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Phosphodiesterase (PDE) inhibitors in the central nervous system have been shown to stimulate neuronal func-
tions and increase neurogenesis in Alzheimer disease (AD) patients.

The aim of this study was to investigate the effects of zaprinast, a PDE; inhibitor, and rolipram, a PDE, inhibi-
tor, on learning and memory in elevated plus maze (EPM) and passive avoidance (PA) tests in naive mice. Male
Balb-c mice received short-term treatment with zaprinast (3 and 10 mg/kg) and rolipram (0.05 and 0.1 mg/kg)
before the acquisition trial of the EPM and PA tests. The exploratory activity of the animals was also investi-
gated in the Hughes box test.

Both zaprinast (10 mg/kg) and rolipram (0.1 mg/kg) significantly decreased second-day latency compared to
the control group in the EPM test, while only rolipram (0.1 mg/kg) significantly increased second-day latency
in the PA test. Both zaprinast (10 mg/kg) and rolipram (0.1 mg/kg) significantly decreased the number of en-
tries to new areas and time spent in new areas in the Hughes box test.

Our study revealed that both zaprinast and rolipram enhanced spatial memory in EPM, while rolipram seemed
to have more emotional memory-enhancing effects in the PA test compared to zaprinast. Both zaprinast and
rolipram diminished exploratory activity in the Hughes box test, which can be attributed to the drugs’ anxio-
genic effects.

Behavior, Animal ¢ Memory ¢ Mice
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Background

Phosphodiesterases (PDEs) are enzymes that hydrolyze cyclic
AMP (cAMP) and/or cyclic GMP (cGMP) throughout the body,
including the brain. Accumulating evidence indicates that the
inhibition of phosphodiesterase (PDE) activity may be a partic-
ularly interesting mechanism for memory enhancement [1,2].
PDE inhibitors present a novel therapeutic approach with which
to arrest cognitive decline [3,4] or to possibly reverse this de-
cline with cognitive enhancement [5,6].

Eleven subclasses of PDEs have been identified thus far, but
only PDE4, 5 and, recently, PDE2 inhibitors have been demon-
strated to be effective in memory enhancement [7]. The un-
derlying mechanism for the cognition-enhancing effects of
PDE4 inhibitors may involve the modulation of activity with-
in the cCAMP/protein kinase A/cAMP response element bind-
ing protein (CAMP/PKA/CREB) pathway [8]. The prototypical
PDE4 inhibitor most widely used in cognition studies is rolip-
ram. Rolipram attenuates deficits in spatial and non-spatial
short-term memory and working memory in several behavior-
al tasks [9,10]. Rolipram reverses the disruption of reference
memory and/or working memory caused by the glutamate an-
tagonist MK-801 during the radial-arm maze task and revers-
es the effects of MK-801 in the passive avoidance task [11].

Treating mice with rolipram or HT0712 20 min before train-
ing in the object recognition task improves memory retention
24 h later [12]. Similarly, the retention performance 24 h af-
ter contextual fear learning is improved in mice treated with
rolipram 30 min before training [13].

PDE5 inhibitors (PDE5-1), such as sildenafil and vardenafil, are
effective in the treatment of erectile dysfunction and are can-
didate drugs for cognitive enhancement. For instance, silde-
nafil and vardenafil have been shown to improve object recog-
nition memory when injected immediately following the first
trial [14]. PDE5-Is are assumed to improve early processes of
memory consolidation via either a presynaptic or postsynaptic
mechanism. The presynaptic mechanism acts through the ni-
tric oxide (NO) — cGMP signaling pathway, and the postsynap-
tic mechanism acts through the cGMP/protein kinase G/cAMP
response element-binding protein (cCMP/PKG/CREB) signal-
ing pathway [15].

Zaprinast has been used to inhibit PDE5, and when given im-
mediately after training at a dose of 10 mg/kg (i.p.), zapri-
nast improved the long-term memory performance of rats in
the object recognition task [15]. Previous studies have also
shown that zaprinast reversed the object memory deficits in-
duced by the NOS inhibitor 7-nitroindazole in rats in the ob-
ject recognition task [16]. However, zaprinast was unable to
reverse memory deficits in aged rats in this task [15]. Animal
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studies indicate that PDE5 inhibitors have the potential to im-
prove the early consolidation processes of long-term memory,
although PDES5 inhibitors may not affect spatial information.
This memory improvement might be mediated by elevations
in central cGMP levels.

Our literature search found a few studies investigating the
effects of zaprinast and rolipram on memory in the passive
avoidance test (PA), although there were no studies investi-
gating the effects of zaprinast and rolipram on memory in the
elevated plus maze test (EPM) or on exploratory activity in the
Hughes box test. The aim of this study was to investigate the
effects of the phosphodiesterase-5 inhibitor, zaprinast, and
the phosphodiesterase-4 inhibitor, rolipram, on spatial mem-
ory in the EPM, on emotional memory in the PA[17], and also
on exploratory activity in the Hughes box test in naive mice.

Material and Methods

Animals

Ninety-five male inbred BALB/c By) mice (MAM TUBITAK, Gebze,
Kocaeli, Turkey) aged 7 weeks were used in this study upon
arrival to the laboratory. Animals (4-5 per cage) were kept in
the laboratory at 21+1.5°C with 60% relative humidity under
a 12 h light/dark cycle (lights on at 8:00 p.m.) for 2 weeks be-
fore experimentation. Tap water and food pellets were avail-
able ad libitum. All procedures involving animals were in com-
pliance with the European Community Council Directive of 24
November 1986, and ethics approval was granted by the Kocaeli
University Ethics Committee (Number: AEK 9/4-2010, Kocaeli,
Turkey). All animals were naive to the experimental apparatus,
and different animals were used for each test.

Modified elevated plus-maze test

Cognitive behavior was evaluated using the mEPM learning
task, which measures spatial long-term memory [18]. The maze
was made of wood and consisted of 2 open arms (29x5 cm)
surrounded by a short (1 cm) plexiglas edge to prevent falls
and 2 enclosed arms (29x5x15 c¢m) arranged such that the 2
open arms were opposite to each other. The arms were con-
nected by a central platform (5x5 cm). The maze was elevat-
ed 40 cm above the floor. This arrangement is based upon the
aversion of rodents to open spaces and heights. The animals
prefer the enclosed, protected areas of the maze.

The procedure was performed as described previously [18-21].
During the acquisition session (Day 1), each mouse was gen-
tly placed at the distal end of an open arm facing away from
central platform. The time it took for the mice to move from
the open arm to either of the enclosed arms (transfer latency)
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was recorded. Training (repeated exposure of animals to the
open arms) shortened this parameter, possibly as a conse-
quence of learning acquisition and retention. If the mouse did
not enter the enclosed arm within 90 s, it was excluded from
further experimentation. Animal entry into the enclosed arm
required the animal to cross an imaginary line separating the
enclosed arm from the central space with all four 4 legs. After
entering the enclosed arm, mice were allowed to move freely
in the maze, regardless of open and enclosed arms, for 10 s.
Mice were then returned to their home cage. The retention
session followed 24 h after the acquisition session (on Day 2).
Mice were placed into the open arm, and the transfer laten-
cy was recorded again. Experiments were conducted between
the hours of 10:00 and 14:00 in a dimly lit, semi-soundproof
room under a natural light.

Passive avoidance test

Animals were trained in a one-trial, step-through, PA apparatus
for evaluating memory, based on contextual fear conditioning
and instrumental learning [22]. A decrease in retention laten-
cy indicates impairment in memory in the PA task. The appa-
ratus consisted of a box with an illuminated part (L 7x12.5xh
14 cm) and a dark part (L 24x12.5xh 14 cm), both equipped
with a grid floor composed of steel bars (0.3-cm diameter)
spaced 0.9 cm apart. The inhibitory avoidance task consisted
of 2 trials. On the first day of training, mice were placed indi-
vidually into the light compartment and allowed to explore the
boxes. The intercompartment door was opened after a 60-s
acclimation period. In the acquisition trial, each mouse was
placed in the illuminated compartment, which was lighted by
a bright bulb (2000 lux). The animals received drugs prior to
acquisition training. If the mouse stepped into the dark com-
partment (2/3 of the tail in the dark compartment), the door
was closed by the experimenter, and an inescapable foot shock
(0.25 mA/1 s) was delivered through the grid floor of the dark
compartment. A cutoff time of 5 min was selected. The time
taken to enter the dark compartment (training latency) was re-
corded. Immediately after the shock, the mouse was returned
back to the home cage. The retention trial started 24 h after
the end of the acquisition trial. Each mouse was placed in the
illuminated compartment as in the training trial. The door was
opened after a 30-s acclimation period. The step-through la-
tency in the retention trial (with a maximum 300-s cutoff time)
was used as the index of retention of the learned experience.
Shock was not applied during the retention trial.

