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A B S T R A C T

Phosphodiesterase-4 (PDE4) plays a fundamental role in a range of central nervous system (CNS) insults,
however, the role of PDE4 in early brain injury (EBI) after subarachnoid hemorrhage (SAH) remains unclear. The
current study was designed to investigate the role of PDE4 in EBI after SAH and explore the potential me-
chanism. The SAH model in Sprague-Dawley rat was established by endovascular perforation process. Rats were
randomly divided into: sham group, SAH+vehicle group, SAH+ rolipram (PDE4 inhibitor) group,
SAH+ rolipram+ sirtinol (SIRT1 inhibitor) group and SAH+ rolipram+MK2206 (Akt inhibitor) group.
Mortality, SAH grades, neurological function, brain edema, immunofluorescence staining and western blotting
were performed. Double fluorescence labeling staining indicated that PDE4 was located predominately in
neurons after SAH. Rolipram reduced brain edema, improved neurological function in the rat model of SAH.
Moreover, rolipram increased the expression of Sirtuin1 (SIRT1) and up-regulated the phosphorylation of Akt,
which was accompanied by the reduction of neuronal apoptosis. Administration of sirtinol inhibited the phos-
phorylation of Akt. Moreover, all the beneficial effects of rolipram against SAH were abolished by both sirtinol
and MK2206. These data indicated that PDE4 inhibition by rolipram protected rats against EBI after SAH via
suppressing neuronal apoptosis through the SIRT1/Akt pathway. Rolipram might be an important therapeutic
drug for SAH.

1. Introduction

Subarachnoid hemorrhage (SAH) is a serious cerebrovascular dis-
ease with high rates of mortality and disability [1]. Intense studies have
indicated that early brain injury (EBI) is the primary cause of poor
outcome after SAH [2]. The exact mechanisms of EBI remain con-
troversial [3]. Among the multiple mechanisms involved, apoptosis has
been identified to play an important role in the pathological process of
EBI [4]. Growing bodies of studies have demonstrated that suppressing
neuronal apoptosis could attenuate EBI and improve the neurological
function after SAH [5,6]. Thus, more efforts are needed in order to
explore the mechanisms of apoptosis and develop novel therapeutic
strategies against neuronal apoptosis to improve the outcome of pa-
tients with SAH.

Phosphodiesterase-4 (PDE4) is a high-affinity enzyme that specifi-
cally hydrolyzes cAMP [7], which typically acts as the second

messenger and mediates a number of cellular process [8,9]. Previous
studies indicated that PDE4 inhibitor rolipram exerts neuroprotective
role in a range of central nervous system insults including spinal cord
injury [10], ischemic stroke [11], and Alzheimer’s disease [12].

In spite of great number of studies have been carried out to define
the mechanisms of PDE4 mediated brain injury for years, the under-
lying mechanisms are not fully understood. Recent study indicated that
PDE4 regulates the expression and function of Sirtuin1 (SIRT1) [13].
SIRT1 is a member of (NAD+)-dependent protein deacetylases. A
growing body of evidence indicates that SIRT1 modulates a variety of
cellular functions via deacetylating its target proteins, including p53,
FoxO3, IRS-2, and nuclear factor kappaB (NF-κB) [14,15]. Recent stu-
dies revealed that SIRT1-overexpression could increase the activity of
Akt [16,17]. The activation of SIRT1/Akt signaling exerts neuropro-
tective effects against ischemic stroke via enhancing angiogenesis and
neurogenesis [18,19]. However, the interaction between PDE4
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inhibition and the activation of SIRT1/Akt pathway in the pathophy-
siological process after SAH remains unclearly.

The present study, therefore, was aimed to investigate the role of
PDE4 inhibition through rolipram against SAH and explore the poten-
tial role of SIRT1/Akt pathway in rolipram mediated neuroprotection.

2. Materials and methods

2.1. Animals preparation

Adult male Sprague–Dawley (SD) rats weighing 300–320 g were
purchased from Slac Laboratory Animal Company Limited (Shanghai,
China). The animals were housed at 25 ± 1 °C in a humidity controlled
room at the Animal Center of the Second Affiliated Hospital of Zhejiang
University with 12 h light/dark cycles. All procedures were approved
by the Animal Care Committee of Zhejiang University and were con-
ducted in accordance with the guidelines for the Care and Use of
Laboratory Animals of the National Institutes of Health.

2.2. Study design

2.2.1. Experiment 1
To determine the neuroprotective effects of PDE4 inhibition against

SAH, forty-eight rats (60 rats were used, 12 rats died)were randomly
divided into three groups: sham group; SAH+vehicle group; and

SAH+ rolipram group (n=16 for each group). Twenty-four hours
after SAH induction, all the parameters were investigated. The neuro-
logical score (n=16), SAH grade (n=16), brain water content
(n= 6), western blot (n= 6) and immunofluorescent staining (n=4)
were assessed.

2.2.2. Experiment 2
To explore the mechanism of rolipram mediated protection against

SAH, sixty-four rats(92rats were used, 28 died)were divided into four
groups: SAH+vehicle group; SAH+ rolipram group; SAH+ rolipram
+sirtinol group and SAH+ rolipram+MK2206 group (n=16 for
each group). All the rats were sacrificed at 24 h after SAH. The neu-
rological score (n= 16), SAH grade (n=16), brain water content
(n= 6), western blot (n= 6) and immunofluorescent staining (n=4)
were performed.

2.3. Rat SAH model

The rat SAH was performed using endovascular perforation tech-
nique as previously described [20]. Briefly, rats were anesthetized with
40mg/kg pentobarbital via intraperitoneal injection. Subsequently, the
left carotid artery and branches were exposed and dissected. A shar-
pened 4–0 nylon suture was pushed into the internal carotid artery from
the external carotid artery stump until there was resistance. The nylon
suture was then advanced 4mm further to puncture the bifurcation of

Table 1
Experimental design and number of animals used per group.

Part Groups Neuro test BWC Western blot Immune- fluorescence staining Death Sum

Ⅰ sham 16 6 6 4 0 16
SAH+vehicle 16 6 6 4 7 23
SAH+ rolipram 16 6 6 4 5 21

Ⅱ SAH+vehicle 16 6 6 4 7 23
SAH+ rolipram 16 6 6 4 6 22
SAH+ rolipram+sirtinol 16 6 6 4 8 24
SAH+ rolipram+MK2206 16 6 6 4 7 23

Sprague-Dawley male rats with 300–320 g body weight were used. SAH, subarachnoid hemorrhage; BWC, brain water content; TUNEL staining, Terminal deoxynucleotide transferase
deoxyuridine triphosphate (dUTP) nick end labeling staining.

Fig. 1. Representative microphotographs of immunofluorescence staining showing localization of PDE4 (red) with NeuN (green), GFAP (green) and Iba-1(green) in the ipsilateral basal
cortex at 24 h after SAH. PDE4 exhibited predominantly neuronal cytoplasmic expression in neurons but not in astrocytes and microglia. n=4. Scale bar= 50 μm.
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the middle and anterior cerebral artery. Sham-operated rats underwent
the same procedure without perforation.

2.4. Drug administrations

PDE4 inhibitor rolipram (purchased from Selleck Chemicals,
Houston, TX) was dissolved in vehicle (0.5% DMSO in 1ml saline) to
create a final dosage solutions of 10mg/kg. Rolipram or vehicle was
then injected into peritoneum at two hours after SAH. The dosage and
time point of rolipram treatment was based on the previous study [11].
The sham group and SAH+vehicle group received the same volume of
sterile saline at the same time points after SAH induction. In experiment
2, the SIRT1 inhibitor sirtinol (purchased from Selleck Chemicals,
Houston, TX) was diluted in vehicle (0.5% DMSO) at a concentration of
2mmol/l and injected into left lateral ventricle 2 h before SAH was
induced. The administration of sirtinol was chose according to the
previous study [21]. The Akt inhibitor MK2206 (Selleck Chemicals,
Houston, TX) was dissolved in DMSO and further diluted in sterile
saline to a final DMSO concentration of 0.5%. A total of 5 μlL MK2206
(100 μg) was infused into the left lateral ventricle at a rate of 0.5 lL/min
1 h after SAH as previously described [22].

Intracerebroventricular injection was performed as previously de-
scribed [22]. After the rats were anesthetized with pentobarbital
(40mg/kg) via intraperitoneal injection, a small burr hole was drilled
into the skull 1.5 mm posterior and 1.0mm lateral relative to bregma. A

10 lL Hamilton syringe (Microliter701; Hamilton Company, Reno, NV)
was used, and the needle was inserted 3.5mm below the horizontal
plane of the bregma into the left lateral ventricle. Then, agent or vehicle
was injected to left lateral ventricle. The syringe remained in situ for an
additional 10min before removal.

2.5. SAH grade

The severity of SAH was quantified according to the previously
published grading scale [23]. Briefly, the basal cistern was divided into
six segments. For each segment, we graded the severity of SAH from 0
to 3 score as follows: Grade 0, no SAH; Grade 1, minimal subarachnoid
blood; Grade 2, moderate blood clot with recognizable arteries; and
Grade 3, massive hemorrhage covering the cerebral arteries. And the
final SAH score was a sum of all six segments. The SAH grade was
quantified blindly.

2.6. Neurological score

Neurological score was evaluated with the Garcia Scale System as
previously described [24]. Briefly, the evaluation consists of six tests
that can be scored 0–3 or 1–3 and include the following: spontaneous
activity, symmetry in the movement of four limbs, forepaw out-
stretching, climbing, body proprioception, and the response to vibrissae
touch. Possible scores ranged from 3 to 18. The neurological score was

Fig. 2. Effects of rolipram on SAH grade, brain water content and neurological score at 24 h after SAH. (A) Typical brains from sham, SAH+vehicle, and SAH+ rolipram group. (B) The
quantification of SAH severity. n= 16. (C) The quantification of brain water content. n= 6. (D) The quantification of neurological score. N= 16. Data were presented as mean ± SD.
*P < .05 versus sham group, #P < .05 versus SAH+vehicle group.
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evaluated blindly.

2.7. Brain water content

Rats were sacrificed under deep anesthesia at 24 h after SAH. The
brains were removed and left hemispheres were collected and im-
mediately weighed for the wet weight. And then, the brains were dried
in an oven for 24 h at 105℃ to measure the dry weight. The brain water

content was calculated as: (wet weight-dry weight)/wet weight*100%.

2.8. Western blot

Western blot was performed as previously described [6]. Briefly,
rats were sacrificed and the left hemispheres were harvested at 24 h
after SAH. The protein concentration was measured by using the DC
protein assay kit (Bio-Rad). Equal amounts of sample (40 ug) were

Fig. 3. Effects of rolipram on the phosphorylation of AKT and the expression of SIRT1, Bcl-2, Bax and cleaved caspase-3 after SAH. Rolipram increased the expression of SIRT1 (A),
promoted the phosphorylation of Akt (B) and up-regulated the ratio of Bcl-2/Bax (C) while decreased the expression of cleaved caspase-3 (D) at 24 h after SAH. N=6 for each group. Data
were presented as mean ± SD. *P < .05 versus sham group, #P < .05 versus SAH+vehicle group.
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loaded into sodium dodecyl sulfate–polyacrylamide gels and electro-
phoresed at 100 V for 1 h. And then, proteins were transferred onto
polyvinylidene fluoride membranes. The membranes were blocked with
fat-free milk buffer for 2 h and then incubated overnight at 4 °C with
primary antibodies against SIRT1 (#ab-110304, 1:1000; Abcam), p-Akt
(cst#9275, 1:1000; Cell Signaling Technology), Akt (cst#9272S,
1:1000; Cell Signaling Technology), Bax (#ab-32503, 1:1000; Abcam),
Bcl-2(#ab-59348, 1:1000; Abcam), cleaved caspase-3 (#ab-14607,
1:1000; Abcam), ac-NF-кB (cst#12629S, 1:500, Cell Signaling), and β-
actin (#ab-8226, 1:1000; Abcam). The membranes were processed with
horseradish peroxidase-conjugated secondary antibodies at room tem-
perature for 1 h. Bands were visualized using the ECL Plus chemilu-
minescence reagent kit (Amersham Bioscience, Arlington Heights,IL).
The band densities were quantified with the Image J software (National
Institutes of Health, Bethesda, MD, USA). To facilitate comparison be-
tween the groups, the band density values were normalized to the mean
value of the control group.

