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ARTICLE INFO ABSTRACT

Keywords: Phosphodiesterase 2 A (PDE2A) function is stimulated by cGMP to catabolize cAMP. However, neurological and
Phosphodiesterase 2A ) neurochemical effects of PDE2A deficiency are poorly understood. To address this gap, we studied behavioral
Pfs[iA heterozygous +/— mice characteristics and cerebral morpho-chemical changes of adult male heterozygous C57BL/6-PDE2A+/— (HET),
C.

and wild type C57BL/6-PDE2A+/+ (WT) mice.

;GDI;[;) Behavioral functions of mice were evaluated by a wide test battery. HET mice exhibited greater tendency to

PDES explore novel environments in comparison to WT mice, but spatial working memory, anxiety, and sociability

PDE9 were similar in adult HET and WT mice.

PDE10 In HET mice, PDE2A mRNA, PDE2A protein expression, and cGMP hydrolyzing enzymatic activity were

nNOS consistently reduced by about 50 %. Consequently, the cyclic nucleotide levels were significantly increased in

Exploratory behavior HET mice, but unexpectedly the mean percentage variation was higher for cGMP equal to 153.23 %, and lower
for cAMP equal to 16.41 %. Therefore, to try to explain the preponderant increase of cGMP to cAMP we eval-
uated other PDE enzymes functionally related to PDE2A. Surprisingly, results were quite contradictory: in HET
mice protein levels of the other dual-specificity enzyme PDE3A and PDE10A were reduced, whereas the ex-
pressions of PDESA and PDE9A that selectively hydrolyze cGMP were increased.

Therefore, we investigated the involvement of neuronal nitric oxide synthase (nNOS) expression, as deter-
minant of a possible increased synthesis of NO/cGMP signaling. Interestingly, in HET mice the expression level of
brain nNOS, measured by western blot and immune-histochemistry was significantly increased, particularly in
interneurons from the striatum.

In conclusion, the deficiency of PDE2A could be compensated in the striatum by upregulating nNOS/NO/
c¢GMP pathway, which in turn likely upregulates PDE2A-dependent cAMP hydrolysis. The neuroanatomical
correlation between striatal nNOS upregulation and the behavioral phenotype of increased exploratory behavior
in HET mice is advanced.

1. Introduction and 3',5'-cyclic guanosine monophosphate (¢cGMP) play important roles
in transduction of a signal from outside the cell to the appropriate
Second messenger 3',5-cyclic adenosine monophosphate (cAMP) molecules within the cell. These second messengers bind to cyclic

* Corresponding author.
E-mail address: mauro.giorgi@uniromal.it (M. Giorgi).
! These authors to be considered equally first author.

https://doi.org/10.1016/j.nbd.2024.106781
Received 30 July 2024; Received in revised form 21 December 2024; Accepted 21 December 2024

Available online 27 December 2024
0969-9961/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mauro.giorgi@uniroma1.it
www.sciencedirect.com/science/journal/09699961
https://www.elsevier.com/locate/ynbdi
https://doi.org/10.1016/j.nbd.2024.106781
https://doi.org/10.1016/j.nbd.2024.106781
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2024.106781&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.G.O. do Rego et al.

nucleotide-gated ion channels and to target proteins like protein kinases,
namely, protein kinase A and G (Podda and Grassi, 2014).

cAMP and cGMP are synthesized by adenylyl cyclase or guanylate
cyclase, respectively, and degraded by cyclic nucleotide phosphodies-
terase (PDE) superfamily of enzymes, encompassing a total of 11
different types of PDEs (PDE1-PDE11). PDEs have individual and
distinct degrees of substrate specificity. The cAMP-specific PDEs include
PDE4, PDE7, and PDES8; the cGMP-specific enzymes include PDES5,
PDE6, and PDE9; the remaining family members process both cyclic
nucleotides, although they prefer one or the other to varying degrees
(Francis et al., 2011).

Namely, PDE2A catabolizes both cAMP and ¢GMP, and allosteric
binding ¢cGMP increases its hydrolytic activity of cAMP by ~5-6 times
(Sadek et al., 2020). PDE2A is involved in regulating many intracellular
processes, corresponding to its tissue-specific expression. Indeed, PDE2A
is widely distributed in a number of organs including the brain, where it
is most abundant in the limbic system, frontal cortex, and striatum, re-
gions known to be involved in cognitive, emotional and motor functions.
PDE2A is the only PDE associated with docked synaptic vesicles,
resulting thus involved in presynaptic plasticity (Boyken et al., 2013).
Recently, it has been demonstrated that about 50 % of the total amount
of hydrolyzed ¢cGMP is PDE2A-dependent during rat brain synapto-
genesis, a further significative index of the key role of PDE2A in brain
development (Maurin et al., 2019).

Moreover, PDE2A has received considerable interest after the dis-
covery that its increased expression and activity in the brain are a mo-
lecular determinant in the physiopathology of the fragile X syndrome,
the most common monogenic cause of autism (Maurin et al., 2019).
Consistently, patients affected by Autism Spectrum Disorders (ASD)
with moderate to severe intellectual disability display homozygous
mutations in PDE2A (Doummar et al., 2020; Haidar et al., 2020; Sal-
pietro et al., 2018; Yousaf et al., 2023). On the other hand, reduced
PDE2A levels in amygdala and frontal cortex have been found in post-
mortem analyses of patients with schizophrenia (Farmer et al., 2020).
Moreover, the pharmacological inhibition of PDE2A in genetic and
environmental preclinical models of ASD rescues the dendritic spines
maturity and the exaggerated hippocampal long-term depression (LTD),
as well as the social and communicative deficits. These preclinical re-
sults suggest that PDE2A blockade may represent a reliable therapeutic
approach to treat neurochemical changes and social deficits common to
ASD (Schiavi et al., 2022).

A clear indication of the importance of PDE2A during development
derives from the observation that its genetic ablation lethally impairs
heart and liver development in mouse embryos, leading to death after
the second week of fetal development (Assenza et al., 2018; Barbagallo
et al., 2020; Cardarelli et al., 2024). While knockout PDE2A—/— em-
bryos do not survive, heterozygous PDE2A+/— mice have apparent
normal development, and standard life expectancy. However, a recent
study (Delhaye et al., 2024) characterized the pup and adolescent
PDE2A heterozygous +/— mice at behavioral, cellular, molecular and
electrophysiological levels, revealing some changes in molecular targets
of the PDE2A-dependent pathway, underlying subtle socio-cognitive
deficits, and proposing the PDE2A heterozygous +/— mice as a devel-
opmental brain disorder model. The socio-cognitive deficits were asso-
ciated with microglia activation, and defects in AMPA receptor
trafficking (Delhaye et al., 2024).

