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Introduction
Memory is a complex cognitive process by which the brain 
stores and retrieves information (Kandel et al., 2014). When dis-
cussing the concept of hippocampus-dependent episodic mem-
ory, a distinction can be made between the different subtypes of 
memory, on the one hand, and the different memory phases (or 
processes), on the other. The different subtypes of memory 
include short-term, intermediate and long-term memory (Kesner 
and Hopkins, 2006). Additionally, the different memory phases 
can be distinguished in the acquisition, the consolidation and the 
retrieval phase (McGaugh, 2000). During the acquisition phase, 
sensory information can be processed and encoded in the brain, 
while retrieval is the ability to access and retrieve this informa-
tion from memory storage. Consolidation represents transforma-
tion of memories or information from a labile state to a more 
stabilised form. Memory consolidation can be further divided in 
early and late consolidation (Izquierdo et al., 2002). It is sug-
gested that conversion from short-term memory to intermediate 

memory and from the latter to long-term memory are mediated 
by early and late consolidation, respectively (Reneerkens et al., 
2009). Importantly, each memory phase is governed by distinct 
molecular cascades (Izquierdo et al., 2006). In this respect, 
cyclic nucleotides, such as cyclic guanosine monophosphate 
(cGMP) and cyclic adenosine monophosphate (cAMP), have  
a prominent role in memory formation (Bach et al., 1999; 
Bernabeu et al., 1996; Bourtchouladze et al., 1998).

Pro-cognitive effect of upregulating  
cyclic guanosine monophosphate  
signalling during memory acquisition  
or early consolidation is mediated by  
increased AMPA receptor trafficking

Elentina K Argyrousi, Pim RA Heckman , Britt TJ van Hagen,  
Hannah Muysers, Nick P van Goethem and Jos Prickaerts

Abstract
Background: Episodic memory consists of different mnemonic phases, including acquisition and early and late consolidation. Each of these phases is 
characterised by distinct molecular processes. Although both cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) 
are implicated in the acquisition phase, early consolidation only depends on cGMP, whereas late consolidation is mediated by cAMP. Accordingly, the 
cGMP-selective phosphodiesterase 5 (PDE5) inhibitor vardenafil or the cAMP-selective PDE4 inhibitor rolipram can improve memory acquisition or 
consolidation when applied during their respective time windows.
Aims: Considering the important role of glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) during normal 
memory function, we aimed to investigate whether the differential actions of these PDE inhibitors are mediated through AMPAR dynamics.
Methods: For biochemical analysis, mice were treated with either vardenafil or rolipram and sacrificed shortly after injection. For the behavioural 
studies, mice received either of the inhibitors during the different mnemonic phases, while their spatial memory was tested using the object location 
task, and they were sacrificed 24 hours later.
Results: Administration of either vardenafil or rolipram causes rapid changes in AMPARs. Moreover, treatment with vardenafil during the acquisition 
or early consolidation of spatial memory resulted in increased surface levels of AMPARs which were still augmented 24 hours after learning. Membrane 
levels of AMPARs were not affected anymore 24 hours after learning when rolipram was administrated at either the acquisition or late consolidation 
phase.
Conclusions: These results suggest that dissociative molecular mechanisms could mediate the pro-cognitive function of different classes of PDE 
inhibitors, and in the case of vardenafil, this phenomenon could be explained by changes in AMPAR dynamics.

Keywords
Phosphodiesterase inhibitors, AMPA receptors, cyclic nucleotide pathways, vardenafil, rolipram, cAMP, cGMP

 Department of Psychiatry and Neuropsychology, School for Mental 
Health and Neuroscience, Maastricht University, Maastricht, The 
Netherlands

Corresponding author:
Jos Prickaerts, Department of Psychiatry and Neuropsychology, School 
for Mental Health and Neuroscience, Maastricht University, P.O. Box 
616, Maastricht, 6200 MD, The Netherlands. 
Email: jos.prickaerts@maastrichtuniversity.nl

885262 JOP0010.1177/0269881119885262Journal of PsychopharmacologyArgyrousi et al.
research-article2019

Original Paper

https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/jop
mailto:jos.prickaerts@maastrichtuniversity.nl


104 Journal of Psychopharmacology 34(1)

In the study of the involvement of cyclic nucleotides in mne-
monic processes, the phosphodiesterase (PDE) inhibitors are 
important assets. PDEs are the enzymes that hydrolyse cGMP 
and/or cAMP, and their inhibition can prolong the action of the 
nucleotides (Beavo, 1995). Therefore, the application of PDE 
inhibitors gained particular interest for having potential memory-
enhancing effects (Heckman et al., 2015). The PDE superfamily 
exists out of 11 subfamilies, of which the PDE4 and PDE5 sub-
families are especially highly expressed in the rodent and human 
hippocampus (Lakics et al., 2010). As a result, PDE4 and PDE5 
inhibitors are abundantly tested for their memory-enhancing 
potential (Reneerkens et al., 2009). Importantly, it was shown in 
rats that administration of the cGMP-specific PDE5 inhibitor 
vardenafil at the early consolidation time window or the cAMP-
specific PDE4 inhibitor rolipram at the late consolidation time 
window could extend short-term memory into long-term mem-
ory (Bollen et al., 2014; Izquierdo et al., 2002; Rutten et al., 
2007). The existence of these defined time windows in the action 
of the different cyclic nucleotides during memory consolidation 
was further outlined in a study in rats showing that the cogni-
tive-enhancing effect of PDE5 inhibition was apparent when 
vardenafil was administered up to 45 minutes after the learning 
trial, whereas PDE4 inhibition via rolipram was effective when 
administered between three and five-and-a-half hours after the 
learning trial of the object recognition task (ORT; Akkerman 
et al., 2016). Additionally, both vardenafil and rolipram were 
shown to enhance memory function by improving memory 
acquisition when administered before the learning trial 
(Akkerman et al., 2016).

In the hippocampus, common downstream effectors for 
cGMP and cAMP are protein kinase G (PKG) and protein kinase 
A (PKA), respectively. In turn, both PKG and PKA share the α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
(AMPAR) as common downstream effector, which represents 
one of the main types of receptors in excitatory synapses (Roche 
et al., 1996; Serulle et al., 2007). AMPARs are mainly heterote-
tramers consisting of various combinations of four subunits, des-
ignated as GluA1–4 (Collingridge et al., 2009; Dingledine et al., 
1999; Mayer and Armstrong, 2004). Despite the existence of sev-
eral subtypes, most of the AMPARs in the hippocampus are het-
eromers of GluA1/GluA2 or GluA2/GluA3 (Lu et al., 2009). 
There is a plethora of evidence showing the importance of 
GluA1/GluA2 heteromers in synaptic transmission and memory 
formation (Kessels and Malinow, 2009; Sanderson et al., 2008). 
However, it has been shown only recently that GluA2/GluA3 
receptors participate in homeostatic scaling in the absence of 
activity and are involved in hippocampal synaptic plasticity 
(Renner et al., 2017; Makino and Malinow, 2011). Accordingly, 
rapid trafficking and synaptic incorporation of AMPARs has an 
eminent role in these processes. Phosphorylation of AMPARs by 
PKG and PKA (Roche et al., 1996; Serulle et al., 2007) promotes 
trafficking of already existing AMPARs to extrasynaptic sites in 
the membrane (Oh et al., 2006) and additionally increases chan-
nel opening probability (Banke et al., 2000). Based on the model 
proposed by Soderling and his group, incorporation of AMPARs 
to extrasynaptic sites primes their delivery to synapses during 
induction of long-term potentiation (LTP; Oh et al., 2006) – the 
proposed molecular correlate of memory. Importantly, the differ-
ent AMPAR subunits also participate in a biphasic process that 
mediates plasticity-induced trafficking of receptors to synaptic 

sites. Neuronal activity involves trafficking of GluA1/GluA2 
heteromers to the synapses (Hayashi et al., 2000; Shi et al., 1999). 
Later on, these receptors are replaced by the constitutively traf-
ficking GluA2/GluA3 heteromers, maintaining long-lasting 
synaptic strengthening (Shi et al., 2001). Considering that upregu-
lation of cAMP or cGMP pathways has an essential role in pro-
moting trafficking of AMPARs to the extrasynaptic site and 
subsequently enhancing synaptic plasticity, we hypothesise that 
the pro-cognitive action of PDE inhibitors during the specific 
time windows can be explained by changes in AMPAR dynam-
ics. In order to investigate this hypothesis, we initially confirmed 
the previously observed pro-cognitive effect of vardenafil and 
rolipram when administered within specific time windows using 
the object location task (OLT) in mice. Thereafter, we examined 
whether intraperitoneal (i.p.) administration of vardenafil or 
rolipram could have an effect on AMPAR trafficking or synthesis 
in mice sacrificed shortly after drug administration or 24 hours 
after the OLT.

Methods

Animals

All experimental procedures were approved by the local ethics 
committee of Maastricht University for animal experiments and 
met governmental guidelines. In total, 138 male C57BL/6 mice 
(Charles River, Sulzfeld, Germany) aged between four and five 
months were tested. Specifically, 48 mice were used for the study 
that involved only treatment and 69 mice were used for the study 
that involved treatment and behavioural testing. All animals were 
housed individually throughout the experiment in standard green 
line Tecniplast individually ventilated cages on sawdust bedding. 
The animals were housed on a reversed 12-hour/12-hour light/
dark cycle (lights on from 19:00 to 07:00 hours) and received 
food and water ad libitum. The mice were housed and tested in 
the same room. A radio, playing softly, provided background 
music in the room 24 hours a day, also during testing, in order to 
habituate the animals to background sounds.

Drug preparation

We administered two selective PDE inhibitors: PDE5 inhibitor 
vardenafil (kindly donated by BAYER, Wuppertal, Germany) 
and PDE4 inhibitor rolipram (Sigma–Aldrich, Zwijndrecht, the 
Netherlands). Both inhibitors were previously shown to cross the 
blood–brain barrier (Akkerman et al., 2016). Both PDE inhibitors 
were dissolved in the same vehicle (98% methyl cellulose tylose 
solution (0.5%) and 2% Tween80) and were administered in a 
volume of 4 mL/kg. The drugs were given i.p. at a dose of 0.3 
mg/kg for vardenafil and 0.03 mg/kg for rolipram. Dosages, 
injection volumes and time of injection are based on extensive 
previous experience of the lab with the current drugs (Bollen 
et al., 2014; Izquierdo et al., 2002; Rutten et al., 2007). The solu-
tions were prepared freshly each testing day.