2.9. Immunofluorescence staining and quantification of neuronal apoptosis

Rats were anesthetized and perfused with 0.1M PBS followed by 4%
paraformaldehyde (pH 7.4). Brains were harvested and soaked in 4%
PFA at 4 °C for 24 h. Subsequently, brains were transferred into a 30%
sucrose solution for 2 days. Coronal frozen sections (8 μm) were placed
onto slides for fluorescence staining. The brain sections were pre-
processed for 60min in 0.01mmol PBS (pH, 7.4) containing 10%
normal serum consistent with secondary antibody and 0.3% Triton X-
100. Then, the brain sections were incubated overnight at 4 °C with
primary antibodies: rabbit anti-PDE4 (#ab-14628, 1:500; Abcam),
mouse anti-NeuN (#ab-104224, 1:500; Abcam), mouse anti-GFAP
(#ab-7260, 1:500; Abcam), and goat anti-Iba-1 (#ab-5076, 1:500;
Abcam). Sections were then washed with 0.01M PBS and incubated for
2 h at room temperature with secondary antibodies. Terminal deox-
ynucleotide transferase deoxyuridine triphosphate (dUTP) nick end
labeling (TUNEL) staining was performed to detect the death of cells
according to the manufacturer’s protocol (Roche Inc.,Basel,
Switzerland). The extent of neuronal damage was evaluated by an

apoptotic index, which was calculated as the average number of
TUNEL-positive neurons in six sections per brain. The data were ex-
pressed as cells per square millimeter. The sections were visualized by a
fluorescence microscope. Photomicrographs were saved and merged
with Image Pro Plus software (Olympus,Melville, NY).

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism 6
(GraphPad Software Inc., San Diego, CA, USA). Data are presented as
mean ± standard deviation (SD). Statistical significance was analyzed
by a one-way analysis of variance (ANOVA) followed by Turkey test for
multiple comparisons. Statistical significance was inferred at P < .05.

3. Results

3.1. Physiological data and mortality

The mean arterial pressure (85–125mmHg), arterial pH
(7.35–7.45), PO2 (80–95mmHg), PCO2 (35–45mmHg), and blood
glucose levels (95–125mg/dL) were monitored during the surgical
procedure. And no significant changes in these physiological variables
were noted among different groups.

None of the animals died in the sham group. In the first experiment,
the mortality rate was 30.4% (7 of 23) in the SAH+vehicle group; and
23.8% (5 of 21) in the SAH+ rolipram group. In the second experi-
ment, the mortality rate at 24 h after SAH was 30.4% (7 of 23) in the
SAH+vehicle group, 27.3% (6 of 22) in the SAH+ rolipram group,
33.3% (8 of 24) in the SAH+ rolipram+sirtinol group, 30.4% (7 of 23)
in the SAH+ rolipram+MK2206 group (Table 1).

3.2. The distribution of PDE4 in left hemisphere after SAH

The distribution of PDE4 was identified by double immuno-
fluorescence staining. As shown (Fig. 1), PDE4 was mainly located in
neurons rather than microglia or astrocytes at 24 h after SAH in the
ipsilateral cortex.

Fig. 4. Rolipram attenuated neuronal apoptosis in ipsilateral cortex after SAH. (A) Representative transferase-mediated deoxyuridine triphosphate-biotin nick end labeling (TUNEL)/
NeuN photomicrographs of the ipsilateral cortex in different groups (scale bar=50 μm). Fluorescence colors: DAPI, blue; TUNEL, green；and NeuN, red. (B) Quantification of the
TUNEL/NeuN positive cells in the ipsilateral cortex in different groups. n= 4. Data were presented as mean ± SD. *P < .05 versus sham group; #P < .05 versus SAH+vehicle group.
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Fig. 5. Role of SIRT1/Akt pathway in rolipram-mediated neuroprotection against SAH. (A–B) Sirtinol decreased the expression of SIRT1 and inhibited the phosphorylation of Akt. And
MK2206 inhibited the phosphorylation of Akt, while the expression of SIRT1 was not affected. Rolipram treatment increased ratio of Bcl-2/Bax as well as reduced Bax, cleaved caspase-3
expression and restrict the neuronal apoptosis; however, these protective effects were reversed by both sirtinol and MK2206 (C, D E and F). Both sirtinol and MK2206 abolish the
beneficial effects induced by rolipram in attenuating brain edema (G) and alleviating neurological dysfunction (H). N=6 for western blot, n= 4 for immunofluorescence. Scale
bar= 50 μm. n=6 for quantification of brain water content. And n=16 for quantification of neurological score. Data were presented as mean ± SD. *P < .05 versus sham group,
#P < .05 versus SAH+vehicle group.
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3.3. PDE4 inhibition through rolipram attenuated brain edema and
neurological dysfunction after SAH