Free exploratory paradigm (Hughes box)

The apparatus consisted of a polyvinyl chloride box (30x20x20
cm) covered with Plexiglas and subdivided into 6 identical
square exploration units, all interconnected by small doors [23].
A temporary partition divided the apparatus in half lengthwise.
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To familiarize the animals with the apparatus, each subject
was placed in one half of the apparatus with the temporary
partition in place approximately 24 h before testing. The floor
was covered with sawdust and the animal was given unlim-
ited access to food and water. The next day, the same mouse
was exposed to both the familiar and novel environments af-
ter the temporary partition was removed without the ani-
mal being removed from the box. The subject was then ob-
served under red light for 10 min. Parameters recorded were
the number of units entered to the novel side and the time
spent in the novel side.

Drug administration

Zaprinast and rolipram were purchased from Sigma Chemical
Company (Sigma, St. Louis, MO) and were dissolved in saline
supplemented with small amounts of DMSO. All drugs were
freshly prepared and administered in a volume of 0.1 ml per
10 g body weight. The control groups received the same vol-
ume of vehicle. Zaprinast (3 and 10 mg/kg), rolipram (0.05 and
0.1 mg/kg), or vehicle was administered intraperitoneally (i.p.)
60 and 30 min, respectively, before the first session (acqui-
sition session, Day 1) of the mEPM (n=6) and PA tests (n=7).
Zaprinast (3 and 10 mg/kg), rolipram (0.05 and 0.1 mg/kg), or
vehicle was administered intraperitoneally (i.p.) 60 and 30 min,
respectively, before the exploratory activity test (n=6). The an-
imals were administered a single injection before the start of
the behavioral tests. The number of animals per group ranged
from 6 to 7. Different animals were used for each test. The ef-
fective dose of each drug was selected according to previous
behavioral and neurochemical studies [24].

Statistics

One-way analysis of variance (ANOVA) with a post-hoc Tukey
test was used to analyze PA and exploratory activity tests data.
To evaluate the differences among drug treatment groups dur-
ing the first and second transfer latencies in the mEPM test,
the Kruskal-Wallis non-parametric test was used, followed by
Dunn’s post-hoc test. The Wilcoxon signed rank test was used
to compare the differences between the first and the second
day latencies in the mEPM and passive avoidance tests. Data
are expressed as the mean values +SEM. P<0.05 was accept-
ed as statistically significant.

Results

Effects of zaprinast and rolipram on learning and memory
in the mEPM test

When zaprinast (3 and 10 mg/kg) and rolipram (0.05 and
0.01 mg/kg) were administered before the acquisition session
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(training; Day 1), there was no significant difference in first-
day latency (TL,) among the groups (H=7.12; p=0.12, Figure 1).
Zaprinast (10 mg/kg) and rolipram (0.1 mg/kg) significant-
ly shortened latency (TL,) on the second day compared to
the control group when the drug was administered before
the acquisition session (Kruskal-Wallis H=16.36; p<0.05 and
p<0.01, respectively) (Figure 1). In the comparison of TL, and
TL, for each drug-treated group, TL, was significantly de-
creased in the control, zaprinast 10 mg/kg and rolipram (0.05
and 0.1 mg/kg) groups (p<0.05), but this measure was not
significantly different between the zaprinast 3 mg/kg groups
(p>0.05) (Figure 1).

Effects of zaprinast and rolipram on learning and memory
in the passive avoidance test

When zaprinast (3 and 10 mg/kg) and rolipram (0.05 and 0.1
mg/kg) were administered before the acquisition session of
passive avoidance test, there was no significant difference
in first-day latency among the groups [F(4.34)=2.12, p>0.05,
Figure 2]. Rolipram (0.1 mg/kg) significantly prolonged reten-
tion latency compared to the control group and zaprinast had
a partial effect; however, this effect did not reach significance
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when the drugs were administered before the acquisition ses-
sion [F(4.34)=4.64; p<0.01 Figure 2]. In the comparison of first-
and second-day latencies for each drug-treated group, reten-
tion latency was significantly prolonged in the control, zaprinast
10 mg/kg, and rolipram (0.05 and 0.1 mg/kg) groups (p<0.05),
but this measure was not significantly different between the
zaprinast 3 mg/kg groups (p>0.05; Figure 2).

