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Abstract

Background and Purpose: Dopamine in the striatum plays a crucial role in reward

processes and action selection. Dopamine signals are transduced by D; and D, dopamine
receptors which trigger mirror effects through the cAMP/PKA signalling cascade in D1 and D2
medium-sized spiny neurones (MSNs). Phosphodiesterases (PDEs), which determine the profile
of cAMP signals, are highly expressed in MSNs, but their respective roles in dopamine signal
integration remain poorly understood.

Experimental approach: We used genetically-encoded FRET biosensors to monitor at the
single cell level the functional contribution of PDE2A, PDE4 and PDE10A in the changes of the
cAMP/PKA response to transient and continuous dopamine in mouse striatal brain slices.

Key Results: We found that PDE2A, PDE4 and PDE10A operate on the moderate to high
cAMP levels elicited by D, or Axs receptor stimulation. In contrast, only PDE10A is able to
reduce cAMP down to baseline in both type of neurones, leading to the dephosphorylation of
PKA substrates.

Conclusion _and Implications: In both MSN types, PDE10A inhibition blunts the
responsiveness to dopamine, whereas PDE2A or PDE4 inhibition reinforces dopamine action.

Abbreviations

BAY: BAY 607550

CGS: CGS 21680

fsk: forskolin

GAF-B domain: cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA type B domain
LED: Light-Emitting Diode

MSN: Medium-sized Spiny Neurone

PDE: cyclic-nucleotide specific phosphodiesterase
PDE2A: type 2A phosphodiesterase

PDE4: type 4 phosphodiesterases

PF: PF-05180999

PSB: PSB36

roli: rolipram

picla: piclamilast

TC-E: TC-E 5005

Keywords

Dopamine; Phosphodiesterases; Striatum; Biosensing Techniques; cAMP; cAