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SUMMARY

Aims: Sildenafil, a phosphodiesterase type 5 inhibitor, has been found to produce func-
tional recovery in ischemic rats by increasing the cGMP level and triggering neurogenesis.
The aim of this study was to investigate further sildenafil mechanisms. Methods: Male
Sprague-Dawley rats underwent middle cerebral artery occlusion and reperfusion, followed
by intraperitoneal or intravenous treatment of sildenafil starting 2 h later. Behavioral tests
were performed on day 1 or day 7 after reperfusion, while cerebral infarction, edema, Nissl
staining, Fluoro-Jade B staining, and electron microscopy studies were carried out 24 h
poststroke. The cGMP-dependent Nogo-66 receptor (Nogo-R) pathway, synaptophysin,
PSD-95/neuronal nitric oxide synthases (nNOS), brain-derived neurotrophic factor
(BDNF)/tropomyosin-related kinase B (TrkB), and nerve growth factor (NGF)/tropomyo-
sin-related kinase A (TrkA) were measured. Results: Sildenafil enhanced neurological
recovery and inhibited infarction, even following delayed administration 4 h after stroke
onset. Furthermore, sildenafil reduced the loss of neurons and modulated the expressions
of the cGMP-dependent Nogo-R pathway. Moreover, sildenafil protected the structure of
synapses and mediated the expressions of synaptophysin, PSD-95/nNOS, BDNF/TrkB, and
NGF/TrkA. Conclusions: Sildenafil produces significant neuroprotective effects on injured
neurons in acute stroke, and these are mediated by the cGMP-dependent Nogo-R pathway,

NGF/TrkA, and BDNF/TrkB.

Introduction

Despite stroke being the third most common cause of death [1]
and the main cause of permanent disability in adults” worldwide
[2], the therapeutic options available remain very limited. Recent
lines of experimental evidence have shown that phosphodiester-
ase type 5 (PDE5) inhibitors have significant therapeutic effects
on erectile dysfunction, pulmonary hypertension, and Alzhei-
mer’s disease as well as stroke [3-6]. In addition, experimental
studies in rodents suggest that PDE5 inhibitors, including sildena-
fil, tadalafil, ibudilast, and zaprinast, can increase cerebral blood
flow and improve functional recovery by increasing the brain
level of cGMP, triggering neurogenesis, and reducing neurological
deficits after stroke [6-10]. However, this does not fully describe
the complicated mechanisms responsible for sildenafil-induced
behavioral recovery.

Neurogenesis, the generation of new neurons, is a strategy that
compensates for tissue lost to injury [11]. In addition, restructuring
the extracellular matrix and enhancing neuronal networks are also
necessary for functional recovery after stroke [11]. A neuronal net-
work is composed of a group or groups of chemically connected or
functionally associated neurons [12]. The strengthening synaptic
connections or synaptic wiring among neurons leads to enhanced
neuronal networks and behavioral recovery [13]. Therefore, we
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hypothesized that the neuroprotection of sildenafil in acute stroke
may be due to its protective effect on neuronal networks.

In this study, we investigated the effects of sildenafil on brain
injuries in acute cerebral ischemia using rats with a middle cere-
bral artery occlusion (MCAO). It was found that sildenafil mark-
edly reduced brain edema, infarct volume, neuron damage and
improved neurological function. Sildenafil also inhibited neuronal
loss by reducing Nogo-66 receptor (Nogo-R), RhoA, and p-PTEN
expression and increasing p-Akt and PI3K levels via a ¢cGMP-
dependent pathway. In addition, sildenafil was able to improve
the structure of synapses, increase levels of synaptophysin, brain-
derived neurotrophic factor (BDNF)/tropomyosin-related kinase
B (TrkB), and nerve growth factor (NGF)/tropomyosin-related
kinase A (TrkA), and reduce levels of PSD-95/neuronal nitric
oxide synthases (nNOS). These results suggest that sildenafil may
exert significant neuroprotective effects via a ¢cGMP-dependent
Nogo-R pathway, NGF/TrkA, and BDNF/TrkB.