Effects of zaprinast and rolipram on exploratory activity in
the Hughes box

There was a significant difference between groups after evalu-
ating the total number of entries to the novel side [F(4.29)=4.86,
p=0.0049; Figure 3A] and total time spent in the novel side
[F(4.29)=4.25, p=0.009, Figure 3B] in the Hughes box. Both
zaprinast (10 mg/kg) and rolipram (0.1 mg/kg) significant-
ly decreased entries to the novel side compared to the con-
trol group in the Hughes box when administered before the
test (p<0.01 and p<0.05; respectively; Figure 3A). Zaprinast
(3 and 10 mg/kg) and rolipram (0.1 mg/kg) also significantly
shortened the time spent in the novel side in the Hughes box
(p<0.05; Figure 3B).
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Figure 3. Effect of zaprinast (3 and 10 mg/kg)
and rolipram (0.05 and 0.1 mg/kg)

administration on exploratory activity

in free exploratory paradigm (Hughes

Box) (n=6). Drugs were injected 60
and 30 min, respectively, prior to

testing. The data are expressed as
mean +SEM values. a: total number
of entries to novel side, b: total time
spent in the novel side. * p<0.05, **
p<0.01 compared to the control group.
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Discussion

This study revealed that the PDES5 inhibitor, zaprinast
(10 mg/kg), and the PDE4 inhibitor, rolipram (0.1 mg/kg), sig-
nificantly decreased second-day latency in the EPM test, but
only rolipram (0.1 mg/kg) significantly increased second-day
latency in the PA test compared to the control mice. Both za-
prinast (10 mg/kg) and rolipram (0.1 mg/kg) significantly de-
creased entry to new areas and time spent in new areas in
the Hughes box test.

Phosphodiesterase enzymes may be involved in the etiolo-
gy of a number of CNS diseases, including Alzheimer disease,
schizophrenia, and affective disorders, and have recently
been proposed as potential targets for therapeutic interven-
tion [25,26]. In addition, PDEs may be targeted for cognitive
enhancement, and inhibitors of PDEs have proven to be use-
ful experimental tools for exploring the mechanisms of learn-
ing and memory [1,27].

These memory enhancements may be related to the subse-
quent increases in intracellular cGMP and/or cAMP levels after
PDE inhibition, as both cGMP and cAMP are important intracel-
lular second messenger molecules that have been observed in
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consolidation processes [28]. Interestingly, selective PDE inhib-
itor treatments are involved in a sequence of molecular chang-
es that take place in the hippocampus during memory consol-
idation, as recently described by Izquierdo et al. [29]. Possible
underlying mechanisms for memory enhancement after PDE
inhibition are closely related to electrophysiological theories of
learning and memory. Thus, the cAMP/PKA/CREB pathway and
the cGMP/PKG/CREB pathway are key candidates for providing
a biochemical substrate of long-term memory enhancement.
The activation of both pathways may lead to CREB phosphor-
ylation and, consequently, de novo protein synthesis.

There is ample evidence that cGMP and cAMP are differen-
tially involved in memory consolidation processes [1]. Several
studies have observed the memory-enhancing effects of PDE5-
Is when injected before or immediately after training [30,31].
Initially, cGMP was thought to act mainly presynaptically in the
early phase of long-term potentiation via the NO/sGC/ cGMP
pathway when affected by PDE5-Is. Alternatively, the cGMP/
PKG pathway has been repeatedly proposed as the underlying
mechanism of early memory consolidation [32,33]. Presently,
it is unclear which pathway underlies the memory-enhancing
effects of selective PDE5 inhibition. Studies are underway to
locate the PDE5 enzyme at the subcellular level. The data for
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PDE4 inhibitors are assumed to be related to elevated cAMP
levels [34]. cAMP is involved in late-phase long-term potentia-
tion via the cAMP/PKA/CREB pathway [35,36]. Furthermore, it
has been suggested that late consolidation processes are par-
ticularly affected by cAMP 3 h after acquisition [37].

