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ABSTRACT: The role of phosphodiesterase (PDE) inhibitors in central nervous system has been investigated and shown to stimulate neuronal functions

and increase neurogenesis in Alzheimer patients. The aim of this study is to investigate effect of PDES5 inhibitor zaprinast and PDE4 inhibitor rolipram on

visual memory in novel object recognition (NOR) test, on olfactory memory in social transmission of food preference (STEFP) test, and also on locomotion

and anxiety in open field test in naive mice. Male Balb-c mice were treated intraperitoneally (i.p.) with zaprinast (3 and 10 mg/kg), rolipram (0.05 and

0.1 mg/kg), or physiological saline. Zaprinast (10 mg/kg) significantly increased cued/non-cued food eaten compared to control group, while rolipram had

a partial effect on retention trial of STFP test. Zaprinast (10 mg/kg) and rolipram (0.05 and 0.1 mg/kg) significantly increased ratio index (RI) compared

to control group in retention trial of NOR test. There was no significant effect of zaprinast and rolipram on total distance moved, speed, and center zone

duration in open field test. Results of this study revealed that both zaprinast and rolipram enhanced visual memory in NOR test, however zaprinast exerted

a significant memory-enhancing effect compared to rolipram in STFP test in mice.
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Introduction
Accumulating evidence indicates that the inhibition of phos-
phodiesterase (PDE) activity may consist of a particularly
interesting mechanism for memory enhancement.? This is
related to the substrates of PDEs: cyclic adenosine monophos-
phate (c(AMP) and cyclic guanosine monophosphate (cGMP).
Both cyclic nucleotides play an important role in intracellular
signaling®>* and in processes of neuroplasticity, such as long-
term potentiation (LTP). Inhibitors of PDEs are expected to
increase cAMP and/or cGMP levels in neurons and hence
might improve memory.

The underlying mechanism for PDE4 inhibitors for their

cognitive-enhancing effects may involve modulation of activity

within the cAMP/protein kinase A (PKA)/cAMP response
element-binding (CREB) protein pathway. The prototypical
PDE4 inhibitor most widely used in cognition studies is rolip-
ram. It possesses significant brain penetration and has a half-
life of one to three hours.’ In vitro studies showed that cAMP
levels increased in hippocampal slices treated with rolipram.®
Rolipram attenuated deficits in spatial and non-spatial short-
term memory and working memory in several behavioral
tasks.” Rolipram reversed the disruption in reference memory
and/or working memory by the glutamate antagonist MK-801
in a radial-arm maze and reversed the effects of MK-801 in
a passive avoidance task.® Rolipram or HT0712 treatment of
mice 20 minutes before training in the object recognition task
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improved retention performance 24 hours later.” Similarly, the
retention performance 24 hours after contextual fear learning
was improved in mice treated with rolipram 30 minutes before
training.!® PDE4 inhibition can reverse memory perfor-
mance in different mouse disease models,!! providing strong
support that this treatment approach may be effective in
Alzheimer’s disease.

In 1997, PDES inhibition was first described to improve
memory processes.!2 PDES5 inhibitors (PDES5-I) such as silde-
nafil and vardenafil have not only been shown to be effective
in the treatment of erectile dysfunction but are also candidate
drugs for cognition enhancement. For instance, the specific
PDES5-Is sildenafil and vardenafil have been shown to improve
object recognition memory when injected immediately fol-
lowing the first trial.!13 PDE5-Is are assumed to improve early
processes of memory consolidation via either a presynaptic or
postsynaptic mechanism. The presynaptic mechanism acts
through the nitric oxide (NO)-cGMP signaling pathway
and the postsynaptic mechanism through the cGMP/protein
kinase G (PKG)/CREB protein signaling pathway.!

Zaprinast was used to inhibit PDE5 and improved the
Long-tem memory (LTM) performance of rats in the object
recognition task when given immediately after training at a
dose of 10 mg/kg (intraperitoneally, i.p.).!? Zaprinast also inhib-
its PDE1, 9, 10, and 11. Previous studies also showed that
zaprinast reversed the object memory deficits induced by the
NOS inhibitor 7-nitroindazole in rats in the object recogni-
tion task.!? However, zaprinast was unable to reverse memory
deficits in aged rats in this task.” Animal studies indicate
that PDES5 inhibitors have the potential to improve early con-
solidation processes of long-term memory, though this may
exclude spatial information. This memory improvement is
speculatively mediated by elevations in central cGMP levels.