Methods
Animals MCAO

Male Sprague-Dawley (SD) rats weighing 270-300 g, supplied
by the Experimental Animal Centre of Shenyang Pharmaceuti-
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cal University, were maintained under standard housing condi-
tions (22 + 2 °C, 50 £ 10% relative humidity, a 12-h light/
dark cycle, light on at 06:30 a.m.) with food and water avail-
able ad libitum. Animals were anesthetized with chloral hydrate
(350 mg/kg, intraperitoneal, i.p.) and subjected to 2 h of right
MCAO and reperfusion for 1 or 7 days [14]. The middle cere-
bral artery (MCA) was occluded by placement of an embolus at
the origin of the MCA. All experiments and procedures were
carried out according to the Regulations of Experimental Ani-
mal Administration issued by the State Committee of Science
and Technology of China.

Drug Preparation and Administration

Sildenafil (sildenafil citrate, purity 98%, kindly supplied by
Tianjin Tasly Company Ltd., Tianjin, China) was dissolved in
normal saline and administered by the i.p. or intravenous (i.v.)
route at doses of 4, 8, 16, or 32 mg/kg. A specific PKG inhibitor
DT-3 (Sigma-Aldrich, St. Louis, MO, USA, 1 mg/kg, i.p.), a
soluble guanylyl cyclase (GC) inhibitor 1H-[1, 2, 4] Oxadiazolo
[4, 3-a] quinoxalin-1-1 (ODQ, Sigma-Aldrich, 3.5 mg/kg, i.p.),
and a PKA inhibitor fragment 5-24 amide trifluoroacetate salt
(IP-20, Sigma-Aldrich, 0.34 mg/kg, i.p.) were administered in
combination with or without sildenafil (16 mg/kg, i.v.) [15-18].
All animals were randomly assigned to the following experi-
mental treatment groups: a sham-operated group (natural sal-
ine, 10 mL/kg), an MCAO group (rats only suffered from
MCAO and given reperfusion and normal saline),
MCAO + inhibitor groups (Rats suffered from MCAO and were
given reperfusion. The inhibitors were administered immedi-
ately after MCAO), MCAO + sildenafil groups (rats suffered
from MCAO and were given reperfusion, followed by i.p. or i.v.
sildenafil starting 2 h, 4h, or 6 h later)) MCAO + inhibi-
tor + sildenafil groups (Rats suffered from MCAO and were
given reperfusion. The inhibitors were administered immedi-
ately after MCAO, while sildenafil were administered 2 h later).

Behavioral Testing

Neurological functional deficits were evaluated 24 h after reperfu-
sion using a modified six-point scoring method applied by an
investigator who was blinded as to the experimental treatment
groups (n = 10/group). The scale was 0: no neurological deficit; 1:
failure to extend the left forepaw fully; 2: circling to the left; 3:
falling to the left; 4: no spontaneous walking with a depressed
level of consciousness; and 5: dead [19].

Two tests were used to evaluate the behavioral outcome: a
beam walking test and a rotarod test after administration of silde-
nafil (or vehicle) for 7 days consecutively (n = 12/group).

Rotarod Test

Prestroke training was performed three times a week prior to
MCAO on a rat rotarod. On testing days, each rat performed the
test twice in a row and then the cohort was cycled and the test
repeated. The length of time each rat was able to stay on the rota-
rod, up to 300 s, was recorded [20].
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Beam Walking Test

Prestroke training was performed for 3 days and then, on the sev-
enth day after surgery, the test was performed. During training
and testing, rats were placed on one end of the beam and they
were exposed to noise and light until they entered the goal box.
The performance of the rats was evaluated using a modified
seven-point scoring method by an investigator who was blinded
as to the experimental treatment groups [20].

Measurement of Cerebral Infarct Volume and
Cerebral Edema

Rats were decapitated 24 h after reperfusion, and their brains
were quickly removed (n = 10/group). The total wet weight of
the brain was measured accurately, and each brain tissue was then
sliced into five coronal sections, each of 2 mm thickness and
stained with a 2% solution of tetrazolium chloride (Sigma) in sal-
ine at 37 °C for 20 min, and then photographic images were
taken. Afterward, the brain water content was determined as an
indicator of cerebral edema using a wet/dry method as previously
described [21]. The cross-sectional areas, with or without infarc-
tion, in each brain slice were measured using Image J analysis
software (version 1.6 National institutes of Health, Bethesda, MD,
USA). The total mean infarct area of each section was examined
by the change in coloration.