The prototypical PDE4 inhibitor most widely used in cogni-
tion studies is rolipram. It possesses good brain penetration
and a half-life of 1-3 h [38], and in vitro studies have shown
that cAMP levels are increased in hippocampal slices treated
with rolipram [39]. Studies have shown that rolipram produc-
es memory-enhancing effects in a number of models and has
antidepressant-like activity in both preclinical [40] and clini-
cal models [41]. In 1997, it was first described that PDE5 inhi-
bition improves memory processes [14]. Zaprinast was used
to inhibit PDE5, and when given immediately after training at
a dose of 10 mg/kg (i.p.), zaprinast improved the LTM perfor-
mance of rats in an object recognition task [14]. However, za-
prinast also inhibits PDE1, 9, 10, and 11.

The memory-improving effects of PDE5 inhibitors may also,
or alternatively, be related to increased blood flow and, con-
sequently, increased glucose metabolism, because PDE5 in-
hibitors are known to cause vasodilatation, most likely via
cGMP [42,43]. A decrease in blood flow generally results in a
decrease in blood pressure. It was observed that a 10 mg/kg
dose of zaprinast administration (i.p.) slightly increased the
mean arterial blood pressure in conscious rats from 1 to 4
h, after which recovery occurred [16]. This increase had been
observed before, and the mechanism by which zaprinast ele-
vates mean arterial blood pressure is not clear [42]. However,
a depressor response after systemic administration of zapri-
nast has been observed at doses above 10 mg/kg [42,43]. It
has been demonstrated that 10 mg/kg zaprinast (i.p.) clearly
improves the early consolidation of object information [16].
Because the same dose of zaprinast did not affect mean ar-
terial blood pressure, it is unlikely that effects on peripheral
blood pressure after zaprinast treatment contributed to mem-
ory improvement.

The mEPM test is a simple method that evaluates spatial
memory. Shortened transfer latency in the second trial is used
as a parameter to measure the retention or consolidation of
memory, and drug treatment prior to the first day may be uti-
lized to determine the effects on memory acquisition [44]. In
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our study, drugs were administered before the first session
to evaluate the effects on memory acquisition. In addition,
drugs can be administered just after the first session to eval-
uate the effects on memory consolidation and/or just before
the second session to evaluate the effects on memory reten-
tion. The evaluation of the effects of the drug in the first trial
may be confounded by nonspecific effects, such as effects on
anxiety, locomotion, and motility [45]. Both zaprinast and ro-
lipram increased second-day latency in the EPM test, support-
ing their spatial memory enhancing effects in the EPM test.

Passive avoidance is an adaptive response to a stressful ex-
perience, which serves as a measure of learning and memory
[17]. In our study, drugs were injected just before an electri-
cal shock so that we could study the drugs’ effects on mem-
ory acquisition and retrieval. Administering the drug just be-
fore the electrical shock can cause nonspecific effects (e.g.,
analgesic effect, pain perception, and motility). Only rolipram
significantly increased second-day latency in the PA test, and
zaprinast had no significant effect. Higher doses of zaprinast
should be investigated in further studies. In our study, both za-
prinast and rolipram exerted dose-dependent effects of both
drugs on memory, correlating with previous findings [46,47].

In the free exploratory test (Hughes box), mice that spend
more time in the novel side are considered less anxious. The
effect of NO on anxiety remains controversial. In some stud-
ies, NOS inhibitors displayed anxiolytic effects [48], where-
as NO donors had anxiogenic effects [49]. In our study, both
zaprinast and rolipram decreased exploratory activity in the
Hughes box test, a result that indicated an anxiogenic effect.

Conclusions

The present study demonstrates that both the PDE 5 inhibitor
zaprinast and the PDE 4 inhibitor rolipram enhanced spatial
memory in the EPM test, and rolipram enhanced emotional
memory in the PA test compared to zaprinast. Both zaprinast
and rolipram diminished exploratory activity in the Hughes
box test, which can be attributed to their anxiogenic effects.
Our results confirm that the effects of zaprinast and rolipram
on learning and memory seem to be test-dependent, and fu-
ture studies using different PDE inhibitors with different cog-
nition methods should be performed to verify our findings.
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