As a result of our literature search, we found no study
investigating the effects of zaprinast and rolipram on memory
in the novel object recognition (NOR) test and social trans-
mission of food preference (STFP) test. The aim of this study
is to investigate the effect of PDES inhibitor zaprinast and
PDE4 inhibitor rolipram on hippocampal-dependent visual
memory in the NOR, on hippocampal-dependent olfactory
memory in the STFP, and also on locomotion and anxiety in
the open-field test in naive mice.

Methods

Animals. A total of 90 male inbred BALB/c ByJ mice
(MAM TUBITAK, Gebze, Kocaeli, Turkey) aged seven weeks
upon arrival to the laboratory were used in this study. Animals
(four to five per cage) were kept in the laboratory at 21 £1.5°C
with 60% relative humidity under a 12-h light/dark cycle (light
on at 8.00 p.m.) for two weeks before experimentation. All
animals received food and water ad libitum. All procedures
described in this paper were conducted in accordance with the
European Community Council directive for the ethical treat-
ment of animals (86/609/EEC) and with the ethical approval

of the Kocaeli University Ethics Committee (number: AEK
9/4-2010, Kocaeli, Turkey).

STFP test. Hippocampus-dependent non-spatial olfac-
tory memory'"® was studied using the STFP task. In this test,
mice are required to remember the scent of food smelled on
the muzzle of a demonstrator mouse 24 hours earlier. When
offered a choice of the flavored food eaten by the demonstrator
mouse (cued food), or another novel-flavored food, mice with
normal olfactory memory will eat a greater proportion of the
familiar cued food than of the novel food.

The experiment was conducted in three phases: (i) habit-
uation to flavored food, (ii) interaction between “demonstra-
tor” and “observer” mice, and (iii) test of the food preference in
the “observer” mice.!®> Mice were housed at a ratio of three to
four observer mice to one demonstrator. In the habituation
phase, a demonstrator mouse was chosen from each cage.
Demonstrators were housed singly in a cage separate from the
colony for three hours with free access to water but not food.
At the end of three hours, each demonstrator was allowed
to eat powdered ground chow scented with either cinnamon
(1%, w/w) or cocoa (2%, w/w)."> Half of the demonstrators
received cocoa-flavored food, and the other half received
cinnamon-flavored food. The demonstrators were allowed to
eat the flavored food for two hours. The pellets were weighed
before and after presentation to the demonstrators. The crite-
rion for inclusion in the experiment was consumption of 0.2 g.
All demonstrator mice tested met this criterion. Each demon-
strator was then placed back with its observer cagemates for
30 minutes.’> Observers interacted with the demonstrator
including sniffing the scent around the muzzle and on the
breath of the demonstrator mouse.’> After the interaction
period, the demonstrator mouse was removed from the inter-
action cage and returned to its individual cage.

In the final phase of the experiment, the food preference
of the observer mice was tested 24 hours after the end of the
interaction with the demonstrator. Five hours before the pref-
erence test, observer mice were caged individually with free
access to water and food, in the same room where the interac-
tion was performed. Three hours before the preference test,
the food was removed from the observer’s cage. The two-hour
preference test consisted of presenting each observer with a
pair of weighed food pellets in the individual cage. One pellet
contained the flavor of food eaten by the demonstrator (cued);
the other contained the novel flavor of the pair (novel). Thus,
half of the observers were tested with the cinnamon-flavored
cued food eaten by their demonstrator versus the novel cocoa-
flavored food and the other half were tested with the cocoa-
flavored cued food eaten by their demonstrator versus the
novel cinnamon-flavored food.’> After two hours, both food
pellets were removed and weighed to quantify the food prefer-
ence of the observer mice.

The ratio of the weight of the cued food eaten and the
total weight of food eaten was used as a measure of food

preference.'
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NOR test. The protocol according to Ennaceur and

Delacour!®

was adjusted. The apparatus consisted of a circu-
lar open field 40 cm in diameter and 30 cm in height made
of PVC with a black and white-striped cardboard pattern
(30 x 20 cm) nailed on one of the walls. The floor was divided
into six peripheral sections and one central section of the
same dimension. The apparatus was placed in a sound-isolated
room.? A light bulb provided a constant illumination of about
100 lux above the central section.