Histological and Immunohistochemical
Assessment

The brains were fixed by transcardial perfusion with saline, fol-
lowed by perfusion and immersion in 4% paraformaldehyde
(n = 4/group). A standard tissue block was obtained from the cen-
ter of the lesion (bregma —1 mm to +1 mm). A series of 15 um
thick sections were cut from the block. Every 10th coronal section
for a total four sections was used for staining. Antibody immuno-
staining for TrkB, TrkA (1:300, Abcam, Cambridge, UK), and
Nogo-R (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
was performed. Control experiments consisted of staining brain
coronal tissue sections as outlined above, but nonimmune serum
was substituted for the primary antibody. Nissl staining and Flu-
oro-Jade B staining were also employed as previously described
[22,23].

TrkA, TrkB, Nogo-R, and Nissl stained sections were digitized
using a 40 x objective (Olympus BX40, Tokyo, Japan) and a
3-CCD color video camera DP 72 interfaced with an MCID
computer imaging analysis system (Image-Pro 3D Plus Worksta-
tion, Media Cybernetics, Inc., Rockville, MD, USA). The number
of Nissl-positive cells and the positive stained areas of TrkA,
TrkB, and Nogo-R were measured in each section. Positive cells
or positive areas in four random fields (400 x magnification)
across the cortex and striatum were quantified. The data
obtained from four sections were averaged for each animal. Data
were analyzed in a blind manner and presented as the number
of positive cells per field or the percentage of positive areas per
field, respectively.
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Transmission Electron Microscopy

The brains were fixed by transcardial perfusion with saline, fol-
lowed by perfusion and immersion in 4% paraformaldehyde and
2.5% glutaraldehyde (n = 4/group). Small blocks from different
brain regions, including the striatum and cortex, were processed
for electron microscopy and embedded in Epon resin, as previ-
ously described [24]. The sections were then examined by Trans-
mission Electron Microscopy (TEM) (JEM-1200EX, Jeol Ltd.,
Tokyo, Japan) at an accelerating voltage of 80 kV.

Western Blot Analysis

Tissues from the cortex and striatum including the infarct area
were homogenized in lysis buffer. Protein extracts were separated
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) (n = 3/group). The following primary antibodies
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were used: anti-RhoA (1:500, Abcam), anti-Akt, anti-p-Akt, anti-
PTEN, anti-p-PTEN (1:500, Cell Signaling Technology, Bevery,
MA, USA), anti-Nogo-R, anti-PI3K, anti-f-actin (1:500, Santa
Cruz), antisynaptophysin, anti-PSD-95 (1:1500, Millipore, Biller-
ica, MA, USA).

Enzyme-Linked Immunosorbent Assay

The levels of nNOS, BDNF, and NGF in the striatum and cortex
were measured 24 h poststroke using ELISA kits according to the
manufacturer’s instructions (R&D) (n = 8/group).

Statistics

Quantitative data from the experiments are expressed as the
mean + SE. Statistical analysis was carried out using SPSS 13.0
software for Windows (SPSS Inc, Chicago, IL, USA). Statistical sig-

MCAQ + Sildendil 2 h
MCAQ + Sildenafil 4 h
2] MCAQ + Sildenafil 6 h

(C)
309 ##
24
S
E 18 1
=
2 45
5 12
(1]
E 4.
0-
B MCAO + IP-20 + Sildenafil
MCAQ + ODQ + Sildenafil
MCAO + DT-3 + Sildenafil
(F)

Infarct wolume (%)

9
:g
1%

Figure 1 The results showed that the neurological deficit (A), cerebral infarct volume (C), and cerebral edema (B) were significantly higher in the middle
cerebral artery occlusion (MCAO) group compared with the sham-operated animals, and these could be significantly reversed by sildenafil, even after a
4-h delay in administration after MCAO. The reductions in neurological deficit scores (D), brain water content (E), and infarct volume (F) induced by
sildenafil were significantly reversed by 0DQ, IP-20, or DT-3, respectively. *P < 0.05, *P < 0.01, P < 0.001 compared with the sham-operated group,
#P < 0.05, **P < 0.01 compared with the MCAO group. *P < 0.05, **P < 0.01 compared with the MCAO + sildenafil group.
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nificance was determined by one-way analysis of variance (ANO-
VA) and least significant difference analysis followed by Dunnett’s
test. In all cases, differences were considered significant if
P < 0.05.