Considering that the deficiency of PDE2A activity appears to be
involved in subtle socio-cognitive deficits in infancy and adolescence,
we retained interesting to analyze further whether such deficits remain
or further develop in the mature age. Therefore, we evaluated the
behavior of adult heterozygous PDE2A -+/— mice, considering in
particular spatial working memory, explorativity, sociability, and
anxious and depressive-like behaviors. Moreover, we evaluated eventual
compensatory changes to PDE2A deficiency, able to modulate cAMP and
c¢GMP homeostasis, considering the functionality of other PDE enzymes
related to PDE2A functions (PDE3A, PDE10A and PDESA, PDE9A);
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finally, we evaluated possible changes of cGMP synthesis, related to
nNOS/NO pathway, to increase the PDE2A hydrolytic activity of cAMP.

2. Materials and methods
2.1. Animals

Wild type PDE2A+/+ mice (C57Bl/6 J) and PDE2A+/— mice (B6;
129P2 - Pde2a < tm1Dgen>/H; EM: 02366) were obtained from EMMA
(UK). Genotyping for PDE2A was performed as previously reported
(Assenza et al., 2018). Mice were kept under artificial day-night cycle,
with free access to food and water. All experimental procedures were
conforming with the Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes and were
conducted with the approval of the Italian Ministry of Health 919,/2020-
PR dated 28/09/2020.

2.2. Behavioral testing and experimental procedures

Male adult PDE2A +/— heterozygous (HET) and PDE2A +/+ wild
type (WT) mice, with similar body weight (30-32 g) at the adult age of
3-4 months, were tested with the following validated behavioral tasks,
tapping distinct cognitive functions: Open Field (OF) to assess explor-
atory behavior and anxiety levels; Marble Burying Test (MBT) to assess
neophobic, anxious, and compulsive behaviors; Elevated Plus Maze
(EPM) to evaluate anxiety levels; Light/Dark Box Test (L/D) to assess
neophobic and anxious behavior; Tail Suspension Test (TST) to measure
depressive-like behaviors; Y-Maze Spontaneous Alternation Test (Y-
Maze) to measure spatial working memory and willingness of mice to
explore new environments; Three-Chamber Sociability Test (ST) to
assess general sociability (for the description of behavioral tasks, see
Supplementary Materials). At the end of behavioral testing, the animals
were sacrificed under deep anesthesia and the brains were used for
morphological and biochemical analyses.

2.3. Morphological and biochemical analyses

For morphological studies, animals were deeply anesthetized and
transcardially perfused with 4 % paraformaldehyde. Brains were
immediately removed and postfixed in the 4 % paraformaldehyde
fixative solution overnight at 4 °C. Using an Oxford vibratome, 40 pm
thick coronal brain sections were cut across the entire rostro-caudal
extent, collected, and stored at 4 °C, as previously reported (D’Angelo
et al., 2017).

For biochemical analyses, animals were killed by cervical disloca-
tion, and their brains were rapidly removed and placed on an ice-cold
plate. Thick brain sections were cut with an Oxford vibratome,
promptly frozen in liquid nitrogen, and stored at —80 °C. Selected brain
regions were homogenized using a glass homogenizer: the first and
second supernatants were then pooled and processed for biochemical
analysis, as previously reported (Giorgi et al., 2008).

2.4. Western blotting

Protein samples were extracted from adult brains in RIPA lysis buffer
1x (Merck Millipore Darmstadt, Germany) supplemented with protease
and phosphatase inhibitors. The protein concentration was measured by
Bradford method. An amount of 30 pg of protein was electrophoresed in
8 % SDS-PAGE gels and transferred onto nitrocellulose membrane (Bio-
Rad). Blots were incubated overnight at 4 °C either with anti-PDE2A
antibody (1:1000; Abcam, #ab140650), or anti-PDE3A antibody
(1:500; Santa Cruz, #sc-20,792), or anti-PDE5SA antibody (1:1000; Santa
Cruz #32884), or PDE9A (1:1000; Abcam, #ab125672), or PDE10A
antibody (1:500; FabGennix, #PD10A-101AP), or anti-nNOS (1:500;
Sigma-Aldrich, # 07-571-I). Anti- GAPDH antibody (1:10000; Sigma-
Aldrich, #G9545) or anti-p-actin antibody (1:10000; Sigma-Aldrich,
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#A1978) were used as housekeeping proteins.

After, the membranes were incubated in appropriated horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h at room
temperature, and signals were detected by chemiluminescence with the
ECL SuperSignal TM West Pico PLUS substrate (Thermo Fisher Scienti-
fic, MA, USA). Chemiluminescent images of immunodetected bands
were recorded with the Syngene G-box system (Syngene Bioimaging,
India) and the densitometric analysis was performed using the National
Institutes of Health ImageJ version 1.29 program.

2.5. RNA preparation and RT-qPCR

Total RNA was isolated from tissue samples using the RNA purifi-
cation kit from Zymo Research (CA, USA), according to the manufac-
ture’s protocol. The yield and purity of RNA was determined with the
NanoDropTM OneC microvolume UV-Vis Spectrophotometer (Thermo
Fisher Scientific, MA, USA). The RNA was reverse-transcribed to syn-
thesize cDNA through Maxima H minus reverse transcriptase (Thermo
Fischer Scientific, Waltham, MA, USA), according to the manufacturer’s
protocol. gqPCR was performed on reverse-transcription (RT) products
with the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific,
MA, USA) and the following specific primers: Pde2a-For 5’ -ACCGAAA-
GATCCTGCAACTG-3, Pde2a-Rev 5’-TTCTCCCAGCACTTTGTCTC-3;
Gapdh-For 5-GTGAAGGTCGGTGTGAACG-3, Gapdh-Rev 5-ATTT-
GATGTTAGTGGGGTCTCG-3..

Target transcripts were analyzed using QuantStudio 7 Flex RT PCR
System (Thermo Fisher Scientific, MA, USA). For quantification analysis,
the comparative threshold cycle (Ct) method was used. The Ct value of
Pde2a gene was normalized to the Ct value of Gapdh in the same cDNA
sample. The gene expression levels were evaluated by the fold change
using the eq. 2"44Ct,

2.6. PDE2A activity assay

Brains were homogenized using a glass homogenizer in 20 mM Tris-
HCI buffer pH 7.2 containing 0.2 mM EGTA, 5 mM f-mercaptoethanol,
2 % (v/v) antiprotease cocktail (Merck KGaA, Germany), 1 mM PMSF, 5
mM MgCly, 0.1 % (v/v) Triton X-100. The homogenates were centri-
fuged at 14,000 xg for 30 min at +4 °C. Phosphodiesterase activity was
measured on the supernatant with the method described by Thompson
and Appleman (Thompson and Appleman, 1971) in 60 mM Hepes pH
7.2, 0.1 mM EGTA, 5 mM MgCl,, 0.5 mg/mL bovine serum albumin and
30 mg/mL soybean trypsin inhibitor in a final volume of 0.15 mL. The
reaction was started by adding tritiated substrates at a final concentra-
tion of 1 uM [*H]cGMP. The reaction was stopped by adding 50 pl of 0.1
N HCI and then neutralized with 50 pl of 0.1 N NaOH in 0.1 M Tris-HCI
pH 8.0. Subsequently, 25 pl of 2 mg/ml of 5-nucleotidase (snake venom
from Crotalus atrox; Merck KGaA) in 0.1 M Tris-HCI pH 8.0 were added.
Samples were gently mixed and incubated at 30 °C for 30 min to allow
complete conversion of 5-nucleotide to its corresponding nucleoside.
Unhydrolyzed cyclic nucleotide and the corresponding nucleoside were
separated by DEAE Sephadex A-25 columns. The eluate was mixed with
ULTIMA GOLD scintillation liquid (PerkinElmer, USA) and counted on a
Tri-Carb 2100TR Liquid Scintillation Counter (2000CA; Packard In-
struments, USA). To evaluate the enzymatic activity of PDE2A, the
specific inhibitor BAY60-7550 was added to the reaction mix at a final
concentration of 0.1 pM.

2.7. Cyclic nucleotide assay

cAMP and cGMP were measured with Direct cAMP/cGMP ELISA kit
(Enzo Life Sciences, NY, USA) according to manufacturer’s instruction.
Brain tissues of WT (n = 4) and HET (n = 4) mice were homogenized in
0.1 M HCl with 0.1 % v/v Triton X-100 using glass homogenizers. Lysate
were then centrifuged at 14,000 g for 10 min. Aliquots of 100 pl were
analyzed to determine nucleotide levels following the acetylated version
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of the assay, according to the kit instructions. Aliquots of 5 pl of the
supernatant were assayed for protein determination with Bradford
assay. Results are referred to a cAMP and cGMP Standard Curves per-
formed together with the cAMP and ¢cGMP Assay. Cyclic nucleotide
levels were normalized to the protein content of each sample. Values
represent the mean + SD of at least 3 sample preparations.

2.8. PDE2A and neural nitric oxide synthase (nNOS)
immunohistochemistry

Free-floating brain sections were incubated overnight at 4 °C with
mouse anti-nNOS monoclonal antibody (1:100; Sigma-Aldrich, Milan,
Italy) or with anti-PDE2A rabbit antibody (1:100; Abcam, #ab140650),
following the manufacturer instructions. The primary antibody was
detected using a biotinylated secondary antibody (Vector Laboratories,
Vectastain ABC KIT, Burlingame, CA, USA), and an avidin horseradish
peroxidase-diaminobenzidine-H,05 chromogen system (Sigma Fast;
Sigma-Aldrich).

Sections were observed and photographed with a light microscope
(Olympus BX51), equipped with an automatic micro camera (Leica DC
300 F, Q550 IW Soft). Immunoreaction staining intensity was evaluated
in the brain sections, using the Gray Scale Program of the Quantimet
Image Processing and Analysis System (Q550 IW Soft). Values were
expressed as means + SD of immunoreactive optical density per unit test
area (4.5 x 10* umz).

2.9. NADPH-diaphorase histochemistry

A standard histochemical procedure was used for perfusion-fixed
brain with paraformaldehyde, as previously reported (Sancesario
et al., 2004). Briefly, free-floating brain sections were washed three
times with Tris-HCl and incubated for 60-90 min at 37 °C in incubation
medium containing 0.1 m Tris-HCI (pH 8.0), 1 mM beta NADPH, 0.2 mM
Nitro Blue Tetrazolium and 0.2 % Triton X-100. After histochemical
staining, the sections were mounted onto slides, dehydrated, cleared and
coverslipped with Permount for light microscope examination. Sections
were observed and photographed with a light microscope (Olympus
BX51) equipped with an automatic micro-camera (Leica DC 300 F, Q550
IW Soft). 3DSholl and Skeleton analyses were run on the brains of WT (n
= 3) and HET (n = 3) mice to evaluate the extent of dendritic tree of
NADPH positive neurons (5 neurons/area/animal). The following pa-
rameters were considered: radial dendritic distance from the soma, total
dendritic lengths, and dendritic endpoints of each neuron.

2.10. Statistical analyses

Statistical analyses of behavioral tests were performed with Statistica
12 (StatSoft), by using one-way ANOVAs for independent measures
(group) and by two-way ANOVAs for repeated measures in the EPM and
ST with Group as between-subjects factor, and Arm/Chamber/Cup as
within-subjects’ factors. Differences were considered significant at the p
< 0.05 level.

Statistical analyses of biochemical and morphological data were
conducted with GraphPad Prism 9 (Graphpad Software), by using paired
or unpaired Student’s t-test. Normality of data sets was evaluated with
Kolmogorov-Smirnov’s test. 3D Sholl analysis was evaluated with Mann-
Whitney test. Data were represented as mean + SD and significance
level was set at p < 0.05 level.

3. Results
3.1. Behavioral findings
HET mice travelled more total distance in the OF arena (p < 0.01),

exhibited higher mean velocity (p < 0.01), and displayed a superior
number of rearings (p < 0.05) in comparison to WT mice (Fig. 1). No
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Fig. 1. Open Field. Mean velocity (cm/s). Total distance (cm) travelled by the animal. Percentage of peripheral distance (Distance in the peripheral anulus / Total
distance x 100) travelled by the animal. Frequency of Rearings. Times spent in freezing. Defecations during the trial. WT: n = 11, HET: n = 6. *P < 0.05 and **

< 0.01.

differences were found in the percentage of distance travelled in the
peripheral area of the arena, number of defecations and freezing time
shown by the two groups.

