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Rolipram stimulates angiogenesis and attenuates neuronal
apoptosis through the cAMP/cAMP-responsive element
binding protein pathway following ischemic stroke in rats
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Abstract. Rolipram, a phosphodiesterase-4 inhibitor,
can activate the cyclic adenosine monophosphate
(cAMP)/cAMP-responsive element binding protein (CREB)
pathway to facilitate functional recovery following ischemic
stroke. However, to date, the effects of rolipram on angiogen-
esis and cerebral ischemia-induced neuronal apoptosis are yet
to be fully elucidated. In this study, the aim was to reveal the
effect of rolipram on the angiogenesis and neuronal apoptosis
following brain cerebral ischemia. Rat models of ischemic
stroke were established following transient middle cerebral
artery occlusion and rolipram was administered for three, seven
and 14 days. The results were examined using behavioral tests,
triphenyl tetrazolium chloride staining, immunostaining and
terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) to evaluate the effects of rolipram therapy
on functional outcome, angiogenesis and apoptosis. Western
blot analysis was used to show the phosphorylated- (p-)CREB
protein level in the ischemic hemisphere. The rolipram treatment
group exhibited a marked reduction in infarct size and modified
neurological severity score compared with the vehicle group,
and rolipram treatment significantly promoted the microvessel
density in the ischemic boundary region and increased p-CREB
protein levels in the ischemic hemisphere. Furthermore, a
significant reduction in the number of TUNEL-positive cells
was observed in the rolipram group compared with the vehicle
group. These findings suggest that rolipram has the ability to
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attenuate cerebral ischemic injury, stimulate angiogenesis and
reduce neuronal apoptosis though the cAMP/CREB pathway.

Introduction

Ischemic stroke is induced by cerebral artery occlusion, which
can cause regional cerebral flow reduction or interruption (1).
The brain is sensitive to ischemia, the effect of which may
be exacerbated by the reperfusion. Necrotic cells begin to die
within a few minutes of injury. Furthermore, the neuronal cells
in the cerebral cortex, striatum and hippocampus begin to die
within several hours after ischemic stroke and the process of
cell death may last several days (2). Although thrombolytic
therapy is considered to be the only beneficial treatment
in clinical practice, the majority of patients with ischemic
stroke still fail to receive adequate treatment in time (3.4).
Previous studies have revealed that enhancing angiogenesis
and reducing the apoptosis of nerve cells may improve clinical
outcomes during the recovery phase following an ischemic
stroke. Furthermore, increasing evidence has indicated that the
cyclic adenosine monophosphate (cAMP)-responsive element
binding protein (CREB) signaling pathway is intimately
involved in a variety of nerve protection mechanisms following
ischemic stroke (5), and that the phosphorylation of CREB
plays a critical role in learning and memory function (6,7).
Phosphorylation of CREB can be achieved by a number of
upstream signaling cascades, including the cAMP-protein
kinase A (PKA) cascade (8,9), and the cAMP/CREB pathway
exerts a strong effect on the development, survival, maturation
and integration of new neurons (10,11). This has prompted the
theory that the cAMP/CREB pathway may provide benefits
for brain remodeling following ischemic injury and may be
a target of cerebral ischemia treatment. However, a limited
number of studies have investigated whether the cAMP/CREB
pathway is involved in the process of angiogenesis and apop-
tosis following cerebral ischemia/reperfusion injury (12,13).
Rolipram typically acts as an antidepressant- and
anxiolytic-like agent (14); however, a number of studies have
revealed that it may reduce the infarction area caused by cere-
bral ischemia (15) and also increase the phosphorylated- (p-)
CREB expression level in the hippocampus (14,16). This study
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focused on the protective effect of rolipram on transient cerebral
ischemia/reperfusion injury in rats, and aimed to investigate the
hypothesis that rolipram acts through promoting angiogenesis
and reducing apoptosis following cerebral ischemia.

Materials and methods

Experimental animals. Male Wistar rats, weighing 250-300 g,
were obtained from the Center of Experimental Animals,
School of Medicine (Xi'an Jiaotong University, Xi'an, China).
The rats were maintained on a 12-h light/dark cycle and
allowed free access to food and water. All the experiments
were approved and supervised by the Animal Care Committee
of Xi'an Jiaotong University Health Science Center.