OLT

The OLT is a hippocampus-dependent spatial memory task that 
has been derived from the ORT (Ennaceur and Delacour, 1988). 
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The OLT was performed as previously described (Sierksma et al., 
2014). In short, the apparatus consisted of a circular arena, 40 cm 
in diameter and 40 cm high. The back half of the wall was made 
of white polyvinyl chloride (PVC), and the front was made of 
transparent PVC. Fluorescent red tubes and a light bulb provided 
a constant illumination of about 20 lux on the floor of the appara-
tus. We used two different sets of two identical objects, which 
were divided in a semi-random manner between animals and 
over all treatment conditions in order to avoid object preferences. 
The objects consisted of a massive metal rectangular prism 
(2.5 cm×5 cm×7.5 cm) containing two holes (diameter 1.5 cm) 
and a massive aluminium cube with a tapering top (4.5 cm×4.5 cm 
×8.5 cm). The test session comprised two trials: the learning trial 
(T1) and the test trial (T2), each lasting four minutes. Prior to the 
experimental trials, the mice were put in an empty cage for four 
minutes to increase exploratory behaviour during testing. In both 
trials, mice were placed into the arena facing the transparent wall. 
During T1, two identical objects were placed inside the apparatus 
on a horizontal line in the middle of the arena (object a1 and 
object a2). At the end of the test, the mice were returned to their 
home cage for a predetermined interval of 24 hours. After this 
interval, the mice were put back into the arena for T2 in which 
one of the two objects from T1 was moved to a different position 
on a vertical line, to the front or back of the arena (b), while the 
other object was at the same position as in T1. Between the trials, 
the objects and arena were cleaned with 70% ethanol in order to 
avoid olfactory cues. The read-out parameters of the OLT are 
similar to the ORT (Akkerman et al., 2012) and refer to the explo-
ration time for each object during T1 and T2. Exploration was 
defined in the following manner: directing the nose to the object 
at a distance of no more than 2 cm and/or touching the object 
with the nose. Sitting on the object was not considered explora-
tory behaviour. The exploration time (in seconds) of each object 
during T1 are presented as ‘a1’ and ‘a2’. The time spent exploring 
the familiar and the displaced object in T2 are represented as ‘a3’ 
and ‘b’, respectively. Using this information, the following vari-
ables were calculated: (a) the total exploration time during 
T1 (e1 (=a1+a2)), (b) the total exploration time during 
T2 (e2 (=a3+b)) and (c) the discrimination index (d2 (=b–a3/e2))]. 
The d2 index is a relative measure of discrimination corrected for 
exploratory activity and could range from −1 to 1. A significant 
difference from zero (i.e. chance level) indicates that the mice 
remembered the object locations from T1, and a difference from 
the vehicle condition signifies an actual memory improvement. 
Considering that mice require a minimum amount of exploration 
in order to show reliable memory performance (Akkerman et al., 
2012), mice exploring for less than seven seconds during T1 or 
less than 10 seconds during T2 were excluded from the analysis. 
Prior to testing, the animals were habituated to the arena, the 
objects and the injections. Specifically, the habituation of the ani-
mals lasted eight days. On days 1 and 2, mice were introduced to 
the arena for five minutes to explore the first and second sets of 
objects, respectively. On day 3, we continued with the first famil-
iarisation session in which the animals’ discrimination index was 
evaluated after a one-hour retention interval between T1 and T2. 
The rationale of this procedure was to ensure that the animals 
were able to discriminate between the statutory and the moved 
object when a short interval was introduced between trials. On 
the following days, we conducted the second (days 4 and 5) and 

the third (days 6 and 7) familiarisation session in order to estab-
lish that natural forgetting occurred when T1 and T2 were sepa-
rated by a long 24-hour interval. As has been shown before, the 
animals could still distinguish the location of the objects during 
the second familiarisation session, while the discrimination was 
omitted during the third session (Akkerman et al., 2012). On any 
of the above familiarisation days, animals were placed in an 
empty cage for four minutes before entering the arena in order to 
enhance their exploration. On the last habituation day (day 8), the 
animals were given a saline injection i.p. at the same volume as 
the experimental procedures in order to get them accustomed to 
the injection procedure. The testing procedures were commenced 
after one resting day. For the behavioural test, the mice were 
divided into three groups: the ‘acquisition group’ in which either 
vardenafil or rolipram was administrated 30 minutes before T1, 
the ‘early consolidation group’ in which the animals received the 
treatment with either of the drugs 20 minutes after T1 so as not to 
influence acquisition/encoding (Akkerman et al., 2016) and the 
‘late consolidation group’ in which drug administration was per-
formed three hours after T1. All three groups were tested in T2 
after a 24-hour inter-trial interval in order to assess the efficacy of 
the treatment in improving long-term spatial memory. The exper-
imenter was always blind to the experimental conditions.

Biotinylation assay and sample preparation

After completing the behavioural testing and following a suffi-
cient washout period of four days, the animals received a single 
injection of either vardenafil or rolipram at the abovementioned 
time points in order to mimic the conditions of the behavioural 
test. This time, the animals were sacrificed after 24 hours for bio-
chemical analysis without undergoing T2. In order to examine 
the effect of vardenafil or rolipram in AMPARs dynamics per se, 
a different cohort of mice was treated with either vardenafil or 
rolipram, and the animals were sacrificed at different time points 
(i.e. 15, 40 and 60 minutes after treatment). Animals were sacri-
ficed by means of cervical dislocation, and the brains were 
excised and both hippocampi were isolated. Coronal hippocam-
pal slices 400 µm thick were obtained using a McIlwain tissue 
chopper. The slices were transferred in ice-cold ACSF (124 mM 
NaCl, 4.4 mM KCl, 1 mM Na2HPO4, 25 mM NaHCO3, 2 mM 
CaCl, 2 mM MgSO4 and 10 mM glucose) and incubated with 1 
mM sulfo-NHS-SS-biotin (#21328; Thermo Fisher Scientific, 
Bleiswijk, The Netherlands) for 60 minutes on ice. Following 
biotin incubation, slices were washed with cold 100 mM glycine 
to remove the excess biotin and were then flash-frozen in liquid 
nitrogen. Frozen hippocampal slices were mechanically dissoci-
ated in lysis buffer (1 mM EDTA, 1 mM EGTA, 1% glycerol, 
0.1% triton and 1% IGEPAL CA-630 in phosphate-buffered 
saline (PBS)) containing protease and phosphatase inhibitors. 
Protein concentration was determined with Lowry protein assay 
(Bio-Rad Laboratories, Veenendaal, The Netherlands). For the 
membrane fractions, protein lysates (60 µg) were incubated over-
night with streptavidin-coated Dynabeads (#65601; Thermo 
Fisher Scientific) at 4°C under constant rotation. Dynabeads con-
taining surface biotinylated proteins were separated from cyto-
solic proteins by magnetic precipitation. Biotinylated proteins 
were eluted from streptavidin beads with 1× sodium dodecyl 
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sulphate (SDS) loading buffer (1 M Tris HCL, 75% glycerol, 6% 
SDS, 15%-β-mercaptoethanol and 0.025% brome phenol blue in 
milliQ) at 95°C for five minutes.