Taken together, the increased horizontal and vertical locomotor ac-
tivities of HET mice, and the absence of modifications in anxiety and
emotionality parameters (Bindra and Thompson, 1953) indicate that
HET mice exhibited a greater propensity to explore, and the same anx-
iety levels in comparison to WT.

HET and WT mice buried a similar number of marbles, a clear index
that levels of anxiety and compulsive behavior were not affected by the
genotype (Supplementary Fig. 1).

HET and WT mice similarly explored open and closed arms of the
maze, as indicated by the lack of statistical differences in duration and
frequency of arm entries. Both groups spent more time in the closed
arms. Both experimental groups displayed a comparable number of
defecations. These findings indicate no differences in anxiety levels
(Supplementary Fig. 2).

The time spent by HET mice in the Light chamber did not differ from
that of WT mice. The same occurred as for the time spent in the Dark
chamber, although, as is typically the case, the times in the Dark
chamber were longer. No differences between groups were evident in
the number of defecations and head dips (Supplementary Fig. 3).

HET and WT mice showed comparable levels of immobility time, a
finding indicating no difference in depressive-like behaviors (Supple-
mentary Fig. 4).

No differences were observed in the percentage of spontaneous al-
ternations and frequency of entries displayed by HET and WT mice.
These findings indicate that spatial working memory performances were
similar in both experimental groups (Supplementary Fig. 5).

HET and WT mice explored more frequently (chamber: p < 0.05; cup:
p < 0.001) and spent more time (chamber: p < 0.001; cup: p < 0.0001)
exploring the chamber and sniffing the cup containing the unfamiliar co-
specific, without any difference between groups. These findings
demonstrate that the genotype did not affect the preference for social
stimulus (Supplementary Fig. 6).

3.2. Morphological and biochemical findings

3.2.1. PDE2A immunohistochemistry

We studied PDE2A topographical distribution in the brain, to verify
whether HET and WT mice displayed regional differences in the PDE2A
expression. In WT mice, intense PDE2A brown reaction product immu-
noreactivity was observed mainly in the cerebral cortex, hippocampus,
basal ganglia (in particular, substantia nigra pars reticulata) (Fig. 2), in
accordance to Stephenson and colleagues (Stephenson et al., 2009).
PDE2A immunoreactivity generally consisted of fine punctate grains
densely distributed throughout the neuropil, even if scattered PDE2A
positive neuronal bodies were observed in the cerebral cortex and in
substantia nigra pars compacta. The pattern of PDE2A immunoreactivity
was comparable between the two groups of animals throughout brain
areas (Fig. 2A-H), but intensity of immunoreactive product appeared
lower in HET mice. Indeed, densitometric analysis demonstrated that
the relative intensity of PDE2A immunoreactive product was signifi-
cantly lower throughout the different brain areas in HET mice, except in
the entopeduncular nucleus and nucleus accumbens, compared to cor-
responding brain areas of WT mice (Fig. 3). These data demonstrate that
HET mice have an almost global reduction of PDE2A expression in the
brain.
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Fig. 2. Low power photomicrographs of PDE2A immunoreactivity in compar-
ative brain sections of WT (A, C, E, G) and HET B, D, F, H) mice in: cerebral
cortex and hippocampus (A, B), striatum (arrow white), external globus pal-
lidus (arrow blu), entopeduncular nucleus (arrow green) (C, D), substantia
nigra and periaqueductal area (E, F), striatum (on the right in each figure) and
external globus pallidus (on the left in each figure) (G, H). Intense PDE2A
positive brown reaction product covers gray matter areas, whereas the white
matter areas are unstained or just covered by background staining. PDE2A
staining appears less intense in HET than in corresponding brain areas of WT.
Scale bar in H: A-F = 250 pm; G-H = 100 pm. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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3.2.2. PDE2A protein expression

To evaluate the relative intensity of PDE2A expression in the two
groups of animals, Western blot analysis was performed using a specific
monoclonal antibody on tissue extracts from whole brain homogenate. A
single band of 105 kDa PDE2A immunoreactivity was detected in tissue
extracts (Fig. 4A), according to Stephenson and colleagues (Stephenson
et al., 2009).

Comparative optical density (0.D.) of Western blotting bands
demonstrated that the expression of PDE2A was about 50 % lower in
HET mice compared to WT animals (Fig. 4B).

3.2.3. Pde2A mRNA

RT-PCR amplification of Pde2A mRNA was performed in the two
groups of animals to investigate whether HET mice carried PDE2A
changes at the transcriptional level in the brain. The primers gave a
strong Pde2A amplification in the brain of both groups. However, the
relative intensity of Pde2A mRNA expression detected in the brain of
HET mice was lower than in WT mice (Fig. 4C).

3.2.4. PDE2A hydrolyzing activity

We investigated whether in HET mice the changes in PDE2A
expression consistently affected total cGMP-PDE hydrolyzing activity
and PDE2A specific activity in tissue extracts. Total cGMP-PDE activity
was evaluated as nmol cGMP hydrolyzing activity to inactive 5°GMP/
min/mg protein, while specific PDE2A ¢cGMP hydrolyzing activity was
evaluated by using PDE2A selective inhibitor BAY 60-7550 at a fixed
concentration of 0.1 pM (Schiavi et al., 2022). The amount of total
cGMP-PDE activity in the brain was slightly decreased in HET mice, but
the decrement was not significant (Fig. 5A). Conversely, the specific
activity of PDE2A, obtained from the difference between total cGMP-
PDE activity and the residual one in presence of BAY 60-7550, was
about 50 % lower in HET mice compared to WT animals (Fig. 5B).

3.2.5. cAMP and cGMP levels

We measured the basal levels of cAMP and cGMP in the two groups of
animals to verify whether changes in PDE2A expression and activity in
the brain of HET mice actually affected the cyclic nucleotide steady
state. Indeed, the cAMP and the CGMP levels appeared increased in
whole brain extracts of HET mice compared to WT mice (Fig. 5C, D).
However, the mean percentage variations of cGMP and cAMP levels
were quite different, much more high for cGMP = 153.23 %, than for
cAMP = 16.41 %. These data suggest that the hydrolysis of cAMP and
c¢GMP is differentially regulated in HET mice.