Transient middle cerebral artery occlusion (tMCAQ). Prior to
the surgery, the rats were fasted overnight but allowed free
access to water. In brief, the rats were anesthetized using
chloral hydrate [350 mg/kg, intraperitoneal (i.p.)]. The rectal
temperature was monitored and maintained at 37.0+0.5°C,
using a feedback-regulated heating system during the surgery.
tMCAO (17) was induced by the method of intraluminal
vascular occlusion. Briefly, a 4-0-nylon monofilament suture
with a slightly enlarged round tip was inserted into the stump
of the external carotid artery (ECA) and run across the lumen
of the internal carotid artery, until it reached and occluded the
MCA. The average distance between the bifurcation of the
common carotid artery and the tip of the suture inserted to
occlude the MCA was 18-20 mm. Two hours after MCAO,
reperfusion was achieved with the withdrawal of the suture
until the tip cleared the lumen of the ECA. Sham-operated
animals were subjected to the above-described procedures,
with the exception of suture insertion.

Rolipram treatment. Ischemic rats received injections of
rolipram (3 mg/kg, vehicle i.p.; Sigma-Aldrich, St. Louis, MO,
USA) from the first day after ischemia. The treatment lasted
three, seven and 14 consecutive days according to the group.
The dosage and dosing frequency of rolipram were selected
on the basis of previous studies (18). The rats were randomly
divided into five groups according to the tMCAO insult, sham
procedure and drug use: i) Sham group, rats underwent the
surgical procedure but without tMCAO; ii) vehicle group,
rats underwent tMCAO and received 0.9% saline treatments;
iii) three days group, rats underwent tMCAO and received a
three-day rolipram course; iv) seven days group, rats underwent
tMCAO and received a seven-day rolipram course; v) 14 days
group, rats underwent tMCAO and received a 14-day rolipram
course. Food and water were freely accessible throughout the
experimental course.

Assessing cerebral infarction and functional outcome. The
functional outcome in the rats was evaluated by the modified
neurological severity score (mNSS), for which the rats were
assessed using several tests, including raising the rat by the tail,
placing the rat on the floor and beam balance walking. All the
test scores were incorporated into the mNSS (1). In addition,
triphenyl tetrazolium chloride (TTC) staining (1) was used to
evaluate the brain infarction size. The colorless TTC is reduced
to a red formazan produced by dehydrogenases, which are most
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abundant in mitochondria. As such, TTC staining is a functional
test of dehydrogenase enzyme activity and is usually used for
the early histochemical diagnosis of infarction. Therefore, the
rats were sacrificed at three days post-surgery to assess the
infarction change using TTC. Subsequent to documenting the
mNSS for 21 days, the rats were all sacrificed and immuno-
chemical staining was performed. The brain tissue was rapidly
removed, immersed in cold saline for 10 min and sliced into
2.0 mm-sections. The brain slices were incubated in 2% TTC
dissolved in phosphate-buffered saline for 30 min at 37°C and
then transferred to a 4% formaldehyde solution for fixation.

Western blot analysis. p-CREB levels were estimated by
western blot analysis, and B-actin was utilized as a loading
control. The animals were sacrificed at three, seven and 14 days
after surgery. The right ischemic hemispheres were collected.
Protein samples were homogenized in radioimmunoprecipita-
tion assay buffer. A total of 60 ug protein was loaded in each
lane, and the proteins were separated by 10% SDS-PAGE
and electroblotted onto nitrocellulose membranes (Millipore,
Billerica, MA, USA). Subsequent to blockage with 5% non-fat
milk, the blots were incubated with rabbit anti-p-CREB (1:400;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and
B-actin conjugated goat anti-rabbit (1:5,000; Santa Cruz
Biotechnology, Inc.) primary antibodies. $-actin was used as
an internal reference for relative quantification.

Immunohistochemistry. Animals were maintained for
20 days after MCAO and then sacrificed with chloral hydrate
(400 mg/kg, i.p.). The rat brains were fixed by transcardial
perfusion with saline, followed by perfusion and immersion
in 4% paraformaldehyde. Using a microtome, serial coronal
sections (4-um-thick) were obtained for immunostaining,
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay and hematoxylin and eosin
staining. The study utilized goat anti-cluster of differen-
tiation 34 (CD34) primary antibodies (1:150; R&D Systems,
Minneapolis, MN, USA), a TUNEL detection kit (Roche, San
Francisco, CA, USA) and secondary antibodies coupled to
biotin (1:200; Proteintech Group, Chicago, IL, USA). Images
were captured using an Olympus DP-72 confocal microscope
(Olympus Corporation, Tokyo, Japan).