Western blotting

Surface protein fractions (60 µg) and their corresponding total 
protein samples (8 µg) were resolved in 10% SDS polyacryla-
mide gel electrophoresis and then transferred onto nitrocellulose 
membranes (Bio-Rad Laboratories). The membranes were 
blocked (50% Odyssey blocking buffer in PBS; Li-Cor, Lincoln, 
NE) for one hour at room temperature, followed by overnight 
incubation with the primary antibodies at 4°C. The primary anti-
bodies consisted of mouse anti-glutamate receptor 1 N-terminus 
(1:1000, #MAB2263; Merck Millipore, Burlington, MA), rabbit 
anti-GluA2 (1:1.000, #MAB5306S; Cell Signaling Technology, 
Danvers, MA) and mouse anti-GAPDH (1:1,000,000, 
#10R-G109A; Fitzgerald Industries, Acton, MA) as loading 
control. Membranes were subsequently incubated with second-
ary antibodies for one hour at room temperature: goat anti-rabbit 
IRDye 800 (1:10,000; Li-Cor) and donkey anti-mouse IRDye 
680 (1:10,000; Li-Cor). Membranes were visualised using the 
Odyssey Infrared Imaging System (Li-Cor), and protein bands 
were quantified using ImageJ (National Institutes of Health, 
Bethesda, MD). Raw intensity measures were normalised to 
GAPDH to control for loading differences.

Statistics

For the behavioural test, one-sample t-tests were performed to 
compare the d2 index of vardenafil or rolipram to zero (i.e. 
chance level). For both the behavioural experiments and Western 
blots, statistical differences were evaluated with one-way analy-
sis of variance (ANOVA) followed by post hoc Dunnett’s t-tests 

(GraphPad Prism; GraphPad Software, La Jolla, CA). Outliers 
were excluded based on a Dixon Q-test for outliers.

Results

Treatment with vardenafil or rolipram 
improves long-term spatial memory in mice 
when administered within specific time 
frames

Animals treated with vehicle 30 minutes before T1, to target the 
acquisition process, were not able to remember the location of 
the new object when tested after 24 hours, as their respective d2 
value did not significantly different from zero (i.e. chance level; 
Figure 1(a)). When vardenafil or rolipram were given 30 minutes 
before T1, both treatments were effective in improving the ani-
mals’ spatial memory when tested after 24 hours (Figure 1(a)). 
The d2 values of the animals treated with vardenafil or rolipram 
differed significantly from the chance level as measured with 
one-sample t-tests (vardenafil: p<0.0001; rolipram: p=0.005), 
indicating improved spatial memory. Additionally, a one-way 
ANOVA comparing the d2 value of every group showed a sig-
nificant difference between group performance (F(2, 51)=7.838; 
p=0.001). The post hoc Dunnett’s t-tests, comparing every condi-
tion to vehicle treatment, indicated that treatment with vardenafil 
(p=0.001) or rolipram (p=0.013) significantly enhanced the OLT 
performance of the mice.

Administration of vardenafil or rolipram 20 minutes after 
T1, at the early consolidation phase, resulted in improved spa-
tial memory only for the vardenafil-treated animals (p<0.001; 
Figure 1(b)). The d2 value of the animals that received either 
vehicle or rolipram did not differ from the chance level. A one-
way ANOVA revealed a significant difference between the experi-
mental groups (F(2, 51)=11.239; p<0.0001). Furthermore, a post 

Figure 1. The effect of vardenafil and rolipram treatment given intraperitoneally in the object location task (OLT) at different memory stages.
(a) OLT performance after treatment with vardenafil or rolipram 30 minutes before T1 (acquisition phase) and with a 24-hour retention interval showed that both treated 
groups are able to discriminate between the old and the new location of the object compared to zero (chance level). Additionally, treated animals exhibit improved d2 
index in comparison to that of the vehicle. N=18 for all three groups. (b) OLT performance when the treatment was given 20 minutes after T1 (early consolidation phase), 
and the animals tested after a 24-hour inter-trial interval showed that only treatment with vardenafil was able to improve the animals’ performance in comparison to 
the chance level, as well as the d2 index in comparison to that of the vehicle. N=18 for all the groups. (c) OLT performance when treatment was administered three 
hours after T1 (late consolidation phase) showed that only treatment with rolipram improved the animals’ performance in comparison to the chance level. Addition-
ally, the d2 index differs significantly from that of the vehicle-treated group. Vehicle group: N=17; vardenafil group: N=19; rolipram group: N=20. Data are shown as the 
mean±standard error of the mean (SEM). A significant difference from zero is depicted with hashes (one sample t-tests, ##p<0.01; ###p<0.001). A significant difference 
from the vehicle condition is depicted with asterisks (one-way analysis of variance (ANOVA) followed by post hoc Dunnett’s test, *p<0.05; ***p<0.001).
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hoc Dunnett’s t-test confirmed that mice treated with vardenafil 
performed significantly better than vehicle animals (p<0.0001), 
while the performance of rolipram-treated animals was not differ-
ent from vehicle. Treatment with vardenafil or rolipram three 
hours after T1, at the late consolidation phase, showed that only 
rolipram (p<0.0001) could enhance spatial memory at this time 
point, while there was no statistically significant difference 
between the d2 value for vardenafil-treated animals when com-
pared to the chance level (Figure 1(c)). A one-way ANOVA com-
paring the performance between the different treatment groups 
showed a significant treatment effect (F(2, 53)=11.285; p<0.0001). 
A post hoc Dunnett’s t-test additionally confirmed that that 
rolipram-treated animals performed significantly better in com-
parison to the vehicle condition (p=0.001), whereas no difference 
was observed for the vardenafil condition.