Results

Sildenafil Improved Behavioral Outcome and
Reduced Cerebral Infarct Volume

Ischemia leads to severe behavioral disturbance and histological
changes in rats. The results of the behavioral studies showed
that sildenafil-treated rats obtained higher beam walking scores
and took longer to fall from a rotating rod (P < 0.05, Figure
S1). Furthermore, compared with the sham-operated group,
the neurological deficit, cerebral infarct volume, and cerebral
edema were significantly higher in the MCAO group and could
be significantly reversed by sildenafil, even after a 4-h delay in
administration poststroke (P < 0.05, Figure 1). In addition, it
was found that sildenafil (8-32 mg/kg) could significantly
reduce the cerebral infarct volume in a dose-dependent man-
ner with an EDsy, of 15.92 mg/kg. These results suggest that
sildenafil was able to significantly improve behavioral outcome
and reduce cerebral infarct volume after stroke.

Surviving Neurons

Degenerated Neurons

Neuroprotection by Sildenafil in Stroke

Sildenafil Reduced the Loss of Neurons through
a cGMP-Dependent Nogo-R Pathway

The number of surviving neurons is a reliable indicator of cerebral
injury. After cerebral ischemia, the number of surviving neurons
was reduced in both the cortex and the striatum (P < 0.001, Fig-
ure 2A,E). When examined by TEM, a number of dying neurons
in MCAO rats displayed features of apoptosis, including nuclear
breakdown and chromatin condensation (Figure 2D). Our results
suggest that sildenafil could significantly reduce the number of
degenerated neurons, prevent neuronal damage, and increase the
number of surviving neurons after stroke.

DT-3 is a PKG inhibitor [17,25,26]. ODQ could reduce cGMP
expression by inhibiting nitric oxide-sensitive GC. IP-20 could
bind to the catalytic subunit of PKA, mimicking the protein sub-
strate [15-18]. These inhibitors could reduce the expression of
cGMP or inhibit the binding affinity of PKA/PKG to the down-
stream substrate, respectively. To explore whether a cGMP-depen-
dent pathway plays a role in sildenafil-induced neuroprotection,
rats were simultaneously treated with sildenafil (16 mg/kg) and
0DQ, IP-20, or DT-3. The reductions in neurological deficit scores,
brain water content and infarct volume, and the increase in sur-
viving neurons induced by sildenafil were significantly reversed
by ODQ, IP-20, or DT-3, respectively (P < 0.05, Figures 1 and 3).
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Figure 2 Sildenafil could significantly reduce the number of degenerated neurons (B) and increase the number of surviving neurons (A, E) after stroke.
Scale bar = 50 um. (C) The two black ovals indicate the regions selected for immunohistochemistry. The TEM study showed that sildenafil could
significantly protect against neuronal damage (D). Scale bar = 2 um. P < 0.001 compared with the sham-operated group, ***P < 0.001 compared with

the middle cerebral artery occlusion (MCAOQ) group.
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Meanwhile, the neurological deficit scores, brain water content,
and cerebral infarct volume were not significantly increased in the
rats of MCAO + inhibitor groups compared with that of the
MCAO group (Figure 1). These data show that the inhibitors
alone could not influence the MCAO/reperfusion-induced injury.
These results show that cGMP/PKG/PKA inhibitors were able to
inhibit the protective response of sildenafil.

To further investigate the molecular mechanism of sildenafil-
induced neuroprotection, the expressions of Nogo-R, RhoA, p-
Akt/Akt, p-PTEN/PTEN, and PI3K were further examined. It was
found that Nogo-R, RhoA, and p-PTEN/PTEN expressions were
significantly increased, while p-Akt/Akt and PI3K expressions
were markedly reduced in the cortex and striatum after stroke.
Sildenafil reduced the protein expressions of Nogo-R, RhoA, and
p-PTEN, and increased p-Akt and PI3K levels (Figure 4A). When
rats were treated with sildenafil and cGMP/PKG/PKA inhibitors,
the reduction in Nogo-R expression was reversed significantly
(Figure 3B,D). These results indicate that sildenafil reduced the
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Nogo-R expression (B, D) induced by sildenafil were significantly reversed by ODQ, IP-20, or DT-3. Scale bar = 50 um. P < 0.001 compared with the
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loss of neurons through a cGMP-dependent Nogo-R pathway after
cerebral ischemia.

