMP. PDE inhibition can
increase cGMP level, then PKG is activated. cGMP-PKG pathway is
thought to play a crucial role in the development of several neurodi-
seases, such as AD, Parkinson's disease (PD), and multiple sclerosis (MS)
(Fiscus, 2002; Calabresi et al., 2013; Mancini et al., 2018). The pathway
can promote the transcription of BDNF (Alhaider et al., 2011), which
can stimulate cell proliferation, differentiation, survival, etc. Thereby,
cGMP-PKG plays an essential regulation by BDNF on the proliferation of
endogenous NSCs (Yan et al., 2016) and has neuroprotective and repair
effects (Liu et al., 2016). In this study, NSCs proliferation increased
after OGD/R treatment, accompanied with the decrease of PDE9 ac-
tivity, the increase of cGMP level, and the protein expression of PKG
and BDNF, suggesting that PDE9-cGMP-PKG pathway involved the
proliferation of NSCs mediated by BDNF after cerebral ischemia. Un-
fortunately, the spontaneous proceed was too poor to rescue the cell
viability.

To detect the possible therapeutic effects and the involved signal
pathway of PDE9 inhibition on ischemia, a PDE9 inhibitor, PF-
04447943, and a PKG blocker, KT5823, were used. PF-04447943 could
improve cell viability, accompanied by the significant increase of NSCs
proliferation, even by 1.4 times higher than the level of OGD/R model
cells. Meanwhile, PDE9 activity was decreased, cGMP-PKG was in-
creased, and BDNF was upregulated, which all were more than the le-
vels of OGD/R-treated cells. Furthermore, the effects of PF-04447943
could be abolished by KT5823 except for PDE9 activity and cGMP level.
These results suggested that PDE9-cGMP-PKG signaling pathway is in-
volved in the proliferation of NSCs after ischemic insult, and the in-
hibition of PDE9 activity can enhance the proliferation of NSCs by re-
ducing cGMP hydrolysis, then increasing intracellular cGMP
concentration, activating PKG-related pathways (Fig. 6).

Taken together, our results indicated that the inhibition of PDE9 can
activate cGMP-PKG-related signaling pathways, thereby promote BDNF
and ultimately stimulate the proliferation of NSCs and protect cell
viability against cerebral ischemia. PDE9-cGMP-PKG signaling pathway
is involved in the proliferation of NSCs. PDE9 may be an important
target for the treatment of cerebral ischemia-related diseases, especially
for the recovery of learning and memory.

5. Conclusions

Our study provides evidences that PDE9 may be a promising target
for the treatment of cerebral ischemia-related diseases. Inhibition of
PDE9 promotes the increase of cGMP level and the up-regulation of

Fig. 2. Effect of PDE9 inhibition on cell viability of NSCs exposing to OGD/R
was detected by CCK-8 assay. OGD/R: oxygen glucose deprivation/reox-
ygenation; PF-04447943: a PDE9 inhibitor (10−7 mol/L); KT5823: a PKG in-
hibitor (10−6 mol/L). Data are presented as the mean ± S.D. of three in-
dependent experiments. **P < 0.01 vs normal; ##P < 0.01 vs OGD/R;
△△P < 0.01 vs PF-04447943 (one-way ANOVA).
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Fig. 3. Effect of PDE9 inhibition on cell proliferation of NSCs exposing to OGD/R was detected by immunofluorescence. A: Representative image showing NSCs
proliferation (low magnification: scale = 10 μm and high magnification: scale = 40 μm). NSCs were immunostained with antibody to BrdU (red). Nuclei were
labeled with DAPI (blue). B: Percentage of BrdU positive cells. OGD/R: oxygen glucose deprivation/reoxygenation; PF-04447943: a PDE9 inhibitor (10−7 mol/L);
KT5823: a PKG inhibitor (10−6 mol/L). Data are presented as the mean ± S.D. of three independent experiments. *P < 0.05 vs normal; ##P < 0.01 vs OGD/R;
△△P < 0.01 vs PF-04447943 (one-way ANOVA).
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PKG and BDNF protein expression to stimulate the proliferation of NSCs
and to improve cell viability in hippocampus after ischemic insult.
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Fig. 4. Effect of PDE9 inhibition on PDE
activity and cGMP level in NSCs exposing to
OGD/R by ELISA. A: PDE activity; B: cGMP
level. OGD/R: oxygen glucose deprivation/
reoxygenation; PF-04447943: a PDE9 in-
hibitor (10−7 mol/L); KT5823: a PKG in-
hibitor (10−6 mol/L). Data are presented as
the mean ± S.D. of three independent ex-
periments. *P < 0.05 vs normal;
##P < 0.01 vs OGD/R (one-way ANOVA).

Fig. 5. Effect of PDE9 inhibition on PKG and BDNF
protein expression in NSCs exposing to OGD/R by
Western blot. Quantification of protein level was
performed using densitometry. Data were normal-
ized with β-actin protein. A: PKG protein expres-
sion; B: BDNF protein expression. OGD/R: oxygen
glucose deprivation/reoxygenation; PF-04447943: a
PDE9 inhibitor (10−7 mol/L); KT5823: a PKG in-
hibitor (10−6 mol/L). Data are presented as the
mean ± S.D. of three independent experiments.
*P < 0.05 vs normal; #P < 0.05, ##P < 0.01 vs
OGD/R; △P < 0.05 vs PF-04447943 (one-way
ANOVA).

Fig. 6. The underlying effect of PDE9 inhibition on the proliferation of neural
stem cells (NSCs) in hippocampus after cerebral ischemia. PDE9-cGMP-PKG
signaling pathway is involved in the proliferation of NSCs after ischemic insult,
however, the spontaneous proceed is too poor to rescue the cell viability. The
inhibition of PDE9 activity can improve cell viability by stimulating more NSCs
proliferation, which may be, at least partly, mediated by cGMP-PKG pathway.
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