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Dopamine and non-canonical signaling 

Abstract

Striatal medium-sized spiny neurons (MSNs) integrate dopamine signals mainly 
through the cAMP signaling pathway. Dopamine D1 or D2 receptors trigger an increase or a 
decrease in cAMP levels, respectively. My thesis focuses on how phosphodiesterases (PDEs), 
which degrade cAMP, are involved in the integration of dopamine signals in the striatum. I 
used genetically-encoded FRET biosensors to monitor cAMP level in real time in individual 
living neurons in striatal brain slice preparations. I used selective inhibitors to determine the 
function of each PDE.

PDE1B, which is activated by calcium-calmodulin, appears as a detector of the 
coincidence of dopamine and glutamate signals, which is critical in the regulation of synaptic 
plasticity involved in reward-based learning. PDE10A shows the most prominent activity, 
efficiently degrading both high and low cAMP levels. PDE10A activity is required to allow 
for PKA de-activation, and therefore needed to transduce a dopamine signal through D2 
receptors into a decrease in PKA-dependent phosphorylation. PDE2A and PDE4 appeared to 
degrade only high levels of cAMP, preventing large increases in cAMP. PDE2A, which 
activity can be increased by cGMP, also appears as a detector of dopamine and NO 
coincidence. 

Understanding PDE functions can highlight their potential as therapeutic targets in 
CNS pathologies. As an example, we showed an increased PDE2A function in the 
hippocampus of a mouse model of Fragile X syndrome.

Besides the cAMP/PKA pathway, dopamine D2 receptors is reported to activate non-
canonical pathways. Attempts to use biosensors for Akt and ERK pathways did not provide 
conclusive data.

Keywords

Dopamine, striatum, cAMP/PKA signaling pathway, phosphodiesterases, genetically-encoded 
FRET biosensor imaging, cyclic GMP.
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Dopamine et signalisation non canonique

Résumé

Les neurones épineux striataux de taille moyenne (MSN) intègrent les signaux médiés 
par la dopamine principalement par la voie de signalisation de l'AMPc. Les récepteurs 
dopaminergiques D1 ou D2 déclenchent respectivement une augmentation ou une diminution 
du taux d'AMPc. Ma thèse porte sur la manière dont les phosphodiestérases (PDE), qui 
dégradent l'AMPc, sont impliquées dans l'intégration des signaux de dopamine dans le 
striatum. J'ai utilisé des biosenseurs FRET génétiquement codés pour surveiller le niveau 
d'AMPc en temps réel dans des neurones individuels vivants dans des préparations de 
tranches de cerveau striatal. J'ai utilisé des inhibiteurs sélectifs pour déterminer la fonction de 
chaque PDE.

La PDE1B, qui est activée par la calcium-calmoduline, apparaît comme un détecteur 
de la coïncidence des signaux de dopamine et de glutamate, ce qui est essentiel dans la 
régulation de la plasticité synaptique impliquée dans l’apprentissage par récompense. La 
PDE10A montre l'activité la plus importante, dégradant efficacement les taux d'AMPc élevés 
et faibles. L'activité PDE10A est nécessaire pour permettre la désactivation de la PKA, et 
donc nécessaire pour transduire un signal de dopamine à travers les récepteurs D2 en une 
diminution de la phosphorylation dépendante de la PKA. PDE2A et PDE4 ont semblé ne 
dégrader que des niveaux élevés d’AMPc, empêchant de fortes augmentations d’AMPc. La 
PDE2A, dont l’activité peut être augmentée par le GMPc, apparaît également comme un 
détecteur de coïncidence dopamine et NO.

Comprendre les fonctions des PDE peut mettre en évidence leur potentiel en tant que 
cibles thérapeutiques dans les pathologies du SNC. A titre d'exemple, nous avons montré une 
fonction accrue de PDE2A dans un modèle de souris du syndrome du X fragile.

En plus de la voie AMPc/PKA, les récepteurs de la dopamine D2 pourraient également 
activer des voies non canoniques. Les tentatives d'utilisation de biosenseurs pour les voies Akt 
et ERK n'ont pas fourni de données concluantes.

Mots clés

Dopamine, striatum, voie de signalisation AMPc/PKA, phosphodiesterases, imagerie par 
biosenseur FRET génétiquement codée, GMP cyclique.
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I - Introduction

1. Dopamine and cyclic nucleotide signaling pathways

In the central nervous system (CNS), dopamine is a neuromodulator of critical 
importance in the striatum. It is produced mainly by neurons located in substantia nigra pars 
compacta (SNc) and ventral tegmental area (VTA) in the midbrain. SNc dopaminergic 
neurons project primarily to the dorsal and lateral (sensorimotor and cognitive) portions of the 
striatum, while VTA dopaminergic neurons project primarily to the medial and ventral 
(cognitive, affective and limbic) portions of the striatum (Nicola, 2007; Simpson et al., 2010). 
SNc dopamine neurons innervating the striatum are autonomous pacemakers, providing a 
tonic release of dopamine in the striatum. In the theory presented by Schultz, rewarding 
events transiently increase the activity of SNc dopamine neurons, leading to phasic release, 
whereas aversive events transiently decrease it (Brown et al., 2009; Hikosaka et al., 2008; 
Schultz, 1998; Schultz, 2007). Neurotransmitter signals like dopamine are transduced by 
cAMP. The cyclic nucleotide signaling cascade regulates a number of downstream signaling 
events as part of the physiological processes, including visual transduction, cell proliferation 
and differentiation, gene expression, inflammation, apoptosis and metabolic pathways (Conti 
& Beavo, 2007; Francis et al., 2011; Keravis & Lugnier, 2012), as well as neuronal functions 
like neurodevelopment, apoptosis, neuronal excitability, synaptic transmission and 
neuroplasticity and, ultimately, behavior (Xu et al., 2011). Synthesis of the two major cyclic 
nucleotides, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate 
(cGMP), is catalyzed by adenylyl-cyclases (AC) and guanylyl-cyclases (GC) respectively, 
which convert ATP or GTP to their respective 3′,5′-cyclic nucleotide monophosphate and 
pyrophosphate. 

The focus of this thesis will be on the action of phasic release of dopamine onto the 
striatal medium-sized spiny neurons (MSNs), and how this signal is integrated through 
cAMP/PKA signaling pathway. 

1.1. Signals integration through cAMP/PKA signaling pathway

There are five G-protein coupled receptors (GPCRs) that mediate dopamine signaling 
(D1 - D5). D1 and D5 (D1-like) receptors stimulate stimulatory G protein alpha-subunit (Gs and 
Golf), whereas D2, D3 , and D4 (D2-like) receptors stimulate inhibitory G protein alpha-subunit 
(Go and Gi) (Missale et al., 1998; Neve et al., 2004). All five dopamine receptors are 
expressed in the striatum, but D1 and D2 receptors are by far the most abundant. D2 receptors 
are highly expressed in cholinergic interneurons and afferent fibers, but in this thesis we will 
focus on MSNs. As described below, these two receptors are segregated in direct- and 
indirect-pathway MSNs: D1 receptors are expressed by direct-pathway MSNs, whereas D2 
receptors are expressed by indirect-pathway MSNs. D1 receptors are positively coupled to the 
cAMP/PKA signaling pathway, via Gs/olf, while D2 receptors are negatively coupled to the 
same pathway via Gi/o, which inhibit AC (Figure 1) (Stoof & Kebabian, 1984). 





31

cyclic nucleotide signaling in photoreceptor and olfactory receptor neurons and are also 
recognized to regulate other functions in the CNS (Podda & Grassi, 2014). Phosphodiesterase 
(PDE) 10A, which contains an allosteric cyclic nucleotide-binding site in addition to its 
catalytic site, may also be a target of cAMP signaling (Jäger et al., 2012).

1.2. Overview of the cGMP signaling pathway

cGMP signaling pathway is not activated by dopamine receptors, but since both cAMP 
and cGMP exhibit similarities, and are both degraded by PDEs, this other cyclic nucleotide 
signaling pathway is also briefly described here.

Activation of soluble guanylyl cyclases (sGCs) by nitric oxide (NO) is the main 
source of cGMP in the striatum (Figure 1). sGC is highly expressed in the striatum (Ding et 

al., 2004; Ariano et al., 1982; Matsuoka et al., 1992), whereas particulate guanylyl cyclase 
(pGC) does not appear to be expressed in striatal spiny neurons (Herman et al., 1996). NO is 
produced by a fraction of striatal interneurons that are highly expressing NO synthase 
(Vincent & Kimura, 1992; Rushlow et al., 1995; Kawaguchi, 1997).

cGMP signaling, similarly to cAMP, regulates a number of neurobiological processes 
(Garthwaite, 2008), which largely depend on its targets. One of these targets is cGMP-
dependent protein kinases (protein kinase G, PKG), but brain regions such as the 
hippocampus and the striatum which express high levels of sGC (Matsuoka et al., 1992; Ding 

et al., 2004), only express moderate levels of PKG protein (el-Husseini et al., 1995; El-
Husseini et al., 1999; de Vente et al., 2001). cGMP also opens the CNG, however, CNG 
expression has not been reported in the striatum (Savchenko et al., 1997; Wei et al., 1998). 
Another target of cGMP are cGMP-regulated PDEs, such as cGMP-activated PDEs (PDE2, 
PDE5, PDE6 and PDE11) and cGMP-inhibited PDE (PDE3) (Maurice et al., 2014), and there 
are high levels of PDE2A expression in the striatum and hippocampus (Lakics et al., 2010; 
Kelly et al., 2014; Repaske et al., 1993; Van Staveren et al., 2003). This suggests that the 
major role of cGMP in the striatum may be to regulate cAMP levels via PDE2A activation, 
rather than to directly activate PKG or CNG. This hypothesis is clearly supported by the 
experiments which show that one major functional effect of NO-triggered cGMP production 
is the activation of PDE2A which then strongly reduce the cAMP response in both D1 and D2 
neurons (Polito et al., 2013). How PDE2A could modulate the cAMP response to dopamine in 
striatal neuron is therefore one question explored in my thesis work.

1.3. Cyclic nucleotide degradation by phosphodiesterases

The termination of the signals mediated by cyclic nucleotides requires a mechanism to 
eliminate these molecules. There are negative controls of cyclic nucleotides like multi-drug 
resitant proteins (MRP) and passive permeation through the membrane, but these processes 
do not seem to play any critical role in the neurons that we studied (unpublished data). The 
main mechanism remains PDEs, which are responsible for the hydrolysis of the 3′,5′ 
phosphodiester bond of cAMP or cGMP to yield 5′-AMP or 5'-GMP (Keravis & Lugnier, 
2012; Maurice et al., 2014; Baillie et al., 2019). 
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General features of phosphodiesterases 

The PDE superfamily consists of 11 gene families, with most families containing 
several genes giving rise to a total of 21 coding PDE genes (Figure 2), which together 
generate close to 100 PDE variants by alternative mRNA splicing or transcriptional 
processing. PDE variants display diverse enzymatic characteristics, primary structures, 
affinities for cAMP and cGMP, catalytic properties and responses to specific activators, 
inhibitors and effectors, as well as in their mechanisms of regulation and sub-cellular 
localization (Conti & Beavo, 2007; Francis et al., 2011; Keravis & Lugnier, 2012). Each cell 
may express several of these different isozymes, and this combinatorial complexity of PDEs, 
creates a cell type-specific cAMP processing profile, which determines how cAMP signal is 
integrated at the subcellular level and their biological effects.

PDEs can either selectively hydrolyse cAMP or cGMP, as well as both cyclic 
nucleotides (Figure 2) (Conti & Beavo, 2007; Francis et al., 2011; Keravis & Lugnier, 2012).

Figure 2 - Structure and domain organization of 11 mammalian PDE families. The substrate 
specificity of each family is shown in the right of each PDE family. Family designation is based on the 
homology of the conserved catalytic domain, located in the C-terminal (represented as a semi-ellipse). 
Due to alternate promoters and splicing events, each PDE family has multiple isoforms that differ in 
terms of the length and complexity of their N-terminal regulatory domains (depicted with different 
shapes), such as GAF domains, transmembrane domains, targeting domains, UCRs, PAS domains and 
REC domains) and N-terminal hydrophobic regions that are important in subcellular localization, in 
the incorporation of PDEs into compartmentalized signalosomes, in interactions with signalling 
molecules and molecular scaffolds, and in the regulation of substrate affinity and catalytic activity. 
GAF domains regulate the allosteric binding of cGMP (PDE2, PDE5, PDE6 and PDE11), the allosteric 
binding of cAMP (PDE10) and the regulation of catalytic activity (PDE2, PDE5 and PDE6) (Maurice 
et al., 2014). Illustrations represent the longest isoform for gene A of each PDE family. Abbreviations: 
CaM, calmodulin; GAF, cGMP-binding PDEs Anabaena adenylyl cyclases and Escherichia coli FhlA; 
PAS, Per-Arnt-Sim domain; PDE, phosphodiesterase; PKA, protein kinase A; REC, signal receiver 
domain; TM, transmembrane domain; UCR, upstream conserved region. From (Baillie et al., 2019).
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The regulatory domain and the compartmentation of PDEs

The 11 PDEs families exhibit a common structural organization and are grouped based 
on their conserved carboxy-terminal catalytic core, but each PDE family has multiple 
isoforms that differ in their amino-terminal regulatory domains (Figure 2).

The N-terminal regulatory regions of PDEs contain structural elements that target 
individual PDEs to different sub-cellular locations and signalosomes (Houslay et al., 2007; 
Kritzer et al., 2012; Lee et al., 2013), and also allow individual PDEs to specifically respond 
to different post-translational modifications, regulatory molecules and signals. These 
structural elements include dimerization domains, auto-inhibitory modules, binding sites for 
ligands and allosteric effectors, phosphorylation sites and other covalent modification sites, 
domains for isoform-specific protein-protein interactions with specific scaffolds and 
regulatory partners.

The incorporation of different types of PDEs into specific signalosomes contributes to 
both the fine-tuning and specificity of compartmented cyclic nucleotide signalling (Conti & 
Beavo, 2007; Francis et al., 2011; Keravis & Lugnier, 2012). Sub-cellular compartmentation 
of cyclic nucleotide signaling is established via unique combinations of AC and cyclic 
nucleotide effectors (PKAs, EPACs, CNGs or PKGs), other kinases, phosphatases and 
individual or subsets of PDEs. The compartmentation of cyclic nucleotide signaling 
modulates the diffusion of cyclic nucleotide gradients within spatially restricted and 
temporally regulated compartments, which enables a single cell to integrate multiple distinct 
cellular signals and allow crosstalk between cyclic nucleotides and other signaling networks 
and systems (Stangherlin et al., 2011; Mongillo et al., 2006; Wilson et al., 2011; Rampersad 

et al., 2010; Terrin et al., 2012). Indeed, the use of real-time approaches such as patch-clamp 
and biosensor imaging together with biochemical approaches, has confirmed that cells 
regulate their intracellular levels of cAMP or cGMP in a highly compartmentalized manner 
and generate functionally separate intracellular cyclic nucleotide pools (Castro et al., 2010; 
Jurevicius & Fischmeister, 1996; Zaccolo et al., 2000; Maurice, 2011; Stangherlin et al., 
2011; Mongillo et al., 2006; Stangherlin & Zaccolo, 2012).

The catalytic domain of PDEs and the design of PDE inhibitors

PDEs are of particular interest because the structure of their catalytic site, with a 
distinctive cyclic-nucleotide binding pocket, makes it possible to create inhibitors with high 
affinity and selectivity, a property that has allowed the pharmaceutical industry to develop 
numerous drug candidates. 

X-ray crystal structures revealed that the catalytic domains of several PDE families 
share a similar structure (Maurice et al., 2014). The active site forms a deep hydrophobic 
pocket that contains a PDE-specific, histidine-containing signature motif and binding sites for 
two divalent metal ions that are essential for catalytic function (Ke et al., 2011). Information 
from crystal structures of the catalytic sites of PDEs and PDE-inhibitor complexes suggest 
that the catalytic pocket is composed by highly conserved and invariant residues, including a 
highly conserved phenylalanine and an invariant glutamine, that forms crucial hydrogen 
bonds with cyclic nucleotides and inhibitors (Maurice et al., 2014). The catalytic core also 
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contains variable determinants that determine PDE family specific affinities and selectivities 
for binding to substrate and inhibitors (Keravis & Lugnier, 2012; Manallack et al., 2005; 
Bender & Beavo, 2006). Information from PDE structural biology, structure-function studies, 
advanced proteomics and X-ray crystallographic analysis improved the design of new 
inhibitors, more potent and selective, that are now generated by a structure-based design 
approach, being chemically synthesized after structure-informed virtual screening and 
computational design (Ke & Wang, 2007; Card et al., 2004; Manallack et al., 2005; Lee et al., 
2013; Maurice et al., 2014).

Phosphodiesterases inhibition as therapeutic strategies

The dysregulation of intracellular cyclic nucleotide signaling pathways contributes to 
numerous diseases affecting the nervous system, particularly cognitive decline associated with 
aging and/or neuropsychiatric diseases involving dopaminergic dysregulation, such as drug 
addiction, Parkinson’s disease, schizophrenia or Alzheimer's disease (Neves-Zaph, 2017; Xu 

et al., 2011; Reneerkens et al., 2009; Maurice et al., 2014). Considering the crucial biological 
function of PDEs and the possibility to create selective PDE inhibitors, these enzymes 
constitute an interesting therapeutic target. The level of interest in PDE inhibitors can be 
readily appreciated from the large number of clinical trials registered on the ClinicalTrials.gov 
website. However, despite significant efforts targeting the inhibition of all PDE families, only 
inhibitors for PDEs 1, 3, 4, 5 and 10 have reached the market (Baillie et al., 2019).

Non-selective first-generation PDE inhibitors such as xanthine derivatives, 
including theophylline and caffeine, were clinically used as bronchodilators in the treatment 
of pulmonary diseases, diuretics and inotropic agents, even before they were identified as 
PDE inhibitors (inhibit all PDE families, except PDE8 and PDE9) (Schudt et al., 2011; 
Barnes, 2013).

Several second-generation family-selective competitive PDE inhibitors were 
developed using classical medicinal chemistry approaches (Card et al., 2004; Manallack et 

al., 2005). This strategy identified by screening the lead compounds with modest potency and 
selectivity to compete with the binding of cyclic nucleotide substrates at the catalytic sites of 
PDEs. These lead compounds served as scaffolds for systematic derivatization and chemical 
optimization to produce family selective, competitive inhibitors with greater affinity, 
selectivity, specificity and favorable pharmacokinetics and safety profiles with fewer side 
effects (Maurice et al., 2014). 

Conversely, some off-target effects of family-selective PDE inhibitors can positively 
affect their efficacy and safety profile. For example, it has been suggested that the PDE5 
inhibitor, sildenafil, also induced PDE1 inhibition, which may be responsible for some effects 
in treating heart failure (Movsesian & Kukreja, 2011; Kukreja et al., 2011). Thus, dual PDE1 
and PDE5 inhibition might be beneficial in treating human cardiovascular diseases. Targeting 
multiple PDEs (combining several PDE inhibitors or with inhibitors that target multiple 
PDEs) in several target cells can theoretically produce additive or synergistic effects and lead 
to more effective therapies, with more favourable risk-benefit profiles (Maurice et al., 2014). 
Moreover, the administration of lower doses of PDE inhibitors with ineffective doses can 
result in an effective combined dose only in tissues and subcellular compartments where both 
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molecules are present (Baillie et al., 2019).

The enormous clinical success of the orally administered PDE5 inhibitors in treating 
erectile dysfunction (Francis & Corbin, 2011) and, more recently, pulmonary arterial 
hypertension (Ghofrani et al., 2006; Kukreja et al., 2011; Archer & Michelakis, 2009), highly 
contributed to the expanding pharmaceutical interest in PDEs as promising therapeutic targets 
for many diseases (Maurice et al., 2014; Baillie et al., 2019). Currently there are four PDE5 
inhibitors FDA approved and two PDE5 inhibitors marketed outside the USA (Baillie et al., 
2019), with the first being sildenafil (Viagra; marketed as Revatio by Pfizer).

Several recent clinical trials have explored additional disease indications that might 
benefit from the vasodilatory properties of PDE5 inhibitors. PDE5 inhibitors such as 
sildenafil, tadalafil and vardenafil are currently approved for the treatment of pulmonary 
hypertension (Ghofrani et al., 2006; Kukreja et al., 2011; Archer & Michelakis, 2009). 
Similar to their effects on pulmonary circulation, PDE5 inhibitors may improve cerebral 
circulation and oxygenation and thus protect the brain against stroke (Kukreja et al., 2011; 
Maurice et al., 2014).

Expression of PDEs in the brain is particularly complex, with PDE isoforms 
differentially expressed across circuits, cell types and subcellular domains. Thus, the 
challenge in evaluating the clinical potential for the next generation of PDE-modulating drugs 
is to gain novel insights about nervous system disease-related changes in PDE structure, 
function and regulation to understand how PDEs should be selectively targeted in a brain 
region- and compartment-specific manner for therapeutic gain (Kelly et al., 2014; Baillie et 

al., 2019).

Numerous PDE-targeted therapeutics are currently under development by the 
pharmaceutical industry for multiple indications (Maurice et al., 2014; Baillie et al., 2019).

Despite the therapeutic success of a few PDE inhibitors, the presence of undesirable 
side effects resulting from the inability to target individual isoforms is the major limiting 
factor to success. For example, the PDE4 inhibitors rolipram and cilomilast failed in clinical 
trials because of their gastrointestinal side effects, especially nausea, emesis and diarrhoea 
possibly caused by PDE4D inhibition in the area postrema, the emetic centre in the brain 
(Schudt et al., 2011; Tenor et al., 2011). 

Alternative therapeutic strategies targeting PDEs

The majority of PDE-targeted therapeutics on the market are simply competitive 
blockers of substrate binding at the catalytic site that lack the ability to selectively target a 
specific isozyme within a single PDE family or subfamily (Baillie et al., 2019). Promising 
preclinical data of many PDE inhibitors failed in human clinical trials, suggesting that 
therapeutic approaches targeting PDEs need to extend beyond occlusion of the enzyme’s 
catalytic site.

The design of novel selective agents is being developed by structural information from 
modern proteomics and X-ray crystallography about the unique allosteric interactions 
between the regulatory and catalytic domains of PDEs (Pandit et al., 2009), as well as 
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between individual PDEs and their specific interacting partners. Innovative and technological 
strategies are currently being explored to increase the selectivity and specificity to target PDE 
function, including PDE activators (enhancing catalytic activity), signalosome disruptors to 
normalize altered compartmentation, modulating post-translational modifications 
(phosphorylation of some PDEs by PKA or PKG, that directly regulate PDE activity and 
location, Ubiquitylation, SUMOylation (small ubiquitin-like modifier), S-nitrosylation and 
proline hydroxylation) and gene therapy approaches, as well as the potential use of PDEs as 
disease biomarkers for diagnosis and/or patient selection (Baillie et al., 2019). 

PDE activation can be obtained by:
- targeting GAF (cGMP-specific and stimulated PDE, Anabaena adenylyl cyclases and 

Escherichia coli FhlA) domains. In mammals, GAF domains are only found in the 
PDE 2, 5, 6, 10 and 11 families, which increases their interest as a drug target. The 
binding of cyclic nucleotides to GAF domains is thought to cause structural changes 
that relieve auto-inhibition of the PDEs. Importantly, mammalian GAF domains are 
sufficiently structurally divergent between PDE families to allow selective 
pharmacological targeting of individual PDE families.

- targeting upstream conserved region (UCR)-based regulation, preventing trans-
capping. For example, catalytic activity of PDE4 is inhibited when the UCR2 
regulatory domain “trans-caps” the catalytic site, thus blocking cAMP access to the 
enzymatic core (Wang et al., 2007; Keravis & Lugnier, 2012; Bender & Beavo, 2006).

- targeting protein-protein binding interactions.

The compartmentation of cyclic nucleotide signaling is achieved by virtue of PDEs 
being tethered to a precise cellular location via binding partners. Thus, promoting or 
disrupting isoform-specific protein-protein interactions may prove a viable approach to 
therapeutically target PDEs in an isoform-specific manner (Baillie et al., 2019).

- Dominant-negative PDEs, which are catalytically inactive mutants that would displace 
their endogenous PDE. In fact, nature has developed its own dominant-negative 
approach with PDE4A7, a PDE isoform that is targeted to specific subcellular 
compartments but is catalytically dead (Johnston et al., 2004).

- Disrupting PDE homodimerization, may also prove an effective way to target PDE 
function in a domain-specific manner. In fact, nature also takes advantage of 
dimerization as a mechanism to regulate PDE trafficking, for example when 
PDE10A2 heterodimerizes with PDE10A19, PDE10A2 is prevented from trafficking 
to the membrane as it normally does under conditions of homodimerization 
(MacMullen et al., 2016). 

Phosphodiesterases as disease biomarkers

PDEs are also being explored as both diagnostic and patient-selection biomarkers. 
Imaging compounds can be engineered with relative ease to selectively target a given PDE 
family/subfamily in vivo. Thus, PDEs can be explored as biomarkers in brain diseases (Baillie 

et al., 2019).

PDE10A is widely reported as downregulated in both the striatum and the cortex of 
patients with Huntington's disease, with the extent of PDE10A loss corresponding to the 
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genetic burden associated with the disease (Russell et al., 2016; Russell et al., 2014; Ahmad 

et al., 2014; Wilson et al., 2016). A loss of PDE10A expression has also been observed in the 
basal ganglia of patients with Parkinson disease (Niccolini et al., 2015). Highly-specific 
PDE10A positron emission tomography (PET) tracers show that PDE10A expression in 
patients with Huntington disease continues to decline over the years (Russell et al., 2016). 
Thus, PET imaging of PDE10A could be a useful biomarker for assessing the initial diagnosis 
and subsequent progression of these neurodegenerative diseases (Boscutti et al., 2019). PET 
ligands also exist for PDEs 2, 4, 5 and 7 (Schröder et al., 2016).

Striatal phosphodiesterases 

My primary goal in my thesis was to understand how the diversity of PDEs found in 
neurons contributes to the control of the amplitude and duration of cAMP signaling, and how 
regulation of PDEs activities can further modulate the integration of dopamine signals 
through cAMP processing in neurons.

PDE mRNA expression in the striatum is ~ 2-10 fold higher than in prefrontal cortex, 
hippocampus, cerebellum, hypothalamus or spinal cord (Kelly et al., 2014; Lakics et al., 
2010). Both in situ hybridization (Figure 3) and quantitative polymerase chain reaction 
(qPCR) (Figure 4) approaches confirm a particularly robust striatal mRNA expression of 
PDE1B, PDE2A, PDE7B and PDE10A, in human (Lakics et al., 2010) and rodents, and a 
more moderate expression of PDE4B and PDE8B (Kelly et al., 2014). Another particularity is 
the strikingly selective mRNA expression of PDE1B and PDE10A in the caudate nucleus, 
which is 20-fold higher than in any other brain and peripheral tissues (Lakics et al., 2010). 
PDE7B mRNA is highly expressed, but no protein has been detected in the striatum 
(unpublished information from Pfizer). PDE8B also present at a moderate mRNA level has 
not been reported at the protein level in the striatum. It is important to note that there is a high 
degree of protein homology and a conserved PDE expression patterns between human and 
rodents (Kelly et al., 2014), which gives confidence that knowledge obtained in rodent studies 
can be transversal to the human brain.
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PDE1

Molecular features

The PDE1 family is encoded by 3 genes. Alternative promoters give rise to several 
protein isoforms by alternative splicing: PDE1A (nine variants), PDE1B (two variants) and 
PDE1C (five variants) (Maurice et al., 2014). The molecular weights ranges from 58 to 86 
kDa (Keravis & Lugnier, 2012).

Expression in the brain

PDE1B mRNA is highly expressed in the striatum, as well as, more marginally, in 
some other brain regions (Lakics et al., 2010; Kelly et al., 2014; Yan et al., 1994; Polli & 
Kincaid, 1994). PDE1B expression is very similar across mice, rats (Kelly et al., 2014) and 
humans (Lakics et al., 2010). The high levels of PDE1B mRNA in caudate and nucleus 
accumbens (NAc) suggests that it may play an important role in signal transduction in these 
brain regions. At the cellular level, PDE1B is specifically and abundantly expressed in MSNs 
(Repaske et al., 1993; Omori & Kotera, 2007; Fidock et al., 2002). The importance of its 
functional role in the caudate has been demonstrated in PDE1B knockout mice, which exhibit 
locomotor hyperactivity and increased sensitivity to amphetamines (Reed et al., 2002; 
Ehrman et al., 2006).

Activity and regulation

All PDE1 isoforms hydrolyze both cAMP and cGMP. PDE1A and PDE1B 
preferentially hydrolyse cGMP, while PDE1C equally hydrolyses cAMP and cGMP (Bender 
& Beavo, 2006). PDE1B has a higher affinity (Km) for cGMP (5 µM) than for cAMP (33 µM) 
(Poppe et al., 2008). 

PDE1 is the unique PDE family that is Ca2+-dependently regulated via calmodulin 
(CaM, a 16 kDa Ca2+-binding protein) complexed with four Ca2+. The regulation of its activity 
by Ca2+/CaM binding onto its N-terminal regulatory domain (which contains two Ca2+/CaM 
binding domains), changes PDE1 conformation and increases the rate of cyclic nucleotide 
hydrolysis (Vmax) without altering the affinity for cyclic nucleotides (Figure 5) (Keravis & 
Lugnier, 2012). 

The N-terminal regulatory domain contains two phosphorylation sites: 
phosphorylation of PDE1B1 by calcium/calmodulin-dependent protein kinase II (CaMKII) 
decrease their calmodulin and Ca2+ sensitivities, resulting in a decrease of PDE1 activity. 

Pharmacology

PDE1 inhibitors like isobutylmethylxanthine, zaprinast and vinpocetine have been 
used to try to determine the functional contribution of PDE1. The selectivity of these series of 
drugs is quite limited (Sitges & Nekrassov, 1999; Lugnier, 2006; Medina, 2011). The highly 
selective PDE1 inhibitors ITI-214 was moved into the clinic, with potential applications for 
cognitive deficits associated with schizophrenia and Parkinson disease (Table 1) (2011; 
Baillie et al., 2019; Maurice et al., 2014; Snyder et al., 2016; Pekcec et al., 2018). Other 
highly selective PDE1A inhibitors with some isoform selectivity Lu AF58027, Lu AF64196, 
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Table 1 - Potential therapeutic applications of PDE inhibition, side effects and impact of knockout in 
mice.

Adapted from (Baillie et al., 2019; Maurice et al., 2014; Keravis & Lugnier, 2012). Abbreviations: 
E17, embryonic day 17; LPA, lysophosphatidic acid; TNF, tumour necrosis factor.

PDE 
family
PDE1

PDE2A

PDE4

PDE10A

Potential therapeutic 
applications

- Cerebral vascular
disorders
- Cognition enhancement
- Ischaemic stroke
- Memory
impairment
- Parkinson’s disease
- Schizophrenia
- Cognition and learning
- Migraine
- Schizophrenia
- Age-associated memory 
impairment
- Alzheimer’s disease
- Anxiety
- Cognition
enhancement
- Cognition (dementia)
- Cognitive deficits in 
schizophrenia
- Depression
- Fragile X syndrome
- Huntington’s disease
- Parkinson’s disease
- Cognition enhancement
- Schizophrenia
- Huntington’s disease

Side effects of PDE 
inhibition

- Flushing
- Minor
gastrointestinal 
disturbances
- Rashes

-

- Decreased appetite
- Diarrhoea
- Dry mouth
- Fainting
- Headache
- Hypersensitivity reactions 
of the skin
- Insomnia
- Mood changes
- Nausea
- Vomiting
- Weight loss

- Diarrhoea
- Dystonia
- Flushing
- Headache
- Somnolence
- Ventricular tachycardia
- Vertigo

Knockout mouse 
phenotypes

- PDE1B: increased 
exploratory behaviour, 
learning deficits, 
hyperactivity
- PDE1C: regulation of 
olfaction

- Embryonic death (E17)

- PDE4A: no phenotype
- PDE4B: reduced TNF 
response to LPA
- PDE4D: delayed 
growth, impaired 
ovulation, reduced 
postnatal viability and 
refractory to muscarinic 
cholinergic stimulation

- Decreased exploratory 
behaviour
- Delayed acquisition of 
conditioned
avoidance behaviour
- Hypoactivity
- Female PDE10A-null 
mice are smaller
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PDE2

Molecular features

PDE2A is the single gene in this family, with 3 alternatively spliced variants. The 
splice variants PDE2A2 and PDE2A3 are membrane-bound, and PDE2A1 is cytosolic 
(Keravis & Lugnier, 2012). Other localizations are documented for PDE2A: nuclear 
envelopes (Lugnier et al., 1999) and the Golgi apparatus (Geoffroy et al., 1999). The PDE2A 
has a GAF-A and a GAF-B domains. The GAF-A domain allows the dimerization of PDE2A 
(Martinez et al., 2002). 

Expression in the brain

PDE2A mRNA and protein are present at high levels in the striatum (Repaske et al., 
1993; Van Staveren et al., 2003) and functionally active (Polito et al., 2013; Wykes et al., 
2002; Lin et al., 2010). Several human studies by Western blot, in situ hybridization, 
immunohistochemistry and real-time qPCR showed that the highest PDE2A levels are found 
in striatum, cortex and hippocampus compared with the lower expression in other brain 
regions (Sadhu et al., 1999; Reyes-Irisarri et al., 2007; Stephenson et al., 2009; Stephenson et 

al., 2012; Lakics et al., 2010). 

Activity and regulation

PDE2A has dual enzymatic activity, degrading both cAMP and cGMP levels (Erneux 

et al., 1981; Martins et al., 1982). 

PDE2A hydrolyze cAMP (Km of 110 µM) and cGMP (Km of 31 µM) with similar 
reaction rates (Vmax ~ 200 µmol/min/mg) for both cyclic nucleotides (Poppe et al., 2008). 

 A characteristic feature of PDE2A is the positive cooperativity of the substrate cGMP. 
Unliganded PDE2A GAF domains (GAF-A and GAF-B) of the N-terminal regulatory domain 
are arranged to form a parallel dimer that blocks the access of substrates to both catalytic 
domains of the dimeric PDE2A complex (Figure 6) (Pandit et al., 2009; Wang et al., 2010). 
The binding of sub-micromolar cGMP to the GAF-B domain of PDE2A (Kd of 10-30 µM) 
promotes the rotation of the monomeric catalytic domains, the removal of GAF-dependent 
steric hindrance and subsequent binding of the substrate (Pandit et al., 2009; Wang et al., 
2010; Keravis & Lugnier, 2012; Bender & Beavo, 2006), resulting in a 5 to 40-fold increase 
in cAMP hydrolysis rate (Martins et al., 1982; Martinez et al., 2002; Jäger et al., 2010). PKC 
can also phosphorylate PDE2, and thus increase its catalytic activity (Geoffroy et al., 1999). 

The interplay between cAMP and cGMP signals through PDE2A has been well 
characterized mainly in the cardiovascular system (Maurice, 2005; Nikolaev et al., 2005), 
where cGMP-mediated allosteric regulation of cAMP hydrolysis occurs in a spatially 
confined cellular compartment and depends on the source of cGMP (Castro et al., 2006; 
Stangherlin et al., 2011). Regulation of cyclic nucleotides by PDE2A has already been shown 
in thalamic (Hepp et al., 2007) and striatal neurons (Lin et al., 2010; Polito et al., 2013), 
although in the striatum the role of PDE2A at the cellular level remained to be analyzed in 
more detail.
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PDE4

Molecular features

Four genes code for the PDEs of this family: PDE4A (seven variants), PDE4B (four 
variants), PDE4C (seven variants) and PDE4D (nine variants) (Maurice et al., 2014), with a 
molecular weight between 50 and 125 kDa (Houslay & Adams, 2003; Bolger et al., 2006). 
PDE4s are distinguished from other PDEs by the presence of unique N-terminal regulatory 
sequences, called UCR 1 and UCR 2 (Bolger et al., 1993). The long isoforms of PDE4 
express both UCR1 and UCR2 sequences. Short PDE4 isoforms do not express the UCR1 
region, and super short isoforms express only half of the UCR2 region (Houslay et al., 2007).

Long isoforms of PDE4 containing the UCR1 and UCR2 sequences can dimerize 
through interactions of UCR regions (Richter & Conti, 2004). These domains also determine 
the interaction with A kinase anchoring proteins (AKAPs), and therefore their subcellular 
localization (Skroblin et al., 2010; Welch et al., 2010; Dodge et al., 2001).

Expression in the brain

In-situ hybridization studies described widespread distribution of PDE4A, B and D in 
human brain (Pérez-Torres et al., 2000; Lakics et al., 2010; Kelly et al., 2014). PDE4B shows 
moderate expression in the striatum where its activity has been demonstrated (Nishi et al., 
2008).

Activity and regulation

The UCR1 region contains a phosphorylation site for PKA that upon phosphorylation 
prevents interaction between the UCR1 and UCR2 regions, leading to an increase in catalytic 
activity (factor 2) (Lim et al., 1999; Beard et al., 2000) (Figure 7). This PKA regulation 
mechanism would be a negative feedback to attenuate and limit cAMP signals. The C-
terminal catalytic domain of PDE4, except for PDE4A, contains a phosphorylation site for 
extracellular signal-regulated kinase (ERK), which once phosphorylated allows the activation 
of PDE4 short isoforms and the inhibition of long isoforms (Baillie et al., 2000). This 
bidirectional control of PKA and ERK kinases on the activity of PDE4 (long isoforms) makes 
it a key node in intracellular inter-signal communication: the simultaneous phosphorylation of 
PDE4 by PKA cancels the inhibitory effect of ERK on catalytic activity, and allows the return 
to a state of basal activity. More recently, additional regulators (Cdk5 and CaMKII) of PDE4 
activity have been described, and support the idea that PDE4 plays a central role in the 
integration of cAMP / Ca2+ signals (Mika & Conti, 2016; Plattner et al., 2015).

Pharmacology

PDE4 has been the focus of intense pharmacological research, and a number of highly 
selective inhibitors are available (Bender & Beavo, 2006). Among these, rolipram is selective 
for all PDE4 and was originally developed as a possible antidepressant or procognitive agent 
(Table 1) (Wachtel & Schneider, 1986; Schwabe et al., 1976; Lugnier et al., 1986; Lugnier et 

al., 1993). Its clinical utility is limited by its intolerable side effects (nausea, vomiting, 
diarrhoea). These adverse effects can be circumvented by local application: three PDE4 
inhibitors (roflumilast, apremilast and crisaborole) (Baillie et al., 2019; Hatzelmann et al., 
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metabolism in the striatum (Charych et al., 2010; Kotera et al., 2004). 

A PDE10A gene product with a unique N-terminal sequence was only identified in 
primates (Figure 8) (MacMullen et al., 2016). This isoform, named PDE10A19, lacks the N-
terminal cysteine residue for membrane localization and was shown to be localized in the 
cytosol. Based on the number of next-generation sequencing reads, the PDE10A19 isoform is 
expressed to similar levels than PDE10A2, while RT-PCR experiments in the same study 
showed PDE10A19 to be expressed at lower levels compared to PDE10A2. 

Figure 8 - Schematic representation of PDE10A. The N-terminal sequence variation in the different 
isoforms PDE10A1 in rat (Q9QYJ6-1), PDE10A2 in human (Q9Y233-2) and the novel, primate 
specific isoform PDE10A19 (MacMullen et al., 2016) are highlighted in red. Cysteine 11 residue that 
can be palmitoylated and the threonine 16 phospho-residue within the CFRRLT sequence are 
highlighted in bold (Charych et al., 2010). From (Schülke & Brandon, 2017).

