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Abstract
Rationale Phosphodiesterases (PDEs) play an important role
in the regulation of intracellular signaling mediated by cyclic
adenosine monophosphate (cAMP). Recently, several PDE
inhibitors were assessed for their possible cognitive enhancing
properties. However, little is known about the effect of PDE3
inhibitors on memory function.
Objectives We examined how the PDE3 inhibitor cilostazol
affects C57BL/6 J mice as they perform various behavioral
tasks. After behavioral assessment, brains of the mice were
analyzed immunohistochemically to quantify the phosphory-
lation of cAMP-responsive element binding protein (CREB),
a downstream component of the cAMP pathway.
Results Oral administration of cilostazol significantly en-
hanced recollection of the exact platform location in the
Morris water maze probe test. Cilostazol also improved
context-dependent long-term fear memory, without affecting
short-term memory. No apparent effect was observed in cue-
dependent fear memory. The results suggest that cilostazol
selectively improves hippocampus-dependent long-term
memory in these tasks. Cilostazol also significantly increased
the number of phosphorylated-CREB-positive cells in hippo-
campal dentate gyrus.
Conclusions These results suggest that cilostazol may exert
its beneficial effects on learning and memory by enhancing

the cAMP system in hippocampus, where it increases intra-
cellular cAMP activity.
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Introduction

Activation of 3′:5′-cyclic adenosine monophosphate (cAMP)
plays essential roles in synaptic plasticity (Kandel 2001;
Mayford and Kandel 1999). Studies in Aplysia (Bartsch
et al. 1995; Goelet et al. 1986), Drosophila (Davis 1996; Yin
et al. 1995), and rodent species (Brightwell et al. 2007; Kida
2012) confirm that the cAMP–protein kinase A (PKA)–
cAMP response element-binding protein (CREB) signaling
pathway is involved in synaptic plasticity of memory from
invertebrates to mammals. The elevation of intracellular
cAMP concentration (Fujioka et al. 2004) and subsequent
gene regulation by CREB (Florian et al. 2006; Ota et al.
2008) are hypothesized to mediate neural plasticity and higher
cognitive function. Intracellular cAMP concentration is regu-
lated by balancing its synthesis via adenylate cyclase and its
degradation via phosphodiesterases (PDEs) (Burgers et al.
1979; Goldberg et al. 1980). Eleven families of PDEs
(PDE1–PDE11) have been identified based on deduced amino
acid sequences, pharmacological function, and substrate spec-
ificity (Lakics et al. 2010; Lugnier 2006; Xu et al. 2011).
PDE1, 2, 3, 10, and 11 can hydrolyze both cAMP and 3′:5′-
cyclic guanosine monophosphate (cGMP). Meanwhile,
PDE4, 7, and 8 specifically hydrolyze cAMP, and PDE5, 6,
and 9 hydrolyze cGMP (Lugnier 2006). PDE inhibitors ele-
vate cellular cAMP and/or cGMP concentration by inhibiting
their hydrolysis. The cAMP signaling pathway is suggested to
be involved in synaptic plasticity in addition to nitric oxide-
cGMP intracellular signaling pathway (Lu and Hawkins
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2002). Thus, PDE inhibitors have been studied as a possible
therapeutic intervention for cognitive disorders (Blokland
et al. 2006; Reneerkens et al. 2009) via their cyclic nucleotides
enhancing property.

Recent studies demonstrate that certain PDE specific in-
hibitors improve or enhance memory and cognitive functions
in rodent models. Examples include inhibitors of PDE2 (bay
60-7550; Boess et al. 2004), PDE4 (rolipram; Bach et al.
1999; Gong et al. 2004; Monti et al. 2006; Nagakura et al.
2002; Rutten et al. 2007), PDE5 (sildenafil; Boccia et al. 2011;
Cuadrado-Tejedor et al. 2011; Puzzo et al. 2009), PDE7 (S14;
Perez-Gonzalez et al. 2013), and PDE9 (bay 73-6691; van der
Staay et al. 2008). To date, little is known whether PED3
specific inhibitor have similar effects.

Cilostazol is a selective PDE3 inhibitor that was originally
prescribed as an anti-platelet agent (O’Donnell et al. 2009).
Recent studies report that repeated administration of cilostazol
significantly ameliorates cognitive impairment induced by
intracerebral infusion of the amyloid peptide fragment
Aβ25-35 (Hiramatsu et al. 2010; Park et al. 2011). Within
the central nervous system (CNS), PDE3 is widely expressed
throughout the brain including cerebellum, frontal cortex,
hypothalamus, and hippocampus (Lakics et al. 2010; Xu
et al. 2011). Given the well-established safety (Pratt 2001)
and the distribution of PDE3 in the CNS (Lakics et al. 2010;
Xu et al. 2011), cilostazol is an ideal candidate for therapeutic
improvement of cognitive impairment (Arai and Takahashi
2009; Hiramatsu et al. 2010; Park et al. 2011). The effects of
cilostazol on cognitive functions have not been characterized
in detail. Careful examination of cilostazol effects may lead to
the identification of a therapeutic agent for treating cognitive
disorders based on PDE inhibition. In the present study, we
investigated how the selective PDE3 inhibitor cilostazol af-
fects learning ability in mice.