Statistical analysis. Results are expressed as the mean + stan-
dard error of the mean for three or more independent
experiments. To compare data, the analysis of variance test
was utilized. A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Rolipram improves functional outcome and decreases
infarction size. To test whether rolipram affected functional
outcomes following ischemic stroke, the neurological func-
tional test was performed. Rats treated with rolipram in the
14 days group showed significantly improved functional
recovery (based on mNSS testing) compared with the rats in
the other groups (P<0.05) between days 7 and 14. Rats in the
three and seven days groups also showed significantly lower
neurological deficits (based on mNSS testing) than the vehicle
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Figure 1. Rolipram improves functional outcome and decreases infarction size. (A) Behavioral tests showed that rolipram significantly improved functional
outcome. The mNSSs in groups receiving rolipram therapies were significantly lower than those in the vehicle group ("P<0.01). In addition, the declining curve
of the mNSS in the 14 days group was more evident than that in the seven and three days groups (*P<0.05). (B and C) The infarcted area, shown by triphenyl-
tetrazolium chloride staining (white), was prominent in the vehicle group but reduced in the rolipram-treated group ( P<0.05). mNSS, modified neurological

severity score; SE, standard error.

group on the third, seventh and 14th days after reperfusion;
however, the scores in these groups were slightly higher than
those in the 14 days group (Fig. 1A). Twenty-four hours after
MCADO, the rat brains were evaluated for infarction volume
using TTC staining and imaging software (Media Cybernetics,
Silver Spring, MD,USA) (19). Representative samples of
TTC-stained brain sections are shown in Fig. 1B. Increased
areas of white were observed in the brain tissue of the vehicle
group compared with the other groups; these areas were associ-
ated with increased ischemic injury. The infarcted area shown
by TTC staining was decreased in the rolipram-treated groups
from 23.4+1.72 to 10.34+£2.25% (Fig. 1C). This indicated that
rolipram may attenuate cerebral ischemic injury in rats.

Rolipram increases the p-CREB expression levels in the hippo-
campus. The ability of rolipram to increase p-CREB levels in
the ischemic hemisphere of the ischemic brain was examined
by western blot analysis. Ischemic tissues were isolated on the
third, seventh and 14th days after reperfusion. Western blot-
ting was performed with specific antibodies. Densitometric
quantification of immunoreactive p-CREB (43 kDa) band
intensities was performed by normalization to (3-actin, an
internal control. As shown in Fig. 2A, B-actin expression
was not different among the groups, and each p-CREB band
intensity was therefore corrected to that of (3-actin. Fig. 2B
shows that rolipram significantly increased the expression
of p-CREB on days 3, 7 and 14 in the ischemic hemisphere
compared with the sham and vehicle groups (P<0.01, n=5
per group). A longer duration of rolipram treatment further
enhanced the increase in the p-CREB level, and the p-CREB
level in the 14 days group was higher than that in the other
groups (P<0.05). These results indicated that rolipram could
activate p-CREB in the ischemic brain as well as in cultured
neurons.
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Figure 2. Western blot analysis of p-CREB expression in the ischemic
hemisphere. (A) Representative immunoblot images of p-CREB and (B) the
relative protein expression of p-CREB in the sham, vehicle and rolipram
groups on days 3,7 and 14. Significant differences in p-CREB expression were
observed between the rolipram group and the sham and vehicle groups at each
time-point ("P<0.01), as well as between the groups treated with rolipram for
14 and 7 days (*P<0.05) and for 14 and 3 days (*P<0.05). Data are presented as
the mean + standard deviation; n=5 per group. p-CREB, phosphorylated cyclic
adenosine monophosphate-responsive element binding protein.

Rolipram attenuates neuronal apoptosis and stimulates angio-
genesis. To examine whether the improved functional outcome
induced by rolipram was mediated via a reduction in the number
of apoptotic cells, the number of TUNEL-positive cells in the
ischemic boundary region was measured. No apoptotic cells
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Figure 3. Rolipram attenuates neuronal apoptosis in the ischemic brain. (A) TUNEL-positive cells were frequently observed in the ischemic boundary area.
(Vehicle groups, magnification, x200; Rolipram groups, magnification, x400). (B) At day 14 after middle cerebral artery occlusion treatment, the rolipram
group exhibited a significantly reduced number of TUNEL-positive cells ("P<0.01) compared with the vehicle group. Additionally, the rolipram group treated
for 14 days had a significantly reduced number of TUNEL-positive cells compared with the rolipram groups treated for 7 and 3 days, and the vehicle groups
(°P<0.05). TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.

Nember of microvessels/mm?