3.2.6. Other PDE proteins
We evaluated whether the differential cAMP/cGMP homeostasis in
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hemispheres; each tissue sample was assayed in duplicate. B) PDE2A-specific
c¢GMP degradation measured as the difference of values obtained from brain
extracts of WT and HET mice in the absence and presence of BAY60-7550.
C—D) cAMP and ¢GMP contents in the brains of WT (n = 4) and HET (n = 4)
mice. Each tissue sample from each animal was assayed in duplicate. Values are
expressed as pmol & SD of cAMP and cGMP / mg protein. HET mice showed a
slight significant increase in the cAMP levels, but a marked increase in the
cGMP levels. Student’s t-test, *P < 0.05, ***P < 0.001.

the brain of HET mice could be dependent on the integrated involvement
of other PDEs. Therefore, we performed Western blot analyses of: 1)
PDE3A and PDE10A, dual-specificity enzymes that hydrolyze both
cAMP and c¢GMP; 2) PDESA and PDE9A that selectively hydrolyze
c¢GMP. Western blot analyses were performed by using a monoclonal
antibody, specific for each PDE type, on tissue extracts from whole brain
homogenate. Single bands of 69 kDa, 70 kDa, 105 kDa, 110 kDa iden-
tified respectively PDE9A, PDE10A, PDESA, PDE3A (Fig.6A).
Comparative optical density (0.D.) of Western blotting bands
demonstrated that expression of PDESA and PDE9A significantly
increased, but the expression of PDE3A and PDE1OA significantly

decreased in HET compared to WT mice (Fig. 6B). These data indicate
that the increment of PDES5A and PDE9A was not sufficient to
compensate the reduced PDE2A-dependent ¢cGMP catabolism in the
brain of HET mice. Therefore, we hypothesized that higher levels of
c¢GMP in the HET brain could be explained by a concurrent increased
synthesis. On the other hand, the down regulation of PDE2A is para-
doxically associated with an inexplicable reduced expression of PDE3A
and PDE10A.

3.2.7. Nitric oxide synthase neurons in HET mice

We evaluated whether the increased levels of cGMP in the brain of
HET mice could be dependent, at least in part, on concurrent changes of
neuronal nitric oxide synthase (nNOS) expression. nNOS is the pre-
dominant physiological source of nitric oxide (NO) in the brain
(Garthwaite, 1991), which stimulates the soluble guanylyl cyclase (sGC)
to produce the second messenger cGMP. Immunohistochemistry for
nNOS labelled a discrete population of medium-sized neurons, fusiform
or multipolar in shape, scattered throughout the brain, in particular on
the cerebral cortex, striatum (Fig. 7A), and nucleus accumbens. There
were no obvious differences in the topographic distribution of nNOS-
labelled neurons between HET and WT groups. However, densito-
metric analysis demonstrated an increase of the nNOS immunostaining
in the medium-sized neurons of the striatum and nucleus accumbens,
but not of the cortex, in HET compared to WT mice (p < 0.05; Fig. 7B, C,
D). We then performed Western blot analysis of brain extracts by using a
specific nNOS antibody (Fig. 7E), to verify the global nNOS expression in
the brain of the two groups of animals. Densitometric analysis demon-
strated that nNOS protein contents significantly increased in the brain of
HET mice (Fig. 7F), compared to WT animals (p < 0.05).

Notably, the distal dendritic arborizations of nNOS neurons
appeared shorter in HET mice, compared to nNOS neurons in WT mice
(Fig. 7A). To better analyze the morphological characteristics of the
nNOS neurons, we used nicotinamide adenine dinucleotide phosphate
diaphorase (NADPH-d) histochemical staining technique (Fig. 8A),
which allows detecting - with high sensitivity and specificity - fine
cytochemical details of nNOS cell bodies, major dendrites and neuritic
processes (Figueredo-Cardenas et al., 1996; Sancesario et al., 2000,
1996). However, there is a decreasing gradient of staining intensity
between NADPH-d positive cell body and process terminals: therefore
signals of the thin process network in the neuropil cannot alway be
easily differentiated against the background granular unspecific stain-
ing. Actually, we found that nNOS/NADPH-d positive neurons of HET
mice (n = 3) exhibited reduced cumulative dendritic length, and fewer
dendritic endpoints in the cerebral cortex, striatum and nucleus
accumbens compared to WT mice (n = 3) (Fig. 8B).

4. Discussion

We found that the haploinsufficiency of PDE2A activates complex
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Fig. 6. A) Immunoblots of PDE3A, PDESA, PDE9A, PDE10A. Thirty micrograms of total protein extract were used from the brain of WT (n = 5) and HET (n = 5) mice.
As internal reference standard, the f-actin content was detected. B) Densitometric analysis and relative intensity of immunostained bands. In the brain of HET mice
PDESA and PDE9A specific contents were increased, but the PDE3A and PDE10A were significantly decreased. The values are the mean =+ SD of five different Western
Blot experiments per experimental group. Student’s t-test, *P < 0.05, ***P < 0.001.

interactions with other PDEs, but it is also specifically coupled with
increased expression nNOS, to compensate changes of PDE2A dependent
cAMP and cGMP metabolism.

4.1. Biochemical and immunohistochemical findings

Biochemical and immunohistochemical findings of the present
research demonstrate that HET mice display 50 % reduction in PDE2A
protein expression and activity in comparison with WT mice. Therefore,
we were expecting that the reduced expression of PDE2A in HET mice
would have determined comparable increased levels of the second
messengers cAMP and cGMP, given that PDE2A catabolizes both cyclic
nucleotides. Unexpectedly, the mean percentage increases of the two
cyclic nucleotides levels were highly differentiated in HET mice: the
cAMP elevated just to 16.41 %, whereas the cGMP wheeled to 153.23 %.