Materials and methods

Subjects

Experimentally naive male C57BL/6J mice (CLEA Japan
Inc., Tokyo) were used. Mice were housed in groups of four
or five per cage in a solid aluminium cage (17×30×11
(WDH) cm, Tokiwa Kagaku Inc., Tokyo) with wood-chip
bedding. Mice assigned to the behavioral test battery group
were fed ad libitum for 4 h after daily behavioral testing. For
the next 20 h, however, they had no access to feed. Mice
assigned for the fear conditioning were fed ad libitum. All
mice had free access to drinking water. The vivarium was
maintained at 23±1 °C and 50±5 % humidity, under a 12-h
light–dark cycle (light on at 7:00 AM). Number of subjects
used in this study was summarized in Table 1.

All experiments were approved by the animal experiment
committee of the TokyoMetropolitan Institute of Gerontology
and carried out according to its guidelines.

Apparatus

Apparatuses for the open field test, the forced swim test, the
Morris water maze task, and the fear conditioning task, were
purchased from O’Hara & Co., Ltd. (Tokyo, Japan). In the
open field test, a square arena (50×50 cm) with high wall
(50 cm) is used. The arena was illuminated by overhead LED
lights and the mice behaviors were monitored via CCD cam-
era and analyzed automatically by Image OFCR (O’Hara &
Co., Ltd) to yield the immobile time, the center time, the travel
distance, and the number of rearing. Image OFCR is software
based on NIH Image (a public domain program developed at
the US National Institutes of Health and available on the
Internet at http://rsb.info.nih.gov/nih-image/).

In the Morris water maze task, the circular pool (100 cm in
diameter) was filled with water to a depth of 30 cm. The
submerged platform was placed 1 cm below the water. The
water was maintained at 23±1 °C and made opaque by
nontoxic white ink.

In the fear conditioning, two different chambers were used;
a shocking chamber and a chamber for the cue-dependent fear
memory test. The size (17×11×12 (WDH) cm) of the two
chambers was the same; however, they were different in their
tactile, texture, and color. In addition, odor stimulus was used
in the cue-dependent fear memory test to further discrimina-
tion of experimental context.

Automated software (Time Morris water maze, forced
swim, and fear conditioning; O’Hara&Co., Ltd) were utilized
to control the experimental devices and to analyze the data.

Drug and drug administration

Cilostazol [6-[−4-(1-cyclohexyl-1H-tetrazol-5-yl)butoxy]-
3,4-dihydro-2-(1H)-quinolinone] was administered either

Table 1 Number of subjects used in this study

Control Cilostazol (mg/kg)

30 60 100 300

Mixed-in-feed administration

Pharmacokinetic assay 4 29 29 28

Behavioral test battery group 6 6 6

Gavage administration

Pharmacokinetic assay 4 36 35

Fear conditioning group

Cue-dependent memory 9 9 9

Context-dependent memory 11 12 10

Analgesia tests 8 8 8
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through a gavage tube or by mixing it in the feed (CRF-1;
Oriental Yeast Ltd., Tokyo, Japan). Body weight of individual
mouse was measured on each day before the experiment to
determine the drug dose to be administered.

For gavage administration, cilostazol was suspended
in distilled water containing 0.5 % carboxymethyl cel-
lulose. The concentration of cilostazol in suspension
was adjusted according to body weight (BW) to achieve
30 and 100 mg/kg BW. Cilostazol suspension or vehicle
was orally administered 30 min prior to the behavioral
experiment.

For administration by feed, the amount of cilostazol-
containing feed was calculated based on body weight to
achieve 30, 60, and 100 mg/kg BW. Then, the weighed
cilostazol-containing feed or control feed was provided for
individually housed mouse. Because of the time required for a
mouse to completely eat the feed varied from 15 to 45min, the
behavioral experiments were conducted 1 h after the feed was
supplied. Preliminary experiment revealed that gavage admin-
istration of saline for more than seven consecutive days altered
the mice behaviors including enhanced anxiety in the open
field test and delay in the acquisition of the Morris water maze
task (data not shown). The 3-day gavage saline administra-
tion, on the other hand, had no apparent effects on the fear
conditioning task that was completed in 3 days. Based on
these observations, gavage administration was used only for
the fear conditioning group. The mixed-in-feed administration
was used for the behavioral test battery group that required
long-term cilostazol administration.

Pharmacokinetic assay

Cilostazol were administered either by mixing it in the feed or
by gavage. The dose was 30, 60, or 300 mg/kg BW for
cilostazol in feed, and 30 or 100 mg/kg BW cilostazol for
gavage. At 0.5, 1, 2, 3, 4, or 24 h from the start of presenting
the cilostazol-containing feed or the gavage administration,
mice were deeply anesthetized with isoflurane, and blood was
collected from the caudal vena cava. Analysis on 0.5 h after
the mixed-in-feed administration was not conducted because
the time point occurred during feeding time. Blood samples
were allowed to clot for 30 min at room temperature before
centrifugation for 15 min at 3,000×g to collect serum. The
cilostazol concentration in serum was measured using a high-
performance liquid chromatography system (LC-20 AD;
Shimadzu Corp., Kyoto, Japan), according to a method re-
ported previously (Akiyama et al. 1985). Sera from control
feed- or vehicle-administered mice were served as standards.