Expression in the brain

PDE10A expression is highly similar across species and shows a unique expression 
pattern in the whole organism: it is found almost exclusively in the striatum (sensus lato) of 
human and rodents (Lakics et al., 2010; Kelly et al., 2014; Seeger et al., 2003; Hebb et al., 
2004; Nishi et al., 2008; Strick et al., 2010). There is some debate as to whether there is any 
PDE10A expression in other CNS regions since antibodies may have some non-specific 
binding (Lakics et al., 2010; Kelly et al., 2014; Seeger et al., 2003; Heiman et al., 2008). 
Within the striatum, PDE10A is particularly highly expressed by MSNs (Seeger et al., 2003; 
Xie et al., 2006; Coskran et al., 2006), and mainly located in the membrane of dendrites and 
spines (Charych et al., 2010; Kotera et al., 2004; Xie et al., 2006). PDE10A is excluded from 
all classes of striatal interneurons (Xie et al., 2006).

Activity and regulation

PDE10A hydrolyzes both cAMP and cGMP. The Km of PDE10A for cAMP (0.25 µM) 
is lower than for cGMP (1.1 µM), and its maximum cGMP hydrolysis rate is twice that of 
cAMP (Poppe et al., 2008). For these reasons, the hydrolysis of cGMP by PDE10A is 
inhibited by cAMP (competitive inhibition) (Keravis & Lugnier, 2012).

The protein sequence of PDE10A includes two N-terminal GAF domains. Unlike 
other PDEs, the GAF-A domain of PDE10A only seems to bind cAMP (Soderling & Beavo, 
2000). A publication indicates that PDE10A is activated upon cAMP binding to the GAF-A 
domain (Jäger et al., 2012), promoting cyclic nucleotide hydrolysis via allosteric regulation of 
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the distant C-terminal catalytic domain. However, another publication shows that binding of 
cyclic nucleotides to the PDE10 GAF domains does not stimulate catalytic activity 
(Matthiesen & Nielsen, 2009). 

PDE10A2, contains a Thr16 that can be phosphorylated by PKA and 
dephosphorylated by phosphatase protein 2A (PP2A) and/or phosphatase protein 1 (PP1) but 
not phosphatase protein 2B (PP2B, calcineurin) (Kotera et al., 1999; Russwurm et al., 2015). 
Under basal conditions, PDE10A2 phosphorylation on Thr16 is low but can be induced by 
PKA. This phosphorylation by PKA at Thr16 does not change the enzymatic activity of 
PDE10A2 to hydrolyze cAMP, but prevents membrane localization of newly synthesized 
PDE10A2, due to the reduced affinity of PDE10A for AKAP150 that promote the dissociation 
from synaptic proteins AKAP150, NR2A, NR2B and PDS95 (Charych et al., 2010; 
Russwurm et al., 2015). 

Pharmacology

Based on its selective distribution and high expression level, PDE10A has been 
considered a potential therapeutic target for diseases of the basal ganglia (Table 1) (Wilson & 
Brandon, 2015).

The PDE10 inhibitor papaverine is the historical inhibitor of PDE10, with an IC50 of 
36 nM (Siuciak et al., 2006). However, papaverine presents relatively poor potency and 
selectivity and a very short exposure half-life after systemic administration (Schmidt et al., 
2008).

TP-10 (PF-03188212) is a potent and specific inhibitor of PDE10A (IC50 of 0.3 nM), 
developed by Pfizer. TP-10 presents a minimal selectivity of 3000-fold for PDE10A based on 
IC50s of greater than 1 µM for other 10 PDE families. Moreover, the minimal selectivity of 
TP-10 for PDE10A over other CNS targets is greater than 2500-fold (Schmidt et al., 2008). It 
produced clear behavioral effects, and has been tested in preclinical for the treatment of 
schizophrenia (Schmidt et al., 2008). In vivo administration of TP-10 increased cAMP and 
cGMP levels in a dose dependent manner with the cyclic nucleotide signal reaching its 
maximum 1 h post injection (Schmidt et al., 2008). Phosphorylation of cAMP-responsive 
element binding protein (CREB) upon PDE10A inhibition reached its maximum after 30 min 
supporting the mechanism that signal transduction through dopamine and cAMP-regulated 
phosphoprotein of 32 kDa (DARPP-32) potentiates the effect on downstream substrates 
(Schmidt et al., 2008). TP-10 also significantly induced expression of a CREB reporter gene 
in vivo and increased phosphorylation of histone H3-Ser10, pERK and pMEK (Kleiman et al., 
2011; Polito et al., 2015). The effect on cAMP-PKA substrates was also shown ex vivo by 
using another tool inhibitor of PDE10A.

MP-10 (PF-2545920) is a TP-10 N-methyl analog similarly potent (IC50 of 0.18 nM) 
(Verhoest et al., 2009; Schmidt et al., 2008) and has been tested in several phase II clinical 
trials for schizophrenia (Grauer et al., 2009), both as a monotherapy and as adjunctive 
treatment (ClinicalTrials.gov: NCT01175135, NCT01939548). In all studies it failed to meet 
its primary endpoint (Verhoest et al., 2009). MP-10 enhances striatal and cortical functions in 
a mouse model of Huntington's disease (Giampà et al., 2010), and PDE10A has been shown 
to play a key role in the pathophysiology of Parkinson's disease (Giorgi et al., 2011).
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FRM-6308 (Forum) was also under evaluation in human clinical trials (Yoshikawa et 

al., 2015).

TAK-063 was developed by Takeda (Harada et al., 2015; Kunitomo et al., 2014). It 
has potent inhibitory activity (IC50 of 0.30 nM), excellent selectivity (>15 000-fold selectivity 
over other PDEs), and favorable pharmacokinetics in mice, including high brain penetration. 
TAK-063 has been evaluated in clinical trials for the treatment of schizophrenia (Yoshikawa 

et al., 2015), but also failed to provide positive effects.

Many other highly selective and high affinity PDE10A inhibitors have been developed 
for the treatment of Huntington’s disease, Parkinson’s disease and Schizophrenia in the past 
15 years by the pharmaceutical industry (Siuciak et al., 2006; Menniti et al., 2007; Chappie et 

al., 2009; Chappie et al., 2012; Kehler & Nielsen, 2011). However, despite encouraging 
results from pre-clinical models, PDE10A inhibitors failed to show efficacy as an 
antipsychotic in several clinical trials (Table 2) (Schülke & Brandon, 2017).
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Table 2 - Clinical trials to test the efficacy of the PDE10A inhibitors in CNS diseases.

Reported on ClinicalTrials.gov (accessed July 2019).
Completed: The study has ended normally, and participants are no longer being examined or treated.
Terminated: The study has stopped early and will not start again. Participants are no longer being examined or 
treated.
*: The decision was not based on any safety concerns. **: Patient recruitment insufficient. ***: Change in the 
therapeutic indication.
PF-02545920: 2-[4-(1-Methyl-4-pyridin-4-yl-1H-pyrazol-3-yl)-phenoxymethyl]-quinoline hydrochloride
TAK-063: [1-[2-fluoro-4-(1H-pyrazol-1-yl)phenyl]-5-methoxy-3-(1-phenyl-1H-pyrazol-5-yl)- pyridazin-4(1H)-
one]
Papaverine: 6,7-Dimethoxy-1-veratrylisoquinoline hydrochloride

2. Dopamine and noncanonical GPCR signaling pathways

During my thesis I was interested in dopamine non-canonical signaling because 
several studies have revealed that dopamine receptors are also linked to other signaling 
pathways (Beaulieu et al., 2004; Beaulieu et al., 2005; Hasbi et al., 2009), and these 
alternative signaling pathways may be involved in the therapeutic action of antipsychotic 
drugs (Bockaert et al., 2010; Beaulieu et al., 2015). Such mechanisms may involve alternate 
G protein coupling or non-G protein mechanisms involving ion channels, receptors tyrosine 
kinases (RTKs) or proteins such as β-arrestins (βarr) that are classically involved in GPCR 

Drug name (Company)

MP-10, PF-02545920 
(Pfizer)

RO5545965
(Roche)

TAK-063
(Takeda)

EVP-6308
(FORUM Pharmaceuticals)

Papaverine
(University of Copenhagen)

PBF-999
(Palobiofarma SL)

Conditions

Healthy

Schizophrenia

Huntington's 
Disease

Healthy

Schizophrenia

Healthy

Schizophrenia

Psychotic-like 
Symptoms

Healthy

Schizophrenia

Schizophrenia

Huntington’s 
Disease

ClinicalTrials.gov Identifier, Phase - Status

NCT01918202, Phase 1 - Completed (2014)
NCT01244880, Phase 1 - Terminated (2012)
NCT01103726, Phase 1 - Completed (2011)

NCT01939548, Phase 2 - Terminated* (2014)
NCT00570063, Phase 2 - Terminated (2008)
NCT01829048, Phase 1 - Completed (2013)
NCT00463372, Phase 1 - Completed (2007)
NCT01175135, Phase 2 - Completed (2011)

NCT02342548, Phase 2 - Terminated* (2017)
NCT02197130, Phase 2 - Completed (2016)
NCT01806896, Phase 2 - Completed (2015)

NCT01864226, Phase 1 - Completed (2014)
NCT01711801, Phase 1 - Completed (2013)

NCT01923025, Phase 1 - Completed (2013)
NCT02019329, Phase 1 - Completed (2014)
NCT02824055, Phase 1 - Completed (2017)

NCT02370602, Phase 1 - Completed (2014)

NCT02477020, Phase 2 - Completed (2016)
NCT01879722, Phase 1 - Completed (2014)

NCT01892189, Phase 1 - Completed (2014)

NCT02001389, Phase 1 - Completed (2014)

NCT02037074, Phase 1 - Completed (2014)

NCT01813955, Early Phase 1 - Terminated** (2013)

NCT02907294, Phase 1 - Terminated*** (2016)
NCT02208934, Phase 1 - Completed (2015)
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desensitization (Beaulieu et al., 2015). Among these, I was particularly interested in the 
dopamine D2 receptor which was reported to control Akt/GSK3-β via the recruitment of βarr 
(Figure 9) (Beaulieu et al., 2004; Beaulieu et al., 2005; Beaulieu et al., 2008; Urs et al., 
2012). Of note, all these reports have been issued mainly from a same laboratory. Arrestins 
are a family of four molecular adaptor proteins that were originally characterized for their role 
in mediating GPCR desensitization and internalization. In addition to these functions, the two 
ubiquitous arrestins, βArr1 and βArr2, have also been shown to act as molecular scaffolds for 
signaling molecules such as kinases and phosphatases (Beaulieu et al., 2005).

There are evidences that point towards the contribution of a βArr-mediated mechanism 
in the regulation of the serine/threonine kinases Akt and GSK3 by dopamine. Akt is involved 
in several cellular processes such as glucose metabolism, gene transcription, cell proliferation, 
migration and neurotrophin action through the stimulation of RTKs (Beaulieu et al., 2015). 
Activation of RTKs activates phosphatidylinositol 3-kinase (PI3K), which converts 
phosphatidylinositol-2-phosphate (PIP2) to phosphatidylinositol-3-phosphate (PIP3). This 
newly formed PIP3 interacts with the pleckstrin homology domain of Akt, inducing the 
recruitment of Akt to the plasma membrane. This, in turn, results in the phosphorylation of 
Akt at the Thr308 and Ser473 residues by two phosphatidylinositol-dependent kinases, PDK1 
and PDK2/rictor-mTOR respectively. Once activated, Akt phosphorylates several substrates 
including GSK3. Mammalian cells express two isoforms of GSK3, GSK3α and GSK3β, 
which are constitutively active and can phosphorylate several cellular substrates 
(Kaidanovich-Beilin & Woodgett, 2011). Phosphorylation by Akt inhibits both isoforms of 
GSK3 in response to growth factors and hormones, including insulin, IGF, and brain-derived 
neurotrophic factor (BDNF) (Altar et al., 2008). Specifically, Akt phosphorylates Ser21 on 
GSK3α and Ser9 on GSK3β, which are located on their N-terminal domains (Beaulieu et al., 
2015).

The role of βArr2 in mediating the regulation of Akt and GSK3 by D2 receptors is 
supported by direct in vivo biochemical observations in pharmacological and genetic models 
of enhanced dopaminergic neurotransmission (Beaulieu et al., 2004; Beaulieu et al., 2005).

The formation of the Akt : βArr2 : PP2A signalling complex in response to D2 receptor 
activation represents a mechanism through which dopamine can trigger the inactivation of 
PI3K/Akt signalling. Moreover, the Akt : βArr2 : PP2A signaling complex dissociates in 
response to lithium, thus providing a probable explanation for the early behavioural 
observations of the antagonistic effect of lithium on dopaminergic behaviours as well as a 
reasonable mechanism for the activation of Akt by lithium (Beaulieu & Caron, 2008). The 
details of the mechanisms by which lithium triggers this dissociation are not yet fully 
understood (Beaulieu et al., 2015).

This question is particularly interesting since biased agonism of D2 receptors seems to 
be involved in the therapeutic efficacy of antipsychotic drugs (Urs et al., 2017).
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Figure 9 - Non-canonical G protein-coupled receptor (GPCR) signaling. D2 dopamine receptor 
(D2R) activation stimulates a Gi/o protein that decreases intracellular cAMP in striatopallidal medium-
sized spiny neurons (MSNs). This negatively regulates protein kinase A (PKA)/dopamine and cAMP-
regulated phosphoprotein of 32 kDa (DARPP-32) signaling, eventually leading to transcriptional 
changes. D2R activation also facilitates its interaction with adenosine A2A receptor (A2A) and DISC1 
(disrupted in schizophrenia 1) and induces β-arrestin2 (βarr2) signaling via heterodimeric D2R/A2A, 
which inhibit protein kinase B (Akt) activity. Akt phosphorylates glycogen synthase kinase 3 beta 
(GSK3β) to prohibit its activation. Mood stabilizer lithium negatively regulates GSK3β activation and 
interferes with interaction between βarr2 and Akt. From (Komatsu et al., 2019).

Activation of dopamine D1 receptors also leads to phosphorylation of a variety of other 
cellular targets and activation of the mitogen activated protein kinase / extracellular signal-
regulated kinase (MAPK/ERK) pathway through disinhibition of MEK by PP1 (Valjent et al., 
2001; Valjent et al., 2005; Pascoli et al., 2014). PKA activation can lead to the 
phosphorylation of Erk1-Thr202/Tyr204, Erk2-Thr185/Tyr187, CaMKII-Thr286. ERK was 
selectively activated in D1R-expressing MSNs of the NAc (shell/core) and dorsal striatum 
after acute or repeated administration of cocaine (Bertran-Gonzalez et al., 2008), 
amphetamine (Gerfen et al., 2008), MDMA (Doly et al., 2009) or GBR12783, a selective DA 
reuptake inhibitor (Valjent et al., 2010; Gangarossa et al., 2019). ERK activation in neurons 
expressing D2R may be obtained by pharmacological blockade of D2Rs by haloperidol or 
raclopride, which also induces histone H3 phosphorylation in the dorsal striatum (Bertran-
Gonzalez et al., 2008; Bertran-Gonzalez et al., 2009). The effects of D2R antagonists suggest 
that stimulation of D2Rs by basal or psychostimulant-induced DA release prevents the 
activation of ERK signaling events in neurons containing these receptors. 

We were intrigued by reports indicating that D2 receptor activation led to an increase 
in Erk activity in heterologous cellular systems (Luo et al., 1998; Oak et al., 2001) as well as 
in D2 MSNs in brain slices (Shioda et al., 2017). 

Interestingly, the formation of a complex between dopamine D1 and NMDA receptors 



52

leads to the activation of ERK, an effect which is prevented if this physical interaction is 
blocked. This places ERK as a critical detector of dopamine and glutamate coincidence, 
which is of huge importance in the theories of reward-based learning (Cahill et al., 2014a; 
Cahill et al., 2014b).

3. Genetically encoded biosensors to monitor dopamine signals

Modern-days genetically-encoded biosensors have gone through two decades of very 
complex evolution developed in parallel in many labs around the world. A large diversity of 
genetically-encoded reporter constructs are extensively applied in biological research for real-
time visualization and tracking cellular events, such as small-molecule-messenger dynamics, 
enzyme activation and protein-protein interactions (Miyawaki, 2003; Umezawa, 2005). This 
chapter focuses on some biosensors specifically developed to monitor calcium, cyclic 
nucleotides and kinase-mediated phosphorylation events.

3.1. A sensor domain to detect a biological signal of interest

The measurement of a specific biological signal first depends on a protein domain 
which is selectively sensitive to this biological event, and changes its conformation in 
response to this event. Sensor domains for calcium were obtained and then engineered from 
calmodulin (Miyawaki et al., 1997) and troponin C (Mank et al., 2008; Thestrup et al., 2014). 
Sensor domains for cAMP were derived from PKA (Zaccolo et al., 2000) or Epac (Ponsioen 

et al., 2004; DiPilato et al., 2004; Nikolaev et al., 2004), while sensor domains for cGMP 
derived from PKG (Honda et al., 2001; Russwurm et al., 2007). In Article #1, we describe a 
novel cGMP biosensor which uses a tandem of cGMP binding sites from PKG (Betolngar et 

al., 2019).

A strategy for generating a genetically encoded reporter for any kinase and 
phosphatase is to have a substrate sequence for the protein kinase as a sensor domain, and a 
phosphoamino acid binding domain (PAABD) that recognizes the phosphorylated substrate 
sequence. The kinase of interest can phosphorylate the substrate peptide sequence, and upon 
phosphorylation, the PAABD forms an intramolecular complex with the phosphorylated 
peptide, thus inducing a large conformational change (Zhang et al., 2001). Dephosphorylation 
of the peptide sequence by a phosphatase reverses this conformational change. Thus, this kind 
of biosensors report the equilibrium between phosphorylation by the kinase of interest and 
dephosphorylation by phosphatases. In our laboratory, we have several versions of A kinase 
activity reporter (AKAR), Akt activity reporter (AktAR) and Erk activity reporter (EKAR).

Other types of sensor domain can respond to protease activity, being simply a peptide 
link with a (moderate) selectivity towards a protease. Bacterial periplasmic proteins with a 
venus-flytrap shape also provided a number of sensor domain for sugars, amino-acids 
(Deuschle et al., 2005). Sensor for measuring mechanical traction using vinculin have also 
known interesting developments (Grashoff et al., 2010). Once the adequate sensor domain has 
been validated, its conformational change must somehow be detected. Fluorescence appeared 
to be a practical method to detect such conformational change.
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3.2.Single-fluorophore biosensors

In several situations, a change in fluorescence could be obtained with a single 
fluorophore biosensor, such as the genetically encoded calcium indicators (GECIs) (Figure 
10) (Nakai et al., 2001; Mank & Griesbeck, 2008; Baird et al., 1999) that allow imaging 
intracellular calcium transients.

Calcium-sensitive sensors GCaMPs

Among GECIs, the single-wavelength GFP-based GCaMPs (Nakai et al., 2001), are 
the most widely used because of their high sensitivity and rapid response to changes in 
intracellular calcium concentrations. GCaMPs biosensors consists of circularly permuted GFP 
(cpGFP) fused to calmodulin and a Ca2+/CaM-binding myosin light chain kinase peptide 
(M13).

Several versions of the original GCaMP sensor (Nakai et al., 2001) have been 
published (Ohkura et al., 2005; Tallini et al., 2006; Akerboom et al., 2009). Recent advances 
in GCaMP engineering, through protein structure determination, targeted mutagenesis, high-
throughput screening, and in vitro assays, have significantly enhanced the sensitivity by 
increasing the dynamic range of the fluorescence response, the Ca2+-saturated brightness, Ca2+ 
affinity and the signal-to-noise ratio (Tian et al., 2009; Chen et al., 2013). 

High-performance GECIs in common usage can also function as “photoactivatable 
GECIs”, allowing the specification of target cell populations or organelles for functional 
imaging. Thus, two of the most useful features of fluorescent proteins can be combined in 
single reagents (Ai et al., 2015).

The strengths of single-fluorophore biosensors with a single-wavelength detection 
are:

- the protein is small, which can be an advantage in viral transfection;
- some biosensors have a large signal change;
- changes in fluorescence at a single wavelength are easy to measure;
- imaging is easy and cheap to implement in any confocal or wide-field microscope;
- allows an acquisition time from tens of ms to seconds with a wide-field microscope, 

providing a high temporal resolution;
- it offers the possibility to combine several biosensors with different fluorescence 

wavelength in a same experiment;
- photoconversion of the single chromophore can be used for additional features, such 

as in vivo calcium imaging of spatially-specified subsets of neurons (or other cells) 
(Hoffman & Yang, 2006).

The weaknesses are:
- difficult to quantify: the signal changes if the light pathway is perturbed, for example 

when the focus changes, the preparation moves or the illumination is not stable or 
uniform; the quantification also depends from the biosensor concentration;

- calibration of the imaging instrument is difficult.
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- allows an acquisition time from tens of ms to seconds with a wide-field microscope, 
providing a high temporal resolution;

- low exposure duration reduces the bleaching of the fluorophores, allowing the 
recording of hundreds of data points on a same preparation.

- imaging is easy and cheap to implement in any confocal or wide-field microscope.

The main weaknesses is:
- an absolute measurement of FRET efficacy is difficult.

In conclusion, the ratio measurement can be used efficiently for intra-molecular FRET 
biosensors and also for inter-molecular FRET biosensors if the relative concentration of donor 
and acceptor is in a well-controlled molar ratio of 1:1.

Fluorescence life-time imaging microscopy (FLIM) to measure FRET

Fluorescence takes place when a molecule excited by light returns to its ground state 
releasing its energy through the emission of one photon. Fluorescence is a transient 
phenomenon taking place on a very short time (from picosecond to nanosecond range) in 
which the molecules stay in the excited state S1 (Figure 12).

When FRET occurs, since the energy of the donor is rapidly transferred to the 
acceptor, the population of excited donor declines faster, which translates into a decreased 
fluorescence lifetime of the donor. Since the fluorescence decay profile is independent from 
the concentration, FRET can be characterized by comparing the fluorescence decay of the 
donor alone and the fluorescence decay of the donor in FRET condition from different live 
samples. Thus, FLIM, by monitoring the change in fluorescence life-time of the donor 
fluorophore, directly reports FRET efficacy (Padilla-Parra & Tramier, 2012). 

The strengths of FRET detection based on lifetime approaches are:
- it directly provides an absolute measurement of FRET efficiency; 
- lifetime measurements are independent from biosensor concentration, even if donor 

and acceptors are in different stoichiometric ratio, allowing quantification of inter-
molecular, as well as of intra-molecular FRET;

- the measurement is absolute and independent from the biosensor concentration, the 
light pathway or the instrument employed. Totally insensitive to uneven illumination, 
focus change…;

- since the life-time measurement is performed only at the wavelength of the donor, it 
offers the possibility to combine several biosensors with different fluorescence 
wavelength in a same experiment (Bertolin et al., 2019).

The weaknesses are:
- signal to noise ratio is less than optimal;
- high levels of expertise required to analyze and interpret results;
- long acquisition time: several minutes with time-correlated single photon counting; 

several seconds with the frequency domain method;
- expensive instrumentation.

In conclusion, FLIM can be useful when a precise measurement of FRET efficacy is 
required, like during the process of biosensor optimization, or in the case of biosensors with 
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available for making biosensors that were fully encoded genetically. The first proof of concept 
was designed by Atsushi Miyawaki, again in Roger Y. Tsien’s lab. This biosensor used the 
binding of calmodulin to a M13 peptide to monitor intracellular calcium concentration 
(Miyawaki et al., 1997). Thereafter, the first genetically encoded indicator for cAMP used the 
same design as FlCRhR, replacing the chemical fluorophores fluorescein and rhodamine with 
CFP and YFP (Zaccolo et al., 2000; Lissandron et al., 2005). This sensor reports the 
dissociation of the regulatory and catalytic subunits of PKA by a decrease in inter-molecular 
FRET between the fluorophores. This sensor can be targeted to different subcellular domains 
via AKAPs (Zaccolo et al., 2006; Di Benedetto et al., 2008). However, this type of sensor 
needs a precisely equal expression of both subunits to form the holoenzyme in the transfected 
cells, and any imbalance in this equilibrium can complicate ratiometric analysis and/or kill the 
cell. Moreover, PKA activity in this sensor could not be killed by mutation.

Both problems were solved with a single-gene genetically encoded FRET biosensors 
(biosensors with intra-molecular FRET) devoid of catalytic activity, which used the cAMP-
binding domain B of RIIβ subunit of PKA as cAMP sensing domain (PKA-camps sensor) 
(Nikolaev et al., 2004). In parallel, other sensors were developed using either the whole Epac 
protein or truncated forms harboring its cAMP binding domain (Nikolaev et al., 2004; 
DiPilato et al., 2004; Ponsioen et al., 2004). For example Nikolaev and co-workers developed 
a cAMP sensor composed of a single cAMP binding domain of either Epac1 or Epac2, fused 
to CFP and YFP to generate Epac1-camps and Epac2-camps sensors, respectively (Nikolaev 

et al., 2004). Epac2-camps exhibits a slightly higher cAMP sensitivity than Epac1-camps (0.9 
µM versus 2.4 µM) and both exhibit significantly faster kinetics than the sensor based on 
PKA holoenzyme. A transgenic mouse line was then created with ubiquitous expression of the 
Epac1-camps sensor, allowing the study of the cAMP signaling in more physiological 
conditions (Calebiro et al., 2009). Epac2-camps was further modified by mutating the cAMP 
binding domain to increase its sensitivity to cAMP. This sensor, called Epac2-camps300 
(Norris et al., 2009) has an EC50 for cAMP of 0.3 µM and is suitable for measurements of the 
very low cAMP levels present in mature neurons (Castro et al., 2010). Another cAMP sensor 
was derived from the cAMP binding domain of the hyperpolarization-activated cationic 
channel HCN2 (Nikolaev et al., 2006). This sensor called HCN2-camps, has a fairly low 
cAMP sensitivity with an EC50 of 6 µM.

While most biosensors use the traditional CFP/YFP pair of fluorophores, or their 
improved derivatives (Aquamarine, mTurquoise, Citrine, Venus…), it may be needed to 
perform recordings at other wavelength. Various versions of Epac-based sensors have been 
created with GFP donor and various yellow and red acceptors (van der Krogt et al., 2008; 
Hong et al., 2011). Some limitations of biosensor imaging include sensitivity to 
photobleaching, pH, and temperature, and it is therefore desirable to use the brightest as well 
as the most stable fluorophores in biosensor constructs. Thus, taking advantage of the CFP-
derived donor fluorophore mTurquoise and using the Epac1 backbone, TEpacVV showed 
improved photostability and outstanding ratio changes upon cAMP activation (Klarenbeek et 

al., 2011). This sensor was further improved by replacing the donor with mTurquoise2 and the 
acceptor with a single cp174Citrine. Its sensitivity for cAMP was increased by introducing the 
Q270E mutation in the cAMP binding domain, yielding Epac-SH150 (Polito et al., 2013) 
(Figure 13). More recently, this family of Epac-based biosensors was further improved at the 
level of fluorophores and linkers (Klarenbeek et al., 2015).
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Figure 13 - The Epac-SH150 sensor report cAMP signals in D1 and D2 MSNs. Emission spectrum of 
Epac-SH150 in the absence and in the presence of saturating (100 µM) cAMP. From (Polito et al., 2013).

FRET-based sensors to detect PKA-dependent phosphorylation

Downstream of cAMP, PKA activity can be investigated using biosensors of a 
different scheme, which were actually created earlier than cAMP biosensors. The AKAR is a 
family of FRET biosensors composed of CFP-like as FRET donor, a PAABD, a PKA-specific 
substrate and YFP-like as FRET acceptor. When this protein is phosphorylated by PKA, the 
PAABD binds onto the phosphorylated PKA substrate, driving a conformational change 
which increases FRET between donor and acceptor. After the initial proof of concept of 
AKAR1, which lacked reversibility (Zhang et al., 2001), AKAR2 (Zhang et al., 2005) was a 
well usable reporter, rapidly superseded by AKAR3, where the acceptor was changed for a 
circularly permuted citrine (Allen & Zhang, 2006). Changing the CFP donor by the brighter 
Cerulean yielded AKAR4 (Depry et al., 2011) while Aquamarine as donor led to AqAKARCit 
with improved photostability (Erard et al., 2013).

Although commonly dubbed "PKA sensors", one must keep in mind that the 
phosphorylation level of the biosensor results from the equilibrium between PKA-dependent 
phosphorylation and dephosphorylation performed by phosphatases, and is therefore a 
reporter of the phosphorylation level of a PKA substrate.

3.5. Biosensors for other kinase activities

A similar strategy was followed to monitor the phosphorylation level of other kinase 
substrates. Among these, I was interested in observing changes in the Akt/GSK3 pathway, and 
in the MAPK pathway.

FRET-based sensors to detect Akt-dependent phosphorylation

The first reporter of Akt-dependent phosphorylation was the biosensor Aktus (Sasaki et 

al., 2003). Then several FRET-based Akt biosensors were developed: BKAR (Kunkel et al., 2005; 
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Belal et al., 2014), Akind (Yoshizaki et al., 2007), AktAR (Gao & Zhang, 2008; Zhou et al., 2015) and 

Eevee-Akt (Komatsu et al., 2011; Miura et al., 2014). More recent versions are AktAR2 (Zhou et al., 

2015) and Eevee-iAkt (Miura et al., 2014). AktAR2 presents an enhanced dynamic range and 
was generated with a brighter variant of CFP, the Cerulean3. Eevee-iAkt has the particularity 
to contain a long EV linker, a system that allows to have no FRET in basal conditions.

FRET-based sensors to detect ERK-dependent phosphorylation

The first FRET biosensor for ERK was EKAR (Harvey et al., 2008). The original 
version of EKAR contained EGFP (donor), WW domain of human cdc25, an ERK substrate 
peptide fused with a docking domain and mRFP1 (acceptor). When activated, ERK 
phosphorylates the threonine in the substrate peptide (PDVPRTPVGK), which is recognized 
by the WW domain in the biosensor. Then several changes were done in order to improve the 
sensitivity and dynamic range of the biosensor. The FP pair was changed to ECFP/YPet and a 
longer linker (116 aa, EV-linker) was added originating EKAR-EV (Komatsu et al., 2011). 
Changing the FP pair to mTurquoise2/ YPet originated EKAR3 (Sparta et al., 2015). In my 
work we decided to use the biosensor EKAR-EV and an improved version with faster 
dephosphorylation rate for a faster read-out from ERK signaling cascade, called EKAR-EV 
GW4.0 biosensor developed and provided by Franck Riquet.

3.6. Quantification and pitfalls

Calibration of a ratiometric biosensor

Theoretically, the optical response of a dual wavelength (ratiometric) sensor can be 
calibrated to convert the ratio value into an absolute ligand concentration. This was initially 
established for chemical calcium dyes (Grynkiewicz et al., 1985) and the same equations 
apply to cAMP sensors (Violin et al., 2008; Mironov et al., 2009; Börner et al., 2011). This 
calibration uses the EC50 and Hill coefficients, determined in vitro for most published cAMP 
sensors. In addition, the conversion of ratio measurements into cAMP concentrations requires 
the determination of Rmin and Rmax, which are the ratio values in the absence and in the 
presence of saturating concentrations of cAMP, respectively. Rmax is obtained by maximally 
stimulating ACs with forskolin together with inhibiting PDEs with IBMX, or using a 
membrane permeant cAMP analogue like 8-Br-2′-O-Me-cAMP-AM. This is why all our 
experiments are terminated by the application of a forskolin and IBMX application. Rmin 
may be obtained by inhibiting ACs with dideoxy-adenosine, SQ22536 or MDL-12,330A 
(Castro et al., 2013; Polito et al., 2015; Mironov et al., 2009; Börner et al., 2011). In MSNs, 
SQ22536 (200 µM) slightly decreased the basal ratio of the Epac-SH150 biosensor, indicating a 
basal cAMP concentration in the range of 100 nM.

Buffering effect

Biosensor concentration may complicate the interpretation of biosensor 
measurements: if biosensor molecules are present in large excess compared to cAMP, only a 
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small fraction of the biosensor will be activated and the ratio will report a lower cAMP 
concentration than what would have occurred if the biosensor was at lower concentration. In 
parallel, excessive biosensor concentration, by buffering cAMP, also prevents cAMP from 
acting on its physiological targets. 

Biosensor concentration is usually in the sub-micromolar range, a concentration that 
should not affect the biological signal. However, biosensor concentrations of several tens of 
micromolar can be reached easily (van der Wal et al., 2001; Drobac et al., 2010), where it 
certainly impacts the concentration measurement. While determining accurately the 
concentration of a biosensor inside a living cell is technically delicate, it is quite easy to verify 
the impact of biosensor concentration on the cAMP responses by plotting the amplitude of the 
cAMP response versus the biosensor fluorescence level: low fluorescence intensity, indicative 
of low biosensor expression level, should be associated with responses of larger amplitude 
whereas high fluorescence intensities, indicative of large biosensor concentrations, potentially 
buffering effect, should be associated with ratio responses of smaller amplitude. This negative 
trend was not observed in pyramidal cortical neurons showing that a buffering effect did not 
affect the responses in these precise conditions (Castro et al., 2013). However, the buffering 
effect was clearly measured in vascular smooth muscle cells, with a statistically lower cAMP 
response in the cells expressing the biosensor at the highest level (Figure 5 in (Vallin et al., 
2018)). Simulations using a model built from our biosensor recordings showed that this 
buffering effect is negligible in MSNs (Yapo et al., 2017).

4. Striatum as a target of dopamine inputs

During my thesis I was particularly interested in how MSNs from dorsomedial 
striatum respond to dopamine inputs.

4.1. Anatomy of the striatum

The striatum is the largest nucleus of the basal ganglia and can be anatomically 
divided into functionally distinct regions that differ in their connectivity and modulatory 
inputs (cortical, thalamic and dopaminergics) (Nicola, 2007):

- the dorsal striatum receives dopaminergic inputs from the SNc and is involved in 
coordination of motor function. The dorsomedial striatum (DMS, caudate nucleus in 
primates) receives glutamatergic inputs primarily from association cortices (from 
motor cortex, participates in spatial learning and executive functions) whereas the 
dorsolateral striatum (DLS, putamen in primates) receives glutamatergic inputs from 
sensorimotor cortex, and participates in procedural learning, conditioned responses 
learning, “habituation” and sensorimotor control. 

- the ventral striatum (or NAc) receives glutamatergic inputs from frontal cortex and 
limbic regions and dopaminergic inputs from the VTA. The ventral striatum is 
involved in attention, motivation and reward behavior. It can be further subdivided 
into core and shell regions.
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4.2. Striatal neurons

Despite the existence of different functional territories, the striatal tissue appears 
homogeneous, and neurons share a number of common cellular features. Of note, the striatum 
lacks intrinsic glutamatergic neurons.

Striatal neurons have been characterized at the anatomical, biochemical and 
physiological levels (Kawaguchi et al., 1995; Wilson, 1993).

Medium-sized spiny neurons (MSNs)

Common features of MSNs

Anatomy

Spiny projection neurons are also known as medium-sized spiny neurons (MSNs), due 
to the medium size of their soma and numerous dendritic spines. MSNs represent the vast 
majority (>95%) of all striatal neurons (Kemp & Powell, 1971a). The total number of MSNs 
within the striatum seems to be similar between different rodents species, being about 5.58 
million for the rat (Oorschot, 1996). In the human there are thought to be 100 million MSNs 
(Lange et al., 1976). MSNs have a cell body diameter of 20 µm in Human (Lanciego et al., 
2012) and about 12 µm in rodents (Oorschot, 1996). MSNs are multipolar stellate cells 
(rounded or polygonal cell bodies) with radially oriented four to eight spine-free primary 
dendrites (Lanciego et al., 2012). These dendrites usually branch within 30 µm of the soma, 
giving rise to secondary dendrites of more variable length (Wilson & Groves, 1980). These 
dendrites are covered by small postsynaptic specializations called dendritic spines (Lanciego 

et al., 2012). Dendritic spines appear at distances more than 20 µm from the cell body, and 
maintained a high density throughout the remainder of the dendritic length. Third- and fourth-
order dendrites were traced to their terminations at distances of up to 280 µm from the cell 
body. The main branch of the axon could be followed for a distance of over 500 µm from the 
cell body of origin (Wilson & Groves, 1980).

Biochemistry

Adenylyl cyclase type 5 (AC5) is the predominant AC isoform in MSNs, that integrate 
signals from multiple receptors including D1, D2, and A2A through the production (or not) of 
the second messenger cAMP (Lee et al., 2002; Doyle et al., 2019).

A particularity of striatum is that the G-protein that stimulates AC5 is Gɑolf instead of 
Gɑs. Golf G-protein is activated by D1 and A2A receptors. Once activated, Golf binds to AC5. The 
duration of the AC5 activation due to Golf is limited by the GTPase activity of the G-protein, 
which acts as the deactivation mechanism of the G-protein. The binding of Golf with AC5 
induces cAMP production.

All MSNs use GABA as a neurotransmitter (GABAergic), thus they act by inhibiting 
their targets. In contrast to most other brain regions, in the striatum, the GABAergic MSNs 
form the sole output to downstream basal ganglia nuclei. 
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Electrophysiology

Electrophysiologically, D1 and D2 MSNs exhibit similar properties, and many studies 
have considered them as a single cell type (Kreitzer, 2009). Under resting conditions MSNs 
are hyperpolarized and silent due to a high potassium conductance (Tepper & Bolam, 2004). 
Increased activity of many convergent corticostriatal neurons (and possibly thalamostriatal 
neurons as well) depolarizes MSNs to the up state, from which additional excitatory inputs, an 
alteration in the strength of the synapses or an alteration in the balance of excitatory and 
inhibitory inputs leads to the firing of action potentials (Tepper & Bolam, 2004). 

MSNs can be divided into two approximately equally sized subpopulations (D1 and 
D2 MSNs) based on their (1) anatomical connectivity (axonal projection targets) to other 
basal ganglia nuclei (as represented in figure 14), their (2) biochemical and physiological 
properties, like selective expression of different neuropeptides and receptors, their opposite 
(3) dopamine modulation on the direct and indirect pathways (Figure 15), which plays a 
pivotal role in their (4) motor control.
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Figure 14 - Mouse basal ganglia circuit organisation. Basal ganglia nuclei and their major 
connections in mouse, shown in a sagittal section. The direct pathway is shown in red, the indirect 
pathway in blue. Green arrows represent connections shared by multiple pathways. Red and blue dots 
represent direct pathway- and indirect pathway-medium spiny neurons, respectively. (a) The striatum 
receives excitatory corticostriatal and thalamic inputs. Outputs of the basal ganglia arise from the GPi 
and SNr, which are directed to the thalamus, superior colliculus and PPN. The direct pathway 
originates from D1-expressing MSNs that project to the GPi and SNr output nuclei. The indirect 
pathway originates from D2-expressing MSNs that project only to the GPe, which together with the 
STN contain transsynaptic circuits connecting to the basal output nuclei. The direct and indirect 
pathways provide opponent regulation of the basal ganglia output interface. (b) Fluorescent imaging of 
a brain section from a mouse expressing enhanced green fluorescent protein (eGFP) under regulation 
of the Drd1a promoter shows Drd1a-expressing MSNs in the striatum that project axons through the 
GPe, which terminate in the GPi and GPe. (c) Fluorescent imaging of a Drd2-eGFP mouse shows that 
labeled MSNs provide axonal projections that terminate in the GPe but do not extend to the GPi or 
SNr. Abbreviations: GPe, external segment of the globus pallidus; GPi, internal segment of the globus 
pallidus; MSNs, medium-sized spiny neurons; PPN, pendunculopontine nucleus; SNr, substantia nigra 
pars reticulata; STN, subthalamic nucleus. From (Gerfen & Surmeier, 2011).
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Figure 15 - Basal ganglia microcircuits. Cortico-striatal and direct/indirect pathway canonical 
circuits. Layer 5 cortical pyramidal neurons provide excitatory glutamatergic inputs to the spines of 
Drd1a (D1) and Drd2 (D2) medium-sized spiny neurons (MSNs). D1 MSNs give rise to striatal direct-
pathway projections to the output nuclei of the basal ganglia GPi/SNr, whereas D2 MSNs give rise to 
striatal indirect-pathway projections to basal ganglia output nuclei. Dopamine input through the 
nigrostriatal pathway is directed to the spine necks of D1 and D2 bearing MSNs to modulate 
corticostriatal inputs. In gray is represented feedforward, feedback, and intrinsic striatal circuits. One 
feedforward circuit involves fast-spiking, PV GABAergic interneurons that provide perisomatic 
synapses on both D1 and D2 MSNs. These PV neurons receive excitatory inputs from layer 5 
corticostriatal neurons and are inhibited by the GPe. Intralaminar thalamic nuclei provide inputs to D1 
and D2 MSNs as well as contribute to a feedforward circuit involving thalamostriatal inputs to ChAT 
interneurons that provide input to both D1 and D2 MSNs. Cholinergic neuron activity is also affected 
by dopamine inputs. Feedback striatal microcircuits involve interconnections between local axonal 
collaterals of D1 and D2 MSNs that make synaptic contact with other MSNs. Abbreviations: ChAT, 
cholinergic; GPe, external segment of the globus pallidus; GPi, internal segment of the globus 
pallidus; PV, parvalbumin; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus. From 
(Gerfen & Surmeier, 2011).
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D1 MSNs: striatonigral MSNs in direct pathway 

Anatomy

D1 MSNs correspond to approximately half of MSNs that project directly to the main 
output nuclei of the basal ganglia, the GPi (in primates; or medial globus pallidus, MGP or 
entopeduncular nucleus in rodents) and SNr (Gerfen, 1992b; Smith et al., 1998);

Biochemistry

They are classically characterized by the expression of type 1 dopamine receptors 
(D1R) and M4 muscarinic receptor (Chrm4) (Harrison et al., 1996; Ince et al., 1997; 
Beckstead, 1988; Gerfen et al., 1990); these neurons also express neuropeptides substance P 
and dynorphin (Chesselet & Graybiel, 1983; Beckstead & Kersey, 1985; Le Moine & Bloch, 
1995; Hersch et al., 1995; Gerfen, 1992a; Bertran-Gonzalez et al., 2008; Bateup et al., 2008; 
Matamales et al., 2009).

Dopamine modulation

In D1 MSNs, dopamine activates D1Rs, which are coupled to Golf that activate AC5 
activity, increasing the second messenger cAMP and excitability in direct pathway MSNs. 
Symmetrically, activation of muscarinic M4 receptors efficiently decreases cAMP and 
opposes the D1 response (Nair et al., 2019).

The cAMP/PKA signaling pathway potentiates glutamatergic synapses responsible for 
the transition to the up-state, and the ion channels controlling spiking. In the somatic region 
where spikes are generated, D1 receptor stimulation and PKA activation increases Cav1 L-
type Ca2+ channel currents and decreases somatic K+ currents (Galarraga et al., 1997; Gao et 

al., 1997; Kitai & Surmeier, 1993; Surmeier et al., 1995). In addition, D1 receptor signaling 
decreases the opening of Cav2 Ca2+ channels that control activation of Ca2+ -dependent, small-
conductance K+ (SK) channels that slow repetitive spiking in MSNs (Surmeier et al., 1995; 
Vilchis et al., 2000). These effects induce the increase spiking of direct-pathway MSNs with 
somatic depolarization. A number of studies also show that D1 receptor, in contrast to D2 
receptor, has positive effects on AMPA and NMDA receptor function and trafficking. For 
example, D1 receptor activation of PKA enhances surface expression of both AMPA and 
NMDA receptors (Hallett et al., 2006; Snyder et al., 2000; Sun et al., 2005).

Motor control

Activation of direct pathway neurons disinhibits the striatonigral pathway by reducing 
the activity of inhibitory GABAergic neurons in the SNr (Chevalier et al., 1985; Deniau & 
Chevalier, 1985). Consistent with its role in controlling movement, optogenetic stimulation of 
the direct pathway neurons increased locomotor activity (Kravitz et al., 2010). Hence, direct 
activation of direct pathway neurons facilitates intended movement (go pathway) (Graybiel, 
2000).

D2 MSNs: striatopallidal MSNs in indirect pathway 

Anatomy

D2 MSNs correspond to the other half of MSNs that only connect indirectly to basal 
ganglia output nuclei through a polysynaptic pathway. These MSNs project to the GPe (in 
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primates; or lateral globus pallidus, LGP in rodents). The GPe neurons project to the 
glutamatergic neurons of the STN (Gerfen, 1992b; Smith et al., 1998). Activity within this 
indirect-pathway circuit is also modulated by excitatory cortical input to the STN. 

Biochemistry

They express the type 2 dopamine receptor (D2R) and adenosine A2A receptors (A2A) 

(Schiffmann et al., 1991; Fink et al., 1992; Schiffmann & Vanderhaeghen, 1993; Beckstead, 

1988; Gerfen et al., 1990), and contain the neuropeptide enkephalin (Chesselet & Graybiel, 

1983; Beckstead & Kersey, 1985; Le Moine & Bloch, 1995; Hersch et al., 1995; Gerfen, 

1992a; Bertran-Gonzalez et al., 2008; Bateup et al., 2008; Matamales et al., 2009).

Dopamine modulation

In D2 MSNs, dopamine activates D2Rs, which are coupled to Gi that block AC5 
activity, decreasing the second messenger cAMP and reduce activity of the indirect pathway 
(Zhuang et al., 2000). In contrast, adenosine increases cAMP through the activation of Golf-
coupled A2A purinergic receptors (Yapo et al., 2017).

In contrast to D1 MSNs, D2 receptor signaling impedes the up-state transition and 
diminishes up-state spiking in indirect-pathway MSNs (Surmeier et al., 2007). D2 receptors 
exert almost diametrically opposing effects on indirect-pathway MSNs. Activation of D2 
receptor signaling reduces inward, depolarizing currents through Cav1 (L-type) Ca2+ channels 
and Nav1 Na+ channels, while increasing outward, hyperpolarizing K+ channel currents (Greif 
et al., 1995; Hernandez-Lopez et al., 2000; Kitai & Surmeier, 1993; Olson et al., 2005; 
Schiffmann et al., 1998; Surmeier et al., 1992). D2 receptor stimulation also decreases 
dendritic Ca2+ entry through voltage-dependent ion channels (Day et al., 2008; Higley & 
Sabatini, 2010), reduces glutamatergic signaling (Bamford et al., 2004). Activation of D2 
receptors also decreases AMPA receptor currents of MSNs (Cepeda et al., 1993; Hernández-
Echeagaray et al., 2004), through D2 receptor-triggered dephosphorylation of GluR1 subunits, 
which should promote trafficking of AMPA receptors out of the synaptic membrane 
(Håkansson et al., 2006). 

Motor control

Activation of indirect pathway neurons resulted in inhibition of movement (Kravitz et 

al., 2010) and suppresses movement (no-go pathway) (Graybiel, 2000).

Thus, the standard model of the basal ganglia is built on the segregation of 
information processing in the direct and indirect pathways, which act in opposing directions 
to control movement. The D1 and D2 MSNs activity is associated with either the initiation of 
movement or action suppression, respectively (Graybiel, 2000).

Co-expression of D1 and D2 receptors in MSNs

While the segregation of D1 and D2 receptors on two types of MSNs is now widely 
accepted (Gerfen et al., 1990; Gertler et al., 2008; Valjent et al., 2009), co-expression of D1 
and D2 receptors occurs in a few striatal MSNs. D1/D2 MSNs from mice are morphologically 
distinct from the D1 and D2 MSNs: they have a smaller cell body, a less profusely arborized 
dendritic tree with fewer dendritic spines than those of the D1 and D2 MSNs (Gagnon et al., 
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2017). They are uniformly scattered throughout the striatum, where they represent 
approximately 2% of the total number of MSNs, but heterogeneously distributed and more 
abundant in the NAc, where their proportion ranged from 7 to 15% of all MSNs (Gagnon et 

al., 2017). These proportion is in agreement with figures reported in other studies conducted 
in bacterial artificial chromosome (BAC) transgenic mice (Thibault et al., 2013; Bertran-
Gonzalez et al., 2008; Escande et al., 2016).

Imaging levels of PKA-mediated phosphorylation in MSNs from dorsomedial striatum 
of mouse brain slices by two-photon microscopy showed that 53% of striatal cells responded 
to D1 receptor agonist, 40% responded to the A2A receptor agonist, 5% responded to neither 
agonist and 2% responded to both D1 and A2A agonists (Castro et al., 2013). However, the 
imaging of cAMP levels never showed a MSN responding simultaneously to D1 and D2 
agonist (Yapo et al., 2017).

Interneurons

MSNs receive synapses from interneurons as well as axon collaterals from other 
MSNs (Tepper et al., 2004).

Aspiny interneurons (Figure 16) are rare in number, comprising altogether ∼5% of 
striatal neurons (Rymar et al., 2004; Kawaguchi, 1997; Bolam et al., 2000; Tepper & Bolam, 
2004; Tepper et al., 2008; Kreitzer, 2009; Kawaguchi et al., 1995), and can be categorized 
anatomically into:

- medium-sized aspiny GABAergic interneurons (Table 3), that represent 2-3% in 
rodent of all neostriatal neurons (Rymar et al., 2004), and possibly up to 23% in 
primates (Graveland et al., 1985). The diversity of striatal interneurons is far greater 
than originally thought. In addition to the three classically described striatal 
GABAergic interneurons (parvalbumin, somatostatin, calretinin) there are at least four 
additional cell types: tyrosine hydroxylase (TH)-expressing interneurons (THIN), 
neurogliaform (NGF) interneuron, fast adapting interneurons (FAI) and spontaneously 
active bursty interneurons (SABI); and it is likely that all of them were not yet found 
(Tepper et al., 2018).

- large aspiny cholinergic interneurons, that can be physiologically characterized by 
their significant hyperpolarization-activated currents and spontaneous activity under 
physiological conditions (Wilson et al., 1990). They are also known by giant aspiny 
interneurons, because they are the largest neurons in the striatum, with a somatic 
diameter that can be in excess of 40 µm. They are also called tonically active neurons 
(TANs), due to their characteristic pattern of activity (typically firing slowly and 
regularly, with action potentials of long duration and lengthy and slow spike after-
hyperpolarizations) (Wilson et al., 1990).
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Table 3 - Main characteristics of striatal GABAergic interneurons.

Adapted from (Tepper et al., 2018). Abbreviations: CR, calretinin; FS, fast spiking; Htr3a, ionotropic serotonin 
receptor 5HT3a; SOM, somatostatin; NPY, neuropeptide Y; NOS, nitric oxide synthase; PV, parvalbumin; TH, 
tyrosine hydroxylase.

Figure 16 - Cell types and functional organization of the rodent striatum. Schematic 
representations of (a) a striatal medium spiny neuron (MSN), (b) a fast spiking (FS) interneuron, (c) a 
low-threshold spiking (LTS) interneuron, and (d ) a cholinergic tonically active neuron (TAN). 
Drawings based on images from (Kawaguchi, 1993). (e) A coronal schematic of the mouse forebrain 
depicting the cortex and striatum. Striatal patches (pink) are illustrated in the right hemisphere, and the 
dorsolateral, dorsomedial, and ventral divisions of the striatum are schematically illustrated in the left 
hemisphere. From (Kreitzer, 2009).

Striatal GABAergic interneurons

FS, fast spiking interneurons
LTS, low-threshold spiking interneurons
CR, calretinin-expressing interneurons
TH, tyrosine hydroxylase-expressing 
interneurons
NFG, neurogliaform interneurons
FA, fast adapting interneurons
SAB, spontaneously active bursty interneurons

Markers

PV
NPY/NOS/SOM
CR
TH

NPY
Htr3a
Htr3a

Connectivity with 
MSNs
high ~80%
low ~20%
?
low ~20% reciprocal

high ~80%
high ~50%
No (4%)
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The GABAergic interneurons produces a strong inhibitory postsynaptic potential in 
MSNs, the function of which is probably to influence the precise timing of action potential 
firing in either individual or ensembles of MSNs (Tepper & Bolam, 2004). By contrast, the 
role of cholinergic interneurons is to modulate the sub- and supra-threshold responses of 
MSNs to cortical and/or thalamic excitation, particularly in reward-related activities (Tepper 
& Bolam, 2004).

4.3. Neuromodulatory inputs to MSNs

The GABAergic MSNs as well as GABAergic interneurons can release GABA in the 
striatum. MSNs receive glutamatergic excitatory inputs from cortex and neuromodulatory 
inputs: dopaminergic from SNc and VTA as described above, as well as serotonergic from 
raphe nucleus. There are many more neurotransmitters and neuromodulators in the striatum, 
but in this thesis I focused on dopamine. I was also interested in glutamate and NO as 
activators of PDE1 and PDE2, respectively.

Dopamine

The striatum is heavily innervated by dopaminergic inputs from different midbrain 
regions (Prensa & Parent, 2001). MSNs are a target of midbrain dopaminergic neuron axons 
that can form synapses on MSNs dendrites and spine necks (Smith et al., 1994). However, 
most of the dopamine input is released by varicosities on axon branches without a specific 
synaptic structure, leading to massive "volume transmission" (Wickens & Arbuthnott, 2005).

All midbrain dopamine (DA) neurons share a core genetic program to produce the 
neurotransmitter dopamine. However, DA neurons have diverse functions that can in part be 
explained by their heterogeneity. DA neuron subtypes may have unique axonal projections, 
synaptic inputs, physiological properties, or functional roles (Poulin et al., 2018). Several 
dopamine neuron subtypes were identified and classified,with distinct molecular, anatomical, 
and functional properties.

Anatomical classification of DAergic neurons is based in three midbrain clusters 
located in the VTA, the SNc, and a third smaller cluster, found in the retrorubral area (RR) 
(Björklund & Dunnett, 2007). However, these regions are composed of molecularly 
heterogeneous DA neuron populations (Poulin et al., 2014; Poulin et al., 2018).

At molecular level, heterogeneous expression of markers in the dopamine system has 
been reported (Poulin et al., 2018; Gerfen et al., 1987; Fu et al., 2012). Several markers 
related to distinct DA neurons were identified and localized in the adult mouse brain by 
single-cell gene expression profiling (Poulin et al., 2014). Each DA subpopulation has 
specific expression profiles of transcription factors, channels, receptors, DA related genes, 
neuropeptides and secretory factors (Poulin et al., 2014).

DA neuron subtypes possess distinct but partly overlapping projection patterns, even 
within a given target region. They present distinct DAergic pathways arising from the SNc 
and from the VTA that innervate specific regions of the caudate putamen, NAc and amygdala 
(Poulin et al., 2014; Poulin et al., 2018).
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Besides dopamine, neurons from SNc can also release GABA,which may modulate 
the response to dopamine.

Other inputs

MSNs receive massive glutamatergic inputs from the cortex and thalamus that 
terminate predominantly on spines (Redgrave et al., 2010; Kemp & Powell, 1971b). 

The glutamate binds and opens two main types of glutamate-gated ion channels: α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and N-methyl-d-
aspartate receptors (NMDARs). In addition, metabotropic glutamate receptors are also highly 
expressed by MSNs.

Inhibitory GABAergic MSNs also receive feedback inputs from other MSNs. More 
GABAergic input is provided by interneurons: FS and FA interneurons form strong inhibitory 
connections on MSNs. 

Furthermore, cholinergic interneurons have robust tonic activity and release 
acetylcholine on MSNs (Abudukeyoumu et al., 2019). Acetylcholine activates M4 muscarinic 
receptor in D1 MSNs, which powerfully inhibits cAMP response to dopamine (Nair et al., 
2015; Nair et al., 2019).

It is commonly accepted that NO produced by NOS interneurons diffuses throughout 
the striatal complex and increases corticostriatal and dopaminergic synaptic transmission via a 
sGC-cGMP dependent mechanism (West et al., 2002; West & Grace, 2004; West & Tseng, 
2011). In addition, NO diffuses into the dendrites of MSNs modulating corticostriatal synaptic 
plasticity in vitro (Calabresi et al., 1999; Calabresi et al., 2000) and in vivo (West & Grace, 
2004). 

5. Striatal function and disorders

In rats and mice, dopaminergic neuronal cell bodies exhibit two kinds of discharge 
activity: single spikes or bursts of two to six action potentials. Individual dopaminergic 
neurons can switch from one pattern to another and sensory stimuli favor the bursting pattern 
in unrestrained rats. The single spike pattern of activity is due to the intrinsic properties of 
dopaminergic neurons. In contrast, the bursting activity is due to excitatory afferents and is 
mediated by NMDA receptors.

When the dopamine release is evoked by an electrical stimulation mimicking one burst 
(i.e. 4 pulses at 15 Hz, whole duration 200 ms), an excitatory response can be recorded in a 
subpopulation of striatal neurons. This response mediated by D1 receptors, lasts for 0.5 s and 
is delayed as compared to the evoked dopamine overflow: it starts 0.3 s after the beginning of 
the stimulation train, i.e. when the released dopamine has been almost completely eliminated 
by reuptake. This delayed excitatory response fully develops when D1 receptors are stimulated 
by dopamine for a sufficient duration (i.e. by a burst) since single pulse stimulations are much 
less effective (Gonon et al., 2000).
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The relevant phasic signal in the transmission mediated by D2 receptors, occurs when 
the tonic activity of dopaminergic neurons is interrupted by brief (200 ms) silent periods 
which seem to code errors in the temporal prediction of reward (Hollerman & Schultz, 1998). 

Dopaminergic transmission in the striatum occurs outside synaptic clefts. The 
dopamine signal in the striatum has a delay below 3 ms due to dopamine diffusion outside the 
synaptic cleft (Gonon et al., 2000). 

The maximal distance to which dopamine can diffuse from release sites to outside the 
synaptic cleft is limited by reuptake via the dopamine transporter (DAT) and ranges between 7 
and 10 µm, which regulates the duration of this stimulation (Gonon et al., 2000). The 
dopamine half-life in the striatal extracellular space was found to be in the range of 60 to 100 
ms. However, these experimental values represent an overestimate of the dopamine half-life, 
because in the living tissue the kinetics of the dopamine overflow can be faster than those 
observed by carbon fiber electrodes. Thus the dopamine clearance by reuptake can occur 
within less than 50 ms (Gonon et al., 2000). 

5.1. Reward-based learning

Midbrain dopamine signals are widely thought to report reward prediction errors that 
drive learning in the basal ganglia (Figure 17). Phasic, sub-second responses in the majority 
of midbrain dopamine neurons code a reward prediction error. Their activity is increased for 
one hundred or two hundred milliseconds when a reward or reward predicting stimulus is 
better than predicted, their activity is unchanged when these events have the same reward 
value as their prediction, and their activity is briefly depressed when these events have lower 
reward value than predicted (Schultz, 2019).

However, dopamine neurons are more diverse than previously thought (Watabe-
Uchida & Uchida, 2018). Dopamine neurons projecting to the posterior “tail” of the striatum 
are activated by a subset of negative events including threats from a novel object, send 
prediction errors for external threats, and reinforce avoidance behaviors. Thus, there are at 
least two axes of dopamine mediated reinforcement learning in the brain: one learning from 
canonical reward prediction errors (Figure 17) and another learning from threat prediction 
errors (Watabe-Uchida & Uchida, 2018). Dopamine is also implicated in encoding uncertainty 
and controlling exploration. Dopamine signalling can reinforce learning framework 
(Gershman & Uchida, 2019). 
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Figure 17 - Schema of the canonical reward prediction error signals. Firing rate of dopamine 
neurons. Dopamine neurons code for an error in the prediction of reward. (top) The dopamine neuron 
is activated by the unpredicted occurrence reward. (middle) After learning, the conditioned stimulus 
predicts reward, and the reward occurs according to the prediction, hence no error in the prediction of 
reward. The dopamine neuron is activated by the reward-predicting stimulus but fails to be activated 
by the predicted reward. (bottom) After learning, the conditioned stimulus predicts a reward, but the 
reward fails to occur because of a mistake in the behavioral response. The activity of the dopamine 
neuron is depressed exactly at the time when the reward would have occurred. The depression occurs 
more than 1 s after the conditioned stimulus without any intervening stimuli, revealing an internal 
representation of the time of the predicted reward. Abbreviations: CS, conditioned reward-predicting 
stimulus. From (Watabe-Uchida & Uchida, 2018).

5.2. Direct- and indirect-pathways and action selection

Despite advances in our understanding of basal ganglia circuitry, the relationship 
between the direct- and indirect-pathways and the generation of actions is still unclear (Cui et 

al., 2013; Klaus et al., 2019).

Findings in human basal ganglia diseases, like movement disorders, combined with 
literature of animal studies describing neuroanatomy, neurophysiology, neurochemistry and 
connectivity of the basal ganglia, led to the development of the main model about the 
functional neuroanatomical organisation of basal ganglia: the Rate Model. This model was 
formulated by several investigators (Albin et al., 1989; DeLong, 1983; DeLong, 1990; Penney 
& Young, 1983) and has evolved since then (Nelson & Kreitzer, 2014). 

This model of basal ganglia function proposes that direct and indirect pathways have 
opposing effects on movement: while activity of direct-pathway MSNs purportedly facilitates 
movement, activity of indirect-pathway MSNs inhibits movement (Figure 18a) (Albin et al., 
1989; DeLong, 1990). According to this model, movements occur during pauses in the tonic 
inhibitory activity of the basal ganglia output interface, generated by activity in the direct 
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pathway (Gerfen & Surmeier, 2011; Chevalier et al., 1985; Deniau & Chevalier, 1985; 
Hikosaka & Wurtz, 1983). The opposing role of the indirect pathway in suppressing 
movements was originally proposed on the basis of studies in animal models of Parkinson's 
disease (Gerfen & Surmeier, 2011). 

Studies using genetic approaches for selectively targeting direct and indirect pathway neurons 
supports the general Rate model hypotheses (Hikida et al., 2010; Kravitz et al., 2010). 
Ablation of direct pathway neurons by selective expression of diphtheria toxin resulted in 
bradykinesia (Drago et al., 1998), while ablation of indirect pathway neurons led to an 
increase in locomotion (Sano et al., 2003; Durieux et al., 2009; Durieux et al., 2012). 
Deletion of key signaling proteins such as DARPP-32 from either direct or indirect pathway 
MSNs also resulted in divergent motor behaviors: disrupting the function of direct-pathway 
MSNs led to loss of hyperkinetic behaviors and disrupting the function of indirect-pathway 
MSNs increased locomotion (Bateup et al., 2010). However, neuronal ablation or blocking 
neurotransmission, even with rapid techniques, may lead to plasticity in basal ganglia 
microcircuits. To determine whether altering the balance of activity in the two pathways could 
achieve similar results, several groups have employed optogenetics, which allows millisecond 
timescale manipulations. Selective optical activation of direct pathway MSNs increases 
locomotor activity, while activation of indirect pathway neurons causes freezing (Kravitz et 

al., 2010). 

While optogenetic studies in rodents have shown that direct and indirect pathway 
activation is sufficient to cause opposing behaviors (Kravitz et al., 2010; Tai et al., 2012), 
they have not shown that such imbalances are necessary to produce behavior. Studies have 
suggested that the basal ganglia system is more complicated than initially assumed and this 
model fails to account for the great diversity and complexity of the decision-making process 
in action selection (Cisek & Kalaska, 2010). At the time that the Rate Model was described, 
the authors highlighted limitations and caveats, but the simplicity of the model has proven to 
be of considerable clinical value for clinicians and fundamental scientists. Although current 
researchers continue to identify inconsistencies in the Rate Model, it has been a useful tool for 
research that has promoted greater knowledge of basal ganglia function as well as a more 
methodical approach (Nelson & Kreitzer, 2014). 

Other models

Another model proposes that the activation of direct pathway neurons promote the 
desired/wanted motor programs while the activation of indirect pathway neurons inhibit 
competing motor programs (Mink, 2003; Nambu, 2008; Hikosaka et al., 2000). This model 
predicts that during ongoing behavior, there will be increased activity in neuronal ensembles 
that are part of direct- and indirect-pathway circuits, rather than one or the other. The 
execution of a movement sequence would then generate a complex pattern of activity in 
specific neuronal ensembles (Turner & Anderson, 1997; Turner & Anderson, 2005). 
Consistent with such data, current models propose that the striatum performs a computation 
on sensorimotor, cognitive, and emotional/motivational information provided by the cerebral 
cortex to facilitate the selection of an appropriate action out of a collection of possibilities 
(Balleine et al., 2007; Cisek & Kalaska, 2010; Nambu, 2008). Distinct cortico-basal ganglia 
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loops may play different roles in the acquisition and stabilization of context-dependent action 
selection. For example, work by Costa’s group suggests that the dorsomedial striatum-
associative cortex loop plays an important role in the early phases of skill acquisition, 
whereas the dorsolateral striatum-sensorimotor cortex loop is more involved once the skill has 
been established and the action program becomes more automated and inflexible (Costa, 
2007; Yin et al., 2009; Vicente et al., 2016).

Contrary to the data supporting a prokinetic/antikinetic dichotomy in direct versus 
indirect pathways, more recent models propose that the coordinated activation of both 
pathways is critical for action selection, or for the appropriate timing/synchrony of basal 
ganglia circuits during movement (Figure 18b) (Brown, 2007; Chan et al., 2005; Goldberg & 
Fee, 2012; Klaus et al., 2019).

In-vivo optical recording of the activity of MSNs, using deep brain-inserted fiber 
optics in freely moving mice to monitor changes in the intracellular calcium transients in D1 
and D2 MSNs revealed transient increases in neuronal activity in both direct- and indirect-
pathway MSNs predicting the occurrence of specific movements within 500 ms. A clear co-
activation of both direct- and indirect-pathway MSNs preceded movement initiation, and both 
pathways were inactive when the animal was not moving (Cui et al., 2013). 

Although this model is consistent with most of what we know, the role of the striatal 
microcircuits is almost completely undefined in this model (Gerfen & Surmeier, 2011). Also, 
it is commonly assumed that direct- and indirect- pathway MSNs receive the same cortical 
information. This assumption is being debated in the literature (Ballion et al., 2008; Lei et al., 
2004; Parthasarathy & Graybiel, 1997) but will not be easy to resolve, given the complex 
architecture of the striatum (Gerfen & Surmeier, 2011). It would fundamentally change our 
ideas about what each pathway was doing to control behavior (Gerfen & Surmeier, 2011). It is 
also far from clear how the timing of activity in the direct and indirect pathways shapes the 
activity in the circuitry controlling actual movement (Nambu, 2008). In diseases of the basal 
ganglia, such as Parkinson’s disease, the timing of activity, rather than the overall level of 
activity, appears to be the most important determinant of movement choice and initiation 
(Bevan et al., 2002).

The view of basal ganglia function organisation may have implications for 
understanding the origin of motor symptoms in basal ganglia disorders.
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Figure 18 - Potential scenarios of how activity in direct and indirect pathway MSNs in the 
striatum is related to movement. (a) The prokinetic versus antikinetic model suggests that D1 MSNs 
activity is higher during movement and D2 MSNs activity is lower during movement, and vice versa 
during immobility. (b) Other models suggest that both pathways are more active during movement to 
select the particular desired movement; and are less active during immobility. From (Klaus et al., 

2019).

5.3. Basal ganglia disorders

Basal ganglia circuits are involved in a variety of neurological diseases like dystonia, 
neurodegenerative diseases such as Parkinson’s disease and Huntington’s disease (Nelson & 
Kreitzer, 2014) and also psychiatric conditions like schizophrenia, autism-spectrum disorders, 
Tourette syndrome, obsessive-compulsive disorder and addiction (Hyman et al., 2006; 
DeLong & Wichmann, 2007; Breakefield et al., 2008; Graybiel, 2008; Kreitzer, 2009). In my 
thesis I was particularly interested in psychiatric conditions, more precisely schizophrenia and 
autism-spectrum disorders (Fragile X syndrome).

Schizophrenia

Schizophrenia is a devastating psychiatric disease, which results in persistent 
cognitive and emotional impairments, associated with psychotic episodes. Several studies 
with advanced technologies have been made in recent years, identifying genetic and signaling 
pathways associated with the risk factors for major psychiatric disorders, such as 
schizophrenia, bipolar disorder and depression (Komatsu et al., 2019). However, not even a 
single gene has been identified to provokes any of the psychiatric symptoms (Komatsu et al., 
2019). There has been a marked reduction in the development of new psychiatric drugs 
worldwide. This is mainly due to the complex causes, like genetic as well as environmental 
and epigenetic risk factors that underlie these diseases (Komatsu et al., 2019). Furthermore, 
the rational design of multitarget drugs such as multi-acting receptor targeted antipsychotics 
(MARTA) has encountered considerable challenges in optimizing multiple structure-activity 
relationships while maintaining drug-like properties (Gandal et al., 2018; Teroganova et al., 
2016; Hopkins, 2008).
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GPCRs are the most common targets of antipsychotics such as quetiapine and 
aripiprazole, and play pivotal roles in controlling brain function by regulating multiple 
downstream signaling pathways (Komatsu et al., 2019). Progress in our understanding of 
GPCR signaling has opened new possibilities for selective drug development (Komatsu et al., 
2019). The biased ligands can modulate some, but not all, of a given receptor downstream 
signaling pathways. GPCRs, especially D2 receptors, are well known therapeutic targets for 
the disorders. Classical and atypical antipsychotic agents share the property of inhibiting D2 
receptors (Ginovart & Kapur, 2012) and thus increasing PKA-dependent phosphorylation 
selectively in D2 MSNs (Bateup et al., 2008; Bertran-Gonzalez et al., 2008; Bertran-Gonzalez 

et al., 2009). In contrast, psychostimulants, which are psychotomimetic, activate many 
signaling responses in D1 MSNs (Bateup et al., 2008; Bertran-Gonzalez et al., 2008; Bertran-
Gonzalez et al., 2009).

However, all D2 antagonists are not antipsychotics, and it was hypothesized that the 
antipsychotic activity was related to drug action on the non-canonical signaling pathways 
regulated by D2 receptors (Urs et al., 2017). This raises the possibility that the biased GPCR 
ligands can provide therapeutically desirable outcomes to treat mental disorders with fewer 
adverse side effects (Komatsu et al., 2019). However, this application requires a detailed 
understanding of the mode of action of antipsychotics, the mechanistic bases for multiple 
signaling modes and the potential of the biased modulators that drive distinct pharmacologies 
(Komatsu et al., 2019).

Another therapeutic strategy was based on PDE10A inhibitors, which were shown to 
increase cAMP levels in the striatum (Schmidt et al., 2008) and could be expected to mimic 
the effects of both antipsychotic and psychotomimetic compounds. 

Autism-spectrum disorders

Autism-spectrum disorders (ASD) are the most prevalent neurodevelopmental 
disorders. ASD define a clinically heterogeneous group of disorders, that generally exhibits 
two core symptoms: impaired social communication and repetitive behaviors (Bhat et al., 
2014; Fakhoury, 2015).

Many studies have reported structural and functional alterations in the caudate and 
putamen of human patients with ASD (Rothwell, 2016; Sears et al., 1999; Eliez et al., 2001; 
Levitt et al., 2003; Hollander et al., 2005; Haznedar et al., 2006; Silk et al., 2006; Turner et 

al., 2006; Voelbel et al., 2006; Langen et al., 2007; Langen et al., 2012; Takarae et al., 2007; 
Di Martino et al., 2011). Recent studies associate various dopamine system genes with ASD. 
However, how dopamine system dysfunction induces ASD remains unknown (Lee et al., 
2018).

A large number of risk genes that are associated with ASD pathogenesis have been 
implicated in an altered axonal growth, an imbalance of the neuronal network excitation/
inhibition ratio, and an altered long-term synaptic plasticity in the corticostriatal pathway 
(Fuccillo, 2016; Golden et al., 2018; Kuo & Liu, 2019; Shepherd, 2013). The high-confidence 
ASD-associated genes include: FMR1, KMT2A, GRIN2B, SCN2A, NLGN1, NLGN3, MET, 

CNTNAP2, FOXP2, TSHZ3, SHANK3, PTEN, CHD8, MECP2, DYRK1A, RELN, FOXP1, 
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SYNGAP1, and NRXN (Li & Pozzo-Miller, 2019; Nakanishi et al., 2019; Verma et al., 2019).

During my thesis I studied a Fmr1-KO mouse model, a widely used animal model to 
study Fragile X syndrome, which presents some key aspects of ASD (Bagni & Oostra, 2013). 

Mutations in the human fragile X mental retardation 1 (FMR1) gene leads to Fragile X 
Syndrome (FXS). FXS is a genetic developmental condition causing the most common 
inherited form of intellectual disability often presented as a monogenic cause of autism 
spectrum disorder (Bagni & Oostra, 2013). Currently, there is no cure or approved medication 
for the treatment of the underlying causes of FXS (Zafarullah & Tassone, 2019).

In addition to intellectual disability, the clinical symptoms of FXS individuals include 
a range of neurological alterations: autistic-like behavior, seizures, cognitive impairment 
(learning and memory impairments), delayed language development, hyperactivity, anxiety, 
impulsivity, insomnia, epilepsy, repetitive behavior, social withdrawal and physical features 
such as hypotonia, flat feet, hyperextensible joints, and macroorchidism (Zafarullah & 
Tassone, 2019).

In the normal population, the FMR1 gene (Figure 19), located on the X chromosome 
(Loci Xq27.3), contains a CGG repeat in the 5’-untranslated region (UTR). The CGG repeat 
is polymorphic and ranges from 5 to 55 CGGs with an average length of 30 CGG units (Fu et 

al., 1991). 

FXS is a trinucleotide repeat disorder caused by the abnormal expansion of the CGG 
repeat to more than 200 repeats (Figure 19). This expansion is known as the full mutation 
(FM). This trinucleotide repeat expansion mutation causes the hypermethylation of the repeat 
and the promoter region of the FMR1 gene (Oberlé et al., 1991; Verkerk et al., 1991; Sutcliffe 

et al., 1992). As a consequence the transcription of the FMR1 gene is silenced, leading to the 
loss of expression of the fragile X mental retardation 1 protein (FMRP) and to the diagnosis 
of FXS (Verheij et al., 1993; Verkerk et al., 1991; Oberlé et al., 1991; Pieretti et al., 1991). 

Individuals carrying expansion of 55-200 CGG repeat are pre-mutation carriers and at 
risk of developing the late-onset neurodegenerative syndrome, fragile X-associated tremor/
ataxia syndrome (FXTAS), the fragile X-associated primary ovarian insufficiency (FXPOI) 
and the fragile X-associated neuropsychiatric disorders (FXAND) (Figure 19) (Zafarullah & 
Tassone, 2019).

The FMR1 gene encodes the FMRP. The FMR1 gene can generate by alternative 
splicing twelve different protein isoforms with a molecular weight ranging between 70 and 80 
kDa (Verkerk et al., 1993; Brackett et al., 2013). FMRP isoforms are expressed in many 
tissues and organs with a tissue-specific relative abundance (Kaufmann et al., 2002; Xie et al., 
2009). FMRP is abundantly expressed in the cortex and striatum (Bonaccorso et al., 2015; Li 
& Pozzo-Miller, 2019).

FMRP is involved in mRNA transport to synapses where protein synthesis occurs. 
FMRP is also an RNA-binding protein that regulates the translation of a large number of 
mRNAs encoding synaptic proteins, many of which are involved in the maintenance and 
development of neuronal synaptic function and plasticity. Depending on the considered gene, 
FMRP acts as a translational activator or repressor of its mRNA targets.
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FMRP loss-of-function results in immature dendritic spines, excitation/inhibition 
imbalance, and altered mGluR-mediated LTD in many brain regions in mouse models of FXS, 
including the hippocampus and cerebellum (Dahlhaus, 2018).

Figure 19 - Fragile X mental retardation 1 (FMR1) gene and its various allelic forms. The 
polymorphic CGG sequence is placed upstream of exon 1 in the 5′-untranslated region (UTR) (top). 
Based on the CGG expansion four different classes of alleles are shown, with their transcriptional 
activity indicated by the arrow: normal (WT); premutated (PM) with a higher transcription (bold 
arrow) and slight decrease of translation associated to the fragile X-associated tremor/ataxia syndrome 
(FXTAS) end fragile X-associated primary ovarian insufficiency (FXPOI) phenotypes; unmethylated 
full mutation (UFM), similar to PM for transcription and translation, without an apparent phenotype; 
methylated full mutation (MFM) leading to absence of transcript and fragile X mental retardation 
protein (FMRP) and consequently to fragile X syndrome (FXS). From (Tabolacci et al., 2016).

Maurin et al. (Maurin et al., 2018a) identified by high-throughput sequencing-
crosslinking immunoprecipitation (HITS-CLIP) PDE2A as a prominent mRNA target of 
FMRP. Our team had a collaboration with them in a project where I studied the activity of 
PDE2A in single neurons of the CA1 region of hippocampus of Fmr1-KO mice (Figure 1 in 
article #3) (Maurin et al., 2018b).
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6. Objective

MSNs integrate neuromodulatory signals like dopamine through the cAMP signalling 
pathway in the striatum (Figure 20). The intracellular level of cyclic nucleotides is controlled 
by the balance between synthesis by ACs and GCs, and degradation by PDEs.

Figure 20 - The cAMP/PKA signaling cascade of the two types of MSNs in the Striatum. The 
genetically-encoded FRET biosensor Epac-SH150 allows imaging the changes in cAMP concentration at 
the level of individual neurons.

My thesis work focused on the effects of dopamine through D1 and D2 receptors, and 
in particular the role played by PDEs in shaping these two types of dopamine responses. 
Transient activation of D1 receptors produces a transient increase in cAMP, and the amplitude 
and duration of this cAMP signal depends on PDE activities. Activation of the D2 receptor 
decreases cAMP production, and PDE activities are required to decrease this cAMP and thus 
integrate the dopamine signal. Besides the PDEs which are continuously active such as 
PDE10A and PDE4, I also tested the effect on dopamine of other neuromodulators which 
regulate PDE activities, like NO, which increases cGMP and activates PDE2, and glutamate, 
which increases calcium and activates PDE1. Besides the cAMP/PKA signaling pathway, the 
D2 dopamine receptor is also coupled to non-canonical signaling pathways and I also wanted 
to monitor these signals using biosensors to monitor Akt and ERK activities. This part of the 
project however did not bring clear conclusions.
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7. Protocol to monitor D1 and D2 dopamine responses in MSNs

Based on the above description of FRET measurement methods, our choice is the 

ratiometric method on wide-field imaging. A protocol was previously designed in the 

laboratory to record the response to dopamine at the single-cell level simultaneously in 

several neurons, in striatal brain slices (Yapo et al., 2017). A transient stimulation of 

dopamine was obtained with the photorelease of caged dopamine (NPEC-DA), leading to a 

quasi-instantaneous increase in dopamine concentration throughout the imaging volume. This 

uncaging was shown to be complete, and therefore the concentration of active dopamine was 

considered identical to the known concentration of the caged precursor added to the bath.

Upon dopamine uncaging stimulation both dopamine D1 and D2 receptors were 
activated equally for the same duration. Before dopamine release, D1 MSNs present a basal 
level, where the dynamic equilibrium between biological cAMP sources/production and 
cAMP degradation by PDEs is such that cAMP concentration is close to zero. When 
dopamine is transiently released there is a transient activation of AC, which leads to a fast 
increase of cAMP levels that rises to the maximal D1 receptor activation, ie, the same cAMP 
level obtained with D1 agonist (SKF-81297, 100 nM) (Castro et al., 2013). During this fast 
production of cAMP, PDEs are not sufficient to control and degrade such enormous cAMP 
production. When dopamine concentration decays, cAMP production stops and cAMP 
degradation by PDEs is immediately and quickly visible, that corresponds to the recovery to 
the level before uncaging, ie, to the basal cAMP level. 

 Since D2 receptors are negatively coupled to cAMP production and tonic production 
of cAMP is low in slices at basal conditions, intracellular cAMP production was first 
increased to a higher steady-state selectively in D2 MSNs by applying the A2A receptor agonist 
CGS 21680 (CGS, 1 µM) in the presence of the A1 antagonist PSB36 (100 nM). In fact, this 
steady-state can correspond to a biological situation, since it was previously reported that the 
basal level of phospho-Thr-34 DARPP-32 is higher in D2 MSNs than in D1 MSNs (Nishi et 

al., 1997; Bateup et al., 2008; Polito et al., 2015). While A2A adenosine receptors are 
activated, there is a dynamic equilibrium between cAMP production by AC via Gs/olf and 
cAMP degradation by PDEs. During dopamine release, the ACs are inhibited, which means 
that there is no more cAMP production and there is only a fast cAMP degradation by PDEs, 
ie, a decrease in cAMP level down to the lowest level of cAMP, that can allow the PKA de-
activation. As dopamine washes out of the preparation, there is a progressive cAMP increase 
because AC is no longer inhibited.

The response to the same dopamine challenge could thus be monitored simultaneously 
in D1 and D2 MSNs, which allowed the comparison of dopamine receptor sensitivity.

The same response could be elicited several times, and this type of protocol was used 
to analyze the functional contribution of PDEs in the integration of dopamine responses.

Thus, when the cAMP level rises to the highest level upon dopamine D1 receptor 
activation, PDE activity is important in order to degrade cAMP and return to the basal level. 
Symmetrically, when cAMP production stops after activation of dopamine D2 receptor, PDEs 
activity is required to degrade cAMP.
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II - Materials and Methods

1. Cloning biosensor sequences in a pSinRep5 vector for virus preparation

The Sindbis virus was used as a vector to induce expression of the biosensors after 
overnight incubation (Ehrengruber et al., 1999). The coding sequences of the cAMP biosensor 
Epac-SH150 (Polito et al., 2013), PKA/phosphatase equilibrium reporter AKAR4 (Depry et al., 
2011), cGMP biosensor cyGNAL, calcium biosensor Twitch-2B (Thestrup et al., 2014), Akt 
biosensor AktAR2 (Zhou et al., 2015), Akt biosensor Eevee-iAkt (Miura et al., 2014), ERK 
biosensor EKAR-EV (Komatsu et al., 2011) or ERK biosensor EKAR-EV GW4.0 (article in 
preparation) were inserted into the plasmid vector pSinRep5 (Invitrogen, San Diego, CA). 
The linear pSinRep5 and the DH(26S) helper DNA (which contains the structural proteins 
required for packaging of the Sindbis viral genome) were used to prepare recombinant RNA 
in vitro. The capped and polyadenylated RNA transcripts (from DH(26 S) and pSinRep5) 
were co-transfected into baby hamster kidney (BHK) cells to produce the pseudovirions.

2. Biosensor construct and validation

The Epac-SH150 biosensors (Polito et al., 2013) and AKAR4 (Depry et al., 2011) were 
used to record intracellular cAMP and PKA signals in brain slice preparations. FRET 
biosensors consist of a sensor domain, either sensitive to intracellular levels of cAMP 
(biosensors of the Epac family) or to PKA-mediated phosphorylation (and phosphatase 
dephosphorylation, AKAR biosensors), between two fluorophores derived from GFP, a donor 
derived from CFP and an acceptor derived from YFP, excited at the specific wavelength of the 
donor. When a change in the biological signal occurs (for example, when the intracellular 
cAMP levels increase or decrease), the sensor domain undergoes a conformational change. As 
a result, the donor and acceptor fluorophores move toward or away from each other and/or 
change their relative orientation, ultimately leading to a change in FRET efficiency. The latter 
is measured in real time by fluorescence microscopy, and quantified according to ratiometric 
methods (Polito et al., 2014). More information on slice preparation methods (optimized for 
neuron survival for nearly 24 hours), acquisition of cAMP and PKA signals (full-field and 
dual-photon fluorescence imaging), and neuron transfection (via sindbis virus) can be found 
in the methods of Articles 1 and 2.

All constructs were checked by sequence analysis. 

3. Viral infection

A transgene vector derived from sindbis virus (single-stranded, positive-polarity RNA 
alphavirus capable of replicating in virtually all eukaryotic cells) was used to allow the 
expression of Epac and AKAR biosensors in our neuron preparations (Ehrengruber et al., 
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1999). The coding sequences of the biosensors were inserted into a plasmid pSinRep5 
(Invitrogen, San Diego, California) and the virions produced in BHK cells. The viral vector 
obtained has a good neuronal tropism (little infection of glial cells), and makes it possible to 
obtain a strong translation and a rapid expression (from 8 hours of incubation) of the 
transgene, specifically and homogeneously in the neurons, without altering their morphology. 
Infection of the slices is carried out by the deposition of virus solution (1 to 2 µL of diluted 
solution, containing close to 105 viral particles), then incubation at 35 °C in a humidified 
atmosphere in the presence of 5 % CO2- 95% O2.

4. Brain slice preparation

Wild-type C57Bl/6J mice (3-6 g) were obtained from Janvier (Le Genest Saint Isle, 
France). Mice were maintained in a 12 h light/dark cycle, in stable conditions of temperature 
(22 ± 1 °C), controlled humidity (55 ± 10%) with food and water available ad libitum. All the 
experiments were performed according to guidelines for the care and use of laboratory 
animals established by the Animal Experiments Committee ("Darwin") and the French 
Ministry of Agriculture and Forestry guidelines for handling animals.

Brain slices were prepared from mice aged from 7 to 12 days. The brain was removed 
and coronal brain slices of 300 µm thickness were cut with a VT1200S microtome (Leica, 
Germany). Slices were prepared in an ice-cold solution of the following composition: 125 
mM NaCl, 0.4 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, 20 mM 
glucose, 2.5 mM KCl, 5 mM sodium pyruvate and 1 mM kynurenic acid, saturated with 5% 
CO2 and 95% O2 . The slices were incubated in this solution for 30 min and then placed on a 
Millicell-CM membrane (Millipore) in culture medium (50% Minimum Essential Medium, 
50% Hanks’ Balanced Salt Solution, 6.5 g/l glucose, penicillin-streptomycin, Invitrogen). 

Compared to our previous work (Castro et al., 2013), the viral vector was diluted to 
decrease the number of infected neurons and thus facilitate individual cell measurement. 
Slices were incubated overnight for biosensor expression. Before the experiment, slices were 
incubated for 30 min in the recording solution (identical to the solution used for cutting, 
except that the calcium concentration was 2 mM and kynurenic acid was omitted). During 
recordings, brain slices were continuously perfused with this solution saturated with 5% 
CO2/95% O2, at a rate of 2 ml/min, in a recording chamber of ∼1 ml volume maintained at 
32◦C. The viability of the neurons in these experimental conditions have been checked by 
patch-clamp recording, which showed electrical activity to be normal (Gervasi et al., 2007; 
Castro et al., 2010).

5. Optical recordings on brain slices

Recordings were made on MSNs, that constitute 95% of neurons in the striatum. Large 
neurons, presumably cholinergic interneurons, were excluded (i.e., diameter larger than 14 
µm). Wide-field images were obtained with an Olympus BX50WI or BX51WI upright 
microscope with a 40 × 0.8 NA water-immersion objective and an ORCA-AG camera 
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(Hamamatsu). Images were acquired with iVision (Biovision, Exton, PA, USA). The 
excitation and dichroic filters were D436/20 and 455dcxt. Signals were acquired by 
alternating the emission filters, HQ480/40 for CFP, and D535/40 for YFP, with a filter wheel 
(Sutter Instruments, Novato, CA, USA). All filters were obtained from Chroma Technology 
(Brattleboro, VT, USA). Image acquisition was triggered manually, except for kinetics 
measurement where images were acquired automatically with 3-5 s intervals.

Images were analyzed with custom routines written in the IGOR Pro environment 
(Wavemetrics, Lake Oswego, OR, USA).

The emission ratio was calculated for each pixel: F535/F480 for AKAR and F480/
F535 for Epac-SH150 or cyGNAL. Pseudocolor images display the ratio value coded in hue and 
the fluorescence intensity coded in intensity. A calibration square indicates the intensity values 
from left to right and the ratio values from bottom to top. The size of the square indicates the 
scale of the image in microns. No correction for bleed-through or direct excitation of the 
acceptor was applied and the ratio changes in our conditions therefore appear smaller than 
those reported by other studies in which such corrections were applied.

6. Fast drug release

Dopamine was released from a photo-sensitive compound, NPEC-dopamine, by a 
flash of UV light. Previous work has demonstrated that the UV power was sufficient to 
release all the dopamine within the imaging volume and therefore the concentration of free 
dopamine in the imaging volume was set by the concentration of the caged precursor that was 
added in the bathing solution (Yapo et al., 2017).

The UV light source was a 360 nm LED purchased Mightex, delivering a power of 10 
mW light at the exit of the objective. Image acquisition in these fast wide-field recordings was 
automatic at a frequency ranging from 0.2 to 0.3Hz. Image acquisition was otherwise 
triggered manually by the user.

7. Data analysis and statistics

Ratiometric quantification was performed with a ratio value between the Rmin and 
Rmax values, which correspond to the minimal ratio value (no biological signal) and maximal 
response (saturated biosensor) (Grynkiewicz et al., 1985; Börner et al., 2011). The baseline 
ratio in control conditions was considered to be equal to Rmin because adenylyl cyclase 
inhibition with 50 µM SQ22536 and guanylyl cyclase inhibition with 10 µM ODQ yielded no 
ratio decrease with Cygnet2 biosensor. The maximal response (Rmax, corresponding to 
biosensor saturation) was determined for each neuron at the end of the recording. This level 
was determined by applying 13 µM forskolin (for cAMP) or SNAP (for cGMP) in the 
presence of the broad-spectrum PDE inhibitor IBMX (200µM). Absolute ratio values differed 
between cells (as shown with the mutant biosensor in (Castro et al., 2013)), so the amplitude 
of the response to receptor stimulation was quantified for each neuron as the fractional change 
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in ratio from its own baseline (Rmin) and maximal final ratio response (Rmax).

Measurements were performed on regions of interest (ROIs) and some of the signal 
measured on a region of interest comes from out-of-focus neurons. Regions of interest which 
displayed clear responses to both SKF38393 and CGS21680 and which therefore contained 
fluorescence signal from out of focus cells were discarded from our analysis.

Kinetic parameters (amplitude, tmax and t1/2off) were determined using IGOR Pro 
environment (Wavemetrics, Lake Oswego, OR, USA). tmax values were determined as the 
time to reach the peak of the response and the t1/2off represents the time to reach a half of the 
recovery of the response.

We analyzed at least four neurons per brain slice, with n indicating the number of 
independent neurons tested. Unpaired two-tailed student’s t-tests were used for statistical 
comparisons. Differences were considered significant when P < 0.001.

8. Pharmacological stimulation of receptors

The neurons in which the imaging measurements are made are pharmacologically 
stimulated by various drugs (Table 4), applied via an infusion bath of recording solution 125 
mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3 and 25 mM 
glucose, saturated with 5% CO2 and 95% O2 . The transient dopaminergic stimuli are carried 
out by the dopamine uncaging technique (photorelease of dopamine), detailed in the methods 
of articles 1, 2 and 4. 
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Table 4 - Drugs used in biosensor imaging recordings.

Drug
NPEC-dopamine
MNI-NMDA
SKF-81297
quinpirole
haloperidol
CGS 21680
PSB36
TTX
atropine
CGP 55845A
AM 251
naloxone
forskolin
IBMX
TP-10
BAY607550
rolipram
Lu AF64196 
cantharidine
fostriécine
FK506
cyclosporine A
DEANO
SQ22536

Concentrations
1 µM to 10 µM
100 µM
1 µM
1 to 5 µM
100 nM
1 µM
100 nM
200 nM
1 µM
100 nM
100 nM
500 nM
63 nM to 13 µM
200 µM
1 µM
200 nM
100 nM
1 nM to 10 µM
30 to 50 µM
200 nM
5 to 10 µM
5 µM
10 µM
200 µM

Pharmacodynamics
D1 and D2 receptor agonist
NMDA receptor activation
D1 receptor agonist
D2 receptor agonist
D2 receptor antagonist
A2A receptor agonist
A1 receptor antagonist
Na+ channels blocker
Muscarinic receptor antagonist
GABA B receptor antagonist
CB-1 receptor antagonist
Opioid receptor antagonist
Adenylyl cyclases activator
Non selective PDE inhibitor
PDE10A inhibitor (iPDE10)
PDE2A inhibitor (iPDE2)
PDE4 inhibitor (iPDE4)
PDE1 inhibitor (iPDE1)
PP1 and PP2A inhibitor
PP2A inhibitor
PP2B inhibitor
PP2B inhibitor
NO donor for cGMP elevation
Adenylyl cyclases inhibitor
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III - Results

Article 1: PDE1 - dopamine and glutamate coincidence 

Phosphodiesterase 1 bridges glutamate inputs with NO- and dopamine-induced cyclic 
nucleotide signals in the striatum.

Betolngar DB, Mota É, Fabritius A, Nielsen J, Hougaard C, Christoffersen CT, Yang J, 
Kehler J, Griesbeck O, Castro LRV, Vincent, P.

Cerebral Cortex. 2019

DOI: 10.1093/cercor/bhz041.

(Betolngar et al., 2019)

PDE1B is highly expressed in the striatum, at least at the mRNA level, but its 
functional role was difficult to study because of lack of specific inhibitor. Through a 
collaboration with Lundbeck, we obtained a novel highly selective inhibitor Lu AF64196. The 
aim of this project was to determine whether PDE1 was functionally present in MSNs, and 
how it contributed to the regulation of cyclic nucleotides in these neurons.

First, a novel biosensor for cGMP was created, to improve our measurements 
compared to previously existing cGMP sensors. This novel cyGNAL sensor was characterized 
and showed the required sensitivity and selectivity to be used in this project.

We designed novel protocols, using NMDA stimulation to induce transient and 
reproducible calcium signals to activate PDE1 in a consistent way. A genetically-encoded 
FRET biosensor for cAMP (Epac-SH150) or cGMP (cyGNAL) was expressed by viral 
transfection in brain slice preparations to image changes in cyclic nucleotide concentration at 
the level of individual neurons. As a control, we also monitored the calcium signal after 
NMDA uncaging using the genetically-encoded FRET biosensor Twitch-2B, to show that 
during our protocol the NMDA release induces a transient stimulation of NMDA receptors, 
which increases intracellular calcium. We believe that this calcium transient triggers a 
decrease in cGMP and cAMP mediated by PDE1 action in striatal MSNs.

In this article, we showed that:
- PDE1 is active only in the presence of intracellular calcium, ie PDE1 is not active in 

basal condition;
- PDE1 degrades both cAMP and cGMP, as expected from biochemical data;
- PDE1 moderates the cAMP response during the coincident activation of NMDA 

receptors and dopamine D1 receptors;
- co-release of NMDA with dopamine leads to cAMP responses of lower amplitude;
- this effect negatively affects synaptic plasticity.

Conclusion: PDE1 down-regulates the dopamine-induced cAMP signal when 
there is a coincidence of dopamine and glutamate neurotransmission.
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OR I G I NA L ART I C L E

Phosphodiesterase 1 Bridges Glutamate Inputs with

NO- and Dopamine-Induced Cyclic Nucleotide Signals

in the Striatum

Dahdjim B. Betolngar1, Élia Mota 1, Arne Fabritius2, Jacob Nielsen3,
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1Sorbonne Université, CNRS, Biological Adaptation and Ageing, F-75005 Paris, France, 2Max Planck Institute for
Neurobiology, Tools for Bio-Imaging, Am Klopferspitz 18, 82152 Martinsried, Germany, 3H. Lundbeck A/S,
Ottiliavej 9, DK-2500 Valby, Denmark and 4Shanghai Chempartner Co. Ltd., Shanghai, China

Address correspondence to Pierre Vincent, Sorbonne Université, CNRS, Biological Adaptation and Ageing, Mailbox #256, UMR8256, 7 Quai Saint Bernard,
F-75005 Paris, France. Email: pierre.vincent@upmc.fr orcid.org/0000-0002-8479-1908

Abstract

The calcium-regulated phosphodiesterase 1 (PDE1) family is highly expressed in the brain, but its functional role in
neurones is poorly understood. Using the selective PDE1 inhibitor Lu AF64196 and biosensors for cyclic nucleotides including
a novel biosensor for cGMP, we analyzed the effect of PDE1 on cAMP and cGMP in individual neurones in brain slices from
male newborn mice. Release of caged NMDA triggered a transient increase of intracellular calcium, which was associated
with a decrease in cAMP and cGMP in medium spiny neurones in the striatum. Lu AF64196 alone did not increase neuronal
cyclic nucleotide levels, but blocked the NMDA-induced reduction in cyclic nucleotides indicating that this was mediated by
calcium-activated PDE1. Similar effects were observed in the prefrontal cortex and the hippocampus. Upon corelease of
dopamine and NMDA, PDE1 was shown to down-regulate the D1-receptor mediated increase in cAMP. PDE1 inhibition
increased long-term potentiation in rat ventral striatum, showing that PDE1 is implicated in the regulation of synaptic
plasticity. Overall, our results show that PDE1 reduces cyclic nucleotide signaling in the context of glutamate and dopamine
coincidence. This effect could have a therapeutic value for treating brain disorders related to dysfunctions in dopamine
neuromodulation.

Key words: biosensor imaging, calcium, cAMP, cGMP, synaptic plasticity

Introduction

Cyclic nucleotide signaling is an important regulator of neuronal
excitability. The intracellular level of cyclic nucleotides is con-
trolled by the balance between synthesis by adenylate and gua-
nylate cyclases (AC and GC), and degradation by 3′5′-cyclic
nucleotide phosphodiesterases (PDEs). There are 11 families of
PDEs in mammals that can hydrolyze cAMP and/or cGMP
(Keravis & Lugnier 2012). PDE1 hydrolyzes both cAMP and cGMP,

and is the only PDE that is activated by Ca2+-calmodulin (CaM)
(Hansen & Beavo 1986; Lugnier et al. 1986; Goraya & Cooper
2005), suggesting it can mediate a crosstalk between the intracel-
lular calcium and cyclic nucleotide signaling pathways. In partic-
ular, while glutamate increases cGMP production via NMDA
receptors and nNOS-dependent NO production (Vallebuona &
Raiteri 1995; Piedrafita et al. 2007; Garthwaite 2019), PDE1 could
oppose this effect by promoting cGMP breakdown in such
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conditions of elevated calcium. 3 PDE1 genes have been identi-

fied (PDE1A-C), which are all expressed in the central nervous

system. PDE1A is primarily expressed in CA1–3 of the hippocam-

pus and layer 5–6 of the cortex. PDE1B is highly expressed in the

striatum and in the dentate gyrus of the hippocampus. In addi-

tion, PDE1B is expressed at lower levels in many other brain

areas including the cortex. PDE1C is mostly expressed in the cer-

ebellum (Polli & Kincaid 1994; Yan et al. 1994; Lakics et al. 2010;

Kelly et al. 2014). Overall, the expression pattern in the central

nervous system is very similar in humans and rodents (Lakics

et al. 2010).

Medium-sized spiny neurons (MSNs) are GABA-ergic projec-

tion neurones that constitute more than 90% of all neurones in

the striatum. They integrate glutamate, nitric oxide and dopa-

mine inputs through the calcium, cGMP and cAMP signaling

pathways, respectively. The high expression of PDE1B in these

neurones suggests that it plays an important role in the inte-

gration of these inputs. MSNs express either D1 dopamine

receptors, or both D2 dopamine and A2A adenosine receptors,

and will be hereafter called D1 or D2 MSNs, respectively

(Valjent et al. 2009; Bertran-Gonzalez et al. 2010; Yapo et al.

2017). Since PDE1B is reported to be expressed in the majority

of striatal neurones (Polli & Kincaid 1994), it is expected to be

present in both D1 and D2 MSN. Suppression of PDE1B in

knockout mice enhanced D1-mediated phosphorylation of PKA

substrates (Reed et al. 2002), but PDE1B function in D2 MSNs

was not studied. The functional role of PDE1B was confirmed

in vivo: spontaneous locomotor activity was increased in male

and female PDE1B knockout mice (Siuciak et al. 2007), and the

induction of locomotor activity by dopamine releasing agents

was exacerbated (Reed et al. 2002; Ehrman et al. 2006; Siuciak

et al. 2007).

In 6-OHDA lesioned mouse model of Parkinson’s disease,

increased PDE1B expression was associated with complex

changes in cyclic nucleotide signaling (Sancesario et al. 2004),

suggesting that PDE1B might be a target for treatment of the dis-

ease and the dyskinesias that result from its treatment with

levodopa (Giorgi et al. 2008; Sancesario et al. 2014). Although

PDEs have been evaluated as therapeutic targets for a wide vari-

ety of pathologies (Keravis & Lugnier 2012; Ahmad et al. 2015)

including neuropsychiatric disorders (Menniti et al. 2006;

Reneerkens et al. 2009; Schmidt 2010), the lack of specificity of

early PDE1 inhibitors such as zaprinast and vinpocetine ren-

dered uncertain the actual involvement of PDE1 in the effects

reported in preclinical and clinical pharmacological studies (Ahn

et al. 1989; Vemulapalli et al. 1996; Sitges & Nekrassov 1999;

Sitges et al. 2005; Lugnier 2006; Medina 2011). More recently,

selective PDE1 inhibitors have been developed (Maurice et al.

2014): the PDE1 inhibitor ITI-214 was shown to enhance memory

processes and cognitive performance (Snyder et al. 2016; Pekcec

et al. 2018), while Lu AF64196 was used to examine PDE1 func-

tion in the control of vascular smooth muscle cell relaxation

(Khammy et al. 2017).

Although these studies have shown an impact of PDE1 modu-

lation on animal behavior, the mechanistic details of its effect

remain unclear. Cyclic nucleotide and calcium signals in living

neurones are transient and to catch PDE1 in action has been a

challenge so far. In this report, we have used biosensor imaging

to monitor transient changes in cAMP and cGMP at the single cell

level in brain slice preparations. In the first part of this work, the

experiments were designed to reveal the action of PDE1 on artifi-

cially elevated steady-state cyclic nucleotide levels: a transient

increase in intracellular calcium triggered by uncaging NMDA

transiently reduced both cAMP and cGMP. We used the recently

developed selective PDE1 inhibitor, Lu AF64196 (Khammy et al.

2017) to show that this effect was mediated by PDE1. The second

part of this work shows a functional inhibitory effect of PDE1 on

the transient cAMP response to dopamine and on long-term

potentiation (LTP). This suggests that PDE1 inhibitors may be

useful for treating brain disorders related to dysfunctions in

dopamine neuromodulation.

Materials and Methods

Construction of the cyGNAL Biosensor

We synthesized (GeneArt, Thermo Fischer Scientific) the CNB-A

and CNB-B region of bovine cGMP dependent protein kinase I

alpha (PKG I) de novo, starting from residue Q79 to residue

K344, analog to (Russwurm et al. 2007), and placed it between

different combinations of cyan fluorescent proteins as donors

and yellow fluorescent proteins as acceptors in pRSET B

(Invitrogen). CNB-B was amplified starting form residue P225 to

residue Y335 of PKG I and reinserted inside the sensing domain,

replacing CNB-A starting from residue E108 to E211, leaving

only a 29 amino acid stretch at the N-terminus of the sensor

domain intact.

Recombinant Expression and Protein Purification

Protein over-expression and purification was performed

according to the protocol presented in (Fabritius et al. 2018). In

brief, His-tagged proteins were over-expressed in E.coli BL21

(Invitrogen) in 50mL cultures of auto inductive LB. Harvested

cells were lysed via physical and enzymatic methods (freeze

thaw cycle, lysozyme and sonication) with protease inhibitors

(4mM PMSF, 20 μg/mL Pepstatin A, 4 μg/mL Leupeptin, Sigma

Aldrich, Germany). It was taken care not to include detergents

such as Triton X100 within the purification protocol, as we

found this to negatively impact in vitro sensor performance.

Proteins were then purified from cleared lysate using Ni-NTA

agarose resin (Jena Bioscience, Germany) and eluted through

completion with imidazole (elution buffer: 20mM Na2PO4,

300mM NaCl, 300mM imidazole).

Biosensor Imaging in Brain Slice Preparations

Mice (C57BL/6 J; Janvier labs) were housed under standardized con-

ditions with a 12h light/dark cycle, stable temperature (22 ± 1 °C),

controlled humidity (55 ± 10%) and food and water ad libitum. All

animal procedures were performed in accordance with the

Sorbonne University animal care committee regulations. Brain

slices were prepared from mice aged from 7 to 11 days. Coronal

(striatum and hippocampus) and sagittal (prefrontal cortex) brain

slices were cut with a VT1200S microtome (Leica). Slices were

prepared in an ice-cold solution of the following composition:

125mM NaCl, 0.4mM CaCl2, 1mM MgCl2, 1.25mM NaH2PO4,

26mM NaHCO3, 20mM glucose, 2.5mM KCl, 5mM sodium pyru-

vate, and 1mM kynurenic acid, saturated with 5% CO2 and 95% O2.

The slices were incubated in this solution for 30min and then

placed on a Millicell-CM membrane (Millipore) in culture medium

(50% Minimum Essential Medium, 50% Hanks’ Balanced Salt

Solution, 5.5 g/L glucose, penicillin–streptomycin, Invitrogen). We

used the Sindbis virus as a vector to induce expression of the bio-

sensors after overnight incubation (Ehrengruber et al. 1999). The

coding sequences of the cAMP biosensor Epac-SH150 (Polito et al.

2013), calcium biosensor Twitch-2B (Thestrup et al. 2014) or cGMP

biosensor cyGNAL were inserted into the plasmid vector pSinRep5

(Invitrogen, San Diego, CA). The linear pSinRep5 and the DH(26 S)
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helper DNA (which contains the structural proteins required for

packaging of the Sindbis viral genome) were used to prepare

recombinant RNA in vitro. The capped and polyadenylated RNA

transcripts (from DH(26 S) and pSinRep5) were co-transfected into

BHK cells to produce the pseudovirions. This viral vector was

added on the brain slices (~5 × 105 particles per slice), and the

infected slices were incubated overnight at 35 °C under an atmo-

sphere containing 5% CO2. Before the experiment, slices were

incubated for 30min in the recording solution (125mM NaCl,

2mM CaCl2, 1mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3,

20mM glucose, 2.5mM KCl and 5mM sodium pyruvate saturated

with 5% CO2 and 95% O2). Recordings were performed with a con-

tinuous perfusion of the same solution at 32 °C.

All experiments were performed in the presence of 200 nM

tetrodotoxin (TTX) to block electrical activity. Wide-field images

were obtained with an Olympus BX50WI or BX51WI upright

microscope with a 40 × 0.8 NA water-immersion objective and

an ORCA-AG camera (Hamamatsu). Images were acquired with

iVision (Biovision, Exton, PA, USA). The excitation and dichroic

filters were D436/20 and 455dcxt. Signals were acquired by

alternating the emission filters, HQ480/40 for CFP, and D535/40

for YFP, with a filter wheel (Sutter Instruments, Novato, CA,

USA). Filters were obtained from Chroma Technology and

Semrock.

Photo-release of caged compounds was performed using

high power 360 nm LED sources mounted on the epifluores-

cence port of the microscopes, providing 14mW at the exit of

the microscope objective (0.5 s flash duration) or 7.5mW (1 s

flash duration). The combination of LED sources at 360 nm (for

uncaging) and 420 nm (off-peak light source for 436 nm excita-

tion filter for imaging) was purchased from Mightex (Toronto,

Canada). The frequency of data acquisition, usually 1 image

pair every 30/50 s, was increased to 0.6 Hz in order to resolve

peak dynamics, starting 10 data points before MNI-NMDA and/

or NPEC-DA uncaging.

Image Analysis

Images were analyzed with custom routines written in the

IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA).

No correction for bleed-through or direct excitation of the

acceptor was applied to keep the benefit of ratiometric cancella-

tion of optical artefacts. Biosensor activation level was quanti-

fied by ratiometric imaging: donor fluorescence divided by

acceptor fluorescence for Epac-SH150 and cyGNAL; acceptor

divided by donor for Twitch-2B. The emission ratio was calcu-

lated for each pixel and displayed in pseudocolor images, with

the ratio value coded in hue and the fluorescence of the prepa-

ration coded in intensity. Wide-field imaging of Epac-SH150

allowed for the separation of D1 and D2 MSNs, provided that

the infection level was kept low and no fluorescence overlap

between neighboring neurones was observed. The optical

cross-contamination resulting from out of focus light was eval-

uated by the response to CGS 21680, an agonist of the adenosine

A2A receptors, and SKF-81297, a selective agonist of dopamine

D1 receptors: cells were rejected from analysis if the cross-

contamination was above 30%. Cells were also excluded from

the analysis when basal ratio was elevated, when the response

to forskolin was lacking or when the neuronal morphology was

altered (uneven cell contours).

LTP Measurements

Male Wistar rats (7–9 weeks old) from Shanghai Laboratory

Animal Center (Shanghai, China) were used. The rats were

housed under 12 h light/dark cycle at a temperature of 23 ± 3 °C

and a humidity of 40–70%. Food and water was available ad libi-

tum. All procedures were conducted with approval from the

Danish Animal Experimentation Inspectorate (journal no.

2014 15 0201 00 339) and in accordance with the ChemPartner

Institutional Animal Care and Use Committee. Rats were anes-

thetized by isoflurane and perfused transcardially with an

ice-cold sucrose saline solution (in mM): 110 sucrose, 60 NaCl,

3 KCl, 28 NaHCO3, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2 and 5 glu-

cose (pH 7.4; saturated with 95% O2/5% CO2). After decapitation,

brains were removed, placed in chilled sucrose solution and

parasagittal slices (350 μm) containing the Nucleus Accumbens

(NAc) were cut using a VT1200S vibratome (Leica Microsystems

Inc., Bannockburn, Illinois, USA). Slices were incubated in regu-

lar artificial cerebrospinal fluid (ACSF) containing (in mM):

119 NaCl, 2.5 KCl, 1.2 Na2HPO4, 25 NaHCO3, 2.5 CaCl2, 1.3 MgCl2
and 10 glucose (pH 7.4; saturated with 95% O2/5% CO2) at 30 °C

for the first 60min and then transferred to room temperature

prior to recordings.

Multi-electrode array (MEA) MED64 Quad 2 systems (AlphaMed

Scientific, Japan) were used for extracellular recordings. The MEA

probes were composed of 16 platinum electrodes on the surface of

a carrier substrate. The electrodes (each 50 × 50 μm2) were

arranged in a 4 × 4 matrix, 150 μm apart from each other. Slices

were left in the probe for at least 30min prior to recordings and

continuously perfused with oxygenated ACSF (4mL/min, 32 °C). In

most recordings, the synaptically evoked population spike/field

excitatory postsynaptic potential (fEPSP, N2,) which is mediated

by endogenous glutamate release and concomitant activation of

AMPA receptors, was preceded by a nonsynaptic compound

action potential (N1) that is independent of glutamate release and

activation of glutamate receptors. fEPSPs were obtained in the

presence of the GABAA antagonist Gabazine (SR95531, 10 μM).

0–80 μA biphasic pulses (100 μs each) with a 5 μA step were applied

to evoke fEPSPs and input/output relations were measured. The

stimulation intensity evoking a half-maximal response was used

for LTP experiments. Electrical stimulation was applied at the NAc

core, 100–400 μm from the border between the cortex and the NAc

core, to stimulate primarily infralimbic and prelimbic afferents.

fEPSPs were recorded from a neighboring electrode 150 μm caudal

of the stimulation electrode and reported as fEPSP slopes (10–90%

of the rising phase of the response).

Following a 30 min-long stable baseline recording, slices

were exposed to either DMSO (control) or 3 μM Lu AF64196 for

the remaining of the experiments. And 30min after DMSO or

Lu AF64196 application, LTP was induced by applying a theta

burst stimulation (TBS) (Hawes et al. 2013): 10 bursts were

delivered at 200 ms interval—each burst consisting of 4 pulses

delivered at 50 Hz. The protocol was repeated 10 times at 15 s

intervals.

Drugs

Solutions were prepared from powders purchased from Sigma-

Aldrich (St Quentin-Fallavier, Isère, France). TTX was from

Latoxan (Valence, France). All other drugs were from Tocris

Bio-techne (Lille, France). NPEC-DA: (N)-1-(2-nitrophenyl)ethyl-

carboxy-3,4-dihydroxyphenethylamine. MNI-NMDA: 4-meth-

oxy-7-nitroindolinyl-caged N-methyl-D-aspartic acid. DEANO:

2-(N,N-diethylamino)-diazenolate 2-oxide sodium salt hydrate.

SKF-81297, a selective agonist of dopamine D1 receptors,

was used to identify MSNs of the D1 type, while CGS 21680, an

agonist of the adenosine A2A receptors was used to identify

MSNs of the D2 type (Fig. 3). All drugs except TTX and
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DEDMSONO were added to the bath solution from a stock solu-

tion in DMSO; final DMSO concentration in the bath solution

remained below 1‰.

Statistical Analysis

For biosensor imaging experiments, the responses obtained

from all neurones were averaged together and statistics were

calculated per experiment (i.e., brain slice). N indicates the

number of repeats of the same experiment, and n indicates the

total number of neurones. Statistical analysis (unpaired t-tests,

except for data in Fig. 6 where paired t-test was used) were per-

formed using Igor Pro (Wavemetrics, Lake Oswego, OR, USA).

Degrees of freedom were calculated assuming a possible differ-

ence in variance between the samples, resulting in noninteger

degrees of freedom values (reported between brackets). For LTP

quantification, statistics were calculated per cell, assuming a

same variance for all samples. Shading on traces represent

standard error of the mean (SEM).

Results

A New Biosensor for cGMP

Several existing FRET biosensors for cGMP are based on dim

fluorescent proteins, usually CFP and YFP, or display a limited

cGMP selectivity, therefore limiting their use in living cells

(Russwurm & Koesling 2018), and we therefore undertook the

development of a novel fluorescence resonance energy transfer

(FRET) biosensor for optimal measurement of changes in intra-

cellular cGMP in brain slice preparations. We selected the cGMP

binding domain of the bovine PKG I. Even though CNB-A of PKG

I has high affinity to cGMP, it only displays poor selectivity

between cGMP and cAMP (Kim et al. 2011; Huang et al. 2014).

We reasoned that under physiological conditions, given com-

paratively high cAMP concentrations, CNB-A would not contrib-

ute much to the required conformational change within the

FRET sensor, because its binding site would be saturated. We

therefore replaced the CNB-A binding site within the sensor

with a copy of the structurally very similar CNB-B binding site,

leading to a tandem of CNB-B domains with a high selectivity

for cGMP over cAMP. In our hands, sensors using 2 CNB-B bind-

ing sites displayed a 2-fold increase in response over sensors

using CNB-A and CNB-B binding sites.

We incorporated the brightest available fluorescent proteins

in the relevant wavelength ranges, namely mCerulean3

(Markwardt et al. 2011) as the donor and Ypet (Nguyen &

Daugherty 2005) as the acceptor fluorescent proteins. We opti-

mized the positioning of fluorescent proteins within the sensor

and found that the best overall performance was achieved by

having mCerulean3 in a C-terminal position and by removing

11 amino acids from the C-terminus of a N-terminally posi-

tioned Ypet (Fig. 1A). This novel biosensor, called cyGNAL, is

responding to an increase in cGMP with an inverted change in

donor and acceptor fluorescence (Fig. 1B), indicative of a

decreased FRET upon cGMP binding. This is similar to the effect

of cAMP on TEpacVV and the Epac-SH series (Polito et al. 2013;

Klarenbeek et al. 2011, 2015). The dose–response curve of

cyGNAL for cGMP could be fitted to a Hill equation with a Kd of

465 ± 69 nM and a Hill coefficient of 0.801 ± 0.075, while the

dose–response curve for cAMP showed an EC50 in the millimo-

lar range (Fig. 1C). This biosensor thus shows a large selectivity

for cGMP against cAMP. The ratio was stable at physiological

pH and displayed an increase in ratio below 7 (Fig. 1D). Since

the fluorophores have a pKa in a much lower range, this sug-

gests a pH sensitivity in other domains of the protein.

The properties of the biosensor were further tested in brain

slice preparations using viral transfer. In striatal medium spiny

neurones, cGMP elevation by bath application of the NO donor

DEANO (10 μM) produced a steady-state F480/F535 ratio increase

in all recorded striatal neurones as expected. This response was

not saturating since application of the nonspecific PDE inhibitor

IBMX at the end of the recording increased the ratio further to

a higher steady-state level (Fig. 1E). As commonly accepted

(Russwurm & Koesling 2018), we assumed this final level to cor-

respond to biosensor maximal response, that is, saturation of

the biosensor with cGMP.

NMDA Receptor Activation Transiently Decreases cGMP in the

Striatum

Since PDE1 is highly expressed in the striatum, we first exam-

ined its functional role in the control of cGMP in striatal slices

in which the cyGNAL biosensor was sparsely expressed via

viral transduction. To reduce variability resulting from endoge-

nous electrical activity in the brain slice, action potentials were

suppressed by the continuous application of TTX (200 nM) in all

experiments. As previously described, tonic production of

cGMP is low in slices at basal conditions (Polito et al. 2013) and

cGMP production was first increased to a higher steady-state

level by applying the NO donor DEANO (10 μM). PDE1 activity is

calcium dependent, and we aimed at increasing intracellular

calcium with a transient activation of NMDA receptors while

monitoring changes in intracellular cGMP (Fig. 2A,B). To this

end, a caged-derivative of NMDA, MNI-NMDA (100 μM), was

applied during the steady-state cGMP level, which had no effect

by itself. After a few minutes to allow for the diffusion of the

compound into the brain slice, the uncaging protocol was per-

formed: acquisition frequency was increased to 0.6 Hz and a

flash of UV light was applied to release NMDA in the brain slice.

Immediately following the flash, the cGMP level showed a mul-

tiphasic change with an initial decrease for about 1min, then a

recovery overshooting the initial level and finally a progressive

return to the level before uncaging after 3min (Fig. 2B). At the

end of the recording, the nonselective PDE inhibitor IBMX

(200 μM) was added to reach the maximal ratio response of the

biosensor, and that level was used for normalization. PDE9A

which is not inhibited by IBMX and expressed at a low level in

the brain, has low Km and Vmax for cGMP (Rybalkin et al. 2013;

Dorner-Ciossek et al. 2017) and therefore unlikely to prevent

reaching the saturation level of the biosensor in that final con-

dition. The decrease in ratio value after MNI-NMDA uncaging

was of −41.8 ± 8.5% (mean ± SD, N = 5, n = 38) of the maximal

ratio response.

To check for photophysical effects of the UV flash on the

biosensor, the same experiment was performed in the absence

of MNI-NMDA; this had negligible effect (Supplementary

Fig. S1A). To control whether MNI-NMDA exerted effects inde-

pendently of NMDA receptors upon uncaging, the same experi-

ment was performed in the presence of the NMDA receptor

antagonist D-APV (40 μM), which strongly reduced the effect of

MNI-NMDA uncaging (Supplementary Fig. S1B).

With each molecule of biosensor binding 2 molecules of

cGMP, it might be possible that the biosensor exerts a buffering

effect on the response to be measured. To test for this effect,

the fluorescence emission of the YFP channel in baseline condi-

tion was used as a proxy for biosensor concentration and was

measured for every neurone that was well in focus, measuring
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the average fluorescence intensity of the 10% brightest pixels in

the region of interest. Supplementary Figure S2A shows all the

responses to NMDA uncaging with a color coding that reflects

fluorescence intensity. Intensity values cover a range from 4 to

120 counts/pixel/s. There is no overt relationship between

fluorescence intensity and the shape of the NMDA-induced

decreases in cGMP concentration. The amplitude of negative

peak and onset slope plotted against fluorescence intensity

(Supplementary Fig. S2B and C) show a tendency towards

response of smaller amplitude and slower onset for the highest

biosensor expression levels. However, this tendency appears

modest, and affects only a minority of neurones.

We then used the selective PDE1 inhibitor Lu AF64196

(Khammy et al. 2017) to determine the contribution of PDE1 on

the change in cGMP level induced by NMDA uncaging (Fig. 2C).

The addition of 10 μM Lu AF64196 to DEANO had no effect on

the steady-state cGMP levels, showing that PDE1 does not con-

trol cGMP in that condition. However, Lu AF64196 suppressed

the transient decrease observed with NMDA uncaging: in the

presence of 10 μM Lu AF64196, the ratio decrease in response to

A B

C

E

D

Figure 1. A novel biosensor for imaging cGMP. (A) Structure of the FRET-based cGMP sensor cyGNAL. The sensor domain is constituted of a tandem of the CNB-B

domain from bovine type I PKG placed in between YpetΔ11 (acceptor) and mCerulean3 (donor). (B) Emission spectrum of cyGNAL without (control) and with 1mM

cGMP. (C) cGMP and cAMP titration of the ratio response. The cGMP curve is fitted to a Hill equation with a Kd of 0.465 ± 0.069 μM and a Hill coefficient of 0.801 ± 0.075.