Administration of vardenafil or rolipram 
results in a time-dependent differential 
effect on GluA1-AMPAR dynamics

Before investigating the underlying mechanism of the temporally 
distinct action of vardenafil and rolipram, we first examined the 
effect of the compounds on GluA1-AMPAR dynamics over time. 
When the animals were sacrificed 15 minutes after drug adminis-
tration, we observed a significant treatment effect for the surface 
expression (F(2, 13)=4.918; p=0.026; Figure 2(a)) and trafficking 
of GluA1-AMPARs (F(2, 10)=12.445; p=0.002; Figure 2(c)). 
Specifically, treatment with both vardenafil (p=0.019) and rolipram 
(p=0.041) significantly increased the amount of GluA1-AMPARs 
in the membrane. In addition, treatment with both drugs upreg-
ulated trafficking of GluA1-AMPARs (vardenafil: p=0.001; 
rolipram: p=0.011). Unlike these measurements, administration 
of either drugs did not affect the total levels of GluA1-AMPARs 
(F(2, 11)=2.265; p=0.150; Figure 2(b)).

Harvesting the brains 40 minutes after treatment adminis-
tration resulted in significant treatment effects for the surface 
(F(2, 13)=4.011; p=0.044) and total levels (F(2, 12)=8.965; 
p=0.004) of GluA1-AMPARs (Figure 2(d) and (e)), whereas 
there was no significant treatment effect for the ratio membrane/
total GluA1 (F(2, 12)=0.774; p=0.483; i.e. trafficking; Figure 2(f)). 
Although both treatments upregulated the total levels of GluA1-
AMPARs (vardenafil: p=0.002; rolipram: p=0.018), only treatment 
with vardenafil resulted in increased surface levels of GluA1-
AMPARs (vardenafil: p=0.026; rolipram: p=0.124). Finally, 
sacrificing the mice 60 minutes after treatment revealed a sig-
nificant effect only for the membrane levels of GluA1-AMPARs 
(F(2, 12)=11.293; p=0.002; Figure 2(g)). Specifically, adminis-
tration of both vardenafil (p=0.001) and rolipram (p=0.003) 
promoted the surface expression of GluA1-AMPARs. On the 
contrary, there was no significant treatment effect for the total 
levels (F(2, 12)=1.6; p=0.242) or trafficking of GluA1-AMPARs 
(F(2, 13)=2.821; p=0.096; Figure 2(h) and (i)).

Effect of vardenafil or rolipram 
administration on GluA1- and GluA2-AMPAR 
dynamics at the acquisition phase

To determine the molecular basis of the pro-cognitive effect of 
vardenafil or rolipram at the acquisition phase of spatial memory, 

animals were treated with one of the drugs 30 minutes before T1, 
and their brains were collected after 24 hours. A one-way ANOVA 
showed a significant treatment effect for the surface expres-
sion (F(2, 18)=5.5; p=0.014; Figure 3(a)) and trafficking (F(2, 
18)=16.72; p<0.0001) of GluA1-AMPARs (Figure 3(c)), while 
no significant difference was detected for the total levels 
(F(2, 18)=2.232; p=0.136; Figure 3(b)). Accordingly, post hoc 
Dunnett’s t-tests indicated that only vardenafil, but not rolipram, 
led to increased surface expression (vardenafil: p=0.021; rolipram: 
p=0.991) and trafficking of GluA1-AMPARs (vardenafil: 
p<0.0001; rolipram: p=0.526). Regarding GluA2-AMPARs, a 
significant treatment effect was observed for the surface lev-
els (F(2, 18)=10.014; p<0.0001; Figure 3(d)) and the ratio 
membrane/total GluA2 (F(2, 18)=41.447; p=0.000; Figure 3(f)). 
In both cases, the post hoc Dunnett’s t-test revealed a significant 
upregulation in the membrane levels (p<0.0001) and trafficking 
of GluA2-AMPARs (p<0.0001) for the vardenafil-treated 
animals. However, no difference was observed for the rolipram-
treated animals in comparison to the vehicle conditions (membrane 
GluA2/GAPDH: p=0.994; membrane/total GluA2: p=0.371). 
Additionally, a significant treatment effect was detected for the 
total levels of GluA2-AMPARs (F(2, 18)=7.316; p=0.005; Figure 
3(e)). This effect was attributed to decreased total levels of 
GluA2-AMPARs in the vardenafil condition (p=0.002), while the 
rolipram condition did not differ from vehicle (p=0.2015). 
Finally, no treatment effect was detected for the ratio membrane 
GluA2/GluA1 (F(2, 18)=1.525; p=0.244; data not shown) and 
total GluA2/GluA1 (F(2, 18)=10.453; p=0.643; data not shown).

Effect of vardenafil or rolipram 
administration on GluA1- and GluA2-AMPAR 
dynamics at the early consolidation phase

In order to examine the cognitive-enhancing effects of vardenafil 
or rolipram administration at the early consolidation phase, mice 
received one of the drugs 20 minutes after T1, and their brains 
were excised 24 hours after T1.