Behavioral experiments

Micewere habituatedwith handling for 3 days. Then, the mice
were divided into the groups for behavioral analysis in such a

way that the mean body weight among the groups was similar.
All behavioral experiments were conducted between 9:00AM
and 17:00 PM. The experiments were carried out in a blind
manner so that the experimenters did not know which mice
received cilostazol.

Behavioral test battery group

Mice were sequentially subjected to the open field test, the
forced swim test, and the Morris water maze task.

Open field test Spontaneous motor activity, exploratory be-
havior, and emotional responses in a novel environment were
assessed, as described previously (Kojima et al. 2008).
Briefly, a mouse was placed in the field and allowed to explore
for 15 min. Behavior was assessed under dark-lit conditions
(28 lx) on the first day, followed by bright-lit conditions
(150 lx) on the second day. Distance traveled, number of
rearings, time spent in the center of the field, and immobile
time were measured (Kojima et al. 2008).

Forced swim test A mouse was placed for 6 min in a cylinder
(10 cm in diameter and 25 cm in height) filled with water (23±
1 °C). In this test, immobility during the last 4 min was
regarded as an index of depression (Lucki et al. 2001).

Morris water maze task After the completion of the forced
swim test, mice were tested in the Morris water maze to
examine spatial memory (Morris et al. 1982). The task was
carried out as previously described (Yanai et al. 2012). Briefly,
each mouse was allowed to swim for a maximum of 60 s to
escape to a platform submerged 1 cm below the water surface.
Four trials were conducted each day for 14 days. One day after
acquisition training was completed, a probe test without the
platform was conducted. On the next day of the probe test, the
mouse was subjected to cued training. In this task, the location
of the platform was made visible by attaching a prominent
black flag to the platform.

Fear conditioning group

Separate groups of mice were tested either in the fear
conditioning task or in analgesia tests. For the latter
group, hotplate and electrical footshock sensitivity tests
were conducted.

Pavlovian fear conditioning task Mice were tested in the fear
conditioning task (Phillips and LeDoux 1992) to examine
conditioned fear to either context or cue, according to proce-
dures detailed in previous studies (Borlikova and Endo 2009;
Kojima et al. 2008; Yanai et al. 2012). Briefly, mice were
individually placed in a shocking chamber on the first day.
After an exploratory period of 60 s, the conditioned stimulus
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(CS; 10 kHz, 70 dB pure tone) was presented for 3 s. The CS
co-terminated with an unconditioned stimulus (US; 0.30 mA
scrambled electrical footshock for 0.5 s). Mice were returned
to their holding cages 50 s after the single conditioning trial.
After the conditioning, mice were divided into two groups:
cue-dependent fear memory group and context-dependent fear
memory group. Conditioned freezing to either cue or context
were examined 1 h, 24 h, and 7 days after the conditioning;
i.e., each mouse was repeatedly tested three times for either
cue- or context-dependent fear memory.

For the cue-dependent fear memory group, mice were
placed in a new chamber and the tone was presented for
60 s without the footshock. For the context-dependent
fear memory group, mice were placed in the original shock-
ing chamber. In both tests, cumulative time of freezing behav-
ior during a 60-s period was measured as an index of
fear (Borlikova and Endo 2009; Kojima et al. 2008;
Yanai et al. 2012).

Analgesia tests Mice were subjected to the hotplate test,
followed by the electrical footshock sensitivity test. In the
hotplate test, pain sensitivity was assessed by measuring the
latency to lick a paw after the mouse was placed on a 55 °C
hotplate (Muromachi Kikai, Tokyo, Japan). On the next day of
the hotplate test, sensitivity to electrical footshock was exam-
ined, bymeasuring the threshold intensity to evoke a paw flick
and vocalization. A mouse was placed in the shocking cham-
ber, and a series of scrambled electrical foot shocks were
delivered, starting at an intensity of 0.01 mA and increasing
by the increment of 0.01 mA. The inter-stimulus interval was
15 s.

Immunohistochemistry

Mice subjected to context-dependent fear memory testing
were processed for further immunohistochemical analysis of
the brain. Thirty minutes after the final testing, mice were
deeply anesthetized with isoflurane and transcardially per-
fused with phosphate-buffered saline (PBS) followed by 4 %
paraformaldehyde in PBS. The brains were removed from the
skull and cryoprotected in 30 % sucrose. Sections (30 μm)
were immunostained with anti-phosphorylated CREB
antibody (phosphorylation of Ser133; Upstate/Millipore,
Billerica, MA, USA). Immunoreactions were visualized
using an ABC kit and 3,3′-diaminobenzidine (Vector
Laboratories). To quantify phosphorylated CREB-
immunoreactive cells in each section, we took images
of four to six randomly chosen areas of each hippocam-
pal region and analyzed the images with Image J software.
Quantification of phosphorylated CREB-immunoreactive
cells was carried out for CA1, CA3, and dentate gyrus (DG)
of the hippocampal formation, and basolateral amygdala
(BLA).