Half-maximal activation of cyGNAL was obtained with a concentration of 1.4mM cAMP. (D) pH dependency of the ratio in control condition or with 1mM cGMP. (E)

The cyGNAL biosensor was expressed in striatal brain slices and imaged with wide-field microscopy. Raw fluorescence of the acceptor is displayed in gray and donor/

acceptor fluorescence ratio is displayed in pseudocolor, coded from blue (low F480/F535 ratio, i.e., low cGMP) to red (high cGMP). Ratio images (a–e) correspond to the

time points indicated in the bottom graph. Changes in ratio were measured during time and plotted besides: each trace indicates the F480/F535 emission ratio mea-

surement on regions indicated by the color contour drawn on the gray image. Gray traces correspond to regions of interest outside this region of the image. The thick

black trace represents the average. Horizontal bars indicate the bath application of DEANO (10 μM) and IBMX (200 μM).
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the UV flash was −3.3 ± 4.3% (mean ± SD, N = 6, n = 47) of the

maximal ratio response, similar to the response obtained in the

absence of MNI-NMDA or with NMDA receptor antagonists, and

significantly different from the control response in the absence

of the inhibitor (t[3.4] = 5.7, P = 0.007, Fig. 2D, top traces).

In the presence of 10 μM DEANO and before the flash of UV

light, the steady-state ratio value measured with the cyGNAL

biosensor was 79.6 ± 5.3% (mean ± SD, N = 12, n = 89) of the

maximal ratio response; considering the Kd and Hill coefficient

described for the cyGNAL biosensor, this level corresponds to a

Figure 2. NMDA uncaging transiently decreases cGMP in striatal neurones, in a PDE1 dependent manner. (A) DEANO (10 μM) was applied to activate the soluble cyclase

and trigger cGMP production. NMDA was released from caged NMDA (MNI-NMDA, 100 μM) by a flash of UV light. NMDA receptors allow for a calcium influx that acti-

vates PDE1. (B) Wide-field imaging of mouse striatal brain slices expressing the cyGNAL biosensor for cGMP. Raw fluorescence of the acceptor is displayed in gray and

donor/acceptor fluorescence ratio is displayed in pseudocolor, coded from blue (low F480/F535 ratio, i.e., low cGMP) to red (high cGMP). Changes in ratio are plotted

below, left: each trace indicates the F535/F480 emission ratio measured over the region of interest of corresponding color shown on the gray image. Traces in gray cor-

respond to regions of interest outside the displayed part of the field. The black trace represents the average. Drugs were applied in the bath for the duration indicated

by the horizontal bars. Ratio images correspond to the time points indicated on the horizontal axis. The graph on the right shows the normalized average ratio

change for all the regions of interest in this experiment. Time 0 was the time of the UV flash; amplitude 0 is the average of the 10 data points that precede the UV

flash; the ratio was normalized to the maximal ratio change obtained with DEANO plus IBMX (200 μM). (C) Same as (B) except that 10 μM Lu AF64196 was applied

before and during NMDA uncaging. (D) Similar experiments were averaged, with shading indicating SEM. Top: Response to NMDA uncaging measured with the

cyGNAL biosensor for cGMP in control condition (green: n = 33, N = 4) and in the presence of 10 μM Lu AF64196 (red: n = 48, N = 6). Bottom: changes in intracellular cal-

cium during the same NMDA uncaging protocol measured with Twitch-2B (black: n = 37; N = 3).
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cGMP concentration of approximately 2.5 μM in a range from

1.7 to 4.0 μM.

Finally, we also monitored the calcium signal after NMDA

uncaging using the genetically encoded FRET biosensor Twitch-

2B (Thestrup et al. 2014): MNI-NMDA (100 μM) uncaging was

immediately followed by a large ratio increase, which declined

progressively (Fig. 2D, bottom trace), over a time-course that

roughly matched the transient decrease in cGMP levels.

B

C

D

A

AC

cAMP

Golf

Ca2+

NMDAforskolin

forskolin

D1

SKF

AC

A2A

Golf

CGS

D1 MSN

D2 MSN

PDE1B

Figure 3. NMDA uncaging transiently decreases cAMP in striatal neurones, an effect blocked by the PDE1 inhibitor Lu AF64196. (A) A low concentration of forskolin

(500 nM) was used to sub-maximally activate cAMP production. NMDA was released from caged NMDA (MNI-NMDA, 100 μM) by a flash of UV light, triggering a calcium

influx to activates PDE1. MSNs were identified as D1 or D2 from their response to either SKF-81297 (SKF, 1 μM, agonist of D1 dopamine receptors) or CGS 21680 (CGS,

1 μM, A2A adenosine receptor). Maximal ratio was determined at the end of the experiment using 13 μM forskolin and 200 μM IBMX. (B) Wide-field imaging of mouse

striatal brain slices expressing the Epac-SH150 biosensor for cAMP. Raw fluorescence of the acceptor is displayed in gray and donor/acceptor fluorescence ratio is dis-

played in pseudocolor, coded from blue (low F480/F535 ratio, i.e., low cAMP) to red (high cAMP). Changes in ratio are plotted below, left: each trace indicates the F480/

F535 emission ratio measured over the region of interest of corresponding color shown on the gray image. Traces in gray correspond to regions of interest outside the

displayed part of the field. The black trace represents the average. Ratio images correspond to the time points indicated on the horizontal axis. Drugs were applied in

the bath for the duration indicated by the horizontal bars. The graph on the right shows the normalized average ratio change for all the regions of interest in this

experiment. Time 0 was the time of the UV flash; amplitude 0 is the average of the 10 data points that precede the UV flash; amplitude was normalized to the maxi-

mal ratio change (fsk + IBMX). (C) Same as (B), except that 10 μM Lu AF64196 was applied before and during NMDA uncaging. (D) Similar experiments were averaged,

with shading indicating SEM. Top: Response to NMDA uncaging measured in D1 neurones in control condition (green: n = 28, N = 4) and in the presence of 10 μM Lu

AF64196 (red: n = 27, N = 5). Bottom: Response to NMDA uncaging measured in D2 neurones in control condition (green: n = 13, N = 4) and in the presence of 10 μM Lu

AF64196 (red: n = 16, N = 5).
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These data show that a transient stimulation of NMDA

receptors, which increases intracellular calcium, triggers a

decrease in cGMP mediated by PDE1 action in striatal MSNs. In

addition, these data show that PDE1 does not contribute signifi-

cantly to cGMP control in these neurones in basal condition.

NMDA Uncaging Transiently Decreases cAMP in the Striatum

PDE1 can also hydrolyze cAMP, and to test if PDE1 controlled

cAMP responses similarly to cGMP, we used the Epac-SH150 bio-

sensor to monitor cAMP in striatal neurones (Fig. 3). We used a

protocol for NMDA uncaging similar to that used for monitoring

cGMP, except that a steady-state cAMP level was obtained with

the application of 500 nM of forskolin (low fsk). MSNs were

sorted in 2 groups, D1 or D2 MSNs, according to their positive

cAMP response to either a D1 agonist (SKF-81297, 100 nM) or an

A2A agonist (CGS 21680, 1 μM), (Fig. 3A,B) as published previ-

ously (Yapo et al. 2017; Nair et al. 2018). At the end of the

recording, the nonselective PDE inhibitor IBMX (200 μM) was

added to reach the maximal ratio response of the biosensor,

and that level was used for normalization. PDE8B is not inhib-

ited by IBMX but its expression level is low in the brain. In addi-

tion, PDE8 has a low Km and moderate Vmax for cAMP compared

with the highly expressed PDE2A (Rybalkin et al. 2013), and

therefore PDE8 is unlikely to prevent reaching the saturation

level of the biosensor. Similar to the cGMP responses, NMDA

release triggered a transient decrease in cAMP in both D1 and

D2 MSNs (Fig. 3B). This decrease was −28.1 ± 8.0% (mean ± SD,

N = 4, n = 28) of the maximal ratio response in D1 MSNs, and of

−30.7 ± 8.7% (mean ± SD, N = 4, n = 13) of the maximal ratio

response in D2 MSNs, not significantly different between D1

and D2 MSNs. The recovery of the NMDA response appeared

faster in D2 than in D1 MSNs, but this may be related to higher

cAMP level reached in the former upon forskolin stimulation.

Similarly to cGMP, PDE1 inhibition with Lu AF64196 (10 μM)

had no effect when added to forskolin-induced cAMP steady-

state level, showing a lack of PDE1 activity in the absence of a

calcium signal (Fig. 3C). However, Lu AF64196 completely sup-

pressed the transient decrease in cAMP triggered by NMDA: the

decrease in cAMP level was of −4.4 ± 3.3% (mean ± SD, N = 5,

Figure 4. PDE1 effect on cGMP in various regions in mouse brain slices. NMDA was uncaged while monitoring cGMP with the cyGNAL biosensor, using the protocol

shown in Figure 2. The experiment was performed in the absence (left column) or in the presence of 10 μM Lu AF64196 (right column). Each trace represents the aver-

age ratio of one experiment comprising 1–13 neurones. Traces are normalized between baseline and maximal response to DEANO (10 μM) and IBMX (200 μM). The ver-

tical bar indicates the uncaging of NMDA (100 μM). The experiments were performed in striatum (same data as in Fig. 2), hippocampus (CA1 and CA3), dentate gyrus

and prefrontal cortex. Calibration bars: horizontally, 1min; vertically: 20% of the maximal ratio change.
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n = 27) of the maximal ratio response in D1 MSNs, and of −5.9 ±

2.8% (mean ± SD, N = 5, n = 16) of the maximal ratio response

in D2 MSNs. This decrease was significantly different from that

measured in the absence of Lu AF64196 (t[3.8] = 5.5, P = 0.0059

for D1 MSNs, and t[3.5] = 5.5, P = 0.0078 for D2 MSNs, Fig. 3D). In

contrast to the decrease obtained in control condition, NMDA

uncaging in the presence of the PDE1 inhibitor led to a large

rebound increase that lasted about 1min in both D1 and D2

MSNs, possibly resulting from the activation of calcium-

dependent adenylyl cyclases (Fig. 3D).

The Epac-SH150 ratio steady-state level reached before the

UV flash was 58.0 ± 20.3% (mean ± SD, N = 9, n = 55) of the max-

imal ratio response in D1 MSNs, and of 78.7 ± 6.2% (mean ± SD,

N = 9, n = 29) of the maximal ratio response in D2 MSNs.

Considering a Kd of 4.4 μM and Hill coefficient of 0.77 (Polito

et al. 2013), these ratio values correspond to cAMP concentra-

tions of 7 μM, in a range from 3 to 20 μM. In D2 MSNs, this level

is 25 μM in a range from 15 to 40 μM.

These data show that PDE1 efficiently degrades cAMP fol-

lowing the activation of NMDA receptors. However, like for

cGMP, PDE1 shows no cAMP degradation in the absence of

NMDA stimulation.

PDE1 in Other Brain Regions

Besides the high expression level of PDE1B in the striatum, PDE1

is also highly expressed in cortex and hippocampus. To assess

whether PDE1 is also engaged in cyclic nucleotide regulation

outside the striatum, we explored the effect of NMDA uncaging in

the prefrontal cortex and in the hippocampus (CA1, CA3 and DG)

using the same protocols as for measuring cGMP with the

cyGNAL biosensor in the striatum (Fig. 2). This revealed a power-

ful action of PDE1 on cGMP level (Fig. 4) in the CA1 and CA3

regions of the hippocampus: the release of NMDA was followed

by amarked decrease in cGMP concentration, which was replaced

by an increase in cGMP when PDE1 was blocked by Lu AF64196

(10 μM). The minimal ratio amplitude was measured over a tem-

poral window from 6 to 50 s after uncaging, and expressed as a

fraction of the maximal ratio response. In CA1, the ratio decrease

was −2.5 ± 2.2% (mean ± SD, N = 4, n = 7) in the presence of Lu

AF64196 versus −22.7 ± 11.7% (mean ± SD, N = 5, n = 11) in control

condition, statistically different (t[4.3] = 3.7, P = 0.017). In CA3, the

ratio decreases was −2.8 ± 2.5% (N = 6, n = 20) versus −31.5 ±

16.5% (N = 5, n = 18), statistically different (t[4.2] = 3.8, P = 0.017).

In the cortex, some experiments showed a large decrease in

cGMP after NMDA release, whereas other experiments showed

minimal decrease in cGMP. In the presence of Lu AF64196, no

experiment in the cortex showed any decrease in cGMP, but all

displayed a sustained rebound increase in cGMP. The ratio level

in the 6–50 s time range after uncaging was also higher in the

presence of Lu AF64196 than in control condition, with −3.7 ±

4.6% (N = 8, n = 36) versus −14.9 ± 12.2% (N = 9, n = 26; t[10.4] = 2.5,

P = 0.028), showing that PDE1 can down-regulate cGMP in cortical

neurones, or at least in a subset thereof. The contribution of PDE1

in the degradation of cGMP in the dentate gyrus was clearly
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Figure 5. Dose-dependency of Lu AF64196 effect on striatal PDE1 activity in cGMP regulation. The cGMP biosensor cyGNAL was expressed in mouse striatal slices.

(A) Protocol example: after elevating cGMP level with DEANO (10 μM), 3 successive NMDA uncagings were performed. The first and third were used for normalization

and were carried out at 0 and 1 μM AF64196, respectively. The Lu AF64196 test dose was applied during the second NMDA uncaging. (B) Means of the 3 responses are

overlaid for comparison. (C) Dose–response curve of the inhibitory effect of AF64196. The protocol was performed as shown in (A), testing different doses. Only one

dose was tested per brain slice, represented by a circle on the plot. These data were fitted to a Hill equation with IC50 of 105 ± 19 nM and a Hill coefficient of 2 ± 0.6.
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Figure 6. PDE1 opposes the potentiation of the cAMP response to dopamine induced by NMDA. Striatal brain slices from mouse expressing the Epac-SH150 biosensor.

(A) NPEC-DA (3 μM) was applied in the bath, and dopamine was released by a flash of UV light to trigger the control cAMP response. After recovery to baseline, a sec-

ond uncaging episode was performed in the presence of both NPEC-DA (3 μM) and MNI-NMDA (100 μM). (B) Average of the first and second peak from 12 similar experi-

ments. Shading indicates SEM. (C) Amplitude of the first and second cAMP peak for all experiment. Average ± SEM is represented by the filled circle. (D–F) Same as A–

C except that Lu AF61493 (1 μM) was added during and after the second uncaging episode. (G–I) Same as A–C, except that no MNI-NMDA was applied.
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visible on the shape of the ratio traces (Fig. 4), but the amplitude

measured in the 6–50 s time range did not show a statistically sig-

nificant difference, mainly because of the small absolute ratio

changes. This is consistent with these neurones being highly

hyperpolarised (Staley et al. 1992), therefore keeping NMDA

receptor blocked with magnesium. To better account for decrease

in cGMP concentration mediated by PDE1, the slope of the ratio

trace was calculated over a 6–20 s time range. This slope,

expressed as a fraction of normalized ratio per second was +5.38

± 3.3‰ (mean ± SD, N = 5, n = 22) with Lu AF64196 versus −2.0 ±

2.3‰ (N = 5, n = 24) in control condition (t[7.1] = 4.1, P = 0.004).

A similar experimental protocol was applied with the Epac-

SH150 cAMP biosensor on the same brain regions. While the

effect of Lu AF64196 was visible qualitatively, the results were

more complex to analyze, with a large variability of the NMDA-

induced response (Supplementary Fig. S3).

Overall, these experiments reveal a clear contribution of PDE1 in

the regulation of cGMP in the striatum, hippocampus and cortex

after the transient activation of NMDA receptors. An effect of PDE1

on cAMP was also clear in the striatum, but more refined protocols

are required to quantify its role on cAMP in other brain regions.

Dose–Response Analysis in the Striatum With cGMP

To determine the dose-dependency of the Lu AF64196 effect on

PDE1 activity in mouse brain slice preparations, we focused on

its action on cGMP in the striatum. Since the amplitude of the

PDE1-mediated decrease in cGMP varied from cell to cell, the

effect of each dose of Lu AF64196 was quantified using 3 suc-

cessive NMDA uncaging episodes (Fig. 5): an initial control

uncaging was performed without Lu AF64196, a second unca-

ging was done in the presence of Lu AF64196 at the test concen-

tration and a third uncaging was performed in the presence of

a maximal dose of Lu AF64196 (1 μM). We verified that 3 conse-

cutive episodes of NMDA uncaging produced similar decreases

in cGMP (Supplementary Fig. S4A), and that 1 μM Lu AF64196

was sufficient to completely block the decrease in cGMP

(Supplementary Fig. S4B). The effect of the Lu AF64196 test

concentration (second uncaging event) was normalized to the

uncaging events with no and maximal (1 μM) Lu AF64196

(Fig. 5A,B). This protocol was repeated for Lu AF64196 doses

ranging from 7 to 730 nM in the striatum. A single dose was

tested in each experiment. The peak amplitude of the cGMP

response to NMDA were averaged for each experiment, and

provided a dose–response curves which was fitted to a Hill

equation with IC50 of 105 nM (Fig. 5C).

Dopamine—NMDA Coincidence in the Striatum

Coincidence of dopamine and glutamate neurotransmission is

considered to be a key mechanism underlying learning processes

in the striatum (Surmeier et al. 2007; Kreitzer & Malenka 2008;

Cerovic et al. 2013), and we wanted to determine whether the

cAMP signal produced by dopamine D1-like receptors in the stria-

tum are affected by PDE1 activity triggered by the concomitant

release of NMDA. To this end, we used NPEC-dopamine (NPEC-

DA, “caged dopamine”), which has previously been shown to

consistently induce large increases in cAMP in D1 MSNs (Yapo

et al. 2017). Experiments were performed on mouse striatal slices

expressing the cAMP biosensor Epac-SH150 (Fig. 6A). These experi-

ments were performed with TTX (200nM), atropine (1 μM), CGP

55845A (100nM), AM251 (100 nM), naloxone (500nM) and eticlo-

pride (100 nM) to block voltage-dependent sodium channels, mus-

carinic, GABAB, CB1, opioid, and dopamine D2-like receptors,

respectively. D1 and D2 MSNs were identified at the end of the

experiment from their response to either D1 or A2A receptor ago-

nizts SKF-81297 (100 nM) or CGS 21680 (1 μM), respectively (Yapo

et al. 2017) and as illustrated in Figure 3A, and only D1 MSNs were

analyzed. A first reference dopamine response was measured

with the uncaging of NPEC-DA (3 μM); a second response wasmea-

sured with the simultaneous uncaging of NPEC-DA (3 μM) and

MNI-NMDA (100 μM). The same experiment was repeated and

Figure 6B shows the average of the first and second peaks. The

recovery kinetics appeared somewhat slower on the second peak.

The amplitude of the cAMP responses were similar (64 ± 4% of the

response to SKF for the first peak vs. 54 ± 4%, mean ± SEM for the

Figure 7. Lu AF64196 potentiates the LTP response. Rat brain slices were prepared from ventral striatum. Left: Normalized fEPSP slope as a function of time. Bath

application of Lu AF64196 (3 μM, n = 8, N = 5) increased the fEPSP slope following theta burst stimulation (TBS) when compared with DMSO treated (control) slices (n =

9, N = 5). Gray shading indicates SEM. The horizontal bar indicates the period during which Lu AF64196 or DMSO were added to the perfusing ACSF. TBS was applied

at time 60min: 10 bursts delivered at 200 ms interval—each burst consisting of 4 pulses at 50 Hz, repeated 10 times at 15 s intervals. Right: Traces show representative

fEPSP traces before and after TBS (at times indicated by * on the left graph) in the absence (control) or in the presence of Lu AF64196. Dotted lines indicate the linear

fit of response onset, which slope was used to quantify fEPSP.
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second peak, N = 12, n = 59, not significantly different) (t[11]=1.5,

P=0.15; peak amplitudes are shown in Fig. 7C).

To test the involvement of PDE1 in the regulation of the

dopamine-induced cAMP peak, a second set of similar experi-

ments was performed in which Lu AF64196 (1 μM) was applied

a few minutes before and maintained during and after the co-

release of dopamine and NMDA (Fig. 6D). In contrast to the con-

trol condition, the amplitude of the cAMP response produced

by co-release of NMDA and dopamine was increased when

PDE1 was inhibited (Fig. 6E,F): the amplitude of the first peak

was 73 ± 4% versus 89 ± 2%, N = 6, n = 23 for the second peak,

significantly different (paired t-test, t[5] = 5.2, P = 0.003). As a

control, we verified that Lu AF64196 had no effect on the dopa-

mine response in the absence of NMDA (Fig. 6G–I, paired t-test,

t[3] = 0.51, P = 0.65).

These experiments show that PDE1 modulates the ampli-

tude of a dopamine-induced cAMP signal in the context of coin-

cidental activation of NMDA and D1 receptors.

PDE1 Action in Synaptic Plasticity

The cAMP/PKA signaling pathway, activated by D1 receptors in D1

MSNs and adenosine A2A receptors in D2 MSNs, is required for

LTP induction (Kreitzer & Malenka 2008; Surmeier et al. 2009;

Cerovic et al. 2013), and since we observed that PDE1 opposed the

dopamine-induced cAMP signal, we wondered whether PDE1

action might reduce LTP induction. The effect of Lu AF64196 (3 μM)

on LTP in the ventral striatum (NAc) was tested using field record-

ings in rat brain slices (Fig. 7). To isolate the response to glutama-

tergic synapses, GABAA receptor activity was blocked by supplying

Gabazine (10 μM) to the perfusing ACSF. Slices were subjected to

Lu AF64196 or DMSO for 30min prior to theta-burst stimulation

(TBS) and during this period fEPSP slopes remained largely unaf-

fected by the presence of compound, indicating that basal cAMP/

cGMP levels and/or intracellular Ca2+ concentration are too low to

observe an effect of PDE1 activity under these conditions. TBS

induced an increase in the fEPSP slope, which remained elevated

during the time course of the experiment, both in the absence and

the presence of Lu AF64196 (3 μM). Lu AF64196 increased the aver-

age fEPSP slope 50–60min after TBS to 140 ± 4.5% (mean ± SEM, N

= 5, n = 8) relative to prestimulation levels, which is significantly

higher than in DMSO controls (113 ± 5.4%, mean ± SEM, N = 5, n =

9, t(15) = 3.785, P = 0.002). Thus, PDE1 inhibition results in an

increased LTP response in NAc, consistent with PDE1 opposing

the cAMP signals which are required for LTP induction.

Discussion

PDE1 is highly expressed in the brain, but there are little mech-

anistic data on its functional impact in neurones. Using the

selective PDE1 inhibitor Lu AF64196 and biosensors for cyclic

nucleotides, we describe PDE1 action on both cAMP and cGMP

in mouse brain slice preparations. Our experiments reveal that,

upon activation of NMDA receptors, PDE1 degrades cAMP and

cGMP in the striatum, cortex, and hippocampus. Our results

also show that PDE1 is implicated in the regulation of synaptic

plasticity, and that it regulates the effect of dopamine when

NMDA receptors are stimulated at the same time.

While the palette of biosensors for cAMP now includes

bright sensors with high signal change (Polito et al. 2013;

Klarenbeek et al. 2011, 2015), biosensors for cGMP with similarly

high ratio changes and good photostability have been missing.

From the first cygnet family of biosensors for cGMP developed

by W. Dostman (Honda et al. 2001, 2005), a number of more

recent sensors were created with various cGMP sensing

domains and architecture, like cGES-DE5 (Nikolaev et al. 2006)

or the cGi series (Russwurm et al. 2007). All these cGMP biosen-

sors are discussed in detail in a recent review (Russwurm &

Koesling 2018). Since PDE1 can hydrolyze both cAMP and cGMP,

it was critical that our biosensors had a high selectivity for

each cyclic nucleotide. The Epac-SH150 biosensor has already

been reported to be unresponsive to the high cGMP levels

obtained in striatal neurones by application of NO donors

(Polito et al. 2013). The cyGNAL biosensor developed here

showed a high selectivity for cGMP against cAMP. With a Kd of

465 nM for cGMP, high selectivity against cAMP, a large ratio

change and bright fluorophores, this biosensor proved suitable

for measuring cGMP in brain slice preparations.

Increased intracellular calcium—and in particular through

the activation of NMDA receptors—can stimulate the synthesis

of cyclic nucleotides through various mechanisms. This effect

can be direct, for example via the calcium-activated adenylyl

cyclase AC1 and AC8. In addition, the activation of local neu-

rones can lead to the release of neuromodulatory compounds

such as NO (Garthwaite 2019). In the cortex, we have already

shown that VIP, CRF and PACAP can trigger powerful cAMP sig-

nals (Hu et al. 2011), and NMDA stimulation may release such

neuropeptides locally. How PDE1 could oppose such changes in

cyclic nucleotide signal has been so far difficult to characterize,

for lack of measurement methods with sufficient sensitivity

and temporal resolution. Using biosensor imaging, we first

tested whether PDE1 could revert an artificially induced high

steady-state level of cyclic nucleotide, in conditions of action

potential inhibition. Transient activation of NMDA receptors

efficiently decreased both cGMP and cAMP levels, effects that

were blocked by the PDE1 inhibitor Lu AF64196, and therefore

attributable to PDE1 action. The transient decrease roughly

matched the kinetics of the increase in intracellular calcium,

on the time-scale of a minute. Such transient decrease was

observed in all the brain regions that were included in our stud-

ies in which PDE1A and/or PDE1B are expressed (although it

was not present in all neurones in the prefrontal cortex).

Interestingly, full PDE1 inhibition revealed an increase in cyclic

nucleotide level that follows the calcium signal, although on a

slightly slower time-scale. The precise mechanisms underlying

these increases remain to be identified and may involve

calcium-induced activation of adenylyl cyclases AC1 or AC8 in

the case of cAMP, and an increase in NO concentration result-

ing from NMDA-dependent activation of nNOS. TTX may also

be insufficient to prevent the release of endogenous neuropep-

tides. PDE1 action thus opposes the NMDA-induced increase in

cyclic nucleotide levels. While these 2 opposite effects may

seem physiologically inconsistent, it potentially opens for a

richer array of integrative properties. Indeed, further work is

needed to determine the precise spatial and temporal features

of these cyclic nucleotide events at the level of single synapses

where it determines plasticity.

In striatal MSNs where PDE1B is highly expressed, we

observed that the application of Lu AF64196 alone had no effect

on cyclic nucleotide levels showing that PDE1 has no functional

activity in the absence of a calcium signal (Figs 2C and 3C). This

is consistent with a tight control of calcium–calmodulin in liv-

ing neurones, sufficient to maintain PDE1 activity below our

detection threshold. This contrasts with striatal PDE2A which,

although activated by cGMP, displays a clear activity even in

the absence of elevated cGMP (Polito et al. 2013). Among the

regulated PDEs, PDE1 thus appears to strictly require calcium to

operate, which suggests a tight link between PDE1 function and

neuronal activity or excitatory synaptic input.
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Our experiments in the striatum show that PDE1 efficiently

degrades both cAMP and cGMP. PDEs have different Km values

for cyclic nucleotides which determines the concentration of

cyclic nucleotide onto which it operates (Neves-Zaph 2017): in

cells expressing a combination of PDEs, cyclic nucleotide sig-

nals in different concentration ranges are controlled by differ-

ent PDEs. This has been illustrated in HEK293 cells in which

PDE3 and PDE10A control cAMP signals elicited by minimal

stimulation, whereas PDE4 action is only visible for more pow-

erful stimulations (Matthiesen & Nielsen 2011). The high Km

value of PDE1B for cGMP and cAMP (5 and 33 μM, respectively)

(Poppe et al. 2008) suggests that PDE1 would be efficient on

high concentrations of cyclic nucleotides. Indeed, in MSNs, the

steady-state cyclic nucleotide levels before NMDA uncaging

(around 2 μM cGMP and 7–25 μM cAMP) at which a consistent

PDE1-mediated response was observed, were in the same order

of magnitude as the respective Km of PDE1B. Biosensor imaging

has already shown that cAMP levels could rise to particularly

high level in the striatum compared with the cortex (Castro

et al. 2013), which could explain why PDE1 exerted such power-

ful effect in MSNs. In contrast, the lower cAMP level reached in

the cortex may in part explain why the action of PDE1 was

observed less consistently in this brain region. Indeed, PDE4

has already been shown to be critical in controlling large cAMP

signals in this part of the brain (Castro et al. 2010; Kuroiwa

et al. 2012), and PDE4 action may be masking a comparatively

smaller PDE1 contribution. However, other factors such as dif-

ferences in PDE1 expression in a brain region with higher neu-

ronal diversity are also likely to contribute.

PDE2A and PDE10A are also dual specificity enzymes, and

constitute with PDE1B the major PDE types expressed in MSNs.

PDE2A also displays a high Km for cGMP and cAMP (31 and

112 μM, respectively) (Poppe et al. 2008), and PDE2A was also

shown to degrade high cAMP and cGMP levels (Polito et al. 2013).

This suggests that PDE1B and PDE2A simultaneously regulate

high cyclic nucleotide levels in MSNs. However, their action dif-

fer in the ways they are regulated, with PDE1B strictly depending

on glutamatergic inputs, and PDE2A being activated by NOergic

interneurones, but also having a notable activity in the absence

of cGMP (Polito et al. 2013). In contrast, PDE10A shows no or

modest regulation by cAMP (Matthiesen & Nielsen 2009; Jager

et al. 2012), has a high affinity for cAMP (Km of 0.67 μM) (Poppe

et al. 2008), and was shown to regulate the sub-micromolar

cAMP level resulting from basal cAMP production (Polito et al.

2015). In summary, our experiments clarify the functional condi-

tions in which PDE1B operates in the striatum: dual specificity,

performing on high cyclic nucleotide levels and requiring a cal-

cium signal such as that triggered by glutamatergic inputs.

Both cAMP and cGMP play important roles in synaptic plas-

ticity and transmission in general (Kandel 2001; Garthwaite

2008) and particularly in the striatum (Lovinger 2010; Threlfell

& West 2013; Padovan-Neto & West 2017). In the case of cGMP,

in vivo studies have demonstrated the importance of NO pro-

duction by interneurones, which control both the excitability of

MSNs and the efficacy of cortico-striatal synaptic transmission

(Padovan-Neto et al. 2015), while in addition, cGMP and calcium

induce LTD (Calabresi et al. 1999). In parallel, direct glutamater-

gic inputs from the cortex increase calcium in MSNs, which

activates PDE1B and opposes the NO-induced increase in cGMP.

The efficacy of cortico-striatal synaptic transmission will thus

result from a complex balance between these effects, and more

experimental work is required to determine the contribution of

PDE1B in the various schemes of synaptic regulation. In the

case of cAMP, dopamine through D1 receptors has been shown

to play a critical role in reward-mediated learning in the stria-

tum, and LTP induction requires the activation of D1 receptors

(Kreitzer & Malenka 2008; Surmeier et al. 2009; Lovinger 2010;

Cerovic et al. 2013). We report here that the positive cAMP

response elicited by D1 receptors is reduced by the co-

activation of NMDA receptors. This is consistent with the

observed potentiation of LTP upon PDE1 inhibition, in which

PDE1 opposes the rise in cAMP which is needed for synaptic

plasticity.

Collectively, these observations highlight PDE1 as a negative

regulator of cyclic nucleotide signaling operating at the cross-

road between calcium and cyclic nucleotide signaling path-

ways, and therefore endowed with a critical function in fine-

tuning synaptic plasticity. By showing that PDE1 is involved in

the coincidence detection of glutamate-mediated calcium sig-

nals with dopamine or NO signals, our study strongly supports

that PDE1 inhibitors could have a therapeutic value, in particu-

lar in conditions related to hypodopaminergia.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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Article 2: PDE - dopamine

PDE10A is required for dopamine action in D2-expressing striatal medium spiny neurons.

Mota É, Castro LRV, Vincent P.

in preparation.

An important part of the signal transduction process is the rapid degradation of the 
cyclic nucleotides by cyclic nucleotide PDEs, and we wanted to determine how the main 
striatal PDEs participate in the integration of the dopamine signal. We showed in the previous 
paper (Betolngar et al., 2019) that PDE1B in the striatum is active only in the presence of 
calcium, and we showed that PDE1B down-regulates the cAMP response during the 
coincidence of dopamine and glutamate/NMDA in D1 MSNs. Using similar approaches, we 
wanted to analyze here how the other main striatal PDEs, PDE2A, PDE4 and PDE10A, 
participate in the degradation of cAMP during the response to dopamine.

To this end, we used the protocol of transient stimulation with dopamine uncaging, 
already described in (Yapo et al., 2017). Since we observed that successive dopamine 
uncagings on the same preparation produced identical cAMP responses in MSNs, we 
compared the dopamine responses in the absence, and then in the presence of selective PDE 
inhibitors. This approach revealed that PDE2A, PDE4 and PDE10A are all able to control 
elevated cAMP levels, in the micromolar concentration range. These PDEs therefore regulate 
the amplitude of the positive D1 response. 

In D2 MSNs, we observed that only PDE10A was able to reduce cAMP down to the 
lowest level. Since PKA is activated by low cAMP levels, dopamine action through the D2 
receptor requires a profound and durable decrease in cAMP concentration, as was illustrated 
by simulations performed in the laboratory. 

This suggested that PDE10A action was required to de-activate PKA and therefore 
allow for a dephosphorylation of PKA targets in D2 MSNs. To test this hypothesis, we used 
the genetically-encoded FRET biosensor AKAR4 for PKA/phosphatase equilibrium to 
monitor the dephosphorylation induced by D2 dopamine receptor activation, and we tested 
again the contribution of the main striatal PDEs. Indeed, we observed that PKA substrates 
could not be dephosphorylated when PDE10A was inhibited, whereas inhibition of both 
PDE2A and PDE4 still allowed for a transduction of the D2 signal at the phosphorylation 
level.

Conclusion: Dopamine signaling in D2 MSNs requires PDE10A activity to 
transduce a dopamine signal into a dephosphorylation of PKA substrates.
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Abstract

Dopamine in the striatum plays a crucial role in reward processes and action selection. 

Dopamine signals are transduced by D1 and D2 dopamine receptors which trigger mirror 

effects through the cAMP/PKA signaling cascade in D1 and D2 medium spiny neurons 

(MSNs). Phosphodiesterases, which determine the profile of cAMP signals, are highly 

expressed in MSNs, but their functional roles on dopamine signal integration remain poorly 

understood. We expressed genetically-encoded FRET biosensors to monitor at the single cell 

level changes in the cAMP/PKA signaling pathway in mouse striatal brain slices. The 

functional contribution of PDE2A, PDE4 and PDE10A on the response to dopamine was 

evaluated using specific inhibitors. We found that PDE2A and PDE4 only operate on high 

cAMP levels such as those elicited by D1 or A2A receptor stimulation. In contrast, PDE10A 

degrades cAMP over a wide range of concentrations, and is required to reduce cAMP down 

to baseline during a D2 response. At the level of PKA-dependent phosphorylation, we 

observed that PDE10A activity was required to obtain a negative effect during sustained D2 

receptors activation. These data highlight PDE10A as a key determinant for transducing 

dopamine signals through the D2 receptor down to the level of PKA-dependent 

phosphorylation, and further confirms that PDE10A inhibitors may be useful for treating 

brain disorders related to dysfunctions in dopamine neuromodulation.
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Abbreviations

AC, adenylate cyclase; AKAR4, cAMP-dependent protein kinase activity reporter; 

cAMP, cyclic adenosine 3′, 5′-monophosphate; D1 MSN, direct pathway MSN; D1R, 

dopamine D1 receptor; D2 MSN, indirect pathway MSN; D2R, dopamine D2 receptor; 

FRET, Förster resonance energy transfer; MSN, medium-sized spiny neuron; PDE, 

phosphodiesterase; PKA, cAMP-dependent protein kinase A.
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Introduction

Dopamine neurotransmission is a key mechanism underlying learning  and reward 

processes in the striatum (Surmeier et al., 2007; Kreitzer & Malenka, 2008; Cerovic et al., 

2013). Dopamine is released in the striatum by midbrain dopaminergic neurons which exhibit 

two distinct modes of firing: a pacemaker firing pattern which results in tonic release of 

dopamine, and a burst firing pattern associated with phasic release of dopamine. In the 

striatum, the phasic release of dopamine is associated with reward-predicting stimulus 

(Gonon et al., 2000; Schultz, 1998), whereas omission of an expected reward, along with 

punishments, result in a dip in tonic  dopamine concentration (Schultz & Romo, 1987; 

Schultz, 2007; Matsumoto & Hikosaka, 2009). The striatum comprises ~90% of medium-

sized spiny neurons (MSNs), which express either D1 or D2 dopamine receptors, and 

hereafter called D1 MSNs and D2 MSNs, respectively. The D1 dopamine receptor is coupled 

positively to adenylyl cyclase, whereas the D2 receptor receptor inhibits adenylyl cyclase 

through Gi/o (Valjent et al., 2019). D2 MSNs also express adenosine A2A receptors 

positively coupled to cAMP production. Striatal neurons also express a set of specific 

signaling proteins that determine the profile of the cAMP/PKA signaling pathway (Castro et 

al., 2013). Among these, DARPP-32 (32-kDa dopamine and cAMP-regulated 

phosphoprotein), a multifunctional protein regulating phosphatase and kinase activities. For 

example, when phosphorylated by PKA at threonine 34 residue (Thr34), DARPP-32 becomes 

a potent inhibitor of serine/threonine protein phosphatase-1 (PP-1) (Hemmings et al., 1984; 

Svenningsson et al., 2004), and increases the duration of PKA-dependent signals (Castro et 

al., 2013).

The segregation between D1 and D2/A2A expressing neurons, now clearly 

established (Valjent et al., 2009; Bertran-Gonzalez et al., 2010), was also visualized using 
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cAMP and PKA biosensors (Castro et al., 2013; Yapo et al., 2017). When cAMP was first 

elevated, for example by activating A2A adenosine receptors, the negative response mediated 

by D2 receptors could be monitored as a decrease in cAMP level. Using UV-mediated release 

of dopamine from a caged precursor, biosensor imaging thus reported in real time the 

transient cAMP change in response to D1 and D2 receptor activation. In this experimental 

setup, it appeared that the same range of dopamine concentration was sensed by D1 and D2 

receptor (EC50 of 0.4 and 0.7 µM, respectively), in contradiction with the commonly 

accepted higher sensitivity of D2 receptors (Yapo et al., 2017). In D1 MSNs, the positive 

cAMP signal triggered by D1 receptors was efficiently transduced down the cascade at the 

level of PKA-dependent phosphorylation. However, in D2 MSNs, the transduction of a 

decrease in cAMP into a decrease in PKA-dependent phosphorylation was much less 

efficient, and modeling indicates that the phosphorylation of DARPP-32 on the threonine 34, 

which inhibits PP1, can explain the slow dephosphorylation of PKA substrates upon D2 

receptor activation (Yapo et al., 2017). Simulations further suggest that, in a context of 

combined A2A and D2 receptor activation, D2 MSNs would respond positively to a transient 

lack of dopamine (Yapo et al., 2017).

The proper integration of these complex dopamine signals also depend on a precise 

regulation of cAMP levels by cyclic-nucleotide phosphodiesterases (PDE). In situ 

hybridization and qPCR report a particularly robust mRNA expression of PDE1B, PDE2A, 

PDE7 and PDE10A, and a more marginal expression of PDE4B and PDE8B (Lakics et al., 

2010; Kelly et al., 2014). High levels of PDE2A protein have been reported in the striatum 

(Stephenson et al., 2009; Stephenson et al., 2012). PDE2A degrades both cAMP and cGMP 

and is activated by cGMP binding to its GAF domains, increasing its activity up to 40 fold 
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(Martins et al., 1982; Martinez et al., 2002; Jäger et al., 2010). PDE2A can thus mediate a 

cross-talk between cGMP and cAMP pathways, and cGMP-induced activation of PDE2A was 

shown to efficiently regulate cAMP in both D1 and D2 MSNs (Polito et al., 2013). The high 

Km of PDE2A for cAMP suggests that PDE2A mainly regulates high cAMP levels. 