At this time point, we detected a significant treatment effect 
for the membrane levels (Figure 4(a) and (d)) and trafficking 
(Figure 4(c) and (f)) for both GluA1- and GluA2-AMPARs (one-
way ANOVA; membrane GluA1/GAPDH: F(2, 21)=4.697, 
p=0.021; membrane/total GluA1: F(2, 20)=8.885, p=0.002; mem-
brane GluA2/GAPDH: F(2, 21)=14.622, p<0.0001; membrane/
total GluA2: F(2, 20)=15.187, p<0.0001). There was no signifi-
cant treatment effect for the total levels for both GluA1-and 
GluA2-AMPARs (F(2, 21)=0.255, p=0.777; F(2, 21)=1.450, 
p=0.257; Figure 4(b) and (e)). Subsequently, post hoc Dunnett’s 
t-tests showed a significant increase in the membrane levels 
(vardenafil: p=0.04; rolipram: p=0.930) and trafficking (varde-
nafil: p=0.021; rolipram: p=0.289) for the vardenafil but not 
for the rolipram condition. Similarly, a significant difference 
was detected between vehicle- and vardenafil-treated animals 
with regard to the surface expression (vardenafil: p<0.0001; 
rolipram: p=0.889) and trafficking (vardenafil: p<0.0001; 
rolipram: p=0.878) of GluA2-AMPARs, while treatment with 
rolipram did not affect these values.

Additionally, we detected a significant treatment effect for 
the ratio membrane GluA2/GluA1 (F(2, 21)=5.774; p=0.010; 
Figure 4(g)). A post hoc Dunnett’s t-test revealed a significant dif-
ference between the vehicle and vardenafil conditions (p=0.028), 
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Figure 2. Effects of vardenafil or rolipram treatment on GluA1-AMPAR dynamics at different time points.
(a)–(c) Administration of either vardenafil or rolipram resulted in an increased GluA1-AMPAR membrane/total ratio in the hippocampus of mice sacrificed 15 minutes 
after treatment, while total levels of GluA1-AMPARs remain unaffected. Additionally, increased surface expression of GluA1-AMPARs was observed for the vardenafil-treat-
ed animals in comparison to the vehicle. (a) N=4, 6, 6 for vehicle, vardenafil and rolipram, respectively; (b) N=3, 6, 5 for vehicle, vardenafil and rolipram, respectively; 
(c) N=3, 4, 6 for vehicle vardenafil and rolipram, respectively. (d)–(f) When the brains were harvested 40 minutes after drug administration, both treatments resulted 
in increased total levels of GluA1-AMPARs and a concomitant upregulation of the surface fraction of the receptors only for the vardenafil-treated animals. At this time 
point, there was no difference in the membrane/total ratio of GluA1-AMPARs between the groups. (d) and (e) N=4, 6, 6 for vehicle, vardenafil and rolipram, respectively; 
(f) N=4, 5, 6 for vehicle, vardenafil and rolipram, respectively. (g)–(i) Waiting 60 minutes before harvesting the brains resulted in upregulation of membrane levels of 
GluA1-AMPARs for both treatments, while the total levels and the membrane/total ratio did not differ from the vehicle. (g) and (h) N=3, 6, 6 for vehicle, vardenafil and 
rolipram, respectively; (i) N=4, 6, 6 for vehicle, vardenafil and rolipram, respectively. (j) Representative blots for each time point. Data are shown as the mean±SEM. A 
significant difference from the vehicle condition is depicted with asterisks (one-way ANOVA followed by post hoc Dunnett’s test, *p<0.05; **p<0.01).
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whereas no difference was observed for the rolipram condition 
(p=0.818). There was no significant treatment effect for the ratio 
total GluA2/GluA1 (F(2, 20)=1.190; p=0.325; Figure 4(h)).

Effect of vardenafil or rolipram 
administration on GluA1- and GluA2-AMPAR 
dynamics at the late consolidation phase

The cognitive-enhancing effect of vardenafil or rolipram at the 
late consolidation phase was examined in mice that received the 

treatment three hours after T1 and were sacrificed 24 hours after 
the test. A one-way ANOVA showed no difference for the surface 
(F(2, 20)=0.012; p=0.988), total levels (F(2, 21)=0.349; p=0.349) 
and trafficking (F(2, 21)=0.21; p=0.812) of GluA1-AMPARs 
(Figure 5(a)–(c)). Similarly, there was no significant treatment 
effect for the surface (F(2, 21)=0.526; p=0.597), total levels 
(F(2, 21)=3.144; p=0.064) and trafficking of GluA2-AMPARs 
(F(2, 21)=1.799; p=0.19; Figure 5(d)–(f)). Finally, no significant 
treatment effect was observed for the ratios membrane GluA2/
GluA1 (F(2, 21)=0.893; p=0.567; data not shown) and total 
GluA2/GluA1 (F(2, 21)=0.584; p=0.424; data not shown).

Figure 3. Effects of vardenafil or rolipram treatment on GluA1 and GluA2 AMPAR subunits 24 hours after T1, while the treatment was given 30 
minutes before T1.
(a)–(c) Administration of vardenafil before T1 resulted in increased surface expression of GluA1-AMPARs that was accompanied by upregulated membrane/total ratio, 
while the total levels of GluA1-AMPARs did not differ from the vehicle-treated animals. Administration of rolipram did not affect any of these values. (d)–(f) Treatment 
with vardenafil at the same time point as before increased the surface/GAPDH and membrane/total ratio of GluA2-AMPARs, while the total levels were decreased. Treat-
ment with rolipram had no effect to these values. N=7 for all the conditions. (g) Representative blots for the acquisition treatments. Data are shown as the mean±SEM. 
A significant difference from the vehicle condition is depicted with asterisks (one-way ANOVA followed by post hoc Dunnett’s test, *p<0.05; **p<0.01; ***p<0.001).



110 Journal of Psychopharmacology 34(1)

Discussion
The present study replicated previous findings showing that 
administration of PDE4 or PDE5 inhibitors within specific time 
windows of spatial memory can enhance memory performance in 
rodents (Akkerman et al., 2016; Bollen et al., 2014; Rutten et al., 
2007). More specifically, administration of the cGMP-specific 
PDE5 inhibitor vardenafil or the cAMP-specific PDE4 inhibitor 
rolipram enhanced long-term object location memory when the 
drugs were given during the acquisition phase (i.e. 30 minutes 
before T1). Despite the similar effect at the acquisition phase, a 
temporal distinction in the action of the above inhibitors was 
observed when they were given at the consolidation phase. 