The NOR task procedure consisted of three trials: habitua-
tion, training, and retention trials. Each mouse was individually
habituated to the apparatus, with five minutes of exploration in
the absence of objects (habituation trial).1® A mouse was always
placed at the center section of the apparatus. In all, 30 minutes
after the habituation trial, the mouse was placed in the appa-
ratus for the first trial (T'1) and two identical objects (moon or
butterfly) were placed in a symmetrical position 10 cm above
the side wall.'® A mouse could not displace the objects (they
were sticked to the wall of the open field by patafix). The order
of objects used per subject per trial was determined randomly.
All combinations and locations of objects were used in a bal-
anced manner to reduce potential biases because of preferences
for particular locations or objects. A mouse was then placed
in the central section of the box and the total time spent in
exploring the two objects was recorded for five minutes by
the experimenter. To avoid the presence of olfactory trails, the
apparatus after each trial was thoroughly cleaned. Exploration
of an object was defined as directing the nose to the object at
a distance of maximum 1 cm and/or touching it with the nose.
After the first exploration period, the mouse was put back in
its home cage. Subsequently, after a predetermined retention
interval (intertrial interval of one hour), the mouse was again
placed in the apparatus for the second trial (T2, choice phase),
but now with two dissimilar objects, a familiar one (the refer-
ence) and a new one.'® The object not used in the acquisition
trial was used as the novel object in the recognition trial. The
animals were then allowed to explore freely for five minutes,
and the time spent exploring each object was recorded. If rec-
ognition memory was intact, the mice were expected to spend
more time exploring the novel object.!

A ratio index (RI) was calculated as the time spent
exploring the new object (V) divided by the total time explor-
ing the objects (V + R) multiplied by 100. Higher RI is con-
sidered to reflect greater memory retention.'

Open field test. Treatment effects on animal locomotor
activity were measured using the open field test. This test is also
used to examine anxiety-like behaviors and is used to evalu-
ate anxiolytic treatment.!” This experiment was performed as
previously described.’® Briefly, the testing apparatus consisted
of a wooden box (33 cm X 33 cm X 30 cm) with an indirect red
light. An animal was placed in the center of test box, and total
distance moved throughout the area, speed of animals, and
time spent in center zone were recorded using EthoVision XT
(Noldus) for five minutes.

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/10 g body weight. The
control groups received the same volume of vehicle. Zapri-
nast (3 and 10 mg/kg) and rolipram (0.05 and 0.1 mg/kg) or
vehicle were administered i.p. 60 and 30 minutes, respectively,
before the retention sessions of NOR and STFP tests and
before the open field test. Six animals were in each group. The
effective dose of each drug was selected according to previous
behavioral and neurochemical studies.!

Statistics. A one-way analysis of variance (ANOVA) post
hoc Tukey’s test was used to analyze the RI of the animals in
the NOR test: total distance moved, speed, and time spent in
the center zone in the open field test. The Kruskal-Wallis post
hoc Dunn’s test was used to analyze the cued food/total food%
eaten and total food consumption in the STFP test. The data
are expressed as mean £ SEM values. Statistical significance
was set at P << 0.05.

Results

Effects of zaprinast and rolipram on olfactory memory
in the STFP test. When zaprinast (3 and 10 mg/kg) and
rolipram (0.05 and 0.1 mg/kg) were administered before the
retention session of STFP test, there was a significant differ-
ence among the groups when the percentage of cued food per
total food eaten was evaluated (H = 10.38, P= 0.03; Fig. 1a).
Zaprinast (10 mg/kg) significantly increased percentage of
cued food per total food eaten compared to the control group
(P < 0.05; Fig. 1a), whereas rolipram had no significant effect.
When the total food consumption in the STFP test was eval-
uated, there was no significant effect of drugs compared to
control group (H =3.28, P=0.51; Fig. 1b).

Effects of zaprinast and rolipram on visual memory
in the NOR test. When zaprinast (3 and 10 mg/kg) and
rolipram (0.05 and 0.01 mg/kg) were administered before
the retention session of NOR test, there was a significant
difference among the groups when the RI was evaluated
[F(4, 29) = 5.94, P=0.0017; Fig. 2]. Zaprinast (10 mg/kg)
(P < 0.001) and rolipram (0.05 and 0.1 mg/kg) (P < 0.05)
significantly increased the RI compared to the control
group (Fig. 2).