Brain edema and neurobehavioral function were evaluated blindly
at 24 h after SAH. Representative brains from the sham group and SAH
groups were presented in Fig.2A. The blood clots were mainly located
around the circle of Willis and brainstem. The SAH score of sham group
was zero, and no significant difference on SAH score was observed
between the SAH groups (Fig.2B). Brain water content was measured to
evaluate the severity of brain edema at 24 h after SAH. Brain water
content was significantly increased after SAH (P < .05 versus sham
group, Fig. 2C), which was remarkably reduced by rolipram (P < .05
versus SAH+vehicle, Fig. 2C).

Accordingly, neurological score was remarkably decreased after
SAH when compared with sham group (P < .05, Fig.2D), and admin-
istration of rolipram significantly ameliorated the neurological deficits
(P < .05 versus SAH+vehicle, Fig. 2D).

3.4. Rolipram increased the expression of SIRT1 and up-regulated the
phosphorylation of Akt after SAH

The expression of SIRT1 was increased in the ipsilateral cortex after
SAH (P < .05 versus sham, Fig. 3A). And compared with SAH+ve-
hicle group, administration of rolipram significantly up-regulated the
expression of SIRT1 (P < .05, Fig. 3A). The phosphorylation of Akt
decreased after SAH (P < .05 versus sham, Fig. 4B). And rolipram
significantly promoted the phosphorylation of Akt at 24 h after SAH
(P < .05 versus SAH+vehicle, Fig. 4B).

3.5. Rolipram attenuated neuronal apoptosis after SAH

Given that rolipram influence the expression of SIRT1 and Akt, both
of which regulate apoptosis under pathophysiological conditions [18],
western blot was performed to assess the expression of apoptosis related
biomarkers after SAH. The ratio of Bcl-2/Bax was remarkably de-
creased, while the expression of cleaved caspase-3 significantly ele-
vated after SAH (P < .05 versus sham, Fig. 3). However, administra-
tion of rolipram remarkably reversed these changes (P < .05 versus
SAH+vehicle group, Fig. 3).

TUNEL/NeuN immunofluorescent double-labeling was conducted to

further demonstrate the neuronal apoptosis. The total number of
TUNEL-positive neurons was significantly increased in after SAH
(P < .05 versus sham, Fig. 4). And treatment with rolipram re-
markably reduced the number of TUNEL-positive neurons (P < .05
versus SAH+vehicle group, Fig. 4).

3.6. Role of SIRT1/Akt pathway in rolipram mediated neuroprotection
against SAH

Given that PDE4 inhibition by rolipram activated both SIRT1 and
Akt (As shown in Fig. 3), the specific SIRT1 inhibitor sirtinol, and se-
lective Akt inhibitor MK2206 were used to further verify the potential
neuroprotective mechanism of rolipram against SAH. As shown in
Fig. 5, rolipram remarkably increased the expression of SIRT1 and
phosphorylation of Akt (P < .05 versus SAH+vehicle, Fig. 5), which
were significantly reversed by sirtinol (P < .05 versus SAH+ roli-
pram, Fig. 5). Moreover, administration of MK2206 remarkably in-
hibited the phosphorylation of Akt (P < .05 versus SAH+ rolipram,
Fig. 5), while the expression of SIRT1 was not affected (P > .05 versus
SAH+ rolipram, Fig. 5).