Administration of vardenafil at the early (20 minutes after T1), 
but not late (three hours after T1), consolidation phase and 
rolipram at the late, but not early, consolidation phase counter-
acted natural forgetting in the OLT.

It is suggested that the time-dependent effect in the action of 
PDE inhibitors is related to the differential involvement of their 
corresponding cyclic nucleotide signalling cascade in memory 
consolidation. Intrahippocampal infusion of cAMP or cGMP ana-
logues in different behavioural paradigms resulted in similar tem-
poral dissociation in the action of cyclic nucleotides (Bernabeu 
et al., 1996; Bernabeu et al., 1997; Prickaerts et al., 2002). 
Additionally, it was shown that the cognitive-enhancing proper-
ties of PDE4 or PDE5 inhibitor administration at the specific 

Figure 4. Effects of vardenafil or rolipram treatment on GluA1 and GluA2 AMPAR subunits 24 hours after T1, while the treatment was given 20 
minutes after T1.
(a)–(c) Administration of vardenafil 20 minutes after T1 resulted in increased membrane/GAPDH and membrane/total ratio of GluA1-AMPARs, while the total levels of 
GluA1-AMPARs remained unaffected. Administration of rolipram did not affect any of these values. (a) and (b) N=8 for all the groups; (c) N=8, 8, 7 for vehicle, vardenafil 
and rolipram, respectively. (d)–(f) Similar to GluA1-AMPARs, treatment with vardenafil at the same time point upregulated both the membrane/GAPDH and membrane/
total ratio of GluA2-AMPARs without changing the total levels. Treatment with rolipram did not affect these values. (d) and (e) N=8 for all the groups; (f) N=8, 8, 7 for 
vehicle, vardenafil and rolipram, respectively. (g) and (h) Vardenafil-treated animals exhibited increase in membrane GluA2/GluA1 ratio, whereas no changes are observed 
in the total GluA2/GluA1 ratio. (g) N=8 for all the groups; (h) N=8, 7, 8 for vehicle, vardenafil and rolipram, respectively. (i) Representative blots for the early consolida-
tion treatments. Data are shown as the mean±SEM. A significant difference from the vehicle condition is depicted with asterisks (one-way ANOVA followed by post hoc 
Dunnett’s test, *p<0.05; ***p<0.001).
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mnemonic phases during consolidation could be abolished by 
intrahippocampal inhibition of PKG or PKA, the main down-
stream effectors of cyclic nucleotides (Bollen et al., 2014). In line 
with these previous observations, a temporally differential effect 
was observed in the effectiveness of vardenafil and rolipram at the 
consolidation phase, whereas both drugs are equally effective on 
memory acquisition when given before the learning trial. Although 
the underlying mechanism for this phenomenon is yet unknown, it 
is possible that the effect at acquisition is predominantly related to 
changes in cyclic nucleotide signalling in the presynaptic cell, 
while the effect during the consolidation phase is mainly induced 
postsynaptically. In this respect, it was found that presynaptic acti-
vation of cGMP or cAMP promotes the synthesis and/or release of 
neurotransmitters including glutamate (Arancio et al., 1995; 

Imanishi et al., 1997;), increasing the release probability of the 
synapses. On the other hand, administration of either vardenafil or 
rolipram at the consolidation phase probably enhances ongoing 
postsynaptic events, including synthesis of new proteins via acti-
vation of cAMP response element-binding protein (CREB). Of 
note, the relationship between presynaptic and postsynaptic 
mechanisms during acquisition and early consolidation could be 
sequential rather than discrete, since AMPAR trafficking is 
involved in both phases. This is similar to the relationship between 
late and early consolidation based on a study showing that activa-
tion of the cAMP/PKA pathway at the late consolidation phase of 
object recognition memory requires intact cGMP/PKG signalling 
at the early consolidation phase for the formation of long-term 
memories (Bollen et al., 2014).