Sildenafil Alleviated Synapse Damage

Further morphological diversity was determined by TEM in
synapses which displayed structure degeneration, including a
reduction in synaptic vesicles and disappearance of the synaptic
cleft, fracture, or fusion. Local damage, swelling, and demyelin-
ation were evident in many of the axonal processes in ische-
mic stroke and these could be reversed by sildenafil
(Figure 4C), suggesting that it had a protective effect on the
structure of synapses.

Synaptophysin is a marker for quantification of synapses [27].
PSD-95 and nNOS are coupled to the postsynaptic membrane. To
elucidate the mechanism of sildenafil-induced synaptic protec-
tion, the expressions of synaptophysin, PSD-95, and nNOS were
measured. Importantly, ischemia often causes a reduction in the
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Figure 4 Sildenafil increased neuron survival by downregulation of the Nogo-R pathway (A). Ischemia often causes low levels of synaptophysin (A) and
high levels of uncoupling PSD-95 (A) and nNOS (B), which could be blocked by sildenafil. **#P < 0.001 compared with the sham-operated group,
**kp < 0.001 compared with the middle cerebral artery occlusion (MCAO) group. Sildenafil could prevent synapse structure degeneration and

demyelination in acute stroke (C). Scale bar = 500 nm.

level of synaptophysin and an increase in the level of uncoupling
PSD-95 and nNOS, which could be blocked by sildenafil (cortex:
P < 0.001. striatum: P < 0.001, Figure 4A,B). These data suggest
that sildenafil significantly alleviated synaptic damage in the
ischemic brain. Furthermore, sildenafil (16 mg/kg) significantly
increased TrkB protein expression in both the cortex and striatum
(P < 0.001, Figure 5A,C), and increased BDNF expression (cortex:
P < 0.05. striatum: P < 0.001, Figure 5D) compared with the
MCAO group. In addition, compared with the MCAO group, silde-
nafil (16, 32 mg/kg) increased TrkA protein expression in the cor-
tex (P < 0.01, Figure 5B,C), but not in the striatum (P > 0.05,
Figure 5B), while sildenafil (32 mg/kg) also increased NGF pro-
tein expression in the striatum (P < 0.05, Figure 5E), but not in
the cortex (P > 0.05, Figure 5E). These data suggest that sildenafil

© 2013 John Wiley & Sons Ltd

significantly enhanced neuronal function in the ischemic brain by
modulating the expressions of BDNF/TrkB and NGF/TrkA.

Discussion

The lack of functional recovery following acute injury to the cen-
tral nervous system (CNS), such as motor recovery, can mainly be
attributed to the restriction of restructuring extracellular matrix
and modifying neuronal networks. Recent experimental studies
in rodents suggest that treatment with different PDE5 inhibitors
not only increases cerebral blood flow but also improves func-
tional recovery after stroke [8-10]. However, the extent and the
underlying mechanisms for these inhibitors are still not totally
understood. In this study, we examined the beneficial effects

CNS Neuroscience & Therapeutics 20 (2014) 40-49 45
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and possible mechanism of sildenafil on the structures and
function of the neuronal networks.