Behavioral studies indicate that PDE2A inhibitors may be of interest for treating cognitive 

impairments including those associated with schizophrenia (Boess et al., 2004; Redrobe et 

al., 2014; Redrobe et al., 2015). More recently, it was shown in a mouse model of fragile-X 

syndrome that PDE2A expression was increased, and pup treatment with PDE2A inhibitors 

reversed the deficits (Maurin et al., 2018b; Maurin et al., 2018a).

PDE4 protein is also present in MSNs (Cherry & Davis, 1999; Perez-Torres et al., 

2000; Nishi et al., 2008; Nishi & Snyder, 2010). PDE4B is the main isoform expressed in the 

striatum, with more expression in D2 MSNs than in D1 MSNs (Nishi & Snyder, 2010; Nishi 

et al., 2008). The PDE4 family specifically degrades cAMP with a Km in the micromolar 

range. PDE4 inhibitors have been the center of intense work aiming at reducing cognitive 

decline (Hansen & Zhang, 2017). 

The PDE10A protein is present almost exclusively and at very high levels in MSNs 

(Seeger et al., 2003; Coskran et al., 2006; Lakics et al., 2010), suggesting an important 

functional role and raising great hope as a therapeutic target (Schülke & Brandon, 2017). We 

observed that, although PDE10A inhibition increased intracellular cAMP in both D1 and D2 

MSNs, activation of PKA and phosphorylation of its targets occurred exclusively in D2 

MSNs (Polito et al., 2015). Our work suggests that these differences resulted from an 

asymmetrical regulation of phosphatase activity by DARPP-32 protein which allowed D2 

MSNs to respond to tonic cAMP signal. This functional effect of PDE10A inhibitors mimics 
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the action of antipsychotic agents, and centered the interest of PDE10A in treatment of 

schizophrenia and Huntington's disease (Kehler et al., 2007; Menniti et al., 2007; Chappie et 

al., 2009). 

Two other PDEs were not included in this study. PDE1B is highly expressed in MSNs 

(Yan et al., 1994; Polli & Kincaid, 1994) but is only active in conditions of increased 

intracellular calcium (Betolngar et al., 2019). PDE7B messenger is highly expressed, but the 

presence of PDE7 protein has not been reported in the striatum so far. 

In this work, we analyzed the functional contribution of PDE2A, PDE4 and PDE10A 

in the dynamics of the cAMP/PKA response to transient dopamine. Selective 

pharmacological inhibition of these PDEs revealed that PDE2A and PDE4 preferentially 

regulate high cAMP levels, while PDE10A operates over a wide range of cAMP 

concentrations. At the PKA level, PDE10A appears to be required for dopamine action 

through D2 receptors, and PDE10A inhibition leads to a global blunting of dopamine 

responsiveness in both D1 and D2 MSNs. 
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Materials and Methods

Biosensor imaging in brain slice preparations

Mice (C57BL/6J; Janvier labs) were housed under standardised conditions with a 12 

hours light/dark cycle, stable temperature (22 ± 1ºC), controlled humidity (55 ± 10%) and 

food and water ad libitum. All animal procedures were performed in accordance with the 

Sorbonne University animal care committee regulations. Brain slices were prepared from 

mice aged from 7 to 11 days. Coronal striatal brain slices were cut with a VT1200S 

microtome (Leica). Slices were prepared in an ice-cold solution of the following 

composition: 125 mM NaCl, 0.4 mM CaCl2, 1 mM MgCl2 , 1.25 mM NaH2PO4 , 26 mM 

NaHCO3 , 20 mM glucose, 2.5 mM KCl, 5 mM sodium pyruvate and 1 mM kynurenic acid, 

saturated with 5% CO2 and 95% O2. The slices were incubated in this solution for 30 minutes 

and then placed on a Millicell-CM membrane (Millipore) in culture medium (50% Minimum 

Essential Medium, 50% Hanks’ Balanced Salt Solution, 5.5 g/L glucose, penicillin-

streptomycin, Invitrogen). The cAMP biosensor Epac-SH150 (Polito et al., 2013) and AKAR4 

reporter of PKA/phosphatase equilibrium (Depry et al., 2011) were expressed using the 

Sindbis virus as vector (Ehrengruber et al., 1999): the viral vector was added on the brain 

slices (~5 x 105 particles per slice), and the infected slices were incubated overnight at 35°C 

under an atmosphere containing 5% CO2 . Before the experiment, slices were incubated for 

30 min in the recording solution (125 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM 

NaH2PO4, 26 mM NaHCO3, 20 mM glucose, 2.5 mM KCl and 5 mM sodium pyruvate 

saturated with 5% CO2 and 95% O2 ). Recordings were performed with a continuous 

perfusion of the same solution at 32°C.

All experiments were performed in the presence of 200 nM tetrodotoxin (TTX) to 
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block electrical activity. Wide-field images were obtained with an Olympus BX50WI or 

BX51WI upright microscope with a 40x 0.8 NA water-immersion objective and an ORCA-

AG camera (Hamamatsu). Images were acquired with iVision (Biovision, Exton, PA, USA). 

The excitation and dichroic filters were D436/20 and 455dcxt. Signals were acquired by 

alternating the emission filters, HQ480/40 for donor emission, and D535/40 for acceptor 

emission, with a filter wheel (Sutter Instruments, Novato, CA, USA). Filters were obtained 

from Chroma Technology and Semrock.

Photo-release of caged compounds was performed using high power 360 nm LED 

sources mounted on the epifluorescence port of the microscope, providing 14 mW at the exit 

of the microscope objective (0.5 s flash duration) or 7.5 mW (1 s flash duration). The 

combination of LED sources at 360 nm (for uncaging) and 420 nm (off-peak light source for 

436 nm excitation filter for biosensor imaging) was purchased from Mightex (Toronto, 

Canada). The frequency of data acquisition, usually 1 image pair every 30/60 seconds, was 

increased to 0.2 Hz in order to resolve peak dynamics, starting 10 data points before NPEC-

DA uncaging.

Image analysis

Images were analysed with custom routines written in the IGOR Pro environment 

(Wavemetrics, Lake Oswego, OR, USA). No correction for bleed-through or direct excitation 

of the acceptor was applied to keep the benefit of ratiometric cancellation of artefacts. 

Biosensor activation level was quantified by ratiometric imaging: donor fluorescence divided 

by acceptor fluorescence for Epac-SH150, and acceptor divided by donor for AKAR4. The 

emission ratio was calculated for each pixel and displayed in pseudo-colour images, with the 

ratio value coded in hue and the fluorescence of the preparation coded in intensity. Wide-field 
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imaging allowed for the separation of D1 and D2 MSNs, provided that the infection level was 

kept low and no fluorescence overlap between neighbouring neurones was observed. Cells 

were also excluded from the analysis when basal ratio was elevated, when the response to 

forskolin was lacking or when the neuronal morphology was altered (uneven cell contours).

Drugs

Solutions were prepared from powders purchased from Sigma-Aldrich (St Quentin-

Fallavier, Isère, France). TTX was from Latoxan (Valence, France). All other drugs were 

from Tocris Bio-techne (Lille, France). NPEC-DA: (N)-1-(2-Nitrophenyl)ethylcarboxy-3,4-

dihydroxyphenethylamine. 

SKF-81297, a selective agonist of dopamine D1 receptors, was used to identify MSNs 

of the D1 type

CGS 21680, an agonist of the adenosine A2A receptors was used to increase cAMP in 

MSNs of the D2 type. 

All drugs except TTX were added to the bath solution from a DMSO stock solution. 

Final DMSO concentration in the bath solution remained below 1‰.

Estimates of cAMP concentration

Ratiometric imaging can be used to determine absolute analyte concentrations 

(Grynkiewicz et al., 1985). For Epac-SH150, we used a Kd of 4.4 µM and a Hill coefficient of 

0.77 (Polito et al., 2013). Rmax was determined in every experiment by the final application 

of fsk + IBMX. The difference between basal ratio and Rmin was evaluated using the 

adenylyl cyclase inhibitor SQ22536 and reported ~-5% (Polito et al., 2015), corresponding to 

~0.1 µM cAMP.
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Statistical analysis

For biosensor imaging experiments, the responses obtained from all neurones were 

averaged together and statistics were calculated per experiment (i.e. brain slice). N indicates 

the number of repeats of the same experiment (ie, independent brain slices), and n indicates 

the total number of neurones. Statistical analysis (paired t-tests) were performed using Igor 

Pro (Wavemetrics, Lake Oswego, OR, USA). 
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Results

Role of PDE2A in the cAMP response to transient dopamine

First, we investigated the functional contribution of PDE2A in determining the 

dynamics of transient cAMP responses in D1 and D2 MSNs. The genetically-encoded FRET 

biosensor Epac-SH150 (Polito et al., 2013) was expressed by viral transfection in mouse striatal 

slice preparations and imaged with wide-field microscope to monitor in real time the 

intracellular changes in cAMP concentration following a transient dopaminergic stimulation, 

at the level of individual neurones (Figure 1). Since dopamine D2 receptors are negatively 

coupled to cAMP production and the basal level of cAMP is low (Polito et al., 2015), 

intracellular cAMP production was first increased selectively in D2 MSNs by applying the 

adenosine A2A receptor agonist CGS 21680 (CGS, 1 µM), mimicking the adenosine tone in 

the striatum. This stimulation was performed in the presence of the adenosine A1 receptor 

antagonist PSB36 (PSB, 100 nM). Once a steady-state cAMP level was reached in D2 MSNs, 

a caged-derivative of dopamine, NPEC-DA (3 µM), was applied, which had no effect by 

itself on the cAMP level in D1 and D2 MSNs. After a few minutes to allow for the diffusion 

of the compound into the brain slice, a flash of UV light was applied to release dopamine. 

This transient dopamine stimulation decreased cAMP level in the D2 MSNs in the field of 

view. In parallel, cAMP increased in another neuronal population, thus identified as D1 

MSNs. 

These opposite changes in cAMP concentration in D1 and D2 MSNs have already 

been described and shown to be repeatable with the same amplitude (Yapo et al., 2017; 

Betolngar et al., 2019). A second transient response to dopamine could thus be performed in 

the presence of the PDE2A inhibitor BAY607550 (hereafter called iPDE2). Bath application 
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of iPDE2 (200 nM) increased the amplitude of the A2A-dependent cAMP steady-state level 

in D2 MSNs, but had no effect on the basal cAMP level in D1 MSNs. In the presence of 

iPDE2, dopamine uncaging produced again transient cAMP responses of opposite direction 

in D1 and D2 MSNs, that could thus be compared with the first control response for each 

individual MSNs (Figure 1B). At the end of the recording, the selective D1-like agonist 

SKF-81297 (SKF, 100 nM) was applied to confirm the identity of D1 MSNs. Then, the 

adenylyl cyclases activator forskolin (fsk, 13 µM) together with the nonselective PDE 

inhibitor IBMX (200 µM) were added to reach the maximal ratio response of the biosensor, 

and that level was used for normalization.

The same experiment was performed 4 times, and the average trace for each cell type 

in an experiment were averaged and displayed in Figure 1B (green for D1, blue for D2 

MSNs). The amplitude of the dopamine response is plotted with connecting lines to show for 

each neuron the change in amplitude resulting from iPDE2 treatment. In D1 MSNs, the 

amplitude of the dopamine transient peak in control condition was 0.51 ± 0.07 as a fraction of 

maximal ratio response, vs 0.74 ±  0.12 with iPDE2, statistically different (mean ± SD, 

Student's paired t-test, n=24, t[23]=11.9; P=2.10-11). 

In D2 MSNs, the application of iPDE2 increased the steady-state ratio level. The 

second dopamine uncaging in D2 MSNs in the presence of iPDE2 decreased cAMP level 

down to baseline, with a similar profile/kinetics to the first response: the minimal ratio level 

after the UV flash was 0.01 ± 0.05 of the maximal ratio response to fsk and IBMX, and was 

0.02 ± 0.03 in the presence of iPDE2, not significantly different (n=7, t[6]= 1.41, P = 0.21).

These experiments show that PDE2A contribute to the degradation of cAMP during 

the positive cAMP response in D1 MSNs. In D2 MSNs, PDE2A contributes to the regulation 
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of the steady-state response to A2A receptor activation, but is not necessary to degrade cAMP 

after switching-off cAMP production via D2 receptors. 

Role of PDE4 in the cAMP response to transient dopamine

We then tested the contribution of PDE4 using the same protocol, except that, instead 

of BAY, we used rolipram (iPDE4, 100 nM) to selectively inhibit PDE4 (Figure 2). PDE4 

inhibition slightly increased the amplitude of the cAMP peak in D1 MSNs from 0.64 ± 0.09 

as a fraction of maximal ratio response to 0.72 ± 0.06. Although small, the difference was 

highly significant (n=10, t[9]=6.2, P=2.10-4). In D2 MSNs, iPDE4 increased the steady-state 

ratio level, but the response to dopamine still reached the baseline in control condition (-0.08 

± 0.04) or with iPDE4 (-0.07 ± 0.03), not statistically different (n = 5, t[4]=1.1, P=0.3). 

Role of PDE2A and PDE4,  in the cAMP response to transient dopamine

It might be possible that PDE2A and PDE4 action compensate each other and we 

tested this hypothesis by simultaneously inhibiting both PDE2A and PDE4. iPDE2 (200 nM) 

and iPDE4 (rolipram, 100 nM) were applied together few minutes before and maintained 

during and after the release of dopamine (Figure 3A). This experiment was performed 4 

times, and the average response for each cell type in an experiment were averaged (Figure 

3B). In D1 MSNs, the amplitude of the dopamine transient peak in control condition was 0.52 

± 0.12 as a fraction of maximal ratio response, vs 0.82 ± 0.08 with iPDE2 and iPDE4, 

statistically different (n=17; t[16]=14.7, P=1.10-10). In D2 MSNs, the application of iPDE2 

and iPDE4 on top of the CGS response increased the ratio. Dopamine uncaging also 

decreased the ratio down to the baseline in the presence of iPDE2 and iPDE4, reaching a final 

level (0.02 ± 0.03) that was not statistically different from the level reached in control 
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condition (-0.02 ± 0.08, n=7; t[6]=1.4; P=0.21).

To summarize, in D1 MSNs, PDE2A and PDE4 contribute to the negative control of 

the cAMP peak elicited by transient dopamine, and inhibition of these PDEs essentially 

increases the peak amplitude of the response. In D2 MSNs, PDE2A and PDE4 participate in 

the regulation of the high cAMP steady-state levels induced by A2A adenosine receptors; 

however; when cAMP production is stopped via D2 receptors, cAMP still decreases towards 

the basal level. This shows that, besides PDE2A and PDE4, another phosphodiesterase 

activity is sufficient to efficiently reduce cAMP level.

Role of PDE10A in the cAMP response to transient dopamine

PDE10A is highly and selectively expressed in the striatum, and previous work of our 

team has already revealed its action as regulator of basal cAMP level in MSNs (Polito et al., 

2015). To test its role on dopamine-induced changes in cAMP levels, another set of similar 

experiments was performed in which the selective inhibitor TP-10 (1 µM), hereafter called 

iPDE10 was applied for a few minutes before and maintained during and after the release of 

dopamine (Figure 4). Contrary to what was observed with iPDE2 and iPDE4, application of 

iPDE10 alone increased the basal cAMP level in D1 MSNs, consistent with our previous 

findings (Polito et al., 2015). 

This protocol was repeated 4 times. In D1 MSNs, the amplitude of the first dopamine 

transient peak was 0.52 ± 0.12 of the maximal ratio response and 0.74 ± 0.12 in the presence 

of iPDE10 (second peak), statistically larger (n=16, t[15]=-14.0, P=5.10-10). The recovery 

kinetics appeared much slower on the second dopamine transient peak (Figure 4). In D2 

MSNs, iPDE10 also increased the levels during the steady-state cAMP level in response to 

A2A receptor agonist.  Even though the steady-state cAMP level reached in the presence of 
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CGS and iPDE10 was lower with PDE10A inhibition than with combined iPDE2A and 

iPDE4, the negative cAMP response to dopamine in the presence of iPDE10 was far from 

reaching the baseline (0.33 ± 0.07, a significantly higher level than in the control condition 

for the same neurons (0.01 ± 0.05, n=17; t[16]=15.2, P=6.10-11).

These experiments reveal that PDE10A exerts a powerful action on transient 

dopamine-induced cAMP signals in both D1 and D2 MSNs. More importantly, PDE10A 

activity is required in D2 MSNs to degrade cAMP to the lowest levels detectable with the 

Epac-SH150 biosensor. In other words, PDE2A and PDE4 (and possibly other less expressed 

PDEs) are not sufficient to degrade cAMP down to baseline during the negative transient 

dopamine-induced cAMP signals in D2 MSNs, while inhibition of PDE10A suppresses the 

ability to reduce cAMP down to baseline level.

PDE10A contribution for PKA/phosphatases equilibrium in response to dopamine 

Since cAMP exerts its action in the striatum mostly through PKA, we then wondered 

how D2-mediated signals were transduced into PKA-dependent phosphorylation. Our 

previous work showed that the transient decrease in cAMP elicited by dopamine uncaging 

was too brief to lead to notable dephosphorylation of PKA substrates, possibly because of 

DARPP-32 mediated inhibition of PP1 (Yapo et al., 2017). A new protocol was then designed 

using steady-state bath application of dopamine to provide a long enough inhibition of cAMP 

production to allow for the dephosphorylation of PKA substrates. Like in the previous 

protocols, cAMP production in D2 MSNs was first induced by the A2A receptor agonist CGS 

(1 µM) in the presence of the A1 antagonist PSB (100 nM), which led to a steady-state PKA 

phosphorylation level. Dopamine (3 µM) was then applied in the bath, which increased PKA 

phosphorylation level in D1 MSNs (Fig. 5 left, top trace) and decreased PKA 
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phosphorylation level in D2 MSNs (Fig. 5 left, bottom trace). After a few minutes, iPDE10 (1 

µM) was added, which produced a large ratio increase in D2 MSNs, while D1 MSNs 

remained at a high level. Final controls with SKF and fsk + IBMX did not further increase 

PKA-dependent phosphorylation, indicating that PDE10A inhibition together with the 

activation of A2A or D1 receptors pushed both D1 and D2 MSNs to the maximal 

phosphorylation level of the biosensor.

This experiment, repeated 4 times, shows that, in the presence of iPDE10, dopamine 

via D2 receptors is unable to maintain a low enough cAMP level to maintain PKA in the 

inactive state.

Previous experiments with cAMP imaging showed that cAMP could decrease to 

baseline level even when PDE2A and PDE4 were both inhibited (Figure 3). This suggested 

that dopamine via D2 receptors should still be able to maintain PKA-dependent 

phosphorylation at a low level. The same protocol was thus repeated, replacing iPDE10 with 

the application of both iPDE2 and iPDE4 (Figure 5, right). As expected, once dopamine had 

induced a marked decreased in AKAR4 ratio, addition of iPDE2 and iPDE4 had no effect. 

This experiment was repeated 4 times with the same observation, except a single D2 MSN 

which responded positively to iPDE2 + iPDE4. 

These experiments show that PDE10A is required to mediate the action of dopamine 

through D2 receptors at the level of PKA/PP equilibrium, whereas PDE2A and PDE4 play no 

critical role.
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Discussion

Our study highlights the specific action of PDE2A, PDE4 and PDE10A in the 

regulation of the cAMP response to dopamine in both D1 and D2 MSNs. PDE2A and PDE4 

appear to control high cAMP levels such as those reached in D1 MSNs upon dopamine 

activation or in D2 MSNs after activating adenosine A2A receptors. These PDEs have no 

effect on the low cAMP levels. In contrast, PDE10A controls the low cAMP levels, and is 

therefore required for hydrolyzing cAMP down to the low concentrations (submicromolar) 

needed for PKA de-activation and transduction of a dopamine signal mediated by D2 

receptors. Surprisingly, besides its action on low cAMP levels, PDE10A efficiently regulates 

high cAMP levels as well.

PDEs contribute differently, depending on their affinity for cAMP

Our results are quite consistent with the idea that PDE exhibit distinctive enzymatic 

properties that endows them with a specific functional role in striatal neurons (Neves-Zaph, 

2017). In this review, the author highlights that PDE2A, which exhibits a Km of 112 µM 

(Poppe et al., 2008), essentially degrades the highest cAMP levels. In our experiments, we 

observed that PDE2A inhibition increased the peak cAMP response to dopamine in D1 

MSNs, while it also increased the A2A-induced steady-state cAMP level in D2 MSNs. Both 

levels are in the mid-range of biosensor activation, ie correspond to micromolar and higher 

cytosolic cAMP concentration: this suggests that, even with a Km of 112 µM, PDE2A 

efficiently controls micromolar levels of cAMP. PDE2A however is not involved in the 

regulation of basal (ie unstimulated) cAMP since its inhibition did not affect basal cAMP 

level in MSNs of both types (Polito et al., 2013).

A characteristic feature of PDE2A is its positive regulation by the cGMP. Indeed, 
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NOS interneurons release NO, which increases cGMP in MSNs (West et al., 2002; West & 

Grace, 2004; West & Tseng, 2011). Binding of cGMP to the GAF-B domain of PDE2A 

results in a strong increase in cAMP hydrolysis (Martinez et al., 2002; Jäger et al., 2010). 

Although this regulatory mechanism allows PDE2A to decrease cAMP levels in the 

micromolar range in both D1 and D2 MSNs, it was not sufficient to suppress PKA activity in 

response to transient dopamine in D1 MSNs (Polito et al., 2013). In this work, we show that, 

when PDE10A is inhibited, PDE2A (and PDE4) action are insufficient to reduce cAMP level 

below the micromolar level, and therefore prevent PKA deactivation. It remains to be tested 

whether selective PDE2A activation with cGMP might further decrease cAMP, but this is 

quite unlikely considering the very high Km of this enzyme.

Besides PDE2A, we observed a very similar contribution of PDE4 in the regulation of 

elevated cAMP concentrations. Simultaneous inhibition of both PDE2A and PDE4 essentially 

exacerbated the effect of the inhibition of either one or the other: no effect on basal cAMP 

level in D1 MSNs, but prolonged the transient cAMP response to D1 stimulation and 

potentiated the cAMP response to A2A receptor activation in D2 MSNs. 

Previous work reported a lack of PDE4 activity in unstimulated D1 MSNs but a 

potentiation of the A2A response (Nishi et al., 2008). The same study reported no 

potentiating effect of PDE4 inhibition on DARPP-32 phosphorylation induced by D1 

receptor stimulation. However, the stimulation with 1 µM SKF81297 probably produced a 

response that could not be further increased by rolipram. Similarly, PDE4 inhibition had no 

effect on PKA-dependent phosphorylation upon weak D1 receptor stimulation (Castro et al., 

2013), possibly because the cAMP level was too low. Our current work is consistent with 

PDE4 being functional in both D1 and D2 MSNs (even though expressed at a lower level in 
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D1 MSNs: (Nishi et al., 2008)). With a Km of 5.5 µM for cAMP (Poppe et al., 2008), PDE4 

thus regulates moderate to high cAMP levels, which is confirmed in computer simulations 

(Neves-Zaph, 2017). 

PDE1B, also highly expressed in the striatum, has a Km of 33 µM (Poppe et al., 

2008). Our previous work showed that PDE1 efficiently degrades cAMP in a micromolar 

concentration range, which probably underlies PDE1B involvement in LTP induction in these 

neurons (Betolngar et al., 2019). How PDE1B might control the D2 response remains to be 

investigated in the context of increased intracellular calcium.

In contrast to these PDEs, PDE10A has a Km of 0.25 µM (Poppe et al., 2008), and is 

thus expected to mainly regulate the lowest cAMP levels. Indeed, we already reported that 

PDE10A inhibition in the absence of any stimulation increased cAMP from sub-micromolar 

to micromolar concentration (Polito et al., 2015). Surprisingly, PDE10A also regulates high 

cAMP levels since its inhibition largely prolongs D1 responses and increases A2A-induced 

cAMP plateau in D2 MSNs. This is consistent with biochemical data which reported that 

PDE10A inhibition potentiated D1 responses and the phosphorylation of its downstream 

targets, such as DARPP-32 (Nishi et al., 2008). By working on both low and high cAMP 

levels, PDE10A thus appears to play a predominant functional role in MSNs. This comes in 

very good agreement with  previous biochemical studies which showed that PDE10A 

accounted for the large majority of cAMP hydrolyzing activity in striatal extracts (Russwurm 

et al., 2015). 

Subcellular compartmentation may complicate the interpretation

Intracellular compartmentation of PDEs may add another level of complexity. Indeed, 

the  PDEs studied here can be targeted to various sub-cellular domains, a property that largely 
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depends on alternative splicing. PDE10A can thus be found in the cytosol or at the membrane 

(Kotera et al., 2004). In the striatum, most of PDE10A activity co-immunoprecipitates within 

signaling complexes of high molecular weight, and PDE10A is released from these 

complexes in conditions of activated PKA following its phosphorylation (Russwurm et al., 

2015). PDE10A phosphorylation was also reported to be targeted to the membrane upon 

phosphorylation (Charych et al., 2010). PDE2A exists in three different splice variants of the 

N-terminal domain which determine the cytosolic or membrane localization of the enzyme 

(Russwurm et al., 2009). Finally, PDE4 come in a variety of splice variants, each of them 

with different capabilities of interacting with AKAPs (McCahill et al., 2008). In this work, 

biosensor imaging reported global cAMP/PKA signals, ignoring possible sub-cellular 

compartmentation: high local cAMP levels may translate in a much lower concentration in 

the cytosol. A precise analysis of cAMP/PKA signaling within signaling microdomains 

requires experimental tools that remain to be validated in differentiated neurons.

PDE10A is required to transduce transient and tonic dopamine

Regardless of the underlying mechanisms, our work shows that PDE10A plays a 

central role, being able to regulate both high and low cAMP levels, and being required for 

lowering cAMP to a low enough level to de-activate PKA. In D2 MSNs, we saw that 

PDE10A inhibition suppressed the negative action of dopamine on PKA-dependent targets, 

which is consistent with the initial hypothesis that PDE10A inhibitors may work as 

antipsychotics (Menniti et al., 2007; Chappie et al., 2009). However, PDE10A inhibition also 

affects D1 MSNs, and the resulting D1/D2 imbalance may lead to unwanted effects. Indeed, 

PDE10A inhibition tends to "blurr" the response to dopamine in D1 MSNs. In a previous 

work, we have already observed that, in the absence of any exogenous neuromodulator, 
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PDE10A was responsible for controlling basal cAMP levels  (Polito et al., 2015). That work 

revealed the role played by the equilibrium between PP1 activity and DARPP-32 

phosphorylation level. We showed that, in the absence of stimulation, DARPP-32 was much 

less phosphorylated in D1 MSNs than in D2 MSNs, and the high activity of PP1 in D1 MSNs 

prevented the rise of PKA-dependent phosphorylation. This is why, in that previous study, the 

moderate steady-state increase in cAMP resulting from PDE10A inhibition was insufficient to 

lead to any phosphorylation of PKA targets. Here, the situation is radically different, with the 

stimulation of D1 receptors rapidly switching on the phosphorylation of PKA targets 

including DARPP-32, thus turning off PP1 action and prolonging the effect of dopamine 

through D1 receptors (Castro et al., 2013). This positive feed-forward control loop leads to 

all-or-none responses, an effect that was particularly visible in the nucleus (Yapo et al., 

2018). PDE10A inhibition moderately raises global cAMP but also amplifies and prolongs 

dopamine action (see Figure 3 and 4). In vivo, partial PDE10A inhibition would thus switch 

D1 MSNs to the DARPP-32 phosphorylated state which would then become highly excitable. 

Indeed, we found in vivo that PDE10A inhibition activated PKA in the dorsolateral striatum, 

possibly as a result of increased dopamine in that brain region (Polito et al., 2015). By 

powerfully switching-on a fraction of D1 MSNs, PDE10A inhibition may cause some of the 

adverse effects observed in patients treated with MP-10 (ClinicalTrials.gov: NCT01175135).
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Figure 1 

PDE2A contributes to the regulation of high cAMP levels obtained in responses to the 
stimulation by dopamine in D1 MSNs and adenosine A2A receptors stimulation in D2 MSNs. 



 

The Epac-SH150 biosensor was expressed in mice striatal brain slices and imaged with 
wide-field microscopy. (A) Left: part of the field showing the raw fluorescence of the donor, 
displayed in grey, and the donor/acceptor fluorescence ratio, displayed in pseudo-colour. 
The regions of interest (ROI) around individual cells define the area used for measuring the 
ratio during time and shown on the graph. Images a–h show the ratio corresponding to the 
time points indicated on the graph. Right: the each trace on the graph indicates the emission 
ratio measured on the cell body of an individual neuron. Traces are grouped on the basis of 
their similar response pattern. Thick traces correspond to the cells presented on the left. The 
adenosine A2A receptor agonist CGS 21680 (CGS, 1 μM), in the presence of the antagonist 
of adenosine A1 receptor PSB36 (100 nM), increased cAMP in D2 MSNs (blue traces). 
NPEC-DA (3 μM) was applied in the bath and uncaged by a flash of UV light, increasing 
cAMP in D1 MSNs (green traces) and decreasing cAMP in D2 MSNs. The PDE2 inhibitor 
BAY607550 (iPDE2, 200 nM) further increased cAMP in D2 MSNs. A second NPEC-DA (3 
µM) was performed in the presence of iPDE2. The D1 receptor agonist SKF-81297 (SKF, 
100 nM) increased cAMP in D1 MSNs. Forskolin (fsk, 13 μM) and IBMX (200 μM) increased 
the ratio measurement to the maximal level, used for normalization. (B) Average D1 and D2 
responses for the first and second NPEC-DA uncaging of 4 similar experiments are overlaid 
for comparison.  
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Figure 2 

PDE4 reduces the cAMP responses to dopamine in D1 MSNs and and to adenosine via A2A 
receptors in D2 MSNs in striatal brain slices from mice expressing the Epac-SH150 
biosensor. Same protocol as in Figure 1 except that PDE4 was inhibited with rolipram 
(iPDE4, 100 nM). 
  



 

 
A 

 
B 

 

Figure 3 

PDE2 and PDE4 together degrade only high levels of cAMP during dopamine release in D1 
and during adenosine stimulation in D2 MSNs. Same protocol as Figure 2, except that 
PDE2A and PDE4 were both inhibited with BAY607550 (iPDE2, 200 nM) and rolipram 
(iPDE4, 100 nM).  
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Figure 4 

PDE10 activity is required to lower cAMP levels to the lowest cAMP concentration in D2 
MSNs.  
 
 



 

 

Figure 5 

PDE10 is required to degrade and maintain cAMP concentration below the level required to 
de-activate PKA activity. 
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Article 3: PDE2A - Fragile X syndrome - hippocampus

Involvement of phosphodiesterase 2A activity in the pathophysiology of fragile X syndrome.

Maurin T, Melancia F, Jarjat M, Castro L, Costa L, Delhaye S, Khayachi A, Castagnola S, 
Mota E, Di Giorgio A, Servadio M, Drozd M, Poupon G, Schiavi S, Sardone L, Azoulay S, 
Ciranna L, Martin S, Vincent P, Trezza V, Bardoni B.

Cerebral Cortex. 2018

DOI: 10.1093/cercor/bhy192.

(Maurin et al., 2018b)

Fragile X syndrome (FXS) is characterised as the most common form of inherited 
intellectual disability and the most common genetic cause of autism. The FXS is caused by 
the absence of expression of the FMR1 gene that leads to the lack of fragile X mental 
retardation protein (FMRP). This protein is a translational modulator of synaptic proteins and 
a regulator of mRNA transport at the synapse. Thus, several pathways are dysregulated in 
Fmr1-KO neurons. In hippocampus and cortex, a prominent target of FMRP is the Pde2a 
mRNA, which encodes PDE2A (Maurin et al., 2018a). In the absence of FMRP binding to 
Pde2a mRNA, the messenger translation is no longer repressed, leading to an increased level 
of PDE2A protein. This led to the hypothesis that this excessive PDE2A expression was a 
cause of some aspect of the symptoms. 

Our contribution to this project was to assess whether the increased expression of 
PDE2A, detected at the biochemical level, translated into an increased PDE2A activity in 
living neurons. PDE2A can be activated through cGMP, and we increased cGMP level using a 
NO donor, DEANO. 

Our observations:
- cAMP synthesis was first stimulated using forskolin, leading to a steady-state similar 

in WT and Fmr1-KO (Figure 1B, C in article #3);
- PDE2A was then activated using the NO donor DEANO, which decreased the cAMP 

levels. The Fmr1-KO neurons presented faster cAMP degradation than WT neurons 
(Figure 1C, D in article #3), which is consistent with an elevated PDE2A activity in 
the Fmr1-KO hippocampus;

- PDE2A activity was then blocked by the addition of the potent and specific PDE2A 
inhibitor BAY607550, which increased the cAMP levels, revealing the effective 
contribution of PDE2A in cAMP degradation (Figure 1B, C in article #3).

Conclusion: There is an elevated activity of PDE2A in hippocampal Fmr1-KO 
neurons, compared to wild-type mice.

Behavioral and cellular experiments presented in this article suggest that PDE2A 
might represent a novel therapeutic target to treat children affected by FXS. Inhibiting PDE2A 
in early developmental ages of Fmr1-KO animals restores:

- LTD in hippocampus;
- axonal length and dendritic spine maturation;
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- interaction behaviors;
- social communications.

Moreover, the early treatment (from PND5 to PND21) of Fmr1-KO mice with a 
PDE2A inhibitor, reversed their social deficits at PND30, showing that the beneficial effects 
of early treatment are long-lasting.
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Abstract

The fragile X mental retardation protein (FMRP) is an RNA-binding protein involved in translational regulation of mRNAs

that play key roles in synaptic morphology and plasticity. The functional absence of FMRP causes the fragile X syndrome

(FXS), the most common form of inherited intellectual disability and the most common monogenic cause of autism. No

effective treatment is available for FXS. We recently identified the Phosphodiesterase 2A (Pde2a) mRNA as a prominent target

of FMRP. PDE2A enzymatic activity is increased in the brain of Fmr1-KO mice, a recognized model of FXS, leading to

decreased levels of cAMP and cGMP. Here, we pharmacologically inhibited PDE2A in Fmr1-KO mice and observed a rescue

both of the maturity of dendritic spines and of the exaggerated hippocampal mGluR-dependent long-term depression.

Remarkably, PDE2A blockade rescued the social and communicative deficits of both mouse and rat Fmr1-KO animals.

Importantly, chronic inhibition of PDE2A in newborn Fmr1-KO mice followed by a washout interval, resulted in the rescue of

the altered social behavior observed in adolescent mice. Altogether, these results reveal the key role of PDE2A in the

physiopathology of FXS and suggest that its pharmacological inhibition represents a novel therapeutic approach for FXS.

Key words: autism spectrum disorder, Fmr1-KO mice, Fmr1-KO rats, fragile X syndrome, phosphodiesterase 2A
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Introduction

Fragile X syndrome (FXS) is a rare genetic neurodevelopmental

disorder with a prevalence of 1:4000 males and 1:7000 females

representing the most common form of inherited intellectual

disability (ID) and a leading genetic cause of autism spectrum

disorder (ASD). Patients may also exhibit a range of disabling

neurological problems including hyperactivity, attention deficit,

anxiety and epileptic seizures in addition to facial dysmorphims

and physical abnormalities (Bassell and Warren 2008; Maurin

et al. 2014; Castagnola et al. 2017). FXS is caused by the absence

of expression of the FMR1 gene, which ultimately leads to the

lack of its product, the fragile X mental retardation protein

(FMRP), a translational modulator of synaptic proteins and a reg-

ulator of mRNA transport at the synapse. Consequently, neurons

of both FXS patients and Fmr1-KO mice exhibit abnormal den-

dritic spines associated with altered forms of synaptic plasticity

(Bassell and Warren 2008; Maurin et al. 2014; Castagnola et al.

2017). Furthermore, altered volumes of specific brain structures

that develop prenatally or early postnatally in young FXS chil-

dren (Gothelf et al. 2008; Hoeft et al. 2010) and Fmr1-KO pups (Lai

et al. 2016) have been described. The abundance of many synap-

tic proteins is altered in the absence of FMRP and, consequently,

multiple molecular pathways are dysregulated in Fmr1-KO neu-

rons (Maurin et al. 2018). However, despite the research efforts

made both at preclinical and clinical levels, approved therapies

are not yet available for FXS (Budimirovic et al. 2017; Castagnola

et al. 2017; Erickson et al. 2017). Towards this goal, it is essential

to have a better understanding of the pathophysiology of FXS

and of the role played by FMRP during brain development.

Therefore, we used High Throughput Sequencing-Cross Linking

Immuno-Precipitation (HITS-CLIP) to identify FMRP RNA targets

at postnatal day (PND) 13, an early developmental stage of

mouse brain, when FMRP is most highly expressed and synapto-

genesis peaks (Maurin et al. 2018). At this age, in hippocampus

and in cortex a prominent target of FMRP is the Phosphodiesterase

2A (Pde2a) mRNA (Maurin et al. 2018), which encodes an enzyme

involved in cAMP and cGMP degradation (Maurice et al. 2014).

PDE2A levels and activity are increased (Maurin et al. 2018 and

this study) in Fmr1-KO, resulting in reduced levels of cAMP and

cGMP, 2 intracellular secondary messengers having key roles in

neuronal differentiation, development and function (Shelly et al.

2010; Park et al. 2014). Here, we unravel the pathophysiological

relevance of PDE2A activity in FXS by combining in vitro,

ex vivo, and in vivo experiments and using 2 rodent models of

FXS. We conclud that PDE2A represents a novel therapeutic tar-

get to treat children affected by FXS.

Materials and Methods

Neuronal Cultures and Spine Morphology Analysis

Primary cortical neurons were prepared from embryos at E15.5

obtained from pregnant C57Bl/6 Fmr1-KO and wild type (WT)

mice as previously described (Khayachi et al. 2018). Neurons (17

days in vitro) were treated with 0.2 μM BAY607550 or DMSO

(control) for 24 h in total. After 5 h of pharmacological treat-

ment, neurons were transduced with attenuated Sindbis viral

particles pSinRep5(nsP2726)-expressing GFP at a multiplicity of

infection (MOI) of 0.1. Transduced neurons (18 days in vitro)

were washed twice in PBS at room temperature (RT) after 19 h

of transduction, and then fixed (Devader et al. 2015). Sequential

confocal images (512 × 220 pixels; Zoom 3.0; Average 4; Speed 7)

of GFP-expressing neurons were acquired with a 63X oil-immersion

lens (Numerical Aperture NA 1.4) on an inverted Zeiss LSM780

confocal microscope. Z-series of 7–8 images of randomly selected

secondary dendrites (3 independent cultures, 24–30 neurons per

condition) were analyzed using NeuronStudio software, which

allows for the automated detection of immature and mature spines

(Rodriguez et al. 2008; Devader et al. 2015).

The dendritic spine morphology analysis was scored and

analyzed by trained observers who were unaware of treatment

conditions.

cAMP and cGMP Detection

1) ELISA test: Frozen ground hippocampi from PND 13 mice,

were resuspended in 10 volumes of 0.1 N HCl and centrifuged

to remove debris. Supernatants were used directly for cGMP

measurement. ELISA was then carried out according to the

manufacturer’s instructions (Direct cGMP ELISA kit; Enzo Life

Science). 2) cAMP-Glo Max assay: Primary cortical neurons

(17–21 days in vitro) cultured in 96 wells plates were stimulated

in 2 biological replicates with 10 μM Forskolin and 1 μM

BAY607550 in dPBS supplemented with CaCl2 and MgCl2 for

30min at 37 °C. cAMP concentration was measured with the

cAMP-Glo Max assay (Promega) according to the manufac-

turer’s indications. 3) cAMP Biosensors: Brain slices were pre-

pared from male mice at PND 7–11, transduced with Sindbis

viral particles to express the cAMP biosensor Epac-SH150 (Polito

et al. 2013). Wide-field images were obtained with an Olympus

BX50WI or BX1WI upright microscope with a 40× 0.8 NA water-

immersion objective and an ORCA-AG camera (Hamamatsu).