Bl Sham
3 Vehicle
EE Rolipram

g %

g

2

T_9

Time after treatment

Figure 4. Immunohistochemical staining of CD34" microvessels in the different treatment groups. (A) CD34* microvessels in the ischemic hemisphere (mag-
nification, x400). (B) CD34* microvessels in the sham, vehicle and rolipram-treated groups at different time-points; the rolipram-treated group showed a
significantly higher number of CD34* microvessels than the vehicle and sham groups (“P<0.01), and the rolipram group with longer treatment duration exhibited
a higher number of CD34* microvessels (*P<0.05). CD34, cluster of differentiation 34.

were detected in the brains from the sham-operated rats (data not
shown); however, the rolipram group exhibited a significantly
reduced number of TUNEL-positive cells compared with the
vehicle group (P<0.01, Fig. 3). Additionally, the 14 days group
exhibited a reduced number of TUNEL-positive cells compared
with the seven and three days and vehicle groups (P<0.05,
Fig. 3). Collectively, these data indicated that rolipram had the
capability to attenuate neuronal apoptosis in the ischemic brain.

To determine whether rolipram increased angiogenesis
via recruiting CD34* cells, which differentiate into vascular
endothelial cells, in the ischemic boundary region, the number
of CD34" microvessels/mm? in the ischemic hemisphere
was analyzed on day 14 after ischemic stroke. The number
of CD34* microvessels/mm? was significantly greater in

the rolipram-treated group as compared with that in the
vehicle-treated (21.78+0.47 vs. 16.27+0.32; P<0.05) and the sham
(21.78+0.47 vs. 7.23+0.47, P<0.01) groups. Furthermore, in the
rolipram group with the longest treatment duration, the number
of microvessels in the ischemic boundary region appreciably
increased when compared with that in the groups treated for a
shorter period of time (20.78+0.47 vs. 17.96+0.62 and 12.93+0.50;
P<0.05) (Fig. 4). These results indicated that rolipram treatment
increases the microvessel density (MVD) in the ischemic brain.

Discussion

Ischemic stroke is currently a significant worldwide health
issue and can lead to serious long-term disability. Ischemia can
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stimulate an increase in CREB phosphorylation in neurons (20).
CREB belongs to the family of leucine zipper transcription
factors that are expressed in a variety of tissues. CREB func-
tions as an effector molecule that initiates changes in the cellular
response to extracellular stimuli. Among various gene regula-
tory factors, CREB has been suggested to be involved in the
development and plasticity of neurons, as well as numerous
other neuronal processes. p-CREB is the active form of CREB,
and CREB phosphorylation at the serine 133 site is believed to
be crucial in CREB-dependent transcription. p-CREB regulates
cell proliferation, differentiation and survival in the developing
brain, and mediates a number of responses, including neuronal
plasticity, learning and memory, in the adult brain (21). Using
a monkey model of ischemia-enhanced hippocampus neuro-
genesis, Boneva and Yamashima (20) recently revealed that the
expression of p-CREB was significantly upregulated between
days 5 and 15 after transient global brain ischemia. In a number
of cellular contexts, CREB is transiently activated by its
phosphorylation, lasting only 30-60 min (22); however, CREB
phosphorylation is persistent in neurons in newborn animals and
lasts for as long as 2-3 weeks in rodents (23,24) and =10 days
in monkeys. Phosphodiesterase-4 (PDE4) inhibitors may also
promote p-CREB expression and enhance the survival time of
ischemic neurons (5). In the present study, rolipram was admin-
istered to rats that had undergone tMCAO, with the purpose of
exploring whether rolipram could promote angiogenesis and
reduce apoptosis following cerebral ischemia, and whether
the protective effect was exerted through the CREB signaling
pathway.