Statistical analysis

All data were expressed as means ± SEM. Statistical differ-
ences among groups were determined by one-way or two-way
analysis of variance (ANOVA) as mentioned in the text. All
analyses were performed using SPSS software (IBM, Tokyo,
Japan). Statistical significance was set at P<0.05. When the
main effect or interaction was statistically significant, a
Tukey–Kramer multiple comparison test or test for the simple
main effect was conducted.

Results

Cilostazol concentration in serum

A high concentration of cilostazol was observed in the serum
at 0.5 and 1 h after gavage administration, and the concentra-
tion decreased by approximately half in 4 h (Fig. 1a),

a

b

Fig. 1 Pharmacokinetic analysis of cilostazol administered by two
methods. Sera from cilostazol-administered mice were analyzed as de-
scribed in the “Materials and methods”. a For gavage administration, the
suspensions of cilostazol were administered either at 30 or 100 mg/kg
BW. b For mixed-in-feed administration, feed containing cilostazol was
given to mice to achieve doses of 30, 60, and 300 mg/kg BW. Cilostazol
concentration in serum remained above the clinically effective concen-
tration (0.76 μg/ml) for 2 h after administration, regardless of adminis-
tration method. Five to seven mice were used for each concentration and
time point. Error bars indicate SEM
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suggesting that the half-life of cilostazol is shorter in mice
compared to those in humans (approximately 6 h; Yoo et al.
2010). Two-way ANOVA confirmed the statistical signifi-
cance of the main effect of dose (F(1, 59)=16.04, p<0.001)
and time after administration (F(5, 59)=25.37, p<0.001). The
serum cilostazol concentrations for both doses (30 and
100 mg/kg BW) remained above the clinically effective con-
centration (0.76 μg/ml; Takase et al. 2007) for 3 h, concen-
trations that reduce platelet coagulation through PDE3
inhibition.

A similar pharmacokinetic pattern was observed for ad-
ministration of cilostazol in the animals’ feed (Fig. 1b). Two-
way ANOVA revealed a significant main effect of dose (F(2,
71)=84.32, p<0.001), time after administration (F(4, 71)=
46.70, p<0.001), and an interaction between dose and time
after administration (F(8, 71)=10.73, p<0.001) was observed.
Tukey–Kramer multiple comparison tests revealed that serum
cilostazol concentration resulting from a dose of 300 mg/kg
BW was significantly higher than that resulting from doses of
30 and 60 mg/kg BW, except 24 h after the administration.
Serum cilostazol concentration differences between the 30
and 60 mg/kg BW doses were marginally significant at 1 h
after administration (p=0.074). The serum cilostazol concen-
tration observed for the 300 mg/kg BW was moderately
higher than the clinically effective concentration (Takase
et al. 2007). Since higher concentrations of cilostazol may
cause headache, diarrhea, and nausea in patients (Ahn et al.
2001; Dawson et al. 1998), behavioral experiments using the
300 mg/kg BW cilostazol were not conducted in this study.

We assumed that cilostazol concentration in serum
remained above the clinically effective concentration during
behavioral examinations completed within 2 h after cilostazol
administration, either by gavage or through feed. The
cilostazol concentrations were consistently higher in the ga-
vage group compared to the mixed-in-feed group (two-way
ANOVA: F(1, 49)=56.52, p<0.001) for the 30 mg/kg BW
dose. In gavage administration, absorption might be better
because cilostazol was thoroughly pulverized and suspended
in solution. On the other hand, in the feed administration,
effective absorption of cilostazol might be hindered by the
feed.

Behavioral test battery group

Open field test In the open field test, the two cilostazol-treated
groups and the control group behaved similarly on all indices;
cilostazol had no significant observable effects (Fig. 2). In the
open field test, the number of rearing and travel distance
reflect locomotor activity, whereas immobile time and time
spent in the center of the field reflect anxiety levels (Walsh and
Cummins 1976). On the second day (bright-lit condition),
locomotive indices, number of rearing (Fig. 2a), and distance
traveled (Fig. 2b) were significantly decreased compared to

those measured on the first day (dark-lit condition; number of
rearing: F(1, 15)=6.90, p<0.05; distance traveled: F(1, 15)=
32.18, p<0.001). With regard to anxiety level indices, all
groups of mice showed significantly increased immobility
on the second day (Fig. 2c, F(1, 15)=49.61, p<0.001). For
the time spent in the center partition, the main effect of light
condition was significant (F(1, 15)=57.12, p<0.001), and we
observed a significant interaction between groups and light
condition (Fig. 2d; F(2, 15)=4.50, p<0.05). The significant
simple main effect of light condition was observed for the
control and 60 mg/kg BW cilostazol group (p<0.001), how-
ever, the simple main effect of the 30 mg/kg BW cilostazol
group was marginally significant (p=0.068). In summary,
these results obtained from the open field test suggest that
cilostazol did not have an apparent effect on locomotor activ-
ity, but it might reduce anxiety-like behavior at low
concentrations.