Images were acquired with iVision (Biovision, Exton, PA, USA).

The excitation and dichroic filters were D436/20 and 455dcxt.

Signals were acquired by alternating the emission filters with a

filter wheel (Sutter Instruments, Novato, CA, USA), HQ480/40

for the donor, and D535/40 for the acceptor. Images were ana-

lyzed with custom routines according to the IGOR Pro environ-

ment (Wavemetrics, Lake Oswego, OR, USA). The emission ratio

was calculated for each pixel as F480/F535. The pseudocolor

images display the ratio value coded in hue and the fluores-

cence of the preparation coded in intensity. The amplitudes of

responses were quantified for each neuron as the fractional

change in ratio from its own baseline and maximal final ratio

response (in the presence of forskolin and IBMX). Responses

obtained from CA1 neurons were averaged for each experiment

(i.e., brain slice). Data were analyzed with SPSS statistical soft-

ware version 22.0 (Chicago, IL, USA). Normality in variable dis-

tributions and homogeneity of variances across groups were

assessed with the Shapiro–Wilk and Levene tests, respectively.

Animals

The experiments were performed following the ARRIVE (Animals

in Research: Reporting In Vivo Experiments) guidelines (Kilkenny

et al. 2010). Fmr1-knockout (KO) and WT mice on a C57BL/6J con-

genic background were obtained from Prof. R. Willemsen

(Mientjes et al. 2006), while Fmr1-KO and WT rats on a Sprague-

Dawley background were purchased from Horizon Discovery (for-

merly SAGE Labs, USA). All animals were generated and housed

in groups of 4 in standard laboratory conditions (22 °C, 55 ± 10%

humidity, 12-h light/12-h dark diurnal cycles) with food and water

provided ad libitum.

Behavior

Experimental testing was performed between 12:00 and 16:30

each day during the 12-h light period. Only male mice and rats

were used. Animal care was conducted in accordance with the
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European Community Directive 2010/63/EU. The experiments

were approved by the local ethics committee (Comité d’Ethique

en Expérimentation Animale CIEPAL-AZUR N. 00 788.01;

APAFIS#4985-2 016 032 314 169 426 v4APAFIS#8100-2 016 112 217

148 206 v3), by the French Ministry of Research and by the

Italian Ministry of Health. The number of animals used in each

experiment is indicated in the figure legends.

Electrophysiology

Hippocampal slices were prepared from WT and Fmr1-KO mice

on a C57BL/6J genetic background at PND 13 as previously

described (Costa et al. 2012), following protocols approved by

local ethics committee (OPBA, University of Catania) and by the

Italian Ministry of Health (N. 35212016-PR). Data were acquired

and analyzed with the Signal software (Cambridge Electronic

Design, England). Excitatory Post Synaptic Current (EPSC)

amplitude was measured as the difference between peak and

baseline current. EPSC amplitude values were averaged over

1min and expressed as % of baseline (mean EPSC amplitude

calculated from EPSCs recorded during at least 15min before

[S]-3,5-Dihydroxyphenylglycine [DHPG] application). Different

sets of values were compared using the appropriate statistical

tests indicated in the corresponding figure legend. The amount

of long-term depression (LTD) induced by metabotropic group I

glutamate receptor (mGluR) was calculated 40min after LTD

induction by DHPG application and is expressed by indicating

EPSC amplitude as percentage of baseline (% EPSC).

Drug Treatment

BAY607550 (Cayman) was dissolved in 10% DMSO/8.75% Tween

80/8.75% polyethylene glycol/saline. For the behavioral experi-

ments, BAY607550 or Lu AF64280 (or their vehicles) were admin-

istered intraperitoneally (i.p.) 30min before testing. BAY607550

was administrated at the doses of 0.05mg/kg at infancy and

0.1mg/kg at adolescence, while Lu AF64280 was a administered

at 0.5mg/kg. Drug doses and pretreatment intervals were based

on literature (Boess et al. 2004; Masood et al. 2008, 2009; Ding

et al. 2014; Redrobe et al. 2014; Wang et al. 2017) and our pilot

data showing that, at the doses used in the present study, drugs

did not affect the behavior of WT animals. In one experiment,

chronic treatment was carried out by a daily i.p. injection of

0.05mg/kg BAY607550 to mice from PND 5–21 and mice were

tested for social interaction after a washout interval of 9 days.

One pup per litter from different litters per treatment group was

used in the behavioral experiments, to control for any potential

litter effect. Animals were randomly allocated to each treatment

group. Coding of the drug solutions ensured that both during

experimentation and behavior analysis, the experimenter was

unaware of the treatment of the animals. The number of ani-

mals per group is indicated in the figure legends.

The Isolation-Induced Ultrasonic Vocalizations Test

The test was performed as previously described (Servadio et al.

2016). Briefly, each pup (at PND 10 for mice and PNDs 5 and 9

for rats) was individually removed from the nest and placed

into a black Plexiglas arena, located inside a sound-attenuating

and temperature-controlled chamber. Pup ultrasonic vocaliza-

tions (USVs) were detected for 3min by an ultrasound micro-

phone (Avisoft Bioacoustics, Germany) sensitive to frequencies

between 10 and 250 kHz and fixed at 10 cm above the arena.

Pup axillary temperature was measured before and after the

test by a digital thermometer. The emission of USVs was ana-

lyzed using Avisoft Recorder software (Version 5.1).

Homing Behavior Test

At PND 14, the litter was separated from the dam and kept for

30min in a temperature-controlled holding cage. Then, each

mouse pup was placed into a Plexiglas box whose floor was

covered for 1/3 with bedding from the pup’s home cage and for

2/3 with clean bedding. The pup was located at the side of the

box covered by clean bedding, and its behavior was videore-

corded for 4min for subsequent analysis. The following para-

meters were scored using the Observer 3.0 software (Noldus

Information Technology): latency (s) to reach the home-cage

bedding area; total time (s) spent by the pup in the nest bedding

area.

Social Interaction Test

The test was performed as previously described (Terranova and

Laviola 2005; Jamain et al. 2008). The 28–30-day-old mice were

individually habituated to the experimental apparatus (a

Plexiglas cage measuring 30 × 30 × 30 cm3) for 5min the day

before testing. On the test day, the animals were isolated for

2 h before testing, to enhance their social motivation and thus

facilitate the expression of social interaction during testing.

The test consisted of placing 2 animals (same treatment and

weight) into the test cage for 10min.

The behavior of the animals was recorded using a video cam-

era with zoom lens, DVD recorder and LCD monitor. Behavior

was assessed per single animal and analyzed by a trained

observer who was unaware of genotype and treatment condi-

tions using the Observer XT software (Noldus, The Netherlands).

The following parameters were scored (Terranova and

Laviola 2005; Jamain et al. 2008):

a. Social activities:

1. Social sniffing: sniffing any part of the body of the part-

ner, including the anogenital area.

2. Following: moving in the direction of or pursuing the

partner, who moves away.

3. Mutual circle: partners are mutually sniffing each other’s

anogenital region, while describing tight circles with

their reciprocal following movements.

4. Pushing past: the focal animal passes between the wall

of the cage and the body of the partner by pushing its

own body through the narrow space available.

5. Crawling under/over: the focal animal crawls under-

neath or over the partner’s body, crossing it transversely

from one side to the other.

6. Social grooming: chewing and licking the fur of the

partner.

7. Social rest: the focal animal is being groomed by the

partner.

8. Pushing under: the focal animal pushes its own snout or

the whole anterior part of its body under the partner’s

body, and rests for at least 3 s.

9. Social inactivity: the focal animal is lying flat or standing

still (eyes closed or open) while maintaining close physi-

cal contact with the partner.

b. Nonsocial activities:

1. Running: the focal animal performs a sudden, rapid, vigor-

ous, and erratic darting, characterized by frequent and sharp

changes in direction and without any obvious target.

2. Inactive: Self-explanatory.

3. Exploring: Self-explanatory.
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4. Digging: the focal animal is digging in the sawdust,

pushing and kicking it around, using the snout and/or

both the forepaws and hindpaws.

The average frequency of total social activities, quantified as

number of events during the 10min testing session, was

graphed.

Statistical Analysis

Results are expressed as mean ± standard error of the mean

(SEM). All statistical analyses were based on biological replicates.

Appropriate statistical tests used for each experiment are

described in the corresponding figure legends. All statistical

analyses were carried out using the GraphPad Prism Version 6.0e.

Results

PDE2A Dysregulation is Involved in the

Physiopathology of FXS

Pde2a is expressed both in cortex and hippocampus (e.g., supra-

granular layer of neocortex, CA1 and CA3 regions of hippocam-

pus) (Stephenson et al. 2009, 2012), with a high and homogenous

expression in the mouse CA1. To assess whether the increased

abundance of the PDE2A protein in the absence of FMRP that we

described (Maurin et al. 2018) is associated with its elevated

activity in hippocampus, we measured cAMP levels in single

neurons of the CA1 area in Fmr1-KO and WT mouse brain slices.

For this purpose, we used the Epac-SH150
fluorescent biosensor

that detects an increase in cAMP levels by a decrease in FRET

between the donor and acceptor fluorophores (Polito et al. 2013).

These changes were monitored in real-time by ratiometric fluo-

rescence imaging. cAMP synthesis was first stimulated using for-

skolin, leading to a steady-state biosensor emission ratio. PDE2A

was then activated using the NO donor DEANO, which decreased

the biosensor ratio. PDE2A activity was then blocked by the addi-

tion of the potent and specific PDE2A inhibitor BAY607550 (Boess

et al. 2004), which increased the biosensor ratio, revealing the

effective contribution of PDE2A in cAMP degradation. A final

application of forskolin and the nonselective phosphodiesterase

inhibitor IBMX increased the biosensor ratio to its maximum. An

example of this analysis in WT neurons is reported in Figure 1A,

B. Then we performed these assays in hippocampal slices

obtained from PND 7–11 WT and Fmr1-KO mice. cAMP levels eli-

cited by forskolin and DEANO stimulation were significantly

lower in the absence of Fmr1 expression, consistent with an ele-

vated PDE2A activity in the Fmr1-KO hippocampus (Fig. 1C). We

confirmed these findings by a detailed analysis of cAMP

Figure 1. The increased activity of PDE2A results into decreased cAMP levels. (A) Hippocampal brain slices expressing the Epac-SH150 biosensor were imaged with

wide-field fluorescence microscopy (here exemplified with a measure in a WT brain slice). Images show the raw fluorescence intensity at 535 nm (in gray scale) and

the ratio (in pseudocolor), reporting changes in cAMP concentration before stimulation and at different times of the recording during the different treatments (a–e),

as indicated by the corresponding lines on the graph in panel “B”. The calibration square on the pseudocolor image indicates from left to right increasing fluorescence

intensity levels, and from bottom to top increasing ratio values. The width of the square is used as a scale bar. Its size is indicated above it in micrometers. (B) Each

trace on the graph indicates the F480/F535 emission ratio measured on the regions (neuron) delimited by the color contour drawn on the gray scale image (upper left

panel). The black trace corresponds to the mean of the 5 colored traces. (C) Quantification of cAMP in WT and Fmr1-KO hippocampal slices: the successive responses

to forskolin, DEANO and BAY607550 were quantified as a fraction of the maximal response measured in the presence of IBMX. (C) Average ratio response to forskolin

(10 μM), forskolin + DEANO (10 μM) and forskolin + DEANO + BAY607550 (0.2 μM) for WT and Fmr1-KO. Mean ± SEM is shown. In each experiment (i.e., brain slices

tested, one slice per animal) a variable number of neurons have been considered (between 1 and 6). Results from n = 12 WT and n = 16 Fmr1-KO experiments are

shown. Two-way ANOVA followed by Bonferroni multiple comparisons post hoc test revealed a significantly lower level of cAMP in Fmr1-KO slices for the FSK +

DEANO condition (Ftreatment(1,26) = 640, P < 0.001; Fgenotype(1,26) = 1.25, P = 0.278; Fgenotype x treatment(1,26) = 15.76, P = 0.001) followed by Bonferroni multiple comparisons

post hoc test (adjusted P value **P < 0.01). (D) Time course measurement of cAMP levels after DEANO application in the presence or in the absence of FMRP.
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degradation kinetics in the presence and in the absence of FMRP

upon PDE2A activation with DEANO: the decrease in biosensor

ratio upon PDE2A stimulation with DEANO was significantly fas-

ter in Fmr1-KO neurons than in WT (Fig. 1D).

In addition, using an ELISA immuno-assay, we showed that

cGMP levels are also significantly decreased in Fmr1-KO hippo-

campi (Supplementary Fig. S1). Collectively, these data indicate

that there is an elevated activity of PDE2A in hippocampal

Fmr1-KO neurons.

Blocking PDE2A Activity Suppresses the Exaggerated

LTD in Fmr1-KO hippocampus

A hallmark of FXS is the exaggerated LTD induced by mGluR acti-

vation in the hippocampal CA3-CA1 synapses (Huber et al. 2002).

To assess whether inhibition of PDE2A can prevent the exagger-

ated synaptic plasticity characterizing FXS hippocampi, we mea-

sured LTD expression in the presence and in the absence of

BAY607550. AMPA receptor-mediated excitatory postsynaptic cur-

rents (EPSCs) were recorded from CA1 pyramidal neurons under

whole-cell patch clamp following stimulation of Schaffer collat-

erals, in the continuous presence of D-AP5 (50 μM) and bicuculline

(5 μM). Bath application of DHPG (100 μM, 5min), an agonist of

group I mGluRs, induced a LTD of EPSC amplitude that in WT

was not modified in the presence of BAY607550 (50 nM; Fig. 2A,C).

The amount of mGluR-LTD is exaggerated in Fmr1-KO hippo-

campi (EPSC amplitude: 40 ± 9% vs. 78 ± 9% in Fmr1 KO vs. WT,

P < 0.05; Fig. 2B,C), as previously reported (Costa et al. 2012;

Castagnola et al. 2017). Intracellular BAY607550 (50 nM) in Fmr1-

KO mouse hippocampal neurons reverted the exaggerated

mGluR-LTD to a level that is not statistically different from WT

control recordings (EPSC % amplitude: 78 ± 9% vs. 86 ± 7% in WT

vs. Fmr1-KO treated with BAY607550; Fig. 2B,C). Remarkably,

BAY607550 treatment (50 nM) had no effect on mGluR-LTD in WT

slices (Fig. 2A–C). These results clearly show the implication of

PDE2A-mediated regulation of cAMP and cGMP in the exagger-

ated mGluR-dependent LTD in Fmr1-KO mice.

Inhibiting PDE2A Activity Restores Axonal Length and

Spine Maturation in Cultured Cortical Fmr1-KO Neurons

The presence of abnormal immature dendritic spines in the

brain of FXS patients and in primary neuronal cultures of

mouse Fmr1-KO models of FXS (Comery et al. 1997; Irwin et al.

2000; Nimchinsky et al. 2001; Antar et al. 2005, 2006) is another

hallmark associated with the functional absence of FMRP.

Importantly, both cAMP and cGMP have been reported to exert

an important role in axonal growth and dendritic spine matu-

ration (Shelly et al. 2010; Shen and Cowan 2010; Averaimo and

Nicol 2014; Akiyama et al. 2016). Therefore, to assess the

involvement of PDE2A in synaptic morphology, we first ana-

lyzed cAMP levels in cultured cortical neurons in the absence

or in the presence of PDE2A inhibitors (Supplementary Fig. S2).

We then assessed the impact of an inhibition of PDE2A activity

on the maturation of dendritic spines (Fig. 3) and on axonal

growth (Fig. 4) in Fmr1-KO cultured cortical neurons. To quan-

tify the activity of PDE2A in FXS neurons, we measured cAMP

levels in cultured Fmr1-KO upon forskolin stimulation associ-

ated with pan-PDE inhibition with IBMX (Supplementary

Fig. S2). This latter treatment led to a significant increase in

cAMP levels both in the presence and in the absence of FMRP

expression (Supplementary Fig. S2A), while treatment with

Rolipram (a specific inhibitor of PDE4) did not (Supplementary

Fig. S2B). Conversely, the specific blockade of PDE2A activity

by BAY607550 promoted a significant increase in cAMP levels

in Fmr1-KO neurons without affecting its abundance in WT

neurons (Supplementary Fig. S2C). This finding suggests a

PDE2A-dependent regulation of cAMP levels in Fmr1-KO

neurons.

Figure 2. Blockade of PDE2A rescues the exaggerated hippocampal mGluR-

dependent LTD in the Fmr1-KO brain. (A) DHPG (100 μM, 5min) induces a

mGluR-LTD of EPSCs recorded from CA1 pyramidal neurons obtained from WT

mouse slices (n = 6). BAY607550 (50 nM, added intracellularly in the recording

pipette) did not modify the amount of mGluR-LTD of EPSCs recorded from CA1

pyramidal neurons in WT slices (n = 6). (B) In mouse Fmr1-KO slices (n = 9),

mGluR-LTD was reversed in the presence of intracellular BAY607550 (50 nM). (C)

Bar graphs show % EPSC amplitude (mean ± SEM from groups of neurons)

40min after application of DHPG in control conditions or in the presence of

intracellular BAY607550 (50 nM). Bar graphs show the mean ± SEM values of

EPSC % after the indicated pharmacological treatments. Two-way ANOVA were

computed (Fgenotype(1,22) = 1.159, P = 0.2933; Ftreatment(1,22) = 3.919, P = 0.2933;

Fgenotype × treatment(1,22) = 10.24; P = 0.0041) with Bonferroni’s post-tests for multi-

ple comparisons of data sets, using genotype (Fmr1-KO or WT) and treatment

(BAY607550 or vehicle) as between-subjects factor (adjusted P value: *P = 0.0276;

**P = 0.0037).
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In cultured Fmr1-KO neurons (Fig. 3A), the specific inhibition

of PDE2A by BAY607550 strongly promoted spine maturation by

increasing the number of mushroom spines (Fig. 3B) and

reduced the number of immature filopodia (Fig. 3E) to normal

WT levels. BAY607550 also had a positive impact on the matu-

rity of Fmr1-KO neurons by increasing the head size of mush-

room spines (Fig. 3C) and concomitantly reducing the length of

thin immature spines to WT levels (Fig. 3F–G). Finally, the

BAY607550 treatment affected neither the length of mature

spines (Fig. 3D) nor the density of dendritic protrusions (Fig. 3H)

in Fmr1-KO neurons.

Abnormal axonal growth has been observed in the fly model

of FXS (Morales et al. 2002). Since both cAMP and cGMP fulfill

critical roles in axonal growth (Shelly et al. 2010; Shen and

Cowan 2010; Averaimo and Nicol 2014; Akiyama et al. 2016), we

assessed whether PDE2A activity regulates the length of axons.

Figure 3. Inhibition of PDE2A activity improves Fmr1-KO dendritic spine morphology in cultured cortical neurons. (A) Representative high-resolution confocal images

showing GFP-expressing WT and Fmr1-KO mouse secondary dendrites treated or not for 24 h with 0.2 μM BAY607550 to block PDE2A activity. Spine morphology was

assessed using NeuronStudio software 19 h post-transduction and compared with the measurement obtained from control DMSO-treated neurons. Scale bars: 2 μm.

All summary histograms present mean ± SEM values, statistical significance was assessed with 2-way ANOVA. The percentage of mature mushroom spines (Fgenotype

(1,110) = 10.98, P = 0.0012; Ftreatment(1,110) = 7.042, P = 0.0091; Fgenotype × treatment(1,110) = 8.984; P = 0.0034), (B) mushroom head width (Fgenotype(1,1678) = 18.15, P < 0.0001;

Ftreatment (1, 1678) = 22.06, P < 0.0001; Fgenotype × treatment(1,1678) = 28.41; P < 0.0001), (C) and mushroom spine length (Fgenotype(1,1599) = 7.217, P = 0.0073; Ftreatment(1,1599) =

3.665, P = 0.0558; Fgenotype × treatment(1, 1599) = 0.002329; P = 0.9615) (D) measured in secondary dendrites of control and BAY607550-treated neurons. The percentage of

immature thin spines (Fgenotype(1, 111) = 30.25, P < 0.0001; Ftreatment(1,111) = 12.09, P = 0.0007; Fgenotype × treatment(1,111) = 8.911; P = 0.0035) (E) and thin spine length (Fgenotype

(1, 878) = 23.16, P < 0.0001; Ftreatment(1,878) = 17.37, P < 0.0001; Fgenotype × treatment(1,878) = 0.6166; P = 0.4325) (F) is presented. The consequence of the BAY607550 treatment

on the distribution of the thin spine length is depicted as cumulative frequency curves in (G). (H) Histograms showing the mean ± SEM values of protrusion frequency

after the indicated pharmacological treatments. Two-way ANOVA were computed with Bonferroni post hoc test to assess the treatment effect in neurons from each

genotype. (Adjusted P value: **P < 0.01; ***P < 0.001. N = ~1000.) Protrusions per condition (3 independent mouse cortical neuron cultures; 24–30 neurons per condition).

ns, not significant.
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Using an immunocytochemistry-based approach, we measured

axon length of 2 days in vitro neurons and showed that Fmr1-

KO neurons had significantly shorter axons than WT cells

(Fig. 4A–C). The blockade of PDE2A for 24 h with BAY607550 was

sufficient to fully rescue the axonal growth defect of FXS neu-

rons (Fig. 4).

Critical Role of PDE2A Activity in Defining Social Deficits

Displayed by 2 Rodent Models of FXS

The Fmr1-KO mouse model of FXS recapitulates the main

behavioral traits initially described in FXS patients, such as cog-

nitive deficit and social interaction impairments (Mientjes et al.

2006; Maurin et al. 2014). Since we identified Pde2a mRNA as a

target of FMRP during the early postnatal life in the mouse

brain and since we showed that PDE2A expression was

increased in Fmr1-KO brains (Maurin et al. 2018), we investi-

gated whether an acute PDE2A blockade in vivo rescued the

altered phenotype of Fmr1-KO infant (PND 10-14) and adoles-

cent (PND 30) mice in FXS-relevant behaviors (Fig. 5). At

infancy, Fmr1-KO pups displayed early communicative deficits,

since they vocalized significantly less compared with WT pups

when separated from the dam and siblings at PND 10 (Fig. 5A,B).

Furthermore, Fmr1-KO animals showed early deficits in social

discrimination, since they were unable to use olfactory cues to

discriminate between a neutral odor and their own cage odor in

the homing behavior test (Fig. 5C,D). BAY607550 has been shown

to efficiently cross the blood-brain barrier when administered

i.p., promoting comparable PDE2A inhibition levels as the intra-

cranial injection route (Wang et al. 2017). Our results showed

that inhibition of PDE2A activity through i.p. administration of

BAY607550 normalized the altered USV profile displayed by PND

10 Fmr1-KO mice (Fig. 5B). Remarkably, we validated this result

by inhibiting PDE2A with Lu AF64280, another highly specific

PDE2A inhibitor (Redrobe et al. 2014). Similar to BAY607550, Lu

AF64280 was able to revert the altered USV frequency displayed

by Fmr1-null pups (Supplementary Fig. S3). This confirms that

PDE2A blockade is able to rescue the communicative deficit dis-

played by Fmr1-KO mice in the USV test. Furthermore, we found

that treatment with BAY607550 improved the performance of

Fmr1-KO pups in the homing behavior test (Fig. 5C–E) without

altering the performance of WT pups. Our results pointed out

that altered social behavior is a core phenotypic characteristic of

the FXS mouse model. Accordingly, compared with WT animals,

adolescent Fmr1-KO mice showed reduced social interaction, a

phenotype that was rescued by PDE2A inhibition (Fig. 5F).

PDE2A is a Therapeutic Target for FXS

The elevated activity of PDE2A may underlie the deficits in com-

municative and social domains displayed by Fmr1-KO mice

throughout development. To confirm this possibility, we chroni-

cally treated Fmr1-KO mice with BAY607550 from PND 5 to

PND21, and tested their social abilities after a washout interval

of 9 days. Strikingly, early treatment with BAY607550 reversed

the social deficits displayed by Fmr1-KO mice at PND 30, showing

that the beneficial effects of early PDE2A pharmacological block-

ade are long-lasting (Fig. 5G). Importantly, the administration of

BAY607550 had no effect on the behavior of WT mice (Fig. 5B,D–

G), further indicating the specificity of this treatment for the FXS

phenotype. Finally, chronically administered BAY607550 rescued

the abnormal dendritic spine length in the CA1 region of the hip-

pocampus of Fmr1-KO mice (Supplementary Fig. S4). To validate

PDE2A as a therapeutic target for FXS, we extended the behav-

ioral analysis to Fmr1-KO infant rats. Similar to Fmr1-KO mice,

Fmr1-KO rats vocalized less than WT controls when separated

from their mother and siblings at PND 5 and PND 9 (Fig. 6A,B).

Remarkably, acute administration of BAY607550 also normalized

their altered USV pattern (Fig. 6A,B) and the ability of these

infant rats to communicate, without affecting the behavior of

WT control animals (Fig. 6A,B).

Discussion

Role of PDE2A in Hippocampus and Cortex

Development

We have shown that an elevated amount of the PDE2A protein is

present in Fmr1-null cortex and hippocampus (Maurin et al.

2018). Due to the heterogeneous pattern of the expression level of

PDE2A in these brain regions (Stephenson et al. 2009, 2012), we

measured here the PDE2A activity at the single cell level demon-

strating that the activity of PDE2A is also significantly increased

Figure 4. PDE2A activity is associated to axon growth regulation. (A, B) Representative pictures of 2 days in vitro cultured WT (A) and Fmr1-KO (B) primary cortical neu-

rons treated with vehicle or 1 μM BAY607550 as indicated (scale bar: 10 μm). (C) Histogram of axon length of WT and Fmr1-KO neurons treated with vehicle or with

1 μM BAY607550 for 24 h. Results show the mean axon length ± SEM from 3 independent cultures on 73 randomly selected cells for each condition. Two-way ANOVA

with Tukey post hoc test: DMSO:KO versus DMSO:WT. *Adjusted P value = 0.0256; BAY:WT versus DMSO:WT. **Adjusted P value = 0.0081; BAY:KO versus DMSO:WT.

ns: Adjusted P value = 0.4114; BAY:WT versus DMSO:KO. ****Adjusted P value < 0.0001; BAY:KO versus DMSO:KO. ****Adjusted P value < 0.0001; BAY:KO versus BAY:

WT. ns: Adjusted P value = 0.3547; ns, not significant.

Involvement of PDE2A Activity in the Pathophysiology of FXS Maurin et al. | 3247

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

-a
b
s
tra

c
t/2

9
/8

/3
2
4
1
/5

0
7
8
2
1
9
 b

y
 B

IU
S

J
 (P

a
ris

 6
) u

s
e
r o

n
 2

4
 J

a
n
u
a
ry

 2
0
2
0



in the absence of FMRP. Since an important fraction of PDE2A is

localized at the synapse (Russwurm et al. 2009; Maurin et al.

2018), we reasoned that its elevated activity in FXS neurons could

impact local cAMP and cGMP homeostasis. It has been reported

that the levels of both cAMP and cGMP have critical roles in axon

elongation and guidance (Shelly et al. 2010; Akiyama et al. 2016)

and in regulating the morphology and growth of dendritic spines

(Dityatev and El-Husseini 2011). Indeed, Fmr1-KO neurons show

an increased PDE2A activity as well as an increased density of

spines compared with WT neurons. Blocking the excess of PDE2A

activity in Fmr1-KO cells leads to spine maturation without

decreasing the protrusion density. In WT cells, there is no effect

of the BAY607550 on spine maturation but there is an increase in

the density of protrusion suggesting separated roles of PDE2A

activity in spine formation and maturation but not in spine elimi-

nation. This latter result is consistent with our recent findings

showing that the density of spines is restored in Fmr1-KO olfac-

tory neurons by depleting CYFIP1, a protein connecting FMRP

with actin remodeling via Rac1 (Abekhoukh et al. 2017). Moreover,

the reduced length of growing axons that we found in 2 DIV

Fmr1-KO neurons may result from the elevated levels of PDE2A

that lead, in turn, to a reduced concentration of axonal cAMP and

cGMP. Indeed, the normal length of growing axons is restored

after treatment with the specific PDE2A inhibitor BAY607550.

Furthermore, it is known that cGMP stimulates synthesis of gluta-

mate via phosphoglycerate kinase (PGK) (Neitz et al. 2011).

Consistent with a reduction of cGMP, glutamate levels are

reduced in the Fmr1-KO cortex (Davidovic et al. 2011) and hippo-

campus (Hebert et al. 2014). PDE2A is the only PDE identified so

far at the presynaptic active zone, associated with docked vesi-

cles and illustrating the importance of such a compartmentalized

action (Maurin et al. 2018). Indeed, cAMP abundance coupled to

PKA signaling is critical to modulate assembly/disassembly/prim-

ing/recycling of neurotransmitter vesicles and, consequently, for

synaptic transmission and plasticity events (Crawford and

Mennerick 2012) and basal synaptic transmission (Gomez and

Breitenbucher 2013). Here we show that the pharmacological

inhibition of PDE2A activity rescues the exaggerated mGluR-

dependent LTD in Fmr1-KO hippocampal slices, a well-

characterized hallmark of Fmr1-KO brain (Huber et al. 2002).

As we already explained, cGMP and cAMP are involved in

axonal growth, spine maturation and synaptic plasticity. Since

PDE2A modulates the level of both cAMP and cGMP, we can

suggest that its elevated activity in the absence of FMRP contri-

butes to the definition of a neuronal FXS phenotype character-

ized by altered dendritic morphology, altered axonal length and

exaggerated mGluR-LTD.

Figure 5. Inhibition of PDE2A activity rescues abnormal behaviors in infant and

adolescent Fmr1-null mice. (A) Scheme of the USV test performed at PND 10.

The 30min after treatment with BAY607550 or vehicle, pups were separated

from the dam and ultrasonic vocalizations (USV) were recorded for 3min. (B)

Fmr1-KO mice emit less USVs when removed from the nest at PND 10, and this

communicative deficit is reversed upon BAY607550 injection (Fgenotype(1,63) =

7.07, P = 0.01; Ftreatment(1,63) = 3.80, P = 0.05; Fgenotype×treatment(1,63) = 4.09; P = 0.04);

n: WT-VEH = 17; WT-BAY = 17; KO-VEH = 16; KO-BAY = 17); (C) presentation of

the homing test performed at PND 14; Fmr1-KO mice show (D) longer latency to

reach the home-cage bedding (Fgenotype(1,45) = 11.79, P = 0.001; Ftreatement(1,45) =

5.86, P = 0.02; Fgenotype×treatment(1,45) = 8.81; P = 0.005) and (E) spend less time in

the nest area (Fgenotype(1,45) = 5.51, P = 0.02; Ftreatment(1.45) = 5.37, P = 0.02;

Fgenotype×treatment(1,45) = 6.63; P = 0.013) in the homing behavior test at PND 14 (n:

WT-VEH = 14; WT-BAY = 16; KO-VEH = 9; KO-BAY = 10); both these parameters

are normalized when Fmr1-KO mice are treated with BAY 607 550. (F, G) Social

interaction was evaluated at PND 30, results are reported for acute (F) (n: WT-

Veh = 18; WT-Bay = 22; KO-Veh = 12; KO-Bay = 9) (Fgenotype(1,57) = 7.53, P = 0.008;

Ftreatment(1,57) = 0.05, P = 0.82; Fgenotype×treatment(1,57) = 5.43; P = 0.02), and chronic

treatment (G) (n: WT-Veh = 11; WT-Bay = 14; KO-Veh = 8; KO-Bay = 7) (Fgenotype

(1,36) = 28,71 P < 00001; F(treatment) 1,36 = 4.358 P = 0.0440; Fgenotype×treatment (1,36) =

9.539 P = 0.0039). Data represent mean ± SEM (adjusted P value: *P < 0.05, **P <

0.01, ***P < 0.001). Two-way ANOVA was used to assess the effects of BAY607550

in Fmr1-KO and WT mice, using genotype (Fmr1-KO or WT) and treatment

(BAY607550 or vehicle) as between-subjects factor, followed by Tukey multiple

comparison post hoc test where appropriate.

Figure 6. Inhibition of PDE2A activity rescues communication deficit in infant

Fmr1-KO rats. Fmr1-KO rats emit less USVs when removed from the nest at PND

5 and 9, and this communicative deficit is reversed upon BAY607550 injection

at (A) PND 5 (n: WT-Veh = 8; WT-Bay = 8; KO-Veh = 9; KO-Bay = 9) (Fgenotype(1,32)

= 5.67, P = 0.023; Ftreatment(1,32) = 6.76, P = 0.014; Fgenotype×treatment(1,32) = 7.12; P =

0.012) and (B) at PND 9 (n: WT-Veh = 8; WT-Bay = 8; KO-Veh = 10; KO-Bay = 10)

(Fgenotype(1,30) = 22.72, P < 0.001; Ftreatment(1,30) = 8.27, P = 0.007; Fgenotype×treatment

(1,30) = 4.28; P = 0.047). Data represent the mean number of emitted USV (±SEM)

per 3min-recording session. (Adjusted P value **P < 0.01, ***P < 0.001.) Two-way

ANOVA was used to assess the effects of BAY607550 in Fmr1-KO and WT rats,

using genotype (Fmr1-KO or WT) and treatment (BAY607550 or vehicle) as

between-subject factors, followed by Tukey multiple comparison post hoc test

where appropriate.
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PDE2A has a Crucial and Evolutionarily Conserved Role

in the Physiopathology of FXS

We show here that Fmr1-KO pups have profound deficits in

both social communication and social discrimination from the

first days of life, as revealed by their altered USV profile and

impaired homing behavior, respectively. This, in turn, may

alter the proper development of social behavior and social rec-

ognition (Terry and Johanson 1996; Melo et al. 2006). In line

with this hypothesis, Fmr1-KO mice show deficits in social

interaction at the adolescent age (Liu and Smith 2009;

Dahlhaus and El-Husseini 2010; Kazdoba et al. 2014) that mirror

the phenotype observed in FXS patients. Considering the impact

of the pharmacological inhibition of PDE2A on the in vitro and

ex vivo FXS phenotypes, we assessed whether the PDE2A inhibi-

tor BAY607550 could revert the altered phenotype displayed by

Fmr1-KO animals in social communication, social discrimina-

tion, and social interaction. Administration of BAY607550 nor-

malizes the USV profile displayed by Fmr1-KO mice and rats. In

addition, this treatment rescues the altered performance of

Fmr1-KO pups in the homing behavior test, and increases the

frequency of social interactions observed in Fmr1-KO mice to

similar levels as WT animals. While PDE2A was previously

linked to cognitive processes (Gomez and Breitenbucher 2013;

Redrobe et al. 2014; Lueptow et al. 2016), here, for the first time,

we associate its increased activity with altered social deficits. It

is interesting to notice that PDE2A is coexpressed with FMRP in a

specific class of neurons in the olfactory bulb (Korsak et al. 2017).

These neurons have been shown to play a role in thermosensing

and detecting stress in congeners as well as in pheromone sens-

ing behavior (Juilfs et al. 1997). This can lead to the speculation

that modulating PDE2A activity in these neurons may influence

the social behavior. In conclusion, PDE2A may be an attractive

target to simultaneously treat the social and communicative

dysfunctions characterizing FXS patients. Importantly, mice

chronically treated with BAY607550 during the early postnatal

development period clearly benefit of the positive effect of this

therapy when tested at adolescence. This result strongly sug-

gests that inhibition of PDE2A during infancy has long-term pos-

itive effects and provides a strong preclinical rationale for a new

therapeutic strategy for FXS patients. Remarkably, we used very

low doses of BAY607550 that do not affect the behavior of WT

animals. This is important not only because our approach tar-

gets a pediatric population but also because low doses should

reduce possible toxic side effects of the drug. Interestingly, sev-

eral trials have been performed in the past with various formu-

lations and dosages of PF-05 180 999 to treat migraine. We note

that the trial in which the highest dosage (360mg) was tested

was discontinued for safety issues, nevertheless former trials

using lower doses (30 or 120mg) were completed but results are

yet to be published (https://clinicaltrials.gov; #NCT01429740 and

#NCT01981499). These studies are however encouraging for

future therapeutic intervention for central nervous system (CNS)

disorders. Indeed, a phase 1 study has been conducted to inves-

tigate the pharmacological properties of TAK915 (another PDE2A

inhibitor from Takeda pharmaceuticals (Nakashima et al. 2018))

in order to guide dosage in future clinical studies in schizophre-

nia (https://clinicaltrials.gov/ct2/show/results/NCT02584569). We

would suggest that TAK915 may also be used to investigate

other CNS disorders in the future.

Our data clearly highlight that PDE2A abundance has a piv-

otal role in the physiopathology of FXS (Maurin et al. 2018).

While cGMP metabolism had never been studied in FXS, it has

already been proposed that the convergence of altered path-

ways in FXS neurons is responsible for an altered abundance of

cAMP in this syndrome. All these pathways are mostly postsyn-

aptic signaling cascades and their relevance for FXS up to date

was only studied in adult Fmr1-KO mice (Choi et al. 2016;

Sethna et al. 2017). Inhibition of Pde4D was recently shown to

have positive effects on LTD, learning and memory in adult

Fmr1-KO mice (Gurney et al. 2017). These results provide evi-

dence for the crucial role of cAMP abundance in synaptic plas-

ticity in Fmr1-KO mice. However, the PDE4 enzyme family

modulates cAMP but not cGMP levels and does not appear to be

directly involved in the pathophysiology of FXS since its

expression is not deregulated in the synaptosomal preparations

obtained from both young and adult Fmr1-KO mice (Tang et al.

2015). Furthermore, Pde4D mRNA is not a prominent FMRP tar-

get in all the CLIP assays that have been performed so far

(Darnell et al. 2011; Ascano et al. 2012; Tabet et al. 2016; Maurin

et al. 2018).

Also, up to now, most of the treatments proposed for FXS

have been tested in adult mice and, even when successful,

their translation to the clinic failed (Budimirovic et al. 2017;

Castagnola et al. 2017; Erickson et al. 2017). Considering these

unsuccessful results, an increasing amount of data suggests

the need to treat patients affected by neurodevelopmental dis-

orders at the earliest possible age (Khalfallah et al. 2017 for

review, and this study) and for a long period of time (Erickson

et al. 2017). Remarkably, BAY607550 treatment rescues the

communication deficits in both Fmr1-KO mice and rats. This

strongly argues in favor of a conserved contribution of PDE2A

activity in the regulation of processes and/or communication

circuits underpinning social behaviors. In the same direction,

our findings showing the rescue of social interaction after 9

days of washout suggest that the chronic treatment performed

in infancy of these mice was sufficient to modify circuits for an

extended time-period. Even if these processes should be inves-

tigated in depth in the near future, overall these findings fur-

ther reinforce the translation potential of this targeted

therapeutic approach for FXS.

Conclusions

PDE2A is an overlooked phosphodiesterase previously linked to

cognitive processes (Boess et al. 2004; Redrobe et al. 2014;

Mikami et al. 2017; Nakashima et al. 2018). Here, for the first

time, we establish a relationship between its altered expression

and defects in axonal growth, maturation of dendritic spines,

mGluR-dependent hippocampal LTD and altered social com-

munication, social discrimination and social interaction beha-

viors at early developmental ages in Fmr1-KO animals. FXS is

the leading inherited cause of ID and ASD and the Fmr1-KO

mouse and rat models are not only widely recognized animal

models of FXS but also genetic models of ASD. Since we high-

light here that PDE2A abundance has a pivotal role in the

pathophysiology of FXS, an implication of PDE2A in other forms

of autism can be hypothesized and therefore, targeting PDE2A

could be considered a generalized pharmacological target to

treat social deficits common to both ASD and FXS.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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Article 4: PDE10A - Fragile X syndrome - striatum

Reduced striatal PDE10A activity in a mouse model of Fragile X syndrome.

Mota É, Stoufflet J, Castro LRV, Vincent P.

in preparation.