In addition, both sirtinol and MK2206 significantly increased the
number of TUNEL-positive neuron as well as the up-regulated the ex-
pression of cleaved caspase-3, while decreased the ratio of Bcl-2/Bax.
(P < .05 versus SAH+ rolipram, Fig.5). More importantly, the neu-
roprotective effects of rolipram on decreasing brain water content and
improving neurological score were significantly reversed by sirtinol and
MK2206 (P < .05 versus SAH+vehicle group, Fig.5G, H).

4. Discussion

In the current study, we investigated the role of rolipram, a specific
inhibitor of PDE4, in early brain injury after SAH and explore the po-
tential mechanisms. We made the major observations as follows: (1)
PDE4 was located mainly in neurons at 24 h after SAH; (2) PDE4 in-
hibition by rolipram alleviated brain edema and neurological deficits
after SAH; (3) rolipram exert protective effects against SAH via redu-
cing neuronal apoptosis; (4) SIRT1 promoted the phosphorylation and
activation of Akt after SAH; (5) the neuroprotective effects of rolipram
against EBI following SAH is associated with the SIRT1/Akt signaling.
These data indicate that PDE4 inhibition might be an important ther-
apeutic strategy for SAH treatment (Fig. 6).

PDE4 is a high-affinity enzyme consists with four variants (PDE4A-
D), both of which can specifically hydrolyze cAMP and subsequently
influence the cell process such as DNA repair, cellular differentiation
and survival [7]. The protective effects of PDE4 inhibition in attenu-
ating tissue injury such as acute kidney injury, heart failure and asthma,
has been studied for decades [25–27]. More importantly, recent studies
has detected that PDE4 participates in the pathophysiological process of
several central nervous system disorders such as ischemia stroke, ex-
perimental allergic encephalomyelitis (EAE) and Alzheimer’s disease
[28–30]. In spite of the neuroprotective capacity of PDE4 inhibition by
rolipram has been studied for years, the role of PDE4 in EBI following
SAH remains unknown.

Therefore, in the first part of the present study, we determine the
location of PDE4 on brain by double-immunofluorescence staining. Our
result indicated that PDE4 was mainly expressed on neurons at 24 h
after SAH, which suggested that PDE4 might play a critical role in de-
termining the survival of neurons.

Base on the evidence mentioned above, we further investigated the
role of PDE4 in EBI after SAH. Rolipram, the specific inhibitor of PDE4
which typically acts as an antidepressant agent, is one of the most
widely used compound to investigate the role of PDE4 on central nerve
system since its property that readily crosses blood-brain barrier and
concentrate in brain tissue [28]. Our results indicated that rolipram
significantly alleviated brain edema and attenuated neurological dys-
function after SAH. A growing number of studies indicated that

Fig. 6. Schematic diagram shows potential molecular mechanisms of rolipram induced
neuroprotection against SAH.
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apoptosis, which is characterized by distinctive morphologic changes,
cell shrinkage, nuclear fragmentation, chromatin condensation, and
chromosomal DNA fragmentation, plays a critical role in the patho-
physiological process of EBI after SAH [3]. Therefore, in the next part of
the present study, we investigated the effect of rolipram in regulating
neuronal apoptosis after SAH. And consistent with previous studies
including ours, the apoptotic neurons significantly increased after SAH
[6,21]. The expression of cleaved caspase-3 and the number of TUNEL-
positive neuron increased, while the ratio of Bcl-2/Bax decreased at
24 h after SAH. However, treated rats with rolipram remarkably re-
versed those changes. Roliporm rescued rats against SAH though alle-
viating apoptosis.

In the rest part of the present study, we explored the potential
mechanism of rolipram mediated anti-apoptotic effect against SAH.
Recent study demonstrated that rolipram up-regulates the expression
and activity of SIRT1 [13]. Rolipram elevated cAMP levels and subse-
quently activated the cAMP effector protein Epac1. The activation of
Epac1 increases intracellular Ca(2+) levels and induces the activation
of CamKKβ-AMPK pathway through phospholipase C and the ryanodine
receptor Ca(2+)-release channel. And ultimately increases NAD(+)
and the function of SIRT1. SIRT1 is a nicotinamide (NAD+)-dependent
deacetylases that widely expressed in central nervous system. Once
activated, SIRT1 deacetylases the downstream substrates such as
FoxO3, NF-κB, proliferator-activated receptor-gamma (PPARγ) and
PPARγ coactivator-1α (PGC-1α), and subsequently regulates various
cellular processes [31,32]. In spite of the beneficial effects of SIRT1 in
the central nervous system has been studied for years [21,33–35], the
underlying mechanisms of SIRT1 induced neuroprotection against EBI
after SAH are not fully understood.