Forced swim test Mice displayed vigorous movement when
they were initially placed into water. However, they gradually
became immobile and afloat. Mean ± SEM immobile times
during a 240-s observation period were 177.2±43.4, 194.2±
40.5, and 184.5±47.0 s for the control group, 30 mg/kg BW
cilostazol group, and 60 mg/kg BW cilostazol group, respec-
tively. Cilostazol did not significantly affect immobile time
(one-way ANOVA: F(2, 15)=0.23, n.s.), suggesting that
cilostazol has no effect on depression-like behavior.

Morris water maze task In the acquisition of spatial memory
in the Morris water maze, the two cilostazol-treated groups
and the control group acquired the task similarly over 14 days
of training (Fig. 3a), as indicated by the significant main effect
of training days in decreased escape latency (two-way
ANOVA: F(13, 195)=44.22, p<0.001). Although the signifi-
cant main effect of cilostazol administration on escape laten-
cies was not significant overall, cilostazol significantly affect-
ed mean swim speed on day 1 (Table 2; one-way ANOVA:
F(2, 15)=4.01, p<0.05). Post hoc tests revealed that the dif-
ference between the control group and the two cilostazol-
treated groups of mice were marginally significant (control
and 30 mg/kg BW cilostazol, p=0.056; control and 60 mg/kg
BW cilostazol, p=0.079). Because the mean swim speed of
three groups was statistically equivalent on day 14 (one-way
ANOVA: F(2, 15)=1.12, n.s.), cilostazol-induced changes in
swimming ability could not account for the tendency toward
faster swim speeds measured during the early stage of train-
ing. To examine in detail the cilostazol-induced changes in
swim speed on day 1, further analysis was conducted on
immobile time. The mean (±SEM) percentages of immobility
time on day 1 were 47.4±5.7 % for the control group, 21.9±
7.0 % for the 30 mg/kg BW cilostazol group, and 24.8±8.1 %
for the 60 mg/kg BW cilostazol group. Cilostazol had a
significant effect on the percentage of immobility on day 1
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(one-way ANOVA: F(2, 15)=3.93, p<0.05). Post hoc tests
revealed that the difference between the control group and the
two cilostazol-treated groups was marginally significant (con-
trol and 30 mg/kg BW cilostazol, p=0.054; control and
60 mg/kg BW cilostazol, p=0.091).

In the cued training for the Morris water maze task,
cilostazol had no effect on escape latency (Fig. 3b), indicating
that cilostazol did not demonstrably alter vision and swim-
ming ability required to navigate theMorris water maze. In the

probe test (Fig. 3c), however, the two cilostazol-treated groups
demonstrated significantly greater number of crossings of the
platform’s location than the control group (one-way ANOVA:
F(2, 15)=5.53, p<0.05). Tukey–Kramer multiple comparison
tests revealed that the number of crossings in the 60 mg/kg
BW cilostazol group was significantly greater than that of the
control group (p<0.05). The difference between the control
group and the 30 mg/kg BW cilostazol group was marginally
significant (p=0.072). Although cilostazol had a significant
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effect on the number of platform location crossings, it had no
significant effect on the time spent in the training quadrant for
the different groups (Fig. 3d). Exact recollection of the plat-
form’s location is crucial for superior performance in the
number of platform crossings, therefore, the result may sug-
gest that cilostazol improves the preciseness of spatial
memory.

Fear conditioning group

Pavlovian fear conditioning task In the cue-dependent fear
memory test, the two cilostazol-treated groups and the control
group showed a similar degree of conditioned freezing
throughout the experiments (Fig. 4a). A mixed design two-
way ANOVA revealed that cilostazol did not significantly
affect conditioned freezing (F(2, 24)=1.30, n.s.). On the other
hand, freezing duration demonstrated to be statistically signif-
icant main effect of time after conditioning (F(2, 48)=2.95, p<
0.001). Tukey–Kramer multiple comparison tests revealed
that conditioned freezing was significantly lower when mice
were tested 7 days after conditioning compared to when they
were tested 1 and 24 h after conditioning (ps<0.001). These
results suggest that cilostazol does not affect the decline of
cue-dependent fear memory for up to 7 days.

With respect to context-dependent fear memory, no signif-
icant differences were observed in tests conducted 1 and 24 h
after conditioning. When mice were tested 7 days after con-
ditioning, the control group showed a similar decline in con-
ditioned freezing as in the cue-dependent fear memory test.
However, conditioned freezing in the two cilostazol-treated
groups was significantly greater than in the control group
(Fig. 4b). A mixed design two-way ANOVA revealed a sig-
nificant main effect of time after conditioning (F(2, 60)=6.54,
p<0.01) and an interaction between cilostazol administration
and time after conditioning (F(4, 60)=5.39, p<0.001). Tests
for simple main effect showed that cilostazol had a significant
effect on freezing observed on day 7 (F(2, 90)=7.24, p<0.01).
These tests also showed a simple main effect of time after
conditioning in the control group (F(2, 60)=16.20, p<0.001).
These results suggest that cilostazol specifically improved or
maintained context-dependent 7-day long-term fear memory
without affecting 1-h short-term memory and 24-h long-term
memory.