Figure 5. Effects of vardenafil or rolipram treatment on GluA1 and GluA2 AMPAR subunits 24 hours after T1, while the treatment was given three 
hours after T1.
(a)–(c) Administration of vardenafil or rolipram three hours after T1 did not affect the surface levels, total levels and the membrane/total ratio of GluA1-AMPARs. (a) 
N=7, 8, 8 for vehicle, vardenafil and rolipram, respectively. (b) and (c) N=8 for all the groups. (d)–(f) Treatment with vardenafil or rolipram at the same time point did 
not change GluA2-AMPARs dynamics. N=8 for all the groups. (g) Representative blots for the late consolidation treatments. Data are shown as the mean±SEM.
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Due to the apparent relationship between GluA1-AMPARs 
and cyclic nucleotide signalling, we sought to determine whether 
upregulation of cAMP/PKA or cGMP/PKG signalling via 
rolipram of vardenafil, respectively, could affect GluA1-AMPAR 
dynamics. Interestingly, administration of either vardenafil or 
rolipram had a distinguished effect on AMPARs over time. More 
specifically, 15 minutes after treatment with either of the drugs, 
there was an increase in surface expression of GluA1-AMPARs 
that was also depicted in increased trafficking; 40 minutes after 
treatment, the total levels of GluA1-AMPARs were upregulated, 
resulting in increased surface expression for the vardenafil-treated 
mice; and 60 min after treatment, there was an increase in the 
surface expression of GluA1-AMPARs for both treatments. The 
above findings suggest that there is a ‘wave’ in the trafficking syn-
thesis of GluA1-AMPARs. The initial upregulation in trafficking 
and surface expression of GluA1-AMPARs could be the result of 
increased mobilisation of receptors that reside in synaptic 
endosomes (Park et al., 2004). Later on, the observed increased 
synthesis of GluA1-AMPARs for both vardenafil- and rolipram-
treated animals could be mediated via CREB-dependent tran-
scription or via translation of local pools of GluA1 mRNAs. 
Several studies have shown that CREB is the convergent point 
between cAMP/PKA and cGMP/PKG signalling, and an increase 
in CREB phosphorylation is a critical step in the commencement 
of protein transcription (Lu and Hawkins, 2002; Navakkode et al., 
2004). Additionally, there are several lines of research indicating 
that mRNA of AMPARs subunits can be found in hippocampal 
dendrites (Grooms et al., 2006; Miyashiro et al., 1994; Steward 
and Schuman, 2001), where it is locally translated and subse-
quently incorporated into or close to the synapse (Ju et al., 2004; 
Sutton et al., 2006). This observation was confirmed further by a 
study showing that local translation of GluA1- and GluA2-
containing AMPARs could be triggered be pharmacological 
manipulations that could elicit LTP, like activation of metabo-
tropic glutamate receptors (mGluRs) or application of high levels 
of potassium (Ju et al., 2004). Finally, 60 minutes after upregula-
tion of cAMP/PKA or cGMP/PKG cascades, a significant increase 
in surface expression of GluA1-AMPARs was observed. 
Considering the previously observed increase in the total levels of 
GluA1-AMPARs at 40 minutes, this indicates that the synthesis of 
new receptors started mitigating, and more receptors, most likely 
newly synthetised, are inserted into the membrane. In addition to 
the time-dependent effect of PDE4 and PDE5 inhibition on 
GluA1-AMPAR dynamics, our study demonstrates that increased 
surface expression and trafficking of GluA1- and GluA2-
AMPARs could explain the pro-cognitive effect of vardenafil 
when administrated either at the acquisition or at the early con-
solidation phase, but not at the late consolidation phase, of spatial 
memory. The ratio of surface GluA2/GluA1 receptors did not dif-
fer when vardenafil treatment was given during the acquisition 
phase. However, there was a significant increase in GluA2-
AMPARs in comparison to GluA1-AMPARs when vardenafil 
was administered at the early consolidation phase. These findings 
indicate that different types of receptors are upregulated when the 
cGMP/PKG pathway is stimulated at different phases of the mne-
monic process. Considering that GluA1/GluA2 and GluA2/
GluA3 heteromers are the prevailing types of AMPARs in pyram-
idal hippocampal neurons (Lu et al., 2009), we could hypothesise 
that at the acquisition phase, there is mainly an increase in surface 
expression of GluA1/GluA2 heterotetramers, while at the early 
consolidation phase, there is possibly an additional increase in 

GluA2/GluA3 heterotetramers. Nevertheless, we cannot be con-
clusive about whether the receptors are incorporated at the syn-
apse or they still reside at extrasynaptic sites. Unlike vardenafil, 
administration of rolipram during the two mnemonic phases 
(i.e. acquisition and late consolidation), in which it exerts pro-
cognitive function, did not affect total levels or trafficking of 
AMPARs. The distinguished function between vardenafil and 
rolipram should be related to their downstream effectors, which, 
in turn, impact on AMPAR trafficking. Although both inhibitors 
increased surface expression of GluA1-AMPARs 60 minutes 
after their administration, this effect was still apparent after 24 
hours only for vardenafil. This finding was particularly surpris-
ing for rolipram, since several studies showed that activation of 
cAMP/PKA pathway promotes trafficking of AMPARs (Shi 
et al., 1999; Banke et al., 2000; Lee et al., 2003; Makino et al., 
2011; Esteban et al., 2003). Importantly, the majority of these 
studies have been conducted in in vitro or ex vivo systems, and 
trafficking of AMPARs has been monitored for only a few 
hours after plasticity-inducing pharmacological treatments 
(Esteban et al., 2003; Shi et al., 1999). In our study the effect of 
treatment in AMPAR dynamics was examined 24 hours after 
the mnemonic test. Thereafter, despite the initial effect of 
rolipram on AMPARs trafficking, another mechanism seems to 
be responsible for its long-term cognitive-enhancing properties. 
Upregulation of the cAMP pathway via the PDE4 inhibitor 
rolipram could also result in activation of the exchange protein 
activated by cAMP (Epac; Grandoch et al., 2010). Epacs have a 
multifactorial role in plasticity, enhancing release of neuro-
transmitter and facilitating both LTP and long-term depression 
(Gekel and Neher, 2008; Gelinas et al., 2008; Ster et al., 2009). 
Interestingly, in cell cultures of rat cortical neurons, activation 
of Epac2 induced spine shrinkage by promoting endocytosis of 
GluA2/GluA3 AMPARs (Woolfrey et al., 2009). Considering 
this finding, it is possible that activation of the cAMP pathway 
via rolipram leads to activation of several intracellular path-
ways that promote the initial trafficking of AMPARs to the syn-
apse and, later on, their endocytosis into the cell. In turn, other 
receptors than AMPARs could be inserted into the synapse, 
maintaining the increased synaptic size.

In conclusion, our study showed that upregulation of the 
cGMP/PKG or cAMP/PKA signalling cascades via the PDE5-
specific inhibitor vardenafil and the PDE4-specific inhibitor 
rolipram causes immediate and versatile changes in GluA1-
AMPAR dynamics. Additionally, administration of vardenafil at 
the acquisition and early consolidation phase of object location 
memory led to formation of long-term memory that could be 
explained by increased surface levels and trafficking of GluA1- 
and GluA2-AMPARs. Nevertheless, the long-lasting pro-cogni-
tive effect of rolipram, when administered at either the acquisition 
or late consolidation phase, is not related to changes in AMPARs. 
Collectively, these results suggest that there is a differential under-
lying mechanism mediating the cognitive enhancing properties 
induced by upregulation of cyclic nucleotide signalling. Future 
studies are required to determine the molecular components of 
these pathways.
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