First of all, sildenafil had a beneficial effect on behavioral out-
come. Moreover, sildenafil (8-32 mg/kg) significantly reduced
cerebral infarct volume in a dose-dependent manner with an
EDs( of 15.92 mg/kg. This is the first and most direct preclinical
study to report the inhibitory effect of sildenafil on acute stroke-
induced infarct volume. In actual fact, a prior study reported that
sildenafil failed to decrease the infarct volume when administered
24 h after the onset of ischemia [7]. There are two possible expla-
nations for these contradictory results. Firstly, the strains and the
age of rats used by the two labs were not identical. Male Wistar
rats weighing 320-380 g (age unknown) were used in the previ-
ous report [7], while, in the current study, male SD rats weighing
270-300 g (age 8 weeks approximately) were used. It has been
reported that there are substantial differences in the temporal evo-
lution of ischemic lesions and the putative penumbra between
Wistar and SD rats [28]. Slight differences in gene expression
between Wistar and SD rats might also influence the outcome
involving neuroprotection. Secondly, the administration method
and the dosage of sildenafil were different. In the earlier report,
sildenafil was administered orally starting 2 or 24 h after stroke
onset at doses of 2 or 5 mg/kg [7], while, in the present study, sil-
denafil was administered intravenously at doses of 16 or 32 mg/
kg, which significantly reduced the infarct volume, even with a 4-
h delay in administration post-MCAO.
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Phosphodiesterase type 5 is the main cGMP-specific enzyme
that promotes degradation of cGMP [7]. Binding of cGMP to allo-
steric sites is essential for regulation of PKG or PKA [29]. PKG
could phosphorylate various effectors that are important in cellu-
lar survival, proliferation, and relaxation of vascular smooth mus-
cle [15]. The ¢cGMP-PKG cascade could prevent activation of a
proapoptotic pathway to promote neural cell survival and
enhance the levels of cAMP response element binding protein,
which regulates the expression and survival of immature neurons
in the adult hippocampus [30,31]. DT-3 is a specific PKG inhibitor
[17,25,26]. Recent experimental studies in rodents suggest that
administration of DT-3 diminishes the enhanced blood flow
recovery by vardenafil [18].

It is reported that activation of PKA plays a number of neuro-
protective roles such as inhibiting the Ca®* release from the endo-
plasmic reticulum [32], activating the high-affinity uptake of
glutamate [33], and suppressing the cytokine-induced expression
of adhesion molecules [34,35]. IP-20 is a specific PKA inhibitor.
The amino acid sequence of IP-20 is Thr — Thr — Tyr — Ala — Asp —
Phe —Ile — Ala — Ser — Gly — Arg — Thr — Gly — Arg — Arg — Asn — Ala
—1Ile — His — Asp — NH2. IP-20 could bind to the catalytic subunit of
PKA, mimicking the protein substrate [18].

In the present study, the observed changes could not distin-
guish the relative contributions of PKA and PKG for neuronal
survival, the Nogo-R expression, and the neurological deficits.
But some changes in brain water content and infarct volume

© 2013 John Wiley & Sons Ltd



X.-M. Chen et al.

Neuroprotection by Sildenafil in Stroke

T T N T

Sildengfil

0d 44 . 24 34
i | L o
MCAO

(B) Reduction of cerebral infarction volume

Alleviation of neuronal damage

Protection of synaptic structures

(D) Support for synaptic function
Enhancementlbi neuronal connections

|

Synapse

(E) Significant protection on
neuronal networks

(A) Promotion of functional Tecovery
— |ncrease in the number of survival neurons

(C) Decrease in neuronal loss

PDES
cGMP

Nogo-R

Oligodendrocyte ‘

Activated
microglia

Figure 6 Sildenafil improved the behavioral outcome at day 1 or day 7 poststroke (A), and reduced cerebral infarct volume 24 h after stroke (B).
Infarction, the main pathophysiological outcome of cerebral ischemia, involves neuronal degeneration and necrosis. Accordingly, sildenafil could reduce
the loss of neurons through a cGMP-dependent Nogo-R pathway to activate RhoA. RhoA further activates PTEN, which negatively regulates Akt signaling
by antagonizing PIP3 (C). Meanwhile, Akt signaling could promote NGF/TrkA and BDNF/TrkB to modulate neuronal survival and control synaptic function
(D). Overall, sildenafil improves neuronal networks (E) by reducing the loss of neurons and boosting neuronal function, which are all mediated by a cGMP-

dependent Nogo-R pathway, NGF/TrkA, and BDNF/TrkB.

could distinguish the relative contributions of PKA and PKG.
The reduction in brain water content induced by sildenafil was
significantly reversed by DT-3 (P < 0.05, Figure 1E). However,
the brain water content was not significantly increased in rats
of MCAO + IP-20 + sildenafil group, as compared to
MCAO + sildenafil group. These results show that sildenafil
was able to reduce the brain water content mainly by cGMP/
PKG pathway. More, the reduction in infarct volume induced
by sildenafil was significantly reversed by IP-20 (P < 0.05, Fig-
ure 1F). However, the infarct volume was not significantly
increased in rats of MCAO + DT-3 + sildenafil group compared
with that of the MCAO + sildenafil group. These results show
that sildenafil was able to reduce the infarct volume mainly by
cGMP/PKA pathway.

