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Abstract  54 

High levels of amyloid-beta peptide (Aβ) have been related to Alzheimer’s disease 55 

pathogenesis. However, in the healthy brain, low physiologically relevant 56 

concentrations of Aβ are necessary for long-term potentiation (LTP) and memory. 57 

Because cGMP plays a key role in these processes, here we investigated whether the 58 

cyclic nucleotide cGMP influences Aβ levels and function during LTP and memory. 59 

We demonstrate that the increase of cGMP levels by the phosphodiesterase-5 60 

inhibitors (PDE5-Is) sildenafil and vardenafil induces a parallel release of Aβ due to a 61 

change in the approximation of amyloid precursor protein (APP) and the β-site APP 62 

cleaving enzyme 1 (BACE1). Moreover, electrophysiological and behavioral studies 63 

performed on animals of both sexes showed that blocking Aβ function - by using anti-64 

murine Aβ antibodies or APP knock-out mice - prevents the cGMP-dependent 65 

enhancement of LTP and memory. Our data suggest that cGMP positively regulates 66 

Aβ levels in the healthy brain which, in turn, boosts synaptic plasticity and memory. 67 

 68 

Significance Statement  69 

Amyloid-β (Aβ) is a key pathogenetic factor in Alzheimer’s Disease. However, low 70 

concentrations of endogenous Aβ, mimicking levels of the peptide in the healthy 71 

brain, enhance hippocampal long-term potentiation (LTP) and memory. Because the 72 

second messenger cGMP exerts a central role in LTP mechanisms, here, we studied 73 

whether cGMP affects Aβ levels and function during LTP. We show that cGMP 74 
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enhances Aβ production by increasing the APP/BACE-1 convergence in endo-75 

lylosomal compartments. Moreover, the cGMP-induced enhancement of LTP and 76 

memory was disrupted by blockade of Aβ, suggesting that the physiological effect of 77 

the cyclic nucleotide on LTP and memory is dependent upon Aβ.  78 



 

 5 

INTRODUCTION 79 

 80 

Synaptic plasticity is a multifaceted property of the brain that dynamically modifies 81 

neuronal activity following adequate stimuli. Plastic changes have been related to 82 

learning and memory, defined as the ability of an organism to modify its behavior 83 

through experience and to retain this information over time. Molecular mechanisms 84 

underpinning synaptic plasticity and memory have been widely studied in the last 85 

decades and the scientific community has mostly focused on long-term potentiation 86 

(LTP), a form of long-lasting synaptic strengthening thought to be the 87 

electrophysiological correlate of memory. In this regard, it is well established that the 88 

second messengers cyclic adenosine monophosphate (cAMP) and cyclic guanosine 89 

monophosphate (cGMP) play a crucial role in LTP signal transduction mechanisms, 90 

and are involved in both memory induction and maintenance/consolidation processes 91 

(Bernabeu et al., 1996; Son et al., 1998; Lu et al., 1999; Bollen et al., 2014). As a 92 

matter of fact, several studies have focused on the potential use of phosphodiesterase 93 

inhibitors (PDE-Is) for their ability to enhance cyclic nucleotide levels and memory in 94 

healthy conditions and in neurological disorders characterized by synaptic and 95 

memory deficits, such as Alzheimer’s disease (AD) (Prickaerts et al., 2002; Gong et 96 

al., 2004; Puzzo et al., 2005, 2009, 2014, Rutten et al., 2005, 2008; Shim et al., 2011; 97 

Orejana et al., 2012; Palmeri et al., 2013; Sakurai et al., 2013). This is consistent with 98 

the hypothesis that down-regulation of cyclic nucleotide levels during aging and 99 

neurodegenerative disorders might be related to cognitive decline (Yamamoto et al., 100 

2000; Teich et al., 2015). High levels of beta-amyloid (Aβ) down-regulate both the 101 

cAMP and cGMP pathways and, on the other hand, the increase of cyclic nucleotides 102 

by PDE-Is is capable of modifying Aβ levels (Baltrons et al., 2002, 2004; Vitolo et 103 
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al., 2002; Gong et al., 2004; Puzzo et al., 2005, 2009, 2014; Cheng et al., 2010; Zhang 104 

et al., 2013; Lee et al., 2014). Interestingly, upregulation of cGMP levels by PDE5-Is 105 

decreased Aβ load in transgenic models of AD (Puzzo et al., 2009; Zhang et al., 2013; 106 

Zhu et al., 2015) and in models of physiological aging (Puzzo et al., 2014), whereas it 107 

induced a slight increase of Aβ in young healthy mice (Puzzo et al., 2014). This 108 

dichotomy might be interpreted in light of the peculiar double-role of Aβ, which is 109 

present at high concentrations in AD brains where it exerts a synaptotoxic effect, and 110 

at low picomolar concentrations in healthy brains where, on the contrary, it mediates 111 

physiological mechanisms underlying learning and memory (for reviews, see Puzzo et 112 

al., 2015; Ricciarelli and Fedele, 2017). Indeed, administration of human Aβ at low 113 

picomolar concentrations, resembling its physiological content in the brain (Puzzo et 114 

al., 2008; 2011), has been found to enhance LTP and memory in healthy mice (Puzzo 115 

et al., 2008; Morley et al., 2010; Puzzo et al., 2012; Lawrence et al., 2014). 116 

Furthermore, Aβ is physiologically released during neuronal activity (Kamenetz et al., 117 

2003; Cirrito et al., 2005) and it is needed for normal synaptic plasticity and memory 118 

(Puzzo et al., 2011). Considering the key role of both cGMP and Aβ in LTP and 119 

memory, and their reciprocal relationships, here we sought to examine how they 120 

interact in physiological conditions. Our findings revealed that cGMP causes an 121 

increase in Aβ levels by modifying β-site APP cleaving enzyme-1 (BACE-1) and 122 

Amyloid Precursor Protein (APP) approximation. Furthermore, blocking the 123 

endogenous Aβ function prevented the well-known cGMP-dependent enhancement of 124 

LTP and memory. These results suggest a possible novel mechanism according to 125 

which cGMP acts upstream of Aβ by stimulating its production. Aβ, in turn, is 126 

responsible for the enhancement of LTP and memory.  127 

 128 
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MATERIALS AND METHODS 129 

Ethics statement 130 

All the experimental procedures were in accordance with the European and Italian 131 

guidelines for the care of laboratory animals and the Italian legislation on animal 132 

experimentation, and were approved by the institutional ethical committee. All efforts 133 

were made to minimize animal suffering and to use the minimum number of animals 134 

necessary to produce reliable results. 135 

 136 

Drugs preparation and administration 137 

Vardenafil and sildenafil were obtained from Sigma-Aldrich (Italy). ODQ was 138 

purchased from Tocris Bioscience (Bristol, UK). All chemicals were first dissolved in 139 