4.1.1. Cross-talk between the cAMP and cGMP signaling

It is well-known that in physiological conditions in rodent brain the
baseline levels of cAMP are much higher (about 20 pmol/mg proteins)
than the cGMP levels (about 0.1 pmol/mg protein) (Giorgi et al., 2008).
To understand the compensatory mechanisms preferentially maintain-
ing cAMP homeostasis in HET mice, we should first consider the dif-
ferential affinity of PDE2A for the cAMP (Ky,, ~30 pM) and for cGMP
(K, ~10 pM): actually the lower is the value of Ky, for cGMP, the higher
is its affinity for PDE2A compared to cAMP, and vice versa. Moreover,
we should consider the allosteric characteristics of the enzyme PDE2A
that can bind both cAMP and ¢GMP simultaneously, but selectively at
two distinct sites, named respectively active and effector: upon binding
the cGMP at the effector site, PDE2A changes its conformational struc-
ture, and it increases the affinity of the active site to bind the cAMP, so
improving cAMP metabolism. Therefore, at physiological concentra-
tions, cGMP is the preferred substrate for PDE2A effector site, which can
stimulate PDE2A-mediated cAMP hydrolysis. Actually, nanomolar to
micromolar concentrations of cGMP can accelerate cAMP hydrolysis
7-14 folds, with K, for cGMP of 0.36 pM. However, at higher concen-
trations (~10 pM) cGMP can compete with cAMP binding at the cata-
lytic site and can thus inhibit cAMP hydrolysis (Martins et al., 1982;

Weston et al., 2003). According to the functional characteristics of
PDE2A, in HET mice the higher cGMP levels (HET 0.26 + 0.036 SD >
WT 0.10 + 0.025 SD pmol/mg protein) can represent the preferred
substrate for PDE2A effector site, stimulating the cAMP-hydrolyzing
activity of the active site. In such a way, the reduced content of
PDE2A in HET mice could be compensated by the increased ¢cGMP-
stimulated cAMP hydrolyzing activity, which in turn could contribute,
at least partially, to maintain a limited increase of cCAMP content (WT
18.55 + 1.71 SD > HET 21.59 + 1.54 SD pmol/mg protein).

4.1.2. Interactions of PDE2A with other PDEs

We were expecting that the reduced expression of PDE2A in the brain
of HET mice could be compensated by an increased expression of other
dual-specificity enzymes, such PDE3 and PDE10A. Conversely, in asso-
ciation with the reduced expression of PDE2A, we found a reduced
content of PDE3A and PDE10A in the brain of HET mice. Although these
results are not easily interpretable as compensatory mechanisms, let’s
consider the specific functional characteristics of each PDE. Unlike
PDE2A that is stimulated by ¢cGMP to hydrolyze cAMP, cAMP hydro-
lyzing activity of PDE3A is inhibited by ¢cGMP (Shakur et al., 2001).
Therefore, the PDE3A downregulation in HET mice may be considered a
balance mechanism in the presence of high levels of cGMP, oppositely
correlated to the cGMP-stimulated cAMP hydrolyzing activity of PDE2A.

On the other hand, PDE10A has high affinity for cAMP, so that, in
spite of its dual-specificity, it primarily acts as a cAMP-specific PDE, and
only in the case of very low cAMP concentrations it can contribute to
c¢GMP degradation (Jager et al., 2012). Therefore, to interpret the
reduced PDE10A expression correlated with the PDE2A deficiency in
HET mice, we may advance that the cGMP-stimulated cAMP hydrolyz-
ing activity of PDE2A has a predominant role to maintain cAMP ho-
meostasis in HET mice, with secondary compensatory downregulation
of PDE3A and PDE10A. Accordingly, the high levels of cGMP in HET
mice could be explained, at least in part, by the reduced PDE3A and
PDE10A expression, associated with PDE2A deficiency.

Thereafter, we explored the expression of PDESA and PDE9A that
selectively hydrolyze cGMP. PDE5SA exerts a major role in degrading
c¢GMP produced by nitric oxide (NO) as well as by the natriuretic
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Fig. 7. A) Photomicrographs of nNOS-immunoreactive neurons in vibratome sections (40 pm thick) from the striatum of WT and HET mice. The number of nNOS
neuronal bodies appears similar in both groups of mice, however their nNOS immunoreactivity appears increased in HET mice. Scale bar, 100 pm. B, C, D)
Densitometric analyses of the nNOS immunoreactivity in neuronal bodies on different brain regions of WT (n = 4) and HET (n = 4) mice. The results are expressed as
mean =+ SD of the values obtained on each region throughout both hemisphere from five different sections. Optical density for the cytochemical reaction product was
significantly increased in nNOS neurons in the striatum and in the nucleus accumbens but not in the cerebral cortex of HET mice. E) Inmunoblots of nNOS. Thirty
micrograms of total protein extract were used from the brains of WT (n = 5) and HET (n = 5) mice. As internal reference standard, the GAPDH was detected. F) nNOS
densitometric analysis and relative intensity of immunostained bands. In the brain of HET mice nNOS specific contents were increased. The values are the mean + SD

of five different Western Blot experiments per experimental group. Student’s t-test, *P < 0.05, **P < 0.01,

peptides, while PDE9A only regulates NO-induced ¢cGMP increase
(Bobruskin et al., 1991). However, the consistent up-regulation of
PDESA and PDE9A, actually occurring in HET mice, did not result suf-
ficient to compensate for the reduced cGMP hydrolysis by PDE2A, and
likely also by PDE3A and PDE10A. Moreover, we have to consider that,
despite the variations in the protein levels of these PDEs, total cGMP-
hydrolizing activity is very similar between WT and HET (Fig. 5A).
This might suggest that the increased intracellular cGMP concentration
is due to a problem in its biosynthesis rather than in its degradation.
Therefore, we argue that the increased cGMP levels of HET mice may be
partly related to an up-regulation of NO, which is the main source of
c¢GMP synthesis in the brain.

P < 0.001.

4.1.3. PDE2A, nNOS and NO-induced cGMP synthesis

NO is a multifaced signaling molecule, with very short half-life of
1-10 s, produced by three distinct isoforms of the enzyme nitric oxide
synthase (NOS): endothelial (eNOS), inducible (iNOS), and neuronal
(nNOS). In the brain, nNOS selectively characterizes a subset of in-
terneurons widely distributed in the cerebral cortex, thalamus, hippo-
campus, and basal ganglia (Chong et al., 2019). In HET mice, we found
an increased content of nNOS, particularly significant in the striatal
neurons. Notably, the striatal neurons exhibited a significant increase of
nNOS content in neural bodies but a decrease of their dendritic arbor. By
examining the morpho-chemical changes in nNOS neurons, specifically
in the striatum, we aimed to gain insight into how they may be con-
nected to the high levels of cGMP and to PDE2A changes in HET mice.
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Fig. 8. A) Photomicrographs of NDPH-d positive neurons in 40 pm-thick vibratome sections from the striatum of WT and HET mice. The number of NADPH-
d neuronal bodies appears similar in both groups of mice, however the extent of their dendritic arborizations appears reduced in HET mice. Scale bar, 100 pm.
B) Plot of the mean number of intersections along the radial distance from the neuronal soma of NADPH-d neurons on different brain regions, indicating reduced
dendritic branching of neurons (5 neurons/region/animal) in HET mice (n = 3) compared with neurons in corresponding areas (5 neurons/region/animal) in WT (n