Effects of zaprinast and rolipram on locomotion and
anxiety in the open field test. There was no significant dif-
ference between zaprinast (3 and 10 mg/kg), rolipram (0.05
and 0.01 mg/kg), and control groups about the total distance
moved [F(4, 29) = 0.90; P > 0.05], speed [F(4, 29) = 0.70;
P> 0.05], and center zone duration [F(4,29) =0.73; P> 0.05]
in the open field test evaluation (Fig. 3).

Discussion
This study revealed that both PDES5 inhibitor zaprinast
(10 mg/kg) and PDE4 inhibitor rolipram (0.05 and 0.1 mg/kg)
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Figure 1. Effect of zaprinast (3 and 10 mg/kg) and rolipram (0.05 and 0.1 mg/kg) (n = 6) on (A) percentage of cued per non-cued food eaten and (B) total
food consumption (in which zaprinast and rolipram were administered 60 and 30 minutes, respectively, before the retention trial) in the STFP test in mice.

The data are expressed as the mean + SEM values of animals.
Note: *P < 0.05 compared to control group.

increased the RI in the NOR test. Concerning the STFP test,
zaprinast (10 mg/kg) enhanced percentage of cued/non-cued
food eaten, while rolipram had a partial effect, although it did
not reach a significant level. Both zaprinast and rolipram had
no significant effect on total food consumption in the STFP
test. Both drugs had no significant effect on total distance
moved, speed and center zone duration in the open field test.
PDE enzymes may be involved in the etiology of a number
of CNS diseases, including Alzheimer’s disease, schizophre-
nia, and affective disorders, and have recently been proposed
as potential targets for therapeutic intervention.??! In addi-
tion, PDEs may be targeted for the cognitive enhancement,
and inhibitors of PDEs have proven to be useful experimental

tools in exploring mechanisms of learning and memory.?2
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Figure 2. Effect of zaprinast (3 and 10 mg/kg) and rolipram (0.05 and

0.1 mg/kg) on RI (n = 6) (in which zaprinast and rolipram were
administered 60 and 30 minutes, respectively, before the retention trial) in
the NOR test in mice. The data are expressed as the mean + SEM values
of animals.

Notes: *P < 0.05, **P < 0.001 compared to control group.

Selective PDE inhibitors of at least five types and inhibitors of
PDE2,%* PDE4,%>* PDE5,% and PDE9?¢ have all been shown
to enhance memory in different behavioral paradigms and in
different species.!’

These memory enhancements may be related to the sub-
sequent increases in intracellular cGMP and/or cAMP levels
after PDE inhibition, particularly, as both cGMP and cAMP
are important intracellular second messenger molecules that
have been observed in consolidation processes.?” Interest-
ingly, selective PDE inhibitor treatments are in line with the
sequence of molecular changes taking place in the hippocam-
pus during memory consolidation, as recently described by
Izquierdo et al.?8 Possible underlying mechanisms of action
for memory enhancement after PDE inhibition are closely
related to electrophysiological theories of learning and mem-
ory. Thus, the cAMP/PKA/CREB pathway as well as the
cGMP/PKG/CREB pathway are key candidates in providing
the biochemical substrate of long-term memory effects. The
activation of both pathways may lead to CREB phosphoryla-
tion and, consequently, de novo protein synthesis.

The involvement of cAMP- and cGMP-mediated signal-
ing in learning and memory is well known, and both have
been posited to be involved in hippocampal LTP formation.?’
More recently, it has been suggested that hippocampal cGMP
can enhance postsynaptic cAMP and PKA® or regulate LTP
via presynaptic cGMP and PKG.3!

Ample evidence supports a role for the cAMP/PKA/
CREB pathway in learning and memory processes.>> PDE4
inhibitors specifically inhibit cAMP, and the underlying
mechanism for their cognitive-enhancing effects may involve
modulation of activity within the cAMP/PKA/CREB path-
way.® The prototypical PDE4 inhibitor most widely used in
cognition studies is rolipram. It possesses significant brain
penetration and has a half-life of one to three hours.’ In vitro
studies showed that cAMP levels increased in hippocampal
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Figure 3. Effect of zaprinast (3 and 10 mg/kg) and rolipram (0.05 and 0.1 mg/kg) (n = 6) administration on locomotion and anxiety in the open field test.
Drugs were injected 60 and 30 minutes, respectively, before testing. The data are expressed as the mean £ SEM values. (A) Total distance moved,

(B) speed, and (C) center zone duration in the open field test.

slices treated with rolipram.® Studies have shown that rolipram
produces memory-enhancing effects in a number of models
and has antidepressant-like activity in both preclinical®* and
clinical models.?® In 1997, it was first described that PDES5
inhibition improves memory processes.!? Zaprinast was used
to inhibit PDES5 and when given immediately after training at
a dose of 10 mg/kg (i.p.), improved the LTM performance of
rats in the object recognition task.!>? However, zaprinast also
inhibits PDE1, 9, 10, and 11.