Analgesia tests Mice in the two cilostazol-treated groups and
control group behaved similarly in both analgesia tests
(Table 3), as indicated by the lack of statistical significance

Table 2 Mean swim speed in the Morris water maze task

Control Cilostazol

30 mg/kg BW 60 mg/kg BW

Day 1 7.9±0.9 12.9±1.6 12.5±1.5

Day 14 15.5±1.0 17.2±0.7 15.4±1.0

Values are means ± SEM

a

b

Fig. 4 Classical fear conditioning task. Effect of cilostazol on cue- and
context-dependent fear memory was analyzed. Mice were administered 30
or 100 mg/kg BW of cilostazol by gavage 30 min before the behavioral
experiments. For the control group, the same volume of vehicle was
administered. After conditioning, 60 mice were divided into either a cue-
dependent fear memory group (n=27) or a context-dependent fear memory
test group (n=33). aConditioned freezing to a tone was examined 1 h, 24 h,
and 7 days after conditioning. Each group consisted of nine mice. b
Conditioned freezing to context was examined 1 h, 24 h, and 7 days after
conditioning. Twelve, ten, and 11 mice were assigned to the 30 mg/kg BW
of cilostazol, 100 mg/kg BWof cilostazol, and control groups, respectively.
***p<0.001 compared with control mice. Error bars indicate SEM

Table 3 Summary for the analgesia tests

Test/Index Control Cilostazol

30 mg/kg
BW

100 mg/kg
BW

Hotplate

Latency to paw flick (s) 9.8±0.79 9.7±0.60 9.9±0.84

Electrical foot shock

Current to paw flick
(mA)

0.03±0.00 0.03±0.00 0.03±0.00

Current to vocalization
(mA)

0.04±0.00 0.04±0.00 0.04±0.00

Each group consisted of eight mice. Values are means ± SEM
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(one-way ANOVA; latency to paw flick in hotplate test, F(2,
21)=0.12, n.s.; current intensity to evoke paw flick in electri-
cal footshock sensitivity test, F(2, 21)=0.00, n.s.; current
intensity to evoke vocalization in electrical footshock sensi-
tivity test, F(2, 21)=0.54, n.s.). These results suggest that
cilostazol did not demonstrably alter pain sensitivity, regard-
less of the type of stimuli.

Immunohistochemical analysis

Thirty minutes after the last test in the contextual fear condi-
tioning task, the mice were euthanized and their brains were
processed for immunohistochemical analysis (Fig. 5a–d).
Cilostazol did not affect the number of phosphorylated
CREB-immunoreactive cells in the BLA, or the CA1,

and CA3 fields of the hippocampal region (Fig. 5e–g).
In the DG, however, the number of phosphorylated
CREB-immunoreactive cells was greater in the two
cilostazol-treated groups compared to the control group
(Fig. 5h); this finding was statistically significant
(one-way ANOVA: F(2, 19)=6.52, p<0.01). Post hoc
tests confirmed that cilostazol significantly increased
the number of phosphorylated CREB-immunoreactive
cells in the DG compared to the control group (ps<
0.05). These results may suggest that cilostazol elevat-
ed the concentration of intracellular cAMP, which in
turn led to enhanced CREB phosphorylation by PKA.
Further examination is necessary to assess phosphory-
lation caused by other kinases activated indirectly by
cilostazol.

a

b

d

c

e f

hg

Fig. 5 Number of phosphorylated CREB-immunoreactive cells in sub-
regions of the hippocampal formation and basolateral amygdala. The
mice were processed for immunohistochemical analysis 30 min after 7-
day context-dependent fear memory testing. a Image of Nissl-stained
coronal section was used to identify the BLA from other subnuclei of
the amygdala. White and black rectangles represent areas of the hippo-
campal formation and amygdala, respectively, that were analyzed. Scale
bar is 1 mm. Phosphorylated CREB-positive cells were identified using
an antibody that specifically recognized the phosphorylated form of
CREB. The immunoreaction was visualized using an ABC kit and

diaminobenzidine. b, c Higher-magnification images of the amygdala
(b) and hippocampal region (c) in a tissue section processed for immu-
nohistochemical staining. Scale bars are 200 μm. d Representative im-
ages of phosphorylated CREB-immunoreactive cells in the BLA and
CA1, CA3, and DG of the hippocampal formation of the control (upper
row) and the cilostazol-administered mice (lower; 100 mg/kg BW of
cilostazol). Scale bars are 20 μm. e–h Quantification of phosphorylated
CREB-immunoreactive cells in BLA (e) and CA1 (f), CA3 (g), and DG
(h) of the hippocampal formation. *p<0.05 compared with control mice.
Error bars indicate SEM
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Discussion

In the present study, we investigated the effect of the selective
PDE3 inhibitor cilostazol on learning and memory using
several different behavioral tasks in mice. We demonstrated
that cilostazol improved long-term memory, which was cor-
related with an increase in phosphorylated CREB-positive
cells in the DG. Importantly, swimming ability in the water
maze task was unaffected by the cilostazol doses we used, and
locomotor activity, anxiety state, and pain sensitivity were
also similarly unaffected.

In the open field test, mice administered cilostazol behaved
like control mice with regard to locomotion (Fig. 2a–b) and
anxiety state (Fig. 2c–d), suggesting that cilostazol has no
apparent effect on locomotor activity and anxiety level. In
the forced swim test, we found that cilostazol does not alter
depression-like behavior; therefore, it is reasonable to con-
clude that cilostazol has no antidepressant effects. This is in
contrast to a recent study in which it was reported that
cilostazol significantly reduces depression-like behavior
in the forced swim and tail suspension tests (Patel et al.
2012). This disparity may be due to differences in experi-
mental methods used in the two studies, such as how
cilostazol was administered and the mouse strains used.
Further studies are warranted to assess the antidepressant
qualities of cilostazol.

In the Morris water maze task, the acquisition of spatial
memory was equivalent across groups in their escape latencies
(Fig. 3a). Cilostazol, however, significantly increased mean
swim speed on day 1. This observation may suggest that
cilostazol administration have influence on the motivation to
escape from the water by reducing floating behavior that was
frequently observed before mice learned to escape to the
platform. In the probe trial, for mice given the two doses of
cilostazol, the number of platform crossings significantly in-
creased compared to mice in the control group (Fig. 3c). Exact
recollection of the platform’s location is crucial for superior
performance in the probe test, not just general recollection of
which quadrant the platform was located during training. The
former is demonstrated by the number of platform location
crossings, the latter by swimming unpurposefully throughout
the training quadrant. Our results suggest that mice adminis-
tered cilostazol recalled the exact position of the platform
during training and searched for it with high accuracy.
Cilostazol therefore may improve the preciseness of spatial
memory retention and/or recollection. Although platform
crossings and quadrant time both are indices frequently used
to assess spatial memory, platform crossings could better
reflect recollection of more accurate spatial memory (i.e.,
precise location of the platform versus approximate location
in the experimental environment). These findings might be
consistent with the argument that the quadrant time may
overestimate the spatial ability because the quadrant time

may not be the complete reflection of the goal-directed
searching behavior (Blokland et al. 2004). More selective
indices such as the time spent in the circular zone centered
on the platform (Blokland et al. 2004) and mean proximity to
the platform (Gallagher et al. 1993) might provide us a better
understanding of the accuracy of spatial memory. Detailed
analysis of the current experiment is necessary using these
methods in the future.

Because cilostazol potentially enhances the accuracy of
spatial memory, cilostazol might enhance this fundamental
component of memory. Similar to our results, deleting
Kvβ1.1, an auxiliary potassium channel subunit (Murphy
et al. 2004), or ryanodine-sensitive receptor subtype 3
(Futatsugi et al. 1999) improves performance in the probe test,
without affecting acquisition training. Notably, these geneti-
cally modified mice also exhibit facilitation in long-term
potentiation, a type of long-term synaptic plasticity that is
considered to be one of the major cellular mechanisms under-
lying learning and memory (Bliss and Collingridge 1993;
Bliss and Lomo 1973). Further examination is required to
identify memory components and cellular mechanisms in-
volved in enhancing the accuracy of memory. Also, we cannot
rule out the possibility that, under our experimental condi-
tions, cilostazol may increase the tendency to perseverate in
the original spatial location acquired. We need to use different
tasks, such as reversal water maze task (Yanai et al. 2004) or
matching-to-place task (Steele andMorris 1999), to determine
whether our findings are due to enhanced spatial memory or
due to increased perseverance.

In classical fear conditioning, cilostazol did not have an
effect on context-dependent fear when assessed 1 and 24 h
after conditioning (Fig. 4). Cilostazol, however, significantly
enhanced context-dependent fear memory examined 7 days
after conditioning (Fig. 4b). Cilostazol may enhance the re-
tention or recollection of context-dependent long-term mem-
ory. Because mice in the two cilostazol-administered groups
and control group performed similarly in analgesia tests
(Table 3), it is suggested that cilostazol did not demonstrably
alter pain sensitivity, regardless of the type of stimuli.
Therefore, the enhanced conditioned fear memory to context
observed in the two groups of mice administered cilostazol
was not due to differences in pain sensitivity.

The hippocampus and the amygdala have been reported to
have a dissociable role in fear conditioning tasks (LeDoux
1995; Phillips and LeDoux 1992); furthermore, amygdala
lesions impair both cued and contextual fear conditioning,
whereas hippocampus lesions impair contextual condi-
tioning without adversely affecting cued conditioning
(Anagnostaras et al. 1999; Maren et al. 1997). On the
basis of these observations, cilostazol may exert a sig-
nificant influence on hippocampal activity. Indeed, we
hypothesize that cilostazol may exert its beneficial effects by
enhancing the cAMP–PKA system in the hippocampal region
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by maintaining increased levels of cAMP induced by cellular
activities (Cone et al. 1999).

Taken together, our results suggest that cilostazol selective-
ly improves hippocampal-dependent long-term memory. Our
observations are consistent with those of previous studies
showing that inhibition of other PDEs enhances
hippocampal-dependent processes: PDE2 (Boess et al.
2004), PDE4 (Bach et al. 1999; Gong et al. 2004; Monti
et al. 2006; Nagakura et al. 2002), PDE5 (Boccia et al.
2011; Cuadrado-Tejedor et al. 2011; Puzzo et al. 2009),
PDE7 (Perez-Gonzalez et al. 2013), and PDE9 (van der
Staay et al. 2008). PDE4 and PDE5 inhibition also improved
performance on an object recognition task (Rutten et al. 2007;
Prickaerts et al. 2004) that requires perirhinal cortex and
prefrontal cortex to be intact, in addition to the hippocampus
(Warburton and Brown 2010). Unlike with what is known
about inhibitors of PDE4 and PDE5, little is known about the
functional relationship between cilostazol administration and
extra-hippocampal brain regions. Further study is required to
determine how cilostazol affects tasks that involve extra-
hippocampal functions.

The observation that cilostazol improved hippocampus-
dependent memories and that the cAMP–PKA–CREB path-
way plays a critical role in cognitive function (Bartsch et al.
1995; Brightwell et al. 2007; Davis 1996; Florian et al. 2006;
Fujioka et al. 2004; Goelet et al. 1986; Kandel 2001; Kida
2012; Ota et al. 2008; Yin et al. 1995) prompted us to examine
the phosphorylation of CREB as a downstream component of
the cAMP pathway. Cilostazol significantly increased the
number of cells positive for phosphorylated CREB in the
DG (Fig. 5h), without affecting CREB phosphorylation in
BLA, CA1, and CA3 (Fig. 5e–g). Classically described, sen-
sory information is first delivered to the DG for processing in
the hippocampus (Amaral and Lavenex 2006). Therefore, the
cilostazol-induced increase in CREB phosphorylation may
significantly affect information processing through subse-
quent regions of the hippocampal neuronal circuitry. Some
neurons in the DG act as place cells, which fire when an
animal is in a specific location (Jung and McNaughton
1993; Leutgeb et al. 2007; Neunuebel and Knierim 2012).
An increase in phosphorylated CREB in the DG could result
in the activation of place cells, thereby enhancing context-
dependent fear memory. In addition, a recent study found that
the DG is involved in formation of memory (Ramirez et al.
2013). Similar to our results, the PDE4 inhibitors rolipram and
RS 67333 were found to increase the phosphorylation of
CREB in hippocampus (Li et al. 2009). The location of the
increased phosphorylated CREB in the hippocampus, howev-
er, was not identified because these authors used immunoblot-
ting of whole hippocampus samples for the analysis.

Recently, mRNA expression profiles for 11 PDEs have
been reported (Lakics et al. 2010). PDE3 is widely distributed
throughout the brain including hippocampus, however,

mRNA expression of PDE3 is apparently low compared to
that of PDE4 (Lakics et al. 2010), which is the most studied
therapeutic target for the cognitive disorders among PDEs.
Considering the lower PDE3 expression together with the
memory improvement by PDE3 inhibitor cilostazol, the
mRNA amount may not necessarily reflect its importance
for neuronal functions. Instead, cilostazol administration
might enhance the cellular function to increase the CREB
phosphorylation, in the certain region of the brain, dentate
gyrus which is the gate of information flow into the hippo-
campus. This may lead to the cognitive enhancement by
cilostazol. In addition to the potentiation of intracellular signal
transduction pathways in neuronal circuitry caused by the
direct effect of cilostazol, other indirect mechanisms might
underlie the cognitive enhancement resulting from cilostazol
administration to cells. For example, cilostazol signifi-
cantly increases cerebral blood flow (Kwon et al. 2005).
This may play an important role in learning and mem-
ory function (Mori et al. 2002; Moser et al. 2012; Tota
et al. 2012). This increased blood flow may also explain the
findings that cilostazol improved performance in the Morris
water maze task in an ischemia-induced model of vascular
dementia (Lee et al. 2007).

A significant detail regarding PDE inhibitors in cognitive
enhancement is that their mechanism of action differs from
that of the acetylcholinesterase inhibitor donepezil, which is
currently the most often used drug to treat dementia (Dooley
and Lamb 2000; Pepeu and Giovannini 2009; Yuede et al.
2007). Combination therapy comprising two or more drugs
has been demonstrated to be an effective strategy for treating
some types of diseases (Croom and Dhillon 2011). However,
this strategy is yet to be applied in the treatment of
cognitive impairment. Cilostazol and donepezil in com-
bination enhances, to some extent, cognitive functions
in animal models (Lee et al. 2007), and in moderate
Alzheimer’s disease patients (Arai and Takahashi 2009).
In addition, PDE inhibitor and acetylcholinesterase in-
hibitor are shown to affect differently on memory pro-
cess; PDE inhibitor improves memory consolidation and
acetylcholinesterase inhibitor enhances acquisition of
memory, respectively (Prickaerts et al. 2005). Hence, concur-
rent administration of cilostazol with other dementia drugs,
such as donepezil, may offer a new pharmacological approach
for treating cognitive disorders.
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