= 3). Mann-Whitney test, *P < 0.05.

nNOS interneurons make synaptic contacts on the dendritic spines of
the striatal medium-sized spiny neurons (MSNs) (Morello et al., 1997).
NO produced by nNOS interneurons diffuses throughout the striatal
complex, and activates NO soluble guanylyl cyclase (sGC) to produce
c¢GMP into the dendrites of MSNs, modulating cortico-striatal synaptic
plasticity (Sammut et al., 2010; Wang and Robinson, 1997). Indeed, the
NO/cGMP pathway plays a critical role in inducing cortico-striatal long-
term depression (LTD) in MSNs (Calabresi et al., 1999). Moreover, NO
via a sGC-cGMP dependent mechanism reduces the cAMP signals in both
striato-nigral and striato-pallidal MSNs through the activation of PDE2A
(Polito et al., 2013). Therefore, the increased nNOS content in striatal
interneurons may express also an increased synthesis of NO, leading to
NO-induced ¢cGMP high levels in MSNs, and up-regulating PDE2A-

related hydrolysis of cAMP in HET mice. Therefore, our data advance a
compensatory functional link between the PDE2A down-regulation and
nNOS-cGMP up-regulation in HET mice.

4.1.4. PDE2A/nNOS inverse relationship

It is worth to note that: a) the levels of PDE2A are decreased while
those of nNOS are increased in HET mice with haploinsufficiency; b)
oppositely, levels and activity of PDE2A are increased in genetic and
environmental preclinical models of autism (Maurin et al., 2019; Schiavi
et al., 2022), while the nNOS expression is severely diminished in
postnatal neocortex of human patients affected by fragile X syndrome, as
well as in two mouse models of autism (East et al., 1996; Wang et al.,
2018). These data raise the question whether PDE2A is a negative
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regulator of nNOS, or whether PDE2A and nNOS could be mutual
regulator each other. Gaining insight into the regulatory mechanism
involved between the opposite PDE2A-nNOS changes would provide
novel strategies for manipulating nNOS and PDE2A to therapeutic mo-
dalities in the future.

4.1.5. PDE2A and nNOS neuron dendrites

Although the NADPH-d positive distal thin process network cannot
be reliably evaluated in the neuropil, because herein the signal to noise
ratio is high in our work, nNOS qualitative and NADPH-d quantitative
morphometric evaluations demonstrate that the nNOS-NADPH-
d positive neurons display apparent shorter dendritic arborization in
the cerebral cortex, the striatum and nucleus accumbens. In particular, it
is not easy to reconcile the increased content of nNOS enzyme in
neuronal bodies with the reduced dendritic arborization of nNOS neu-
rons in the striatum of HET mice, as we found in the present research.
We have to consider that striatal nNOS interneurons are innervated by
glutamatergic projections from the cortex, and contain ionotropic
glutamate receptors, expressing in particular a distinct NMDA receptor
phenotype (East et al., 1996). Several biochemical and pharmacological
studies demonstrated that glutamate, acting via NMDA receptors, is one
of the most potent activators of nNOS (Garthwaite, 1991; Weiss et al.,
1998). In turn, NMDA receptors are under the control of cAMP/protein
kinase A (PKA), which induces direct phosphorylation of NMDA re-
ceptors and potentiates their activity (Skeberdis et al., 2006). This PKA/
NMDA positive feed-back is under the control of the NO/cGMP
signaling, which activating PDE2A reduces the cAMP signals and,
downstream, the PKA activation. However, the NO/cGMP signaling is
restricted to activate PDE2A hydrolyzing cAMP transients, synthetized
by adenylyl cyclase stimulation, but has no effect on basal cAMP signal
(Polito et al., 2013).

The specific role of PDE2A in regulating the cAMP transients can
represent the key point to interpret the different changes of cAMP and
cGMP, as well as the reduced arborization of nNOS neurons we detected
in HET mice. We found a slightly significant increment of total cAMP
levels in the brain of HET mice in comparison to WT mice, but this result
likely represents just basal cAMP levels that are not representative of the
transient rises of cAMP in HET mice. Therefore, the up-regulation of the
NO/cGMP signaling could not be sufficient to completely compensate
for the PDE2A deficit in HET mice, and probably results in partially
uncontrolled transient rises of the cAMP levels and unusual hyper-
activation of PKA/NMDA positive feed-back.

Hyperactive NMDA receptors increase intracellular Ca%* concen-
tration, up-regulate nNOS, and initiate a cascade of signaling pathways
leading to glutamate excitotoxicity (Kritis et al., 2015). It is well known
that cortical neurons exposed to excess of extracellular glutamate (100
pM) display reduced dendrite growth, which occurs in the absence of
cell death (Monnerie et al., 2003). Moreover, the excitotoxic injury
produced by NMDA receptor activation can be amplified by NO released
by nNOS neurons (Schulz et al., 1995). Therefore, the reduced dendritic
arborization of nNOS neurons of HET mice could depend on an excessive
PKA/NMDA activation and subsequent excitotoxicity. This hypothesis is
supported by the recent paper by Delhaye and colleagues (Delhaye et al.,
2024), demonstrating an increased phosphorylation level of hippo-
campal GluRlof HET mice, in association with reduced mGluR-
dependent LTD (Delhaye et al., 2024). Notably, such LTD reduction
could be sustained also by the increased content of PDE5 and PDE9 we
found in HET mice, considering that the PDES inhibitor Zaprinast can
activate LTD (Calabresi et al., 1999). Therefore, in HET mice a deficit of
LTD may predispose to a long-lasting increase of synaptic strength, long-
term potentiation (LTP) and to glutamate neurotoxicity. Future studies
should clarify whether in HET mice there is an imbalance between LTD
and LTP, and whether reduced dendritic arborization also affects other
neuronal types than nNOS neurons
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4.2. PDE2A deficiency and behavioral phenotype

To characterize the behavioral phenotype of HET mice, various
behavioral domains have been assessed through a battery of tests
covering a wide range of behaviors, such as explorative activity, motor
abilities, anxiety levels, depression-like behavior, spatial working
memory, and social behavior. HET mice displayed increased horizontal
and vertical locomotor activity and increased velocity in foraging the OF
arena, presumably related to their greater propensity to explore novel
environments. The superior explorativity of HET mice was not related to
superior levels of anxiety, given OF (as for percentage of peripheral
distance), MBT, L/D, and EPM tests indicated no differences in anxiety
levels between groups. Even spatial working memory (in Y-maze),
preference for social stimulus (in ST) as well as depressive-like (in TST)
and compulsive (in MBT) behaviors were similar in both experimental
groups. Therefore, HET mice manifested a behavioral phenotype char-
acterized by enhanced explorativity, without evident deficits in mnesic
and sociability behaviors, as well as in anxiety levels and depressive-like
behaviors.