© 2013 John Wiley & Sons Ltd

RhoA is a PKA substrate [36]. Accumulating evidence indicates
that Nogo, MAG, and OMgp are present on the surface of oligo-
dendrocytes giving them inhibitory activity via Nogo-R to activate
RhoA. RhoA further activates ROCK to phosphorylate several
substrates that are involved in the regulation of cell shape and
motility as well as in survival pathways. The downstream target of
ROCK is PTEN, which negatively regulates Akt signaling by antag-
onizing PIP3. Akt signaling finally leads to an increase in general
translation with an increase in protein synthesis and cell simulta-
neous modulation of neurite outgrowth and survival [37-39]. As
Nogo-R plays a key role in the regeneration of axons in the CNS,
inhibiting the expression of Nogo-R could support axon sprouting
after neuron injury [40]. Our results indicate that sildenafil could
reduce the expressions of Nogo-R, RhoA, and p-PTEN, but
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increase the expressions of PI3K and p-Akt. When the rats were
treated with sildenafil and cGMP/PKG/PKA inhibitors, the
increase in surviving neurons and the decrease in Nogo-R expres-
sion were markedly reversed. Recent studies have shown that
Nogo-R expression is significantly increased to inhibit neurite
growth after ischemia [41,42]. Akt could promote growth factor-
mediated cell survival [43]. Accordingly, a novel finding was that
sildenafil reduced the loss of neurons through a cGMP-dependent
Nogo-R pathway (Figure 6).

Evidence from animal models suggests that a time-limited win-
dow opens following a stroke, during which the greatest gains in
recovery occur [11]. The challenge for improving recovery is to
understand how to optimally engage and enhance the neuronal
networks in this time-limited window and to provide new
response pathways that compensate for the tissue lost to injury
[11]. Growing evidence supports the association between synaptic
connections and neuronal function in stroke [5,11]. Reductions in
blood flow to the brain of sufficient duration and extent lead to
ischemia, which results in loss of neurons, synaptic connections,
and damage to neuronal networks [11]. In the present study, sil-
denafil was found to increase the expression of synaptophysin and
reduce the expressions of uncoupling PSD-95 and nNOS. These
data suggest that sildenafil significantly reduced synaptic damage
and protected the synapse structure in the ischemic brain. Fur-
thermore, NGF/TrkA, which has an important role in regulating
growth cones, motility, and biosynthesis of enzymes for neuro-
transmitters, could prevent neuronal cell death after stroke [44].
In the mature nervous system, BDNF/TrkB modulates neuronal
survival by regulating neuronal migration, morphological and bio-
chemical differentiation, and the control of synaptic function and
synaptic plasticity [40]. Moreover, sildenafil is able to increase the
levels of BDNF/TrkB and NGF/TrkA. Thus, we initially assumed
that sildenafil enhanced neuronal function by protecting the

X.-M. Chen et al.

structure of synapses possibly via upregulation of BDNF/TrkB and
NGF/TrkA in acute stroke (Figure 6).

Overall, the present study found that sildenafil had a significant
protective effect on neuronal networks during stroke by reducing
the loss of neurons and enhancing neuronal function. A recent
study has reported that sildenafil produces an immediate and
long-lasting improvement in synaptic function and memory in an
Alzheimer’s disease mouse model [5]. Our previous study demon-
strated that sildenafil could inhibit microglial activation, showing
its possible benefits in neuroinflammation-mediated neurological
disorders [45]. Thus, it is assumed that sildenafil possesses a signif-
icant neuroprotective effect by restructuring the extracellular
matrix, reducing the loss of neurons and increasing the function
of neuronal networks.

Summary

Sildenafil has a significant protective effect on neuronal networks
during stroke by reducing the loss of neurons and enhancing the
function of neuronal networks, and this is mediated by cGMP-
dependent Nogo-R, BDNF/TrkB, and NGF/TrkA pathways.
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