DMSO and then diluted in the appropriate medium for N2a cells and hippocampal 140 

slices, in ACSF for electrophysiological experiments and in saline solution (NaCl 141 

0.9%) for behavioral experiments, immediately before use. Final concentrations were 142 

chosen based on previous studies (Prickaerts et al., 2002; Bollen et al., 2014). For 143 

electrophysiological studies, we used exogenous human synthetic Aβ42 to perform 144 

rescue experiments. Aβ42 (American Peptide, Sunnyvale, CA) was prepared as 145 

previously described (Puzzo et al., 2008). Briefly, the lyophilized peptide was 146 

suspended in 100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Sigma-Aldrich) to 147 

1mM. HFIP was allowed to evaporate, and the resulting clear peptide film was stored 148 

at -80°C. The film was added to DMSO (Sigma-Aldrich) and sonicated for 10 min. 149 

Aβ42-DMSO aliquots were prepared and stored at -20°C. Twenty-four hours before 150 

the use, one aliquot was diluted to the final concentration in artificial cerebrospinal 151 

fluid (ACSF; for the composition see below) and incubated at 4°C for 24 hrs to allow 152 

oligomerization. As in our previous works (Puzzo et al., 2008; 2011; 2012), we have 153 
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chosen to use this synthetic Aβ preparation, containing both monomers and 154 

oligomers, to reproduce the physiological brain environment where a certain degree 155 

of oligomerization is likely to occur (Puzzo et al., 2008). Concentrations of Aβ42 156 

were calculated based on the molecular weight of its monomeric peptide. Moreover, 157 

preliminary experiments ensured that scramble Aβ42 (AnaSpec Inc.) did not exert any 158 

effect, as previously demonstrated (Puzzo et al., 2008). 159 

 160 

Aβ42 evaluation in cell cultures and hippocampal slices 161 

Mouse N2a cells were grown in 50% DMEM, 50% OptiMEM, with 0.1 mM non-162 

essential amino acids, 1% penicillin-streptomycin mixture, and 5% fetal bovine 163 

serum. They were treated for 1 hr or 5 hrs with vehicle or drugs, as indicated. 164 

Transverse rat hippocampal slices (250 μm) were obtained using a McIlwain tissue 165 

chopper. Slices were incubated for 1 hr at 37°C into 2 ml of a physiological solution 166 

continuously aerated with 95% O2 and 5% CO2 in the presence of PDE5-Is as 167 

indicated. Aβ42 released into supernatant media from cultured cells and hippocampal 168 

slices was measured by Aβ1-42 ELISA (Wako Chemicals GmbH, Germany).  169 

 170 

cGMP Enzymatic Immunoassay (EIA) 171 

Quantification of intracellular cGMP was performed with DetectX® Direct Cyclic 172 

GMP Enzyme Immunoassay Kit (Arbor Assay, MI), following the manufacturer’s 173 

protocol. cGMP levels were calculated according to the standard curves prepared on 174 

the same EIA plates. 175 

 176 

Immunoblot analysis  177 
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APP protein expression was evaluated in N2a cells and hippocampal slices. Cells 178 

were processed for total protein extraction as previously reported (Canepa et al., 179 

2013). Hippocampal slices were homogenized in 0.6 ml of ice-cold buffer containing 180 

1% complete protease inhibitor, 1% Triton X-100, 25 mM Tris HCl, 25 mM NaF, 1 181 

mM EDTA, 0.5 mM EGTA, sonicated for 30 sec and centrifuged at 10,000 g for 10 182 

min at 4°C. The supernatant was centrifuged a second time at 10,000 g for 10 min and 183 

then used for APP immunoblot assay, performed according to standard methods. As 184 

primary antibodies, we used a monoclonal mouse anti-human APP (22C11,1 μg/ml; 185 

Chemicon, Temecula, CA) and a monoclonal mouse anti-human β-actin (clone AC-186 

15, 1:10,000; Sigma, St. Louis, MO). Anti-mouse secondary antibodies were coupled 187 

to horseradish peroxidase (Amersham, Bucks, UK). Proteins were visualized with an 188 

enzyme-linked chemiluminescence detection kit according to the manufacturer’s 189 

instructions (Amersham, Bucks, UK). Chemiluminescence was monitored by 190 

exposure to film and the signals were analyzed under non-saturating condition with an 191 

image densitometer (Biorad, Hercules, CA). 192 

 193 

BACE activity 194 

The activity of BACE in N2a cells was determined using the β-Secretase Activity 195 

Fluorimetric Assay kit from BioVision Incorporated (Milpitas, CA), according to the 196 

manufacturer’s protocol. The method is based on the BACE-dependent cleavage of a 197 

secretase-specific peptide conjugated to the fluorescent reporter molecules EDANS 198 

and DABCYL, which results in the release of a fluorescent signal that can be detected 199 

on a fluorescence microplate reader (excitation at 355 nm/emission at 510 nm). The 200 

level of secretase enzymatic activity is proportional to the fluorimetric reaction.  201 

 202 
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APP-BACE1 interaction assay  203 

Primary hippocampal neurons were cultured from P0-P1 postnatal CD1 mice and 204 

transiently transfected with Lipofectamine 2000 as described previously (Tang et al., 205 

2012). Briefly, neurons were dissociated and plated on poly-D-lysine coated glass-206 

bottom dishes from Mattek (Ashland, MA) at a density of 50,000 cells/cm2, and 207 

maintained in Neurobasal/B27 medium with 5 % CO2 and 80 % humidity. On DIV10, 208 

neurons were transfected with APP:VN, BACE1:VC and Lamp1:mCherry (1.2 μg/ml) 209 

DNA, as previously described (Das et al., 2016). After 6 hrs, neurons were incubated 210 

with DMSO or vardenafil for 16 hrs and fixed in 4 % PFA. Images were acquired 211 

using an Olympus IX81 inverted epifluorescence microscope. Z-stack images were 212 

captured using a 100x objective (imaging parameters: 0.339 μm z-step, 500 ms 213 

exposure and 1x1 binning). Captured images were deconvolved (Huygens, Scientific 214 

Volume Imaging B.V.) and subjected to a maximum intensity projection.  215 

 216 

Animals 217 

We used 3-4 months old C57Bl/6J wild–type (WT) and APP KO (B6.129S7-218 

Apptm1Dbo/J) mice from a colony kept in the animal facility of the University of 219 