Integrating the behavioral performances displayed by the HET mice
of the present study with those of the HET mice described by Delhaye
and colleagues (Delhaye et al., 2024), it appears that the HET mice’s
behavioral phenotype is characterized by: 1) developmental maturation
retard and early communicative deficits at PND10, reduced social in-
teractions at PND 30, and memory impairment at PND 60 (Delhaye
et al., 2024); 2) enhanced tendencies to explore new environments,
without evident cognitive and sociability deficits at PND 90-120 (the
current study). Furthermore, HET mice do not display difference in
anxiety levels compared to WT mice at PND 60 as well as at PND
90-120.

Although overall the behavioral findings of the present research are
aligned with those of the prior study, some divergent findings are noted.
Namely, HET mice exhibited deficits in working and short-term memory
(novel object recognition task) at PND 60 (Delhaye et al., 2024), but
their spatial working memory (Y-maze) was not damaged at PND
90-120; their vertical locomotor activity was increased at PND 90-120
but not at PND 60; and finally, they displayed reduced social in-
teractions at PND 60, but exhibited a significant preference for social
stimulus at PND 90-120. These findings may be interpreted by pro-
posing that HET mice’s memory deficits do not reflect a general mnesic
impairment, that PDE2A activity is critical for specific social behaviors,
as social interactions, but not for others, as the salience of social stim-
ulus, and that some age-related changes may occur in specific behavioral
domains.

A key factor to explain these differences could be the age of testing.
In fact, while in the paper of Delhaye et al. (2024) the HET mice were
tested at < PND 60, in the present research HET mice were tested at >
PND 90-120. Thus, the behavioral phenotype might be changed with
age when compensatory mechanisms might be able to rescue some
deficits, or conversely detrimental mechanisms might be able to disclose
others. Furthermore, as distinct HET mice groups were used in these two
studies, this might have contributed to some of the divergent findings.
Long-term studies, tracking the development of single HET individuals
over their whole lifetime, will allow overcoming these troubles.

4.2.1. PDE2A deficiency and neuro-anatomical correlates of behavioral
phenotype

Although a global reduction of PDE2A occurs in the HET mice brain,
a marked increase of nNOS expression has been found only in striatal
nNOS interneurons of HET mice, but not in cerebral cortex. On the other
hand, the behavioral phenotype of adult HET mice is specifically char-
acterized by increased locomotor activity, related to greater propensity
to explore novel environments; no other neurological signs were
detected in the adult HET mice. Therefore, HET mice at a time show
increased nNOS expression in the striatum, and increased exploratory
behavior.
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We now will try to correlate the biochemical and morphological
changes detected in the brain of HET mice with their behavioral
phenotype. The neural substrates for exploratory behavior have been in
general identified in the basal ganglia (Chakravarthy, 2013). Moreover,
compelling evidence demonstrates that the NO-sGC-cGMP signaling
pathway in the striatum plays a key role in the regulation of motor
functions (Del Bel et al., 2005; Lorenc-Koci and Czarnecka, 2013).
Indeed, a reduction of striatal nNOS/cGMP pathway associated with
reduced motor activity occurs in 6-OHDA rat model of Parkinson’s
disease (Sancesario et al., 2004). PDE2A inhibitors are tested for the
treatment of Parkinson’s disease (Wang et al., 2022). Finally, neuro-
chemical correlates of the effects of PDE2A inhibitors are represented by
increased NO-cGMP pathway, which is thought to be activated by
NMDA receptors (Masood et al., 2009). Therefore, we suggest that the
increased locomotor and exploratory activity of adult HET mice can be
dependent on the upregulation of the nNOS/NO/cGMP signaling in the
striatum.

5. Conclusions

Adult HET mice at the age of 3-4 months show high exploratory
phenotype and normal social interactions and cognitive capacity, sug-
gesting they have acquired compensatory mechanisms of PDE2A defi-
ciency. In fact, although PDE2A expression and activity were
significantly reduced by 50 %, in adult HET mice, the cAMP levels were
slightly increased in the brain, whereas only the cGMP levels were
markedly increased. Paradoxically, the deficiency of PDE2A was
coupled with the deficiency also of the other dual-specificity enzymes,
PDE3A and PDE10A, and the high cGMP levels coexisted with the
increased expressions of cGMP-specific PDESA and PDE9A. These
apparently contradictory data suggest that a complex network of
different factors is involved in HET brain to acquire a new homeostatic
equilibrium for cAMP and cGMP. Interestingly, the main finding of the
present study is the discovery of the inverse regulation of PDE2A and
nNOS (low levels of PDE2A vs. high levels of nNOS) occurring in the HET
mice, whereas high levels of PDE2A and low levels of nNOS were found
in models of autism, suggesting PDE2A as a negative regulator of nNOS.
Such PDE2A/nNOS relation could represent an auto-regulatory mech-
anism of PDE2A function, since cGMP can stimulate PDEA2-mediated
cAMP hydrolysis. However, NO released by nNOS neurons can also
amplify NMDA receptor activation, impairing the scaling process of LTD
(Delhaye et al., 2024), and leading finally to glutamate excitotoxic
injury (Kritis et al., 2015), and to reduced dendritic arborization of
nNOS neurons in the striatum (present paper), which can occur in the
absence of cell death (Monnerie et al., 2003).

Our study unraveling the complex interrelations among changes of
PDE2A, other PDEs, and nNOS increased NO synthesis, represents
another brick of knowledge on PDE2A functions and its possible role as
therapeutic target in ASD and other pathophysiological conditions.
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