The memory-improving effects of PDES inhibitors may
also, or alternatively, be related to an increased blood flow
and, consequently, increased glucose metabolism, as PDE5
inhibitors are known to result in vasodilatation, most likely
via cGMP.3%37 A decrease in blood flow generally results in
a decrease in blood pressure. It was observed that a dose of
10 mg/kg zaprinast administration (i.p.) slightly increased
the mean arterial blood pressure in conscious rats from one to
four hours, after which recovery occurred.!? This had been
observed before, and the mechanism by which zaprinast
elevates mean arterial blood pressure is not clear.’® Yet, a
depressor response after systemic administration of zaprinast
has been observed at doses above 10 mg/kg.3¢37 As the doses
of zaprinast we used in our study have no effect on mean arte-

3637 it is unlikely that effects on periph-

rial blood pressure,
eral blood pressure after zaprinast treatment contributed to its

memory improvement.

The NOR test for rodents was formulated by Ennaceur
and Delacour!® to measure the spontaneous exploratory activ-
ity toward a novel object and a familiar object. This test does
not involve rule learning or reinforcement and is thought to
evaluate working and visual memory. This test has many useful
applications to study the neurobiological mechanisms of learn-
ing and memory. In the NOR test, the failure to discriminate
between familiar and novel objects can be related to either
impaired memory of the object or the inability to use spatial
information. Occasionally, the effect might be unrelated to an
amnesic action, as mice display an inhibition of locomotion.
However, such an explanation does not apply to zaprinast and
rolipram at the doses used because they do not affect locomo-
tion and anxiety in the open field test in our study. Therefore,
the performance observed at the NOR test can be attributed to
memory-enhancing effects in the NOR test.

Hall® originally described the open field test for the
study of rat emotion. The procedure consists of placing an
animal in an unknown environment from which escape is
prevented by the surrounding walls.*® The open field test is a
very common procedure used in animal psychology.!® Rodents
naturally prefer periphery of the apparatus to the middle area
of the open field. Treatments that increase time spent in cen-
tral area without impairment of locomotion are deemed anx-
iolytic like, whereas treatments that decrease these variables
produce anxiogenic effects.
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There are controversial results for the effects of NO on
anxiety. In the following studies, NOS inhibitors were known
to possess anxiolytic effects,*® whereas NO donors had anx-
iogenic effects.*? Because inhibition of PDE had an opposite
action compared to NOS inhibitors, they increase the forma-
tion of NO and can be expected to exert anxiogenic effects. In
our study, both zaprinast and rolipram did not change center
zone duration conferring no significant effect on anxiety.

STFP is a hippocampal-dependent olfactory memory

test.!

In Figure 1a, we found statistically significant difter-
ence for 10 mg/kg zaprinast, showing that zaprinast at this
dose increased percentage of cued food per non-cued food
eaten ie enhancement of olfactory memory. Figure 1b reflects
total food consumption, and zaprinast at this dose failed to
affect this parameter ie zaprinast had no nonspecific effects
on olfactory memory; it affected only cued food consumption.
In this study, in the hippocampal-dependent NOR test, both
zaprinast and rolipram enhanced visual memory; only zapri-
nast, at the higher dose, increased olfactory memory in the
STFP test, and rolipram had a partial effect. Different expla-
nations of this discrepancy can be proposed. Olfactory learn-
ing has no spatial components, as in the NOR test. However,
it could be that distinct brain processes underlie spatial visual
and olfactory memory formation.

'There are also findings claiming that NO does not affect
the retrieval of olfactory memory in adult sheep*? and that
NO release is involved in the acquisition phase in an olfactory
recognition test but does not affect post-acquisition recall.*?

In conclusion, the present study demonstrates that both
the PDES inhibitor zaprinast and the PDE4 inhibitor rolip-
ram enhanced visual memory in the NOR test, whereas only
zaprinast significantly enhanced olfactory memory in the
STFP test. Both zaprinast and rolipram had no significant
effect on locomotion and anxiety in the open field test. Future
studies using different PDE inhibitors with different cogni-
tion methods can be performed to support our findings.
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