Considering the hyperactivity phenotype of Fmr1-KO mice, we decided to evaluate 
the activity of PDEs in the striatum of these mice.

Our observations:
- Unaltered PDE2A activity in the striatum, compared to WT mice. Normal cGMP 

levels; Normal regulation of forskolin-induced cAMP signal by PDE2A in both D1 
and D2 MSNs.

- No change in the amplitude of the cAMP response to transient dopamine signals.
- Profound alterations in the amplitude of the cAMP response to transient dopamine 

signals when PDE2A and PDE4 are inhibited, suggesting a reduced of other striatal 
PDE, possibly PDE10A.
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Introduction

The Fragile X syndrome, a leading cause of autism, results from the lack of "fragile X 

mental retardation protein" (Fmrp). The Fmrp protein binds to a variety of mRNA, regulating 

their translation and vectoring mRNA to specific subcellular domains. For example, it is a 

translational modulator of synaptic proteins and a regulator of mRNA transport at the 

synapse. Using tagged Fmrp as bait, the team of Barbara Bardoni (CNRS, Nice) fished a 

series of mRNA in the cortex and striatum which included PDE2A mRNA {Maurin et al., 

2018, Nucleic Acids Res, 46, 6344-6355}. Fmrp negatively regulates the translation of 

PDE2A mRNA, such that PDE2A protein is expressed to a higher level in hippocampus and 

cortex of Fmr1-null mice. Biochemical data and biosensor imaging (including our 

experiments) showed that PDE2A activity was more efficient in the hippocampus of Fmr1-

null and PDE2A inhibition in newborn period rescued altered social behaviour in adolescent 

Fmr1-null animals {Maurin et al., 2018, Cereb Cortex, In press.}.

As a follow-up of this project, we wanted to see whether the lack of Fmrp might also 

affect functional PDE activity pattern in the striatum. First, we did not observe in the striatum 

the alterations in PDE2A action that were measured in the hippocampus. No major changes in 

the cAMP responses to transient dopamine. However, when PDE2A and PDE4 were 

inhibited, we observed profound defects in the regulation of basal cAMP, as well as much 

larger and longer lasting cAMP responses to the transient stimulation of D1 dopamine 

receptors. This suggests that Fmr1-null mice exhibit a reduced PDE10A activity which is 

compensated by other PDEs, mainly PDE2 and PDE4. D2 MSNs displayed more complex 

alterations which remain to be analyzed.

These results are presented here in a preliminary form.
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Results

Normal cGMP response and PDE2A function in MSNs of Fmr1-null mice.

PDE2A degrades both cAMP and cGMP, and to test its action on cGMP, we used the 

cGMP sensor cygNAL {Betolngar et al., 2019, Cereb Cortex}. First, the nitric oxide (NO) 

donor, DEANO (10 µM) was used to increase cGMP levels in MSNs (Figure 1). The PDE2 

inhibitor BAY607550 was applied at time 0, to reveal the functional contribution of PDE2A 

action on the regulation of steady-state cGMP. The maximal ratio change was measured at the 

end of the experiment by applying the non selective PDE2 inhibitor IBMX (200 µM). 

DEANO increased the emission ratio of the sensor to approximately half the maximal 

response; the addition of the PDE2 inhibitor further increase cGMP level to approximately ¾ 

of the maximum, confirming that PDE2 regulates NO/cGMP signaling in MSNs. The same 

protocol was tested in Fmr1-null mice and no difference was observed in amplitude of the 

cGMP response to DEANO alone or in the presence of BAY607550.

These results indicate that cGMP response to NO and its regulation by PDE2A in 

MSNs is not altered in the striatum of Fmr1-null mice.

Figure 1 - PDE2A regulates cGMP response in MSNs in both Fmr1-null and WT mice. cGMP 
levels in MSNs were measured with the cGMP biosensor cygNAL and the responses were normalised 
to the maximal ratio obtained with DEANO (10 µM) and the non selective inhibitor IBMX  (200 
µM). The PDE2A inhibitor, BAY607550 (200 nM) was applied at t=0. No differences in the 
amplitude of the responses to DEANO and DEANO+BAY607550 were observed between WT (N=7, 
n=49) and Fmr1-null (N=5, n=41) mice. Trace shading indicates SEM calculated per experiment.
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Normal regulation of forskolin-induced cAMP signal by PDE2A in both D1 and D2 

MSNs of Fmr1-null mice.       

Previous studies have shown that PDE2 activity is increased in the presence of cGMP 

{Polito et al., 2013, Front Cell Neurosci, 7, 211}. Here we wanted to compare the functional 

contribution of PDE2A in the regulation of steady-state cAMP level between WT and Fmr1-

null in the striatum (Figure 2). Therefore, we acutely increased PDE2A activity by applying 

the cGMP-elevating agent DEANO (10 µM), while measuring cAMP level with the Epac-

SH150 sensor {Polito et al., 2013, Front Cell Neurosci, 7, 211; Yapo et al., 2017, J Physiol, 595, 

7451-7475}. For unknown reasons, forskolin increases cAMP more efficiently in D2 MSNs 

than in D1 MSNs, and to obtain a steady-state cAMP level in a suitable concentration range 

for optimal measurement with Epac-SH150, we used 200 nM fsk for D1 MSNs and 63 nM 

for D2 MSNs. This protocol increased the emission ratio to ??? and ??? in D1 and D2 MSNs 

respectively, corresponding to an approximative cAMP concentration of 4 µM. On this 

steady-state level, activation of PDE2A by DEANO (at t=0 seconds) led to a decrease in the 

emission ratio to half of the steady-state level, ie ??? and ??? in D1 and D2 MSNs, 

respectively, corresponding to approximately ?? µM cAMP. The effect of the DEANO was 

reversible after its wash out.

Figure 2 - PDE2A activation down-regulates cAMP levels induced by forskolin in both D1 and 
D2 MSNs in  Fmr1-null and WT mice. cAMP responses to forskolin (200 nM in D1 MSNs, A; 63 
nM in D2 MSNs, B) were measured with the cAMP biosensor Epac-SH150. Application of the NO 
donor DEANO (10 µM) at t=0 seconds decreased cAMP level in both D1 (A) and D2 MSNs (B). No 
difference was observed between WT (D1: N=10, n=64; D2: N=8, n=38) and Fmr1-null (D1: N=10, 
n=49; D2: N=5, n=23). Trace shading indicates SEM calculated per experiment.
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Lack of alteration in the transient response to dopamine in D1 MSNs

Figure 3 - The suppression of Fmr1 gene doesn't change the amplitude of the cAMP response to 
transient dopamine in the striatum. cAMP imaging with Epac-SH150. NPEC-DA (3 µM) uncaging. 
WT: N=13, n=57; Fmr1-null: N=18, n=80. Data points obtained from the same experiment are plotted 
with the same color.
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Fmr1-null show profound alterations when PDE2A and PDE4 are inhibited

We then tested whether the relative contribution of the different phosphodiesterases in 

the regulation of the cAMP response to dopamine might be different in the Fmr1-null 

condition (Figure 3). To this end, a first dopamine uncaging was performed, to record a 

reference response to dopamine, and again, these responses were not significantly different 

between WT and Fmr1-null. Then, PDE2A and PDE4 were both inhibited using BAY607550 

and rolipram. While bath application of this combination of inhibitors had little or no effect in 

WT mice, it induced a clear increase in baseline ratio in Fmr1-null mice. When uncaging 

dopamine in the presence of BAY and rolipram, the response was increased in WT mice, as 

already described, but this increase was much larger in Fmr1-null. Moreover, the response to 

dopamine displayed a prolonged elevated cAMP level, indicating a plateau of very high 

cAMP level for several minutes. 

Figure 4 - Inhibition of PDE2A and PDE4 leave insufficient cAMP control in Fmr1-null MSNs. 
Brain slices from wild type (A) and Fmr1-null (B) neonate mice were imaged with the cAMP 
biosensor Epac-SH150. NPEC-DA (3 µM) was uncaged twice in each experiment: the first time to 
produce a control response, the second time in the presence of BAY607550 (200 nM) and rolipram 
(100 nM). Experiments are synchronized at the time of the 2d uncaging, indicated by time 0. C: 
Overlay of the 2d response (in the presence of rolipram and BAY). Shading indicates SEM calculated 

per experiment.
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Discussion

These experiments show reveal several important points.

1/ Although PDE2A activity was clearly increased in Fmr1-null in the hippocampus, 

an effect that was shown to be a cause of some aspects of the fragile-X syndrome pathology 

{Maurin et al., 2018, Cereb Cortex, In press.}, no change in PDE2A function was observed in 

the striatum of the same mouse line. This indicates that molecular mechanisms in action in 

one brain region may not be engaged in another part of the brain.

2/ When PDE2 and PDE4 are inhibited, D1 MSNs have a hard time maintaining their 

cAMP level. This suggests that the remaining PDE, PDE10A, might be deficient in the Fmr1-

KO. 

3/ It is interesting to note that, in the context of this hypothesis, homeostatic 

adaptations occur to compensate for the lack of PDE10A action with an increased activity of 

PDE2A and/or PDE4, leading to a normal cAMP response to dopamine.

More experiments are required to determine whether this imbalance in PDE job 

sharing has a biochemical counterpart. This will be tested by performing western blots, to 

quantify the amount of each PDE subtype in the striatum.
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Unpublished data: non-canonical signaling

Mental illnesses such as schizophrenia, bipolar disorders and depression are major 
public health concerns worldwide. In the search for better treatments, it appears that the 
fundamental basis of psychiatric diseases are highly complex and the mechanisms of action of 
drugs remain largely ignored. In this part of my thesis work, I wanted to explore whether 
dopamine signal was integrated through two alternative signaling nodes, Akt/GSK3β and Erk. 
This approach will allow us to understand how drugs of clinical interest affect intracellular 
signal with the hope that a better understanding of the mechanism of action of such drugs 
might shed light on the pathophysiology, and eventually indicate novel therapeutic strategies.

Imaging the Akt/GSK3β signaling cascade

In this project, our aim was to determine how lithium and antipsychotic drugs affects 
the dynamics of Akt/GSK3β pathway and the cAMP/PKA pathway during the response to 
dopamine. Specific biosensors for Akt-dependent phosphorylation were selected from the 
literature. We prepared the Sindbis virus encoding the AktAR2 (Zhou et al., 2015) biosensor 
sequence. This biosensor was tested in culture cells and in brain slices but without success: in 
brain slice preparations as well as in NIH3T3 cells, no response was obtained (Figure 21). 
Then we decided to prepare the Eevee-iAkt biosensor for Akt (Miura et al., 2014) but we just 
have some preliminary data that we still need to confirm.

Figure 21 - Akt ratio levels showed no change in MSNs during transient dopamine receptors 
activation.

Observations:
- Response to NPEC-DA 10 µM (n = 2);
- No response to Dopamine 10 µM in the bath (n = 1).
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Imaging the ERK signaling cascade

For this project, we want to acknowledge Dr. Nicolas GERVASI for providing us with 
the EKAREV biosensor and Dr. Franck RIQUET for developing and providing us with the 
EKAR-EV GW4.0 biosensor.

In this project, our aim was to determine how the dynamics of ERK pathway is 
affected during the response to dopamine (Table 5).

Figure 22 - A2A and D1 receptors activation (with dopamine 10 µM and CGS21680 1 µM, 
respectively) increases ERK levels.

Table 5 - ERK responses in the striatum.

In addition, we also observed a tendency of baseline ratio to slowly drift up with time 
(Figure 22). We suspected that this slow upward drift resulted from tonic Erk kinase activity 
together with insufficient phosphatase activity, thereby slowly shifting the biosensor 
equilibrium toward the phosphorylated state. In other words, the Ekar biosensor, which 
reports the kinase / phosphatase equilibrium, accumulates phosphorylation with too little 

Positive responses

Dopamine 1 and 3 µM

SKF81297 100 nM

CGS21680 1 µM

Fsk 12.5 µM + IBMX 200 µM

Negative response

NMDA 50 µM

No response

NMDA 5 µM

U0126 10 µM

UNC 9994 1 µM

Aripiprazole 100 nM and 1 µM

LiCl 2 mM

Quinpirole
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dephosphorylation. Therefore, we tested a biosensor with faster dephosphorylation rate, which 
is EKAR-EV GW4.0 biosensor developed and provided by Franck Riquet. This other 
biosensor showed no clear difference with the previous EKAR-EV, in our conditions (Figure 
23). 

In conclusion, we observed that all pharmacological stimulations that lead to an 
activation of the cAMP/PKA signaling pathway also led, with a longer delay, to an increase in 
Ekar ratio. Agonists of dopamine D2 receptors had no effect in MSNs. Responses were small 
compared to a large time-dependent drift. Therefore, we conclude that these experimental 
conditions are not suitable to explore the coupling between D2 receptors and Erk activity.

Figure 23 - Positive response to SKF81297, similar to what was obtained with EKAR-EV 
GW4.0.

Why some neurons respond negatively to fsk + IBMX is hard to explain and needs further 
investigations.
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Side project: β-adrenergic receptors in the striatum

Besides dopamine receptors, many other monoamines receptors are expressed in the 
striatum, like serotonin receptors (5-HT2A, 5-HT4, 5-HT6 and 5-HT7) and β-adrenergic 
receptors. While dopamine action through the canonical cAMP/PKA pathway in the striatum 
is well known, the role of serotonin and noradrenaline neuromodulators is less understood.

I participated in the characterisation of how these receptors affect the dynamics of the 
cAMP/PKA signaling cascade in D1 and D2 MSNs. 

Observations:
- MSNs expressing Epac-SH150 biosensor showed a cAMP increase in response to 

isoproterenol and a desensitization;
- These neurons exhibit a response to isoproterenol, indicating the functional presence 

of β-adrenergic receptors;
- The serotonin responses were small and complex.

Conclusions: MSNs express functional beta-adrenergic receptors.
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IV - Discussion

During my thesis I wanted to understand how the phasic dopamine release in the 
striatum is integrated at cellular level by MSNs. Using biosensors for cAMP and PKA, it was 
possible to better understand the integration of phasic dopamine at the level of cAMP and 
PKA phosphorylation in the canonical signaling. I was interested in understanding the 
dynamics of the individual D1 and D2 MSNs integrating this phasic dopamine, analysing 1) 
the role of the principal striatal expressed PDEs, PDE1B, PDE2A, PDE4 and PDE10A; 2) 
then comparing these normal responses with a pathological situation, in the context of fragile 
X syndrome; 3) because I worked in collaboration with a team that found an elevated 
expression of PDE2A in hippocampal Fmr1-KO neurons, I assessed whether the increased 
abundance of the PDE2A protein in Fmr1-KO mouse was affecting the cAMP levels in CA1 
area of the hippocampus. I also tried to analyze non-canonical signaling cascades activated by 
dopamine receptors.

1. PDE10A is a critical regulator of cAMP in D1 and D2 MSNs

The phasic release of dopamine in the striatum associated with rewarding events 
regulates direct and indirect pathway MSNs in opposite ways:

- Phasic activation of D1 receptors in direct-pathway MSNs induces a peak of cAMP 
concentration followed by a fast decrease of cAMP due to the extinction of dopamine 
action together with an efficient degradation of cAMP by PDEs. The transient increase 
in cAMP is sufficient to activate PKA.

- Symmetrically, phasic activation of D2 receptors in indirect-pathway MSNs induce a 
decrease in cAMP and PDE activity is crucial to obtain this reduction of cAMP. This 
decrease in cAMP down to the lowest level allows for the de-activation of PKA. 

Of all PDEs functionally present in the striatum, PDE10A appears as the main route of 
cAMP degradation. In a previous work, the team has shown that PDE10A is responsible for 
degrading the low cAMP levels tonically produced in basal condition (Polito et al., 2015). My 
thesis work largely extended this observation by showing the critical role also played by 
PDE10A in the integration of transient dopamine signals: we found that PDE10A is required 
for degrading cAMP down to a low level that permits the rapid neuronal integration of 
dopamine signals in both D1 and D2 MSNs. In the context of the negative cAMP response in 
D2 MSNs, PDE10A appears indispensable for the degradation of cAMP levels down to the 
lowest level, sufficiently low to de-activate PKA and allow for the dephosphorylation of PKA 
targets. Indeed, the affinity of the regulatory subunit of PKA for cAMP is in the sub-
micromolar range, while PDE10A has a Km of 0.25 µM for cAMP. PDE10A being the only 
high-affinity PDE in the striatum, its action is required to transduce a negative dopamine D2 
signal into a suppression of PKA activity. Functionally, PDE10A inhibition thus plays a 
similar role as the inhibition of D2 dopamine receptors, which was the initial mechanistic 
explanation for PDE10 inhibitors exhibiting some antipsychotic features. 

At high levels of cAMP, ie, in the context of D1 MSN responses, after the fast cAMP 
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increase, we observed that PDE10A inhibition considerably slowed-down cAMP degradation. 
PDE10A inhibition thus profoundly impaired dopamine signal integration in D1 MSNs, with 
transient dopamine signals translating into long-lasting phosphorylation of PKA targets in D1 
MSNs. Again, this situation prevents the detection of phasic dopamine: a single dopamine 
signal turned-on PKA-dependent phosphorylation for a long time in brain slices (Figure 5 in 
article #2). D1 MSNs remained at an elevated PKA phosphorylation state for the duration of 
our recordings in brain slice preparations (how the phosphorylation state eventually returns to 
baseline level remains to be studied). In any case, such long-lasting high phosphorylation 
state was observed in vivo, where PDE10A inhibition led to histone phosphorylation in D1 
MSNs in the dorsolateral striatum (Polito et al., 2015). It is likely that, even though PDE10A 
inhibition alone was not sufficient to turn on PKA-dependent phosphorylation ex vivo, when a 
PDE10A inhibitor was administered in vivo, it led to the phosphorylation of a PKA target in 
both D1 MSNs and D2 MSNs. 

In summary, PDE10A inhibition blunts the integration of transient dopamine signal 
and tends to switch both D1 and D2 MSNs to the PKA phosphorylated up-state.

2. PDE1B, PDE2A and PDE4 degrade high levels of cAMP 

While PDE10A operates on both low and high cAMP concentrations, PDE1B, PDE2A 
and PDE4, with Km ranging from micromolar to 100 µM, should work primarily on relatively 
high cAMP concentration levels. As previously published by our team, PDEs 2 and 4 have 
shown no activity on basal cAMP levels in D1 or D2 MSNs (Polito et al., 2013; Castro et al., 
2013), which is consistent with their low affinity for cAMP. In this work, we explored how 
can these PDEs regulate higher cAMP levels. 

Our experiments show that indeed, PDE 1, 2, 4 degrade cAMP at micromolar levels 
and above. This was observed with PDE1 in Article #1, where PDE1 was shown to regulate 
elevated steady-state cAMP or cGMP levels. PDE1 was also shown to regulate the peak 
cAMP response to transient dopamine stimulation. The effect of PDE2A was also seen on 
cAMP peaks produced by forskolin, or on the PKA response to dopamine (Polito et al., 2013). 
This observation was clearly confirmed on the response to transient dopamine in D1 MSNs as 
well as on the steady-state cAMP level produced by adenosine receptors in D2 MSNs (Article 
#2). Similarly, PDE4 also showed a contribution in the regulation of the cAMP peak resulting 
from transient dopamine stimulation, and in the regulation of the steady-state response to 
adenosine receptor stimulation (Article #2).

These observations point at a role of these PDEs during the integration of dopamine 
signals as well as in the regulation of steady-state (high) cAMP levels. 

3. Phosphodiesterases as coincidence detectors

However, we believe that the importance of these PDEs lies in their ability to integrate 
other neuromodulatory inputs on the cAMP response to dopamine.
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The coincidence of glutamatergic and dopaminergic inputs is of critical importance in 
the induction of synaptic plasticity and constitutes one cornerstone of theories of striatal 
function in reward-mediated learning. Being activated by calcium, PDE1 is thus positioned at 
a key place to detect the simultaneous release of glutamate and dopamine. 

In our protocols, to clearly observe the cAMP or cGMP degradation by PDE1, it was 
necessary to previously artificially increase these nucleotides concentration to observe a 
transient decrease of these cyclic nucleotides levels during transient NMDA (glutamate) 
release in both MSNs, an effect that was blocked by the selective PDE1 inhibitor.

PDE1 activity was only observed in the presence of calcium in striatum, prefrontal 
cortex and hippocampus (regions CA1, CA3 and dentate gyrus) of mice brain slices. Although 
PDE1 is highly expressed in MSNs, this enzyme is overall inactive in our conditions because 
our experiments are always performed in hyperpolarized conditions and in the presence of 
TTX to block electrical activity. Thus, PDE1 is active only during biological events that 
promote calcium increases, like glutamate release, in our experiments. It is likely that other 
events triggering an increase in intracellular calcium such as the activation of voltage-
activated calcium channels, or the release of intracellular calcium stores may also activate 
PDE1, but this remains to be verified experimentally in neurons. 

Some forms of long-term potentiation (LTP), which plays a critical role in reward-
mediated learning in the striatum require the simultaneous activation of D1 receptors by 
dopamine and NMDA receptors. As indicated above, in D1 MSNs, a phasic dopamine signal 
is down-regulated by PDEs 2, 4 and 10, but if there is a coincidence of dopamine and 
glutamate in D1 MSNs the signal is also down-regulated by PDE1. Consistent with PDE1 
opposing the cAMP signals which are required for LTP induction, LTP was more powerful 
when PDE1 was inhibited (in rat ventral striatum), which potentially have important 
functional consequences in the regulation of synaptic plasticity and transmission. This is 
consistent with PDE1 opposing the cAMP signals which are required for LTP induction. The 
increase of cAMP response elicited by D1 receptors is reduced by the co-activation of DA and 
NMDA receptors, due to the PDE1 activation.

PDE2A can also play an interesting role in the detection of dopamine and NO 
coincidence. Although PDE2A is tonically active, its activity can be largely potentiated by 
cGMP, which is produced upon NO release by neighboring neurons. Thus, the biological 
coincidence of NO and dopamine will increase PDE2A activity degrading cAMP.

4. PDE2A is critical for normal hippocampal neurons maturation

cAMP levels were compared in Fmr1-KO and WT mice using cAMP biosensor 
imaging in single neurons of the CA1 region of the hippocampus. cAMP levels elicited by 
PDE2A activation, via NO donor DEANO, on the steady-state of forskolin stimulation were 
significantly lower in the absence of FMR1 expression, consistent with an elevated PDE2A 
activity in the Fmr1-KO hippocampus. Moreover, the cAMP decreasing kinetics upon PDE2A 
stimulation with DEANO was significantly faster in Fmr1-KO neurons than in WT, proving 
again an elevated activity or expression of PDE2A in hippocampal Fmr1-KO neurons.
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Elevated PDE2A activity dysregulation is involved in the physiopathology of FXS, 
due to the absence of FMRP, which is resulting in decreased cAMP levels in mice CA1 region 
of the hippocampus from Fmr1-KO mice brain slices.

An overexpression of PDE2A is deleterious and critical for proper neuronal 
maturation. In fact, the decreased cAMP levels due to the excessive PDE2A activity results in 
an exaggerated long-term depression (LTD) induced by mGluR activation (AMPA receptor-
mediated excitatory postsynaptic currents (EPSCs)) in the Fmr1-KO CA1 pyramidal neurons 
synapses. Blockade of PDE2A reverted (rescued) the exaggerated mGluR-LTD in the Fmr1-
KO mice CA1 pyramidal neurons from hippocampus. This shows the implication of PDE2A-
mediated regulation of cAMP and cGMP in the exaggerated mGluR-dependent LTD in Fmr1-
KO mice. Thus, inhibition of PDE2A can prevent the exaggerated synaptic plasticity.

Both cAMP and cGMP have been reported to play critical roles in axonal growth and 
dendritic spine maturation. Another hallmark of the functional absence of FMRP is the 
presence of abnormal immature dendritic spines and axonal length in the brain of FXS 
patients and models. Inhibition of PDE2A activity restores/rescues the maturation of axonal 
length and dendritic spine morphology in Fmr1-KO cultured cortical neurons. Importantly, 
PDE2A inhibitor treatment affected neither the length of mature spines nor the density of 
dendritic protrusions in FXS neurons.

All these observations proves clearly that PDE2A overexpression is critical for a 
healthy brain maturation/development.

Although PDE2A activity was clearly increased in Fmr1-KO in the hippocampus, 
resulting in the FXS pathology, no change in PDE2A activity was observed in the striatum 
during AC responses. This indicates that PDE alterations in one brain region may not be 
engaged in another part of the brain. Thus a treatment with a PDE2A inhibitor to restore the 
cAMP in CA1 region of hippocampus can affect the normal activity of PDE2A in the 
striatum, in other brain regions or even in others peripheral organs.

5. Is striatal PDE10A activity decreased in a genetic model of mental 

retardation ?

An optimal PDE10A activity in MSNs is essential for a balanced integration of phasic 
dopamine signals through both D1 and D2 receptors. This led us to analyze striatal PDEs 
contribution in an animal model of fragile X syndrome. cAMP levels of Fmr1-KO and WT 
mice were compared during DA responses by MSNs and no differences were observed. 
However, when PDE2A and PDE4 were inhibited, D1 and D2 MSNs could no longer 
maintain their basal cAMP levels, suggesting that the remaining PDE, most likely PDE10A, 
might be deficient in the Fmr1-KO. This reduced PDE10A is essentially critical for the 
cAMP/PKA signaling in D2 MSNs, considering the important role of PDE10A for the 
negative cAMP responses in D2 MSNs, as referred above.

Considering that this PDE alteration was only observed when PDEs were individually 
analysed, our hypothesis is that the dopamine responses are apparently normal due to 
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homeostatic adaptations, which are occurring to compensate for the lack of PDE10A action. 
This reduced PDE10A activity may be compensated with an increased activity of other PDEs, 
leading to a normal cAMP response to dopamine. More experiments are required to determine 
whether this imbalance in PDE job sharing has a biochemical counterpart (extrusion through 
multi-drug-resistant protein, reduction of adenylyl cyclase activity, …). This will be tested by 
performing western blots, to quantify the amount of each PDE subtype in the dorsomedial 
striatum.

If this reduction in PDE10A expression level is confirmed biochemically, this may 
lead to a novel understanding of FXS, a complex syndrome which includes some features 
indicative of striatal dysfunctions like hyperactivity.

This critical role played by PDE10A thus seems to result from the high affinity for 
cAMP so that the enzyme works on very low cAMP concentration, together with a very high 
expression level, which provides a high total activity affecting high cAMP levels as well. An 
optimal PDE10A activity in MSNs is thus essential for a balanced integration of phasic DA 
signals.

6. Advantages and limitations of biosensor imaging

In order to understand what happens intracellularly at the biochemical level, we used 
several biosensors to monitor cyclic nucleotide signaling at different levels: we used very 
efficient biosensors to measure cAMP concentration, PKA/phosphatase activity, cGMP 
concentration and calcium concentration. This biosensor approach had several key advantages 
over more classical biochemical or immunohistochemical approaches. First, cellular imaging 
provided simultaneous recording of D1 and D2 MSNs: while dopamine activates D1 and D2 
receptors simultaneously, imaging at the single cell level allowed the simultaneous recording 
of the opposite cAMP responses, something that would be impossible with classical 
biochemistry techniques. 

The temporal dimension is critical in the integration of transient dopamine signals, 
with phasic dopamine release occurring over time-scales covering a range from sub-second to 
several seconds to minutes. While biosensor recordings can easily monitor events at the sub-
second time-scale, we couldn't benefit from this since we were unable to produce dopamine 
transients that were short enough to mimic real phasic dopamine release, since diffusion of 
dopamine out of the imaging field requires ~100 s (Yapo et al., 2017). Nevertheless, 
dopamine stimulation in the 100 s time-range was still a large improvement over resolution 
obtained with former approaches and nicely matched the dynamics of cAMP signals. 

Biosensor imaging allows to measure the concentration of a molecule within the 
detection limit (sensibility) specific of the biosensor. For example, it is possible to follow the 
gradual change in cAMP concentration over time within a concentration range that allowed us 
to monitor D1 and D2 responses. This approach also allows to do an internal control with two 
successive stimulations in the same neurons, because the biosensor recording of two 
successive stimulations is reproducible. 
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Biosensor imaging allows the measurement at two levels of the signaling cascade, in 
order to better understand the signal integration: it is possible to measure intracellular cAMP 
levels and PKA activity. Although we did not measure both signals at the same time, the 
signals are reproducible and homogeneous enough to repeat several times each measure with 
either cAMP or PKA biosensor, to analyze how changes in cAMP concentration affects the 
phosphorylation at PKA level. In the same way, biosensor imaging also allows the 
measurement of parallel signaling cascades such as cAMP and cGMP.

Another example is the use of calcium biosensor to confirm that it was effectively the 
calcium level increase in presence of NMDA that activated PDE1. In this way, we know that 
the PDE1 activity can be properly followed using cAMP or cGMP biosensors with this 
protocol previously validated with calcium biosensor in exactly the same conditions. This 
kind of measurements helps to better understand the relationship between different molecular 
signals.

Still, biosensor imaging presents some limitations, like the difficulty to measure two 
signals simultaneously. However, in our type of protocol, this limitation can be circumvented 
easily with the repetition of the same protocol using different biosensors. Alternatively, 
simultaneous recording with a second biosensor with a different pair of fluorescent proteins is 
also a possibility, as illustrated recently (Demeautis et al., 2017).

Our experiments were all performed in wide field microscopy, which limits the 
detection of the signal to the cellular body of the neurons; to observe the signal from the 
dendrites it would be necessary to image with two-photon excitation microscopy; however the 
phasic liberation of dopamine performed with the uncaging of a caged-dopamine molecule 
and the kinetics of the responses to this stimulation are faster than the full-frame acquisition 
rate with the 2-photon microscope. 

We also tested Akt and ERK biosensors (AktAR2, Eevee-iAkt, EKAR-EV and EKAR-
EV GW4.0) in order to explore the non-canonical signaling downstream of dopamine D2 
receptor. However, in our experimental conditions, the activation of D2 receptors produced no 
signal with these biosensors. As a control, we verified that the different variants of Erk 
biosensors responded positively to the activation of the cAMP/PKA signaling pathway, as 
well as to NMDA stimulation in the striatum and in the hippocampus. Akt biosensors also 
responded positively to a chemical activator of Akt. We hypothesized that can be due to the 
fact that our basal conditions are already inducing a maximal phosphorylation of AktAR2, 
Eevee-iAkt, EKAR-EV and EKAR-EV GW4.0 biosensors. However, phasic NMDA 
stimulation in striatum and hippocampus induced slow but significant ERK responses. In this 
way, maybe it is necessary to adapt and optimise our experimental conditions in order to be 
able to read this kind of biosensors. Still, it can be also necessary to improve the quality of 
this kind of biosensors.
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V - Conclusions and perspectives

In conclusion, my thesis work contributes to a better understanding of the integration 
of phasic dopamine signals by MSNs in the striatum. FRET biosensors for cAMP and PKA 
were revealed as powerful approach to observe fast events, at cellular level, the integration of 
phasic dopamine signals at the level of cAMP and PKA phosphorylation in the canonical 
signaling.

My thesis work revealed the crucial role played by PDE10A in the integration of 
transient dopamine signals in the striatum, in both D1 and D2 MSNs. Inhibiting PDE10A can 
seem an excellent therapeutic target due to its high and selective expression in MSNs, but 
considering the crucial physiological role played by PDE10A, which can not be replaced by 
any other PDE, it is not surprising that some undesirable side effects have been reported. Even 
if PDE10A inhibition suppresses the negative action of dopamine on PKA-dependent targets 
in D2 MSNs, working like an antipsychotic, PDE10A inhibition also affects D1 MSNs, which 
can then switch to a state of high PKA-dependent phosphorylation level. This may explain 
why phase II clinical trials (ClinicalTrials.gov: NCT01175135) with PDE10A inhibitors 
reported unwanted effects.

In the fragile X syndrome, PDE2A was revealed to be expressed at a higher than 
normal level in the hippocampus, and PDE2A could therefore be considered as a therapeutic 
target. However, in striatal MSNs, we observed that PDE2A activity was not altered. 
Moreover, PDE2A is broadly expressed not only in CNS but also in peripheral organs. Thus 
we must consider that PDE2A inhibition as a pharmaceutical strategy to regulate cyclic 
nucleotides in hippocampus can dysregulate cyclic nucleotides in other brain regions or 
peripheral organs. One of the PDE2A inhibitors was tested in two phase I clinical trials for the 
treatment of migraine: one test terminated prematurely due to safety concerns and the other 
was withdrawn prior to participant enrollment (ClinicalTrials.gov: NCT01981499 and 
NCT01981486). There are no published details about these safety concerns. Moreover, 
PDE2A knockout mouse phenotype is lethal at embryonic day 17. Despite these drawbacks, 
there are still clinical trials in development.

Still in the pathology of FXS, our work shows that PDE10A activity is possibly 
reduced in the striatum. However, the cAMP levels apparently are not altered, which means 
that are a cellular mechanism that compensate for the lower activity of PDE10A. Western Blot 
analyses are already being performed to check which striatal PDEs are altered in the context 
of FXS. 

I believe that with my thesis work I contributed to the understanding of the dynamics 
of the individual D1 and D2 MSNs integrating the phasic dopamine signal and the role of the 
principal striatal expressed PDEs. At physiological level, PDE1B, PDE2A, PDE4 and 
PDE10A moderate high cAMP levels in MSNs. PDE1B and PDE2A detect the coincidence of 
dopamine with glutamate or NO, respectively.

In general, this thesis proves how important are PDEs in the spatio-temporal 
regulation of cAMP during the integration of transient dopamine signals. The role of PDE1B, 
PDE2A and PDE4 in D1 MSNs and the role of PDE10A in both D1 and D2 MSNs in the 
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integration of transient dopamine signals can be useful to better understand how these PDEs 
can be targeted in diseases related with dopamine signaling alterations. These findings can be 
useful to understand and develop better therapeutic strategies related to alterations in 
dopamine release. In fact, PDE1 inhibition has been indicated as a potential therapeutic for 
Parkinson’s disease, PDE2A inhibition for cognition and learning, PDE4 inhibition for 
depression, anxiety, cognition enhancement, Alzheimer’s disease and Parkinson’s disease, and 
PDE10A inhibition for Schizophrenia, Huntington’s disease and cognition enhancement 
(Maurice et al., 2014).

Finally, my thesis work is essentially about the canonical cAMP/PKA signaling in 
response to dopamine. But, I also tried to analyze non-canonical signaling cascades activated 
by dopamine receptors. Several studies suggest that the D2 receptor is coupled to others 
signaling cascade, such as the Akt/GSK3-beta and MAPK. Moreover, it seems that the 
therapeutic activity of antipsychotics activates these cascades. Antipsychotics, like 
haloperidol and aripiprazole, work as D2 receptor inhibitors. Thus, we wanted to understand 
how dopamine and antipsychotics modulate signaling cascades like Akt/GSK3-beta and the 
Erk signaling cascades. Akt biosensor was functional but did not respond to dopamine or 
antipsychotics drugs. Erk biosensor responded via cAMP/PKA to dopamine and adenosine, 
but not to D2 receptor drugs. Thus, the coupling of dopamine receptors with alternative 
signaling cascades remains unclear in our experimental conditions. 

It is amazing how dopamine signaling is vital. It is essential for our mental health an 
equilibrated balance of dopamine signaling, that is highly associated with reward and 
learning, and has an impact in our life in all aspects, economic and political power, 
knowledge, relationships, … everything in our life that give us reward and motivation; an 
imbalance in dopamine signaling in MSNs is translated in diseases that affect our life quality, 
health, and even our social life. The dopamine system internal signals to behavior is not 
simple, and we also must consider the other neuromodulatory systems: norepinephrine, 
serotonin, acetylcholine. There is still a lot of functions to unravel not only at physiological 
level, but also in brain disorders or lesions. The investigation of dopamine function and the 
underlying networks is still a big challenge but it is of public interest. An equilibrated 
dopamine signaling cascade in our brain is what gives us reasons to live!
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Dopamine and non-canonical signaling

Abstract

Striatal medium-sized spiny neurons (MSNs) integrate dopamine signals mainly 

through the cAMP signaling pathway. Dopamine D1 or D2 receptors trigger an increase or a 

decrease in cAMP levels, respectively. My thesis focuses on how phosphodiesterases (PDEs), 

which degrade cAMP, are involved in the integration of dopamine signals in the striatum. I 

used genetically-encoded FRET biosensors to monitor cAMP level in real time in individual 

living neurons in striatal brain slice preparations. I used selective inhibitors to determine the 

function of each PDE.

PDE1B, which is activated by calcium-calmodulin, appears as a detector of the 

coincidence of dopamine and glutamate signals, which is critical in the regulation of synaptic 

plasticity involved in reward-based learning. PDE10A shows the most prominent activity, 

efficiently degrading both high and low cAMP levels. PDE10A activity is required to allow 

for PKA de-activation, and therefore needed to transduce a dopamine signal through D2 

receptors into a decrease in PKA-dependent phosphorylation. PDE2A and PDE4 appeared to 

degrade only high levels of cAMP, preventing large increases in cAMP. PDE2A, which 

activity can be increased by cGMP, also appears as a detector of dopamine and NO 

coincidence. 

Understanding PDE functions can highlight their potential as therapeutic targets in 

CNS pathologies. As an example, we showed an increased PDE2A function in the 

hippocampus of a mouse model of Fragile X syndrome.

Besides the cAMP/PKA pathway, dopamine D2 receptors is reported to activate non-

canonical pathways. Attempts to use biosensors for Akt and ERK pathways did not provide 

conclusive data.

Keywords

Dopamine, striatum, cAMP/PKA signaling pathway, phosphodiesterases, genetically-encoded 

FRET biosensor imaging, cyclic GMP.



Dopamine et signalisation non canonique 

Résumé

Les neurones épineux striataux de taille moyenne (MSN) intègrent les signaux médiés 

par la dopamine principalement par la voie de signalisation de l'AMPc. Les récepteurs 

dopaminergiques D1 ou D2 déclenchent respectivement une augmentation ou une diminution 

du taux d'AMPc. Ma thèse porte sur la manière dont les phosphodiestérases (PDE), qui 

dégradent l'AMPc, sont impliquées dans l'intégration des signaux de dopamine dans le 

striatum. J'ai utilisé des biosenseurs FRET génétiquement codés pour surveiller le niveau 

d'AMPc en temps réel dans des neurones individuels vivants dans des préparations de 

tranches de cerveau striatal. J'ai utilisé des inhibiteurs sélectifs pour déterminer la fonction de 

chaque PDE.

La PDE1B, qui est activée par la calcium-calmoduline, apparaît comme un détecteur 

de la coïncidence des signaux de dopamine et de glutamate, ce qui est essentiel dans la 

régulation de la plasticité synaptique impliquée dans l’apprentissage par récompense. La 

PDE10A montre l'activité la plus importante, dégradant efficacement les taux d'AMPc élevés 

et faibles. L'activité PDE10A est nécessaire pour permettre la désactivation de la PKA, et 

donc nécessaire pour transduire un signal de dopamine à travers les récepteurs D2 en une 

diminution de la phosphorylation dépendante de la PKA. PDE2A et PDE4 ont semblé ne 

dégrader que des niveaux élevés d’AMPc, empêchant de fortes augmentations d’AMPc. La 

PDE2A, dont l’activité peut être augmentée par le GMPc, apparaît également comme un 

détecteur de coïncidence dopamine et NO.

Comprendre les fonctions des PDE peut mettre en évidence leur potentiel en tant que 

cibles thérapeutiques dans les pathologies du SNC. A titre d'exemple, nous avons montré une 

fonction accrue de PDE2A dans un modèle de souris du syndrome du X fragile.

En plus de la voie AMPc/PKA, les récepteurs de la dopamine D2 pourraient également 

activer des voies non canoniques. Les tentatives d'utilisation de biosenseurs pour les voies Akt 

et ERK n'ont pas fourni de données concluantes.

Mots clés

Dopamine, striatum, voie de signalisation AMPc/PKA, phosphodiesterases, imagerie par 

biosenseur FRET génétiquement codée, GMP cyclique.