Catania, and adult Sprague-Dawley rats from a colony kept in the animal facility of 220 

the University of Genoa. The animals were maintained on a 12-hr light/dark cycle 221 

(lights on at 6:00 AM) in temperature and humidity-controlled rooms; food and water 222 

were available ad libitum.  223 

 224 

Electrophysiology 225 

Electrophysiological recordings were performed as previously described (Bollen et 226 

al., 2014; Ricciarelli et al., 2014) on male animals. Briefly, transverse hippocampal 227 
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slices (400 μm) were cut and transferred to a recording chamber where they were 228 

maintained at 29°C and perfused with ACSF (in mM: 124.0 NaCl, 4.4 KCl, 1.0 229 

Na2HPO4, 25.0 NaHCO3, 2.0 CaCl2, 2.0 MgCl2; flow rate 2 ml/min) continuously 230 

bubbled with 95% O2 and 5% CO2. Field extracellular recordings were performed by 231 

stimulating the Schaeffer collateral fibers through a bipolar tungsten electrode and 232 

recording in CA1 stratum radiatum with a glass pipette filled with ACSF. A 15 min 233 

baseline was recorded every minute at an intensity that evoked a response 234 

approximately 35% of the maximum evoked response. LTP was induced through 235 

either a weak or a strong tetanus. The weak tetanus consisted of a theta burst 236 

stimulation including bursts of four 1 ms pulses at 100 Hz, with the bursts repeated at 237 

5 Hz for 10 times and an intensity of stimulation for the individual pulses equal to 238 

approximately 35% of the maximum evoked response. The strong tetanus was similar 239 

to the weak tetanus. However, instead of providing only one theta burst stimulation, 240 

three trains of theta bursts were administered with an intertrain interval of 15 sec. 241 

Responses were recorded for 3 hrs after tetanization and measured as field excitatory 242 

post-synaptic potentials (fEPSP) slope expressed as percentage of baseline. The 243 

results were expressed as mean ± standard error mean. 244 

 245 

Object recognition test (ORT) 246 

ORT was performed as previously described (Bollen et al., 2014) in sex-balanced WT 247 

mice. To allow mice to familiarize with the environment and the injection, mice 248 

underwent three days of handling, observation by the experimenter and habituation to 249 

the arena and the injection. Animals were put in the arena (white plastic box 50 x 35 x 250 

15 cm) and exposed to two different objects (changing from day to day). After 5 min 251 

of habituation, they received i.p. injection of saline solution and were put back in their 252 
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home cage. On the 4th day mice underwent the ORT training session (T1). Animals 253 

were put in the arena containing two identical objects (glass vases) placed in the 254 

central part of the box, equally distant from the perimeter. The animal was given 3 255 

min to explore the environment and objects. Right after T1 animals received an i.p. 256 

injection of vardenafil (1mg/kg; ref). 24 hrs after T1, the mouse was put back in the 257 

arena to perform the test (T2). In this second trial, lasting 3 min, one familiar object 258 

(used in T1) was replaced by a novel object (ceramic cup). The time spent exploring 259 

the objects was scored using a personal computer by an experimenter who was 260 

blinded to the conditions tested. We opted for a delay interval of 24 hrs, at which 261 

under normal, non-treated circumstances, no discrimination between the objects 262 

occurs (natural forgetting), which allows for an improvement of long-term memory 263 

performance following drug treatment. Animal exploration - defined as the mouse 264 

pointing its nose toward the object from a distance not >2 cm – was evaluated in T2 265 

to analyze: (i) time of exploration of each object and total time of exploration of the 266 

two objects expressed as % exploration of the novel and % exploration of the familiar 267 

object; (ii) discrimination (D) index calculated as “exploration of novel object minus 268 

exploration of familiar object/total exploration time”; (iii) latency to first approach to 269 

novel object; (iv) total exploration time. 270 

 271 

Statistical analyses  272 

All data were expressed as mean ± standard error mean (SEM). Statistical analysis 273 

was performed by using Systat software (Chicago, IL, USA). Normal distribution was 274 

prior evaluated by Kolmogorov–Smirnov test (p > 0.05). We used unpaired t-test, 275 

one-way and two-way ANOVA with Bonferroni post-hoc. Pearson’s correlation was 276 

used to correlate Aβ42 and cGMP levels. For LTP we used ANOVA with repeated 277 
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measures comparing 180 minutes of recording after tetanus. For ORT we used one-278 

way ANOVA with Bonferroni post-hoc for comparisons among groups, paired t-test 279 

to compare exploration of the novel vs. the familiar object in the same mouse, one 280 

sample t-test to compare D with zero. The level of significance was set at p < 0.05.  281 

 282 

RESULTS 283 

The increase of cGMP increases Aβ levels 284 

We first investigated whether cGMP elevation affects Aβ secretion in N2a cells. N2a 285 

cells were treated with 100 μM sildenafil, vardenafil (Shim et al., 2011) or vehicle for 286 

1 hr. The intracellular content of cGMP was measured by a cGMP-specific EIA assay, 287 

whereas Aβ42 levels in the conditioned medium were measured by ELISA. We 288 

confirmed that treatment with the PDE5-Is induced an increase of intracellular cGMP 289 

content in N2a cells compared to vehicle (F(2,6)= 12.746, p = 0.007; Fig. 1A). This 290 

was particularly evident for vardenafil, which was able to determine a 23.36 ± 5.75 291 

fold induction in cGMP content (t(4) = 3.883, p = 0.018). The cGMP increase 292 

stimulated Aβ42 secretion in N2a cells (1.4-fold increase, t(4) = 3.933, p = 0.017 for 293 

sildenafil and 2-fold increase, t(4) = 5.678, p = 0.005 for vardenafil; Fig. 1A). Thus, 294 

the increase in cGMP content paralleled the increase of Aβ42 levels (F(2,6)= 18.936, p = 295 

0.003). Pearson’s correlation coefficient between the PDE5 inhibitor-induced cGMP 296 

and Aβ42 was equal to 0.97, confirming a very strong relationship between the two 297 

events. 298 

Next, we validated findings from N2a cells using a different system, the 299 

hippocampus, a region of the brain with remarkable plastic characteristics of the kind 300 

that are required for learning and memory. Rat hippocampal slices were incubated for 301 

1 hr with 100 μM sildenafil or vardenafil and then the conditioned medium was 302 



 

 14 

analyzed for Aβ42 content. A significant difference was found in slices treated with 303 

PDE5-Is with respect to controls (F(2,6) = 57.575, p < 0.0001), confirming the increase 304 

of Aβ42 levels after treatment with sildenafil (t(4) = 4.548, p = 0.010; Fig. 1B) or 305 

vardenafil (t(4) = 13.462, p < 0.0001; Fig. 1B) observed in N2a cells. Taken all 306 

together, these findings indicate that cGMP increase induces Aβ42 secretion in N2a 307 

cells and hippocampal slices, with vardenafil being more effective than sildenafil in 308 

determining this effect (vardenafil vs. sildenafil in N2a cells: t(10) = 5.136, p < 0.0001; 309 

in slices: t(4) = 5.241, p = 0.006). 310 

These results prompted us to perform a dose-response curve to evaluate the minimum 311 

dose of vardenafil capable of stimulating Aβ42 secretion. N2a cells were treated for 1 312 

hr with vardenafil at different concentrations, ranging from 1 to 100 μM. The increase 313 

of Aβ42 levels was significant after a treatment with vardenafil at 100 μM, whereas no 314 

differences were detected at 1 μM or 10 μM (ANOVA for the dose-response curve: 315 

F(3,14) = 58.153, p < 0.0001; Bonferroni’s p < 0.001 for vardenafil 100 μM vs. other 316 

conditions; Fig. 1C). A prolonged exposure to vardenafil revealed a time- and 317 

concentration-dependent increase of Aβ42 levels (two-way ANOVA for time and 318 

treatment: F(3,22) = 10.461, p < 0.0001). After 5 hrs of exposure to the drug there was a 319 

significant difference from control (F(3,8) = 98.320, p < 0.0001) with a concentration 320 

of both 10 μM (Bonferroni’s p = 0.005) and 100 μM (Bonferroni’s p < 0.0001; Fig. 321 

1C). 322 

Because the intracellular cGMP concentration reflects a fine balance between cyclic 323 

nucleotide production by soluble guanylyl cyclase (sGc) and degradation by PDEs, 324 

we further investigated the involvement of cGMP on Aβ42 secretion in N2a cells 325 

treated with the sGC inhibitor [1H-[1,2,4]oxadiazolo-[4, 3-a]quinoxalin-1-one] 326 

(ODQ). As expected, the increase of Aβ42 levels induced by sildenafil and vardenafil 327 
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was significantly reduced by ODQ pre-treatment (50 μM) (t(4) = 3.248, p = 0.031 328 

compared to sildenafil; t(4) = 4.740, p = 0.009 compared to vardenafil; Fig. 1D) which, 329 

however, did not alter, per se, the Aβ42 basal levels (t(6) = 1.447, p = 0.198; Fig. 1D).  330 

Thus, when cGMP production was inhibited by ODQ, neither vardenafil nor sildenafil 331 

were capable of increasing Aβ levels, confirming a direct dependency between cGMP 332 

and Aβ production.  333 

 334 

cGMP does not modify APP expression  335 

Because Aβ is produced by APP cleavage (O’Brien and Wong, 2011), we examined 336 

whether the increase of cGMP might affect APP expression. N2a cells were treated 337 

with vardenafil and then processed for total protein extraction followed by 338 

immunoblot analysis performed with an antibody directed against the N-terminus of 339 

APP (22C11). Vardenafil did not modify APP full-length expression at different 340 

concentrations (1-100 μM; F(3,8) = 1.401, p = 0.312) and time-exposures (1-5 hrs; F(3,8) 341 

= 1.472, p = 0.294) (Fig. 2A,B). We also evaluated APP full-length expression in 342 

hippocampal slices, but no changes were detected after treatment with vardenafil or 343 

sildenafil (F(3,8) = 2.562, p = 0.157; Fig. 2C). Thus, the cGMP-induced increase of Aβ 344 

was not due to an increase of full-length APP. 345 

 346 

cGMP stimulates Aβ production by increasing APP/BACE-1 convergence in 347 

endo-lysosomal compartments 348 

Considering that BACE-1 cleavage of APP is a pre-requisite for Aβ formation, we 349 

evaluated the effect of vardenafil on the enzymatic activity of BACE-1. To this end, 350 

we tested the proteolytic activity of BACE-1, extracted from N2a cells treated with 351 

100 μM vardenafil, on a secretase-specific substrate that releases fluorescence after its 352 
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cleavage. Under these experimental conditions, the activity of BACE-1 on the 353 

exogenous synthetic substrate was unmodified (t(10) = 1.365, p = 0.199; Fig. 2D).  354 

Next, we examined whether cGMP affects APP-BACE-1 approximation by direct 355 

visualization of the substrate-enzyme interaction in cells. Towards this, we used the 356 

Optical Convergence of APP and BACE-1 (OptiCAB) assay (Das et al., 2016), based 357 

on the bimolecular fluorescence complementation of Venus protein fragments 358 

(Kerppola, 2006). As described in Fig. 3A, APP was tagged to the N-terminal 359 

fragment of the Venus protein (VN) and BACE-1 was tagged to the complementary 360 

C-terminal fragment of Venus (VC). The principle of this assay is that interaction 361 

between APP:VN and BACE-1:VC fragments reconstitutes the Venus protein, 362 

making it fluorescent (Das et al., 2016).  363 

It was recently shown that the vast majority of APP and BACE-1-interactions take 364 

place in the recycling endosomes in the somatodendritic compartments of primary 365 

cultured neurons (Das et al., 2016). Interestingly, after co-transfecting the neurons 366 

with APP:VN, BACE-1:VC and Lamp1:mCherry, a late endosome/lysosome marker, 367 

we observed a significant increase in the colocalization of Venus puncta with the 368 

Lamp1 positive organelles in the presence of 100 μM vardenafil (t(4) = 3.396; p = 369 

0.027; Fig. 3B).  370 

 371 

Aβ is required for cGMP-induced late-LTP  372 

cGMP signaling has been demonstrated to play a pivotal role in LTP and synaptic 373 

plasticity (Arancio et al., 1995; Son et al., 1998; Lu et al., 1999). A tetanic stimulation 374 

of presynaptic fibers results in a transient increase in cGMP (Monfort et al., 2002), 375 

which is responsible for the enhancement of synaptic plasticity. Drugs enhancing 376 

cGMP levels are able to convert short-lasting early phase LTP (e-LTP) into a long-377 
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lasting form of LTP, called late-LTP (l-LTP) (Bollen et al., 2014). We therefore 378 

confirmed that the increase of cGMP levels by PDE5 inhibition was capable of 379 

converting e-LTP into l-LTP when Schaffer collateral fibers of hippocampal slices are 380 

stimulated in vitro with a weak tetanic stimulation including a theta burst stimulation 381 

consisting of 4 pulse bursts at 100 Hz, with the bursts repeated at 5 Hz for 10 times 382 

and an intensity of stimulation for the individual pulses equal to approximately 35% 383 

of the maximum evoked response (Puzzo et al., 2009; Bollen et al., 2014; Ricciarelli 384 

et al., 2014).  385 

Slices were perfused with 50 nM sildenafil (Puzzo et al., 2009) or 10 nM vardenafil 386 

(Bollen et al., 2014) for 10 min before tetanus. Both sildenafil and vardenafil 387 

produced a robust l-LTP lasting at least 3 hrs (ANOVA for repeated measures of the 388 

post-tetanic time points: sildenafil: F(1,12) = 40.218, p < 0.0001; vardenafil: F(1,12) = 389 

32.115, p < 0.0001, both compared to vehicle + weak tetanus; Fig. 4A), whereas 390 

vehicle-treated slices showed lower amounts of LTP fading at about 1 hr. The PDE5-391 

Is-induced LTP was similar to LTP induced through a strong tetanic stimulation in 392 

which, instead of providing only one theta burst stimulation, we administered three 393 

trains of theta bursts with an intertrain interval of 15 sec (sildenafil: F(1,10) = 3.070, p = 394 

0.110; vardenafil: F(1,12) = 0.181, p = 0.678, both compared to vehicle + strong 395 

tetanus; Fig. 4A). 396 

Because a relatively high concentration of vardenafil (100 μM) was applied to slices 397 

for 1 hr to produce a significant increase in Aβ levels, we performed additional 398 

experiments to study the effect of vardenafil at 100 μM on LTP induced by a strong 399 

tetanus. We found that a treatment with vardenafil 100 μM was capable of inducing a 400 

significant increase in LTP compared to vehicle-treated slices (360.90 ± 33.95 vs. 401 
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227.41 ± 6.79 % of baseline; F(1,12) = 28.692, p < 0.0001 comparing vehicle + strong 402 

tetanus vs. 100 μM vardenafil + strong tetanus; data not shown).  403 

Given that the experiments shown in Fig. 1 demonstrated cGMP-induced Aβ 404 

secretion, and in previous studies we have proved that low pM concentrations of Aβ 405 

are capable of enhancing LTP (Puzzo et al., 2008, 2012), we wanted to verify whether 406 

the cGMP-induced conversion of e-LTP in l-LTP depends upon Aβ. To this end, we 407 

examined whether vardenafil was still capable of inducing l-LTP after depletion of 408 

endogenous murine Aβ. Hippocampal slices were treated with a monoclonal 409 

antirodent Aβ antibody (M3.2 mAb; 2 μg/ml) for 20 min before the weak tetanus 410 

(Ricciarelli et al., 2014). M3.2 antibody is a monoclonal antibody with a selective 411 

affinity for murine Aβ, which has been fully characterized in previous studies for its 412 

capability to block Aβ in both physiological and pathological conditions (Morales-413 

Corraliza et al., 2009; 2013; Wesson et al., 2013). Moreover, in those studies and in 414 

previous experiments performed in our laboratory (Puzzo et al., 2011), control IgG 415 

antibodies (i.e. IgG2a isotype-matched control antibody that does not bind to any 416 

rodent proteins) have been used to demonstrate the specificity of M3.2 for rodent Aβ.  417 

Here, when we blocked endogenous Aβ with M3.2, vardenafil was no longer capable 418 

of eliciting l-LTP (F(1,12) = 48.135, p < 0.0001 compared to vardenafil + weak tetanus; 419 

F(1,12) = 183.422, p < 0.0001 compared to vehicle + strong tetanus; Fig. 4B). 420 

Importantly, M3.2 mAb alone did not modify early-LTP induced by a weak tetanus 421 

(F(1,12) = 2.712, p = 0.125, compared to vehicle + weak tetanus; Fig. 4B), excluding 422 

that M3.2 blocked potentiation per se, as occurring when blocking endogenous Aβ 423 

before a strong stimulation used to induce l-LTP (Puzzo et al., 2011). Thus, an 424 

antirodent Aβ antibody, which sequesters the endogenously produced peptide, 425 
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prevented the well-known potentiating effects of vardenafil on LTP, suggesting that 426 

endogenous Aβ is needed for this effect to occur. 427 

M3.2 mAb also recognizes β-CTF, soluble APP α, and full-length APP. Thus, it 428 

might exert an effect independent of Aβ depletion by binding to other targets. To 429 

further support the involvement of Aβ in the cGMP-induced LTP, we performed 430 

rescue experiments with exogenous human Aβ42, which is not recognized by the M3.2 431 

mAb. In fact, in the presence of M3.2 (sequestering vardenafil-induced endogenous 432 

Aβ production), exogenously added human Aβ was able to restore l-LTP to the same 433 

level of that observed in the absence of the antibody (F(1,13) = 0.410, p = 0.533 434 

compared to vardenafil + weak tetanus; F(1,13) = 0.740, p = 0.405 compared to vehicle 435 

+ strong tetanus; Fig. 4B). This rescue experiment demonstrated that the abolishment 436 

of the cGMP-induced LTP was specifically due to the lack of Aβ.     437 

To further confirm these findings with an independent strategy, we provided genetic 438 

evidence for the involvement of Aβ in cGMP-induced synaptic plasticity increase. We 439 

performed additional experiments using APP KO mice that do not produce Aβ. When 440 

hippocampal slices from these animals were perfused with vardenafil, the drug failed 441 

to enhance LTP (F(1,12) = 28.846, p < 0.0001 compared to WT slices treated with 442 

vardenafil + weak tetanus; F(1,12) = 77.172, p < 0.0001 compared to WT slices treated 443 

with vehicle + strong tetanus; Fig. 4C). Moreover, addition of 200 pM human 444 

synthetic Aβ42 was capable of eliciting l-LTP in APP KO slices treated with 445 

vardenafil (F(1,12) = 0.126, p = 0.729 compared to WT treated with vardenafil + weak 446 

tetanus; F(1,12) = 0.514, p = 0.487 compared to WT treated with vehicle + strong 447 

tetanus; Fig. 4C). Taken all together these findings demonstrate that Aβ is required 448 

for the cGMP-induced conversion of e-LTP into l-LTP. 449 

 450 
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Aβ is required for cGMP-induced memory 451 

The electrophysiological results prompted us to evaluate whether Aβ is required for 452 

cGMP-induced memory. To this end we used WT and APP KO mice. We studied 453 

recognition memory by the ORT, a task based on the natural tendency of rodents to 454 

explore unfamiliar objects, which relies on the integrity of hippocampus and 455 

parahippocampal regions (Broadbent et al., 2010). After 3 days of habituation, mice 456 

underwent a training (T1) in which they were presented with two identical objects for 457 

3 min. Right after T1 animals were treated with vehicle or vardenafil (1 mg/kg, i.p.) 458 

(Bollen et al., 2014). After 24 hours (T2), animals were put back in the arena 459 

containing the “familiar” object (the same as in T1) and the “novel” object. Mice were 460 

allowed to explore the objects for 3 minutes and exploration time was recorded and 461 

scored. WT mice treated with vehicle showed the natural forgetting, due to the short 462 

time exposure in T1 and the long 24 hrs interval between T1 and T2. Indeed, there 463 

was no difference between the percent time spent exploring the novel object and that 464 

spent exploring the familiar object in WT vehicle-treated animals (t(22) = 0.698; p = 465 

0.492; Fig. 5A). As previously demonstrated (Bollen et al., 2014), treatment with 466 

vardenafil produced memory since animals spent more time exploring the novel 467 

object in T2 (t(22) = 5.538; p < 0.0001; Fig. 5A). As for the LTP experiments, this 468 

effect was not present in APP KO littermates. (t(24) = 0.845; p = 0.407; Fig. 5A). 469 

Analyses of discrimination index (D) confirmed a difference among groups (F(3,45) = 470 

3.446, p = 0.024) and indicated that only WT mice treated with vardenafil recognized 471 

the familiar object (Bonferroni’s p = 0.02) because their D significantly differed from 472 

0 (t(12) = 0.597; p = 0.561; Fig. 5B). No differences were detected in latency to 473 

approach the novel object for the first time (F(3, 45) = 0.359, p = 0.783; Fig. 5C) and in 474 

total exploration time (F(3, 45) = 0.762, p = 0.521; Fig. 5D), suggesting that the 475 
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treatment did not modify anxiety and motor activity. Taken all together, these 476 

experiments demonstrate that cGMP-induced memory cannot be evoked in APP KO 477 

mice.  478 

 479 

DISCUSSION 480 

From the early ‘90s, Aβ has been found to be a physiological product of cellular 481 

metabolism, but studies on the mechanisms underlying its production and degradation 482 

have mainly aimed at better understanding the pathophysiology of AD. However, 483 

there is a growing body of evidence suggesting that Aβ regulates synaptic function 484 

and memory in the healthy brain (Puzzo and Arancio, 2013; Fedele et al., 2015; Puzzo 485 

et al., 2015). To understand the mechanism by which this occurs, we have 486 

investigated the role of cGMP in the phenomenon because the cyclic nucleotide is 487 

involved in synaptic plasticity and memory (Bernabeu et al., 1996; Son et al., 1998; 488 

Lu et al., 1999). Our data show that increase in cGMP levels, obtained by using the 489 

PDE5-Is sildenafil or vardenafil, induces a parallel increase of Aβ secretion in two 490 

different models, N2a cells and rat hippocampal slices. This effect was reduced when 491 

cells were pre-treated with ODQ, a selective inhibitor of sGC, confirming that Aβ 492 

production is regulated by cGMP.  493 

Considering that our previous reports indicated that cAMP influences APP synthesis 494 

(Tang et al., 2012; Canepa et al., 2013; Ricciarelli et al., 2014; Das et al., 2016), we 495 

first investigated whether cGMP modifies APP expression, but we did not find any 496 

change in APP levels both in N2a cells and hippocampal slices treated with 497 

vardenafil. A possible explanation for this finding is that we measured total APP full-498 

length which is present in several cell compartments (endoplasmic reticulum, trans-499 

Golgi network, etc.), and therefore any change in local APP expression might have 500 
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gone undetected, especially in light of increasing evidence indicating that BACE1 501 

cleavage of APP, the rate-limiting step in Aβ production (O’Brien and Wong, 2011), 502 

occurs predominantly in the endo-lysosomal compartment (for reviews, see: 503 

Thinakaran and Koo, 2004; Wilkins and Swerdlow, 2016). Therefore, we hypothesize 504 

that the enhancement of Aβ production by vardenafil involves processing of a fraction 505 

of the precursor protein that does not significantly impact the levels of total APP. 506 

Consistent with this scenario, we found that the cGMP increase does not induce a 507 

generic activation of BACE-1, but rather stimulates APP and BACE-1 to converge in 508 

the endo-lysosomal compartment where amyloidogenic processing is favored. Recent 509 

reports on the distinct distribution of amyloidogenic enzymes in late 510 

endosome/lysosomes corroborate our observation (Das et al., 2016; Sannerud et al., 511 

2016). Moreover, these results are consistent with previous studies demonstrating that 512 

a treatment with the PDE5-I sildenafil induces a slight increase of Aβ without 513 

affecting APP full-length expression in healthy mice (Puzzo et al., 2014).  514 

It could be argued that the cGMP-induced increase of Aβ levels might be harmful, 515 

since high concentrations of Aβ are commonly associated with the characteristic 516 

impairment of cognition in AD. Yet, the Aβ increase that we detected in our studies is 517 

in the picomolar range, a concentration known to produce physiological positive 518 

effects (Puzzo et al., 2008). Our findings might also appear controversial in light of 519 

most of the scientific literature recommending the use of PDE-Is to reduce Aβ levels. 520 

However, these studies have been performed in models of Aβ hyper-production, i.e. 521 

AD transgenic animals (Puzzo et al., 2009; Zhang et al., 2013; Zhu et al., 2015). Thus, 522 

it could be feasible to hypothesize that cGMP exerts opposite effects in physiological 523 

or pathological conditions characterized by low or high levels of Aβ, respectively. In 524 

this context, it is also interesting to note that either Aβ or cGMP behave in a hormetic 525 
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fashion (Andoh et al., 2003; Puzzo et al., 2012), stimulating or inhibiting cellular 526 

functions based on the applied dose. Other studies have found that NO donors, such 527 

as sodium nitroprusside, bi-directionally modulates APP processing depending upon 528 

the concentration used (Cai et al., 2016). On the other side, it has been shown that 529 

high concentrations of Aβ determine a decrease of cGMP in different cell and animal 530 

models (Bonkale et al., 1995; Chalimoniuk and Strosznajder, 1998; Baltrons et al., 531 

2002, 2004). Intriguingly, in patients diagnosed with mild AD, cognitive impairment 532 

and CSF Aβ42 levels were significantly associated with a decrease in cGMP content 533 

(Ugarte et al., 2015). An overview of these findings might suggest the existence of a 534 

physiological feedback cGMP-Aβ axis, i.e. the increase of cGMP stimulates Aβ 535 

production that, in turn, inhibits cGMP production via a negative feedback 536 

mechanism. This hypothesis might justify the reduction of cGMP induced by an 537 

abnormal increase of Aβ levels, and the reduction of Aβ levels after a chronic 538 

administration of cGMP-enhancing drugs such as PDE-Is. 539 

Hippocampal LTP can be induced through several tetanization protocols including the 540 

θ-burst stimulation. A weak tetanus leads to e-LTP, which lasts approximately 1 hr 541 

and is protein synthesis independent, whereas a strong tetanus leads to l-LTP, which 542 

lasts longer and is protein or RNA synthesis dependent (Huang et al., 1996). Here, we 543 

have found that elevation of cGMP levels transforms e-LTP into l-LTP. This finding 544 

is consistent with the observation that the NO/cGMP signaling, first thought to be 545 

involved only in e-LTP, plays a role also in l-LTP (Bernabeu et al., 1996; Son et al., 546 

1998; Lu et al., 1999; Bollen et al., 2014). Moreover, this observation is consistent 547 

with the observation that stimulation of the NO/cGMP signaling participates to 548 

memory formation and consolidation (Prickaerts et al., 2002; Rutten et al., 2008, 549 

Bollen et al., 2014).  550 



 

 24 

Considering that we and others have previously demonstrated that Aβ is also needed 551 

for LTP and memory formation (Puzzo et al., 2011), and it has a positive modulatory 552 

effect on these phenomena when administered at physiological concentrations (Puzzo 553 

et al., 2008; Morley et al., 2010; Lawrence et al., 2014), we wanted to investigate 554 

whether the cGMP-induced LTP and memory was related to Aβ production. Here we 555 

show that vardenafil-induced enhancement of synaptic plasticity and memory requires 556 

Aβ to occur. Indeed, removing Aβ by immunological (anti-Aβ antibodies) or genetic 557 

(APP KO) manipulation prevents the cGMP-dependent enhancement of LTP and 558 

memory. This is consistent with previous data showing that when blocking Aβ 559 

function with an APP siRNA or a monoclonal anti-Aβ antibody, LTP induced by a 560 

strong tetanus was impaired, but it could be rescued by administration of 200 pM Aβ 561 

that should restore the physiological content of the peptide in the brain (Puzzo et al., 562 

2011). When a higher concentration of Aβ (300 pM) was added together with the anti-563 

Aβ antibody, LTP was further enhanced compared to vehicle-treated slices. However, 564 

in the same work (Puzzo et al., 2011) we demonstrated that young APP KO present 565 

normal LTP, consistent with other studies showing that APP KO mice present 566 

abnormalities in neuronal morphology and LTP at 12–15 months of age, whereas 567 

younger mice are normal (Tyan et al., 2012). This might be due to compensation 568 

mechanisms that are known to occur in genetically modified animals. Here, we used 569 

young APP KO mice that do not produce Aβ but still have a normal LTP. In this way, 570 

the fact that vardenafil was not able to induce l-LTP in APP KO mice could not be 571 

attributable to an impairment of l-LTP per se.  572 

In rescue experiments, exogenous human Aβ was able to restore l-LTP in slices 573 

treated with an anti-rodent Aβ antibody, confirming that Aβ was needed for the 574 

vardenafil-induced l-LTP. It is interesting to note that, as in previous works (Puzzo et 575 
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al., 2008; Puzzo et al., 2011; Puzzo et al., 2012), we have used a solution of human 576 

Aβ containing both monomers and oligomers to rescue the l-LTP impairment due to 577 

an inhibition of endogenous murine Aβ, that is thought to be less prone to 578 

oligomerize. Thus, one might interpret our results through an effect of Aβ monomers. 579 

However, it should be taken into account that oligomers cannot be excluded in light of 580 

some recent studies showing that also murine Aβ might form aggregates and deposits. 581 

For example, it has been shown that SAMP8 mice present an increase of murine Aβ42 582 

oligomers (Li et al., 2009) and that murine Aβ over-production might produce 583 

deposits similar to human AD plaques (Xu et al., 2015).  584 

As for the behavioral experiments, APP KO mice lack not only A , but also all the 585 

other APP proteolytic fragments that could be responsible, at least in theory, for the 586 

effects induced by vardenafil on memory. However, these results completed a series 587 

of experiments demonstrating that: 1) by enhancing cGMP, PDE5 inhibitors increase 588 

Aβ levels in an ODQ-sensitive manner; and 2) the effect of vardenafil on 589 

hippocampal LTP, the generally accepted electrophysiological correlate of memory 590 

formation and consolidation, is abrogated by antirodent Aβ antibody, but it can be 591 

rescued by addition of exogenous human Aβ. Therefore, our behavioral analysis 592 

supports the hypothesis that cGMP stimulates Aβ production, which is instrumental 593 

for cGMP to boost hippocampal LTP and memory.  594 

Similar to the current findings showing that Aβ is required for cGMP-induced 595 

hippocampal l-LTP and memory, we previously reported that increasing endogenous 596 

cAMP through PDE4 inhibition also requires Aβ to enhance hippocampal LTP 597 

(Ricciarelli et al., 2014). The fact that cGMP and cAMP are known to cooperate in 598 

synaptic plasticity and memory processes and that both act through Aβ production 599 
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lays the basis for a novel interpretation of synaptic mechanisms that deserve further 600 

investigation in the future. 601 

In conclusion, we have found a tight relationship between cGMP and Aβ, 602 

demonstrating that cGMP acts upstream of Aβ by regulating its secretion, a sine qua 603 

non for LTP and memory to work in physiological conditions. Our findings might be 604 

useful to better understand the mechanism of action of drugs increasing cGMP levels, 605 

such as PDE5-Is, that might enhance cognition via a positive modulation of Aβ in the 606 

healthy brain. Most importantly, these experiments stress the relevance of fully 607 

understanding the physiological role(s) of Aβ to design effective and safe approaches 608 

to AD therapy, as Aβ lowering treatments might lead to memory worsening instead of 609 

amelioration.  610 
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Figure legends 804 

Figure 1: cGMP increase stimulates Aβ secretion. A, Vardenafil and sildenafil 805 

stimulate Aβ secretion in N2a cells. A treatment with 100 μM sildenafil or vardenafil 806 

for 1 hr increases intracellular cGMP levels compared with vehicle (fold induction in 807 

cGMP content: sildenafil = 5.17 ± 0.34; vardenafil = 23.36 ± 5.75; p < 0.05). ELISA 808 

measurement of Aβ42 in conditioned media reveals that the increase in cGMP levels 809 

induces a parallel increase of Aβ secretion (Aβ levels % of control: sildenafil = 139 ± 810 

9.84 %, p < 0.05; vardenafil = 202 ± 17.92 % of control, p < 0.005). B, A treatment 811 

with vardenafil and sildenafil increases Aβ42 levels in rat hippocampal slices. In 812 

particular, sildenafil induces an increase equal to 136 ± 7.57 % of control and 813 

vardenafil an increase equal to 187.3 ± 7.75 % of control. C, Dose-response curve for 814 

the effect of different concentrations of vardenafil on Aβ42 levels after 1 hr (1μM: 815 

108.5 ± 2.5 % of control; 10 μM: 113.5 ± 0.5 % of control; 100 μM: 194.33 ± 12.90 816 

% of control;) or 5 hrs (1 μM: 118.33 ± 3.17 % of control; 10 μM: 154.33 ± 2.84 % of 817 

control; 100 μM: 262.66 ± 13.86 % of control). * p < 0.05; ** p < 0.005; # p < 818 

0.0001. D, The guanylyl cyclase inhibitor ODQ reduces Aβ secretion induced by 819 

sildenafil (120.3 ± 6.33 % vs. 142.33 ± 2.40 of control) and vardenafil (145.33 ± 4.63 820 

% vs. 186.26 ± 7.28 of control), but does not change Aβ42 basal levels (93.9 ± 3.59 % 821 

of control). Data are mean ± SEM. 822 

 823 

Figure 2: cGMP increase does not modify APP expression. A-B, A treatment with 824 

vardenafil at different concentrations ranging from 1 to 100 μM does not modify APP 825 

full-length expression in N2a cells neither after 1 hr (A) nor after 5 hr (B) exposure. 826 

C, A treatment with 100 μM sildenafil or vardenafil does not modify APP full-length 827 

expression in hippocampal slices. Upper panels show immunoblots, whereas bottom 828 
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panels show the results of the relative densitometric scan. D, The proteolytic activity 829 

of BACE-1 on a secretase-specific exogenous substrate is not modified by treatment 830 

of N2a cells with 100 μM vardenafil. Data are mean ± SEM. 831 

 832 

Figure 3: cGMP induces APP and BACE-1 interaction in the late 833 

endosome/lysosomes. A, Graphical representation of OptiCAB assay used to detect 834 

APP-BACE-1 interactions. APP and BACE-1 are respectively tagged with the N 835 

terminal (VN) and the C terminal (VC) fragment of Venus protein. When APP 836 

interacts with BACE-1 Venus fluorescence is reconstituted (Venus fluorescence, on 837 

the right). B, Fluorescence of cultured neurons expressing APP:VN, BACE-1:VC, 838 

Lamp1:mCherry, and treated with 100 μM vardenafil or vehicle control for 16 hrs. 839 

Note the increase (78.27 ± 8.97 %) in the colocalization of Venus-positive puncta, 840 

indicating APP/BACE-1 interaction with Lamp1, a late endosome/lysosome marker, 841 

compared to DMSO (vehicle) treated control set (28.82 ± 10.12 %). n = 10-12 842 

neurons for each condition. * p < 0.05. Data are mean ± SEM.  843 

 844 

Figure 4: cGMP-induced conversion of e-LTP into l-LTP requires Aβ. A, 845 

Perfusion of hippocampal slices with 50 nM sildenafil or 10 nM vardenafil for 10 min 846 

prior to a weak tetanus is able to convert e-LTP in l-LTP (vehicle: n = 7; 134.96 ± 847 

4.19 % of baseline slope 180 min after tetanus; sildenafil: n = 5; 196.72 ± 11.11 % of 848 

baseline slope; vardenafil: n = 7; 214.86 ± 11.75 % of baseline slope). The PDE5-I-849 

induced l-LTP is comparable to l-LTP evoked by a strong tetanus (n = 7; 227.41 ± 850 

6.79 % of baseline slope 180 min after tetanus). B, A concomitant perfusion with a 851 

monoclonal anti-Aβ antibody (M3.2 mAb; 2μg/ml) for 20 minutes prior to a weak 852 

tetanus suppresses the vardenafil-enhancing effect on LTP (n = 7; 123.25 ± 4.60 % of 853 
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baseline slope 180 min after tetanus). Vardenafil-induced l-LTP is rescued by 854 

perfusion with human Aβ42 (200 pM) in slices concurrently treated with M3.2 (n = 8; 855 

213.51 ± 34.17 % of baseline slope 180 min after tetanus). C, 200 pM Aβ42 rescues 856 

the vardenafil-induced l-LTP in slices obtained from APP KO mice (n = 7/7; 143.27 ± 857 

10.69 % of baseline slope 180 min after tetanus vs. 214.47 ± 19.68 % of baseline 858 

slope 180 min after tetanus). The horizontal bar indicates the period during which 859 

drugs are added to the bath solution. The arrow indicates tetanus delivery. The shaded 860 

area in B and C corresponds to the average potentiation (dotted line) and the standard 861 

error range in slices treated with vehicle + strong tetanus as in (a). Data are mean ± 862 

SEM. 863 

 864 

Figure 5: cGMP-induced recognition memory is not present in APP KO mice. A, 865 

Exploration times of familiar and novel object during T2 (after a 24-hr retention 866 

interval) show that WT mice treated with vardenafil spend longer time exploring the 867 

novel object (n = 12; 65.45 ± 6.34 vs. 32.43 ± 6.34 % of total exploration time). 868 

Conversely, vardenafil is not able to evoke memory in APP KO mice (n = 13; 46.32 ± 869 

5.93 vs. 53.67 ± 5.93 % of total exploration time). WT and APP KO mice treated with 870 

vehicle spend the same amount of time exploring the familiar and the novel object 871 

(WT: n = 12; 51.47 ± 3.9 vs. 48.52 ±3.9 % of total exploration time; APP KO: n=12; 872 

54.72 ± 7.87 vs. 45.27 ± 7.87 % of total exploration time), confirming the 873 

physiological forgetting due to the shorter exposition in T1.  B, Analyses of the 874 

discrimination index (D) confirm that vardenafil-induced enhancement of recognition 875 

memory is not evoked in APP KO mice. C, Latency to first approach to the novel 876 

object and D, total exploration time are comparable in the 4 groups of mice. * p < 877 

0.05; # p < 0.0001; § difference from 0. Data are mean ± SEM.  878 