Phosphorylation of CREB can be caused by a number of
upstream signaling cascades, including the cAMP-PK A cascade,
the mitogen-activated protein kinase signaling pathway, and the
calmodulin-dependent kinases II and IV and phospholipase
C-PKC signaling cascades (25,26). Among the above signaling
pathways, the CREB phosphorylation that is triggered by the
cAMP-PKA cascade has been well studied (27). As described
above, the level of p-CREB in the hippocampus increases
following hypoxic-ischemic injury; therefore, increasing
p-CREB levels may a potential strategy for the treatment of
cerebral ischemia. To date, the role of p-CREB in ischemic
injury following experimental tMCAO has been explored in
diverse pharmacological interventions (28,29). In the present
study, rolipram treatment lasting for three, seven and 14 days
was utilized. Fig. 2B showed that the administration of rolipram
in ischemic rats could induce CREB phosphorylation in the right
hemisphere (the ischemic region). Furthermore, the expression
level was higher in the 14 days than the three days group, which
indicated that rolipram had the ability to enhance the level of
p-CREB. The results showed that rolipram administration for a
longer period of time induced enhanced protection in the isch-
emic rats, which was consistent with previous results found in
studies using donepezil (28) and resveratrol (29). These previous
studies showed that increasing the level of p-CREB could not
only ameliorate focal ischemia-induced neuronal death but also
the level of the downstream protein B-cell lymphoma 2 (Bcl-2)
in the ischemic cortex of rats with tMCAO. It has also been indi-
cated that propofol and ketamine can provide neuroprotection
through the inhibition of neuron-specific p-CREB dephos-
phorylation in the peri-infarct region of mice with permanent
MCAO (5). The present study demonstrated that rolipram
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exerted neuroprotective effects in brain ischemia through the
induction of CREB production, which was likely mediated by
activation of the cAMP-PKA cascade; an investigation using a
CREB inhibitor is now required. Small interfering (si)RNA or
a repeated silencer would be necessary for this investigation.
Repeated silencer is an intervention measure that is used on
animals during the experimental process and can eventually
cause CREB in nerve cells to lose its function by blocking its
phosphorylation or lowering the expression of CREB protein. A
previous study showed that delayed hyperbaric oxygen therapy
(HBOT) could decrease the infarct size and cause a neurobe-
havioral improvement. Furthermore, gene silencing with CREB
siRNA or protein phosphatase 1-y siRNA attenuated the acute
beneficial effects of the HBOT (30). Therefore, we hypothesized
that the PDE4 inhibitor rolipram is an antagonistic treatment
that could induce angiogenesis and this was one of the experi-
ments in the present study.

PDE4, one of the 11 PDE families (PDE1-11), can hydro-
lyze cAMP in neuronal tissue, which also plays an important
role in the neurochemical and pathological alterations of
brain ischemia (31,32). Therefore, we believe that targeting
PDE4 may be an innovative approach to treat cognitive
disorders associated with cerebral ischemia. Rolipram, as a
prototypical PDE4 inhibitor, is widely used in ischemic stroke
studies (15,27). A previous study found that rolipram could
increase CAMP accumulation; cAMP accumulation activates
cAMP-dependent PKA and subsequently phosphorylates and
activates CREB (27). Authors in a different study held the view
that rolipram could reduce the distracted platform searches
induced by cerebral ischemia (15). In the present study, Fig. 1
showed that rolipram could effectively reduce the infarct
size and improve neurobehavioral scores, as demonstrated
by a lower mNSS and decreased area of TTC staining in the
tMCAO model following the use of rolipram for two weeks.

A number of previous studies have demonstrated that CD34
progenitor cells are involved in tissue repair, which can restore
the blood perfusion of the ischemic site in ischemic diseases and
traumatic injuries by vasculogenesis and angiogenesis (33,34).
Compared with the neuron which has ischemic necrosis, the
neuron in ischemic penumbra does not have serious metabolic
disturbance due to the collateral circulation (35). By creating
vascular pathways following ischemia in order to recover the
supply of oxygen and sugar as soon as possible is likely to deter-
mine whether the neuron can survive or not. This is why the
present study focuses on the combination of rolipram's promo-
tion of revascularization and inhibition of apoptosis. Figs. 3 and
4 showed that fewer TUNEL-positive cells and an increased
number of CD34* microvessels were present in the tissues
obtained from rats that were treated with rolipram. This meant
that rolipram stimulated angiogenesis and attenuated neuronal
apoptosis in areas damaged by ischemia. The MVD counted on
day 14 demonstrated the association between neurological and
functional recovery and the early improvement in the number of
microvessels. In addition, the western blotting data (Fig. 2) were
consistent with the immunohistochemistry data (Figs. 3 and 4)
in indicating a functional link between angiogenesis/apoptosis
resistance and p-CREB.

It is well known that enhancing angiogenesis and reducing
the apoptosis of nerve cells may improve brain function in
cerebral ischemic mammals. However, the occurrence of
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endogenous neurogenesis following ischemic stroke is early,
short-lived and delays neuronal cell death for several days (2).
The present results showed that rolipram can attenuate neuronal
apoptosis and increase cell proliferation and survival rate in the
peri-infarct region through the activation of the CREB pathway,
and may therefore be a novel therapeutic strategy to promote
brain function recovery following stroke. Subsequent studies
should investigate how rolipram enhances angiogenesis, attenu-
ates neuronal apoptosis and affects other relevant transcription
factors, including vascular endothelial growth factor, hypoxia
inducible factor 1 and Bcl-2/Bcl-2-associated X protein, which
are involved in the ischemia-induced angiogenesis (5,36-38).
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