Akt, also known as protein kinase B, is a serine-threonine kinase
which can be activated by PI3K products in the phosphorylated form (p-
Akt). There are three AKT isoforms (AKT1, 2 and 3), each of the isoform
shares three highly conserved domains: catalytic domain, hydrophobic
motif and pleckstrin homology (PH) domain [36]. PH domain contains
a lipid-binding module that promotes the localization of AKT to the
plasma membrane, an important step in Akt activation [37]. The
movement of AKT from cytoplasm to the plasma membrane induces the
activation of the kinase by phosphorylation on Thr308 in the activation
loop and Ser473 in the hydrophobic motif, and regulates the phos-
phorylation of Akt substrates, such as PRAS40, TSC2 and GSK3β, and
ultimately modulates a variety of physiological and pathophysiological
processes [36,38]. Recent studies have indicated interaction between
SIRT1 and the activation of Akt. Briefly, histone acetyltransferases
EP300 and KAT2B acetylate Akt on Lys-14 and Lys-20. The acetylation
of Akt results in reduced phosphorylation and inhibition of Akt activity.
However, the histone deacetylase SIRT1 deacetylates Akt on both Lys-
14 and Lys-20, and subsequently results in relieving the inhibition and
promoting the activation of Akt [16,17].

Given that both SIRT1 and Akt exert important role on neuronal
survival [21,39] and rolipram could increase the SIRT1 signaling, we
tried to identify the role of SIRT1 and Akt signaling on rolipram
mediated-neuroprotective effects against SAH. Our data indicated that
rolipram treatment significantly increased the expression of SIRT1 and
up-regulated the phosphorylation of Akt, which was paralleled with its
neuroprotective effects by suppressing neuronal apoptosis after SAH. In
addition, administration of sirtinol, the SIRT1 inhibitor, decreased the
phosphorylation of Akt. And the Akt inhibitor MK2206 significantly
inhibited the phosphorylation of Akt, while the expression of SIRT1 was
not affected. These results suggested that Akt might be the downstream
target and modulated by SIRT1, which was consistent with previous
study [16,17]. Furthermore, both sirtinol and MK2206 reserved the
neuroprotective effects of rolipram in alleviating brain edema and
neurological impairment as well as reducing neuronal apoptosis.

There are several limitations in our study. Firstly, several studies
have revealed the role of rolipram in regulating neuroinflammation
[11]. In the present study, we focused on anti-apoptosis effect of

rolipram after SAH. Therefore, further studies are required to explore
the role of PDE4 inhibition on in neuroinflammation after SAH. Sec-
ondly, given that the half-life of rolipram is short (1–3 h) [28], further
studies are warranted to identify the optimum dosage, time point and
application routes of rolipram to better study the role of PDE4 on the
pathophysiological process of SAH. Thirdly, several studies demon-
strated that rolipram is beneficial for CNS disease in long-term treat-
ment [12], and in present study, we focused on the neuroprotective
effects of PDE4 inhibition on EBI after SAH, thus, further studies fo-
cused on the long-term neuroprotective effects of rolipram in SAH
might be required. Finally, in the present study, our data indicated that
SIRT1 could promote the phosphorylation and activation of Akt.
However, the exact mechanism remains unclearly. Therefore, further
efforts might be required to reveal the exact mechanism of the inter-
action between SIRT1 and Akt activation under SAH condition in the
further.

5. Conclusion

The experimental data suggest that PDE4 plays an important role in
the pathophysiological process of EBI after SAH. And inhibition PDE4
by rolipram has the potential to attenuate EBI following SAH via sup-
pressing neuronal apoptosis through the SIRT1/Akt pathway. Rolipram
could be a novel and promising therapeutic drug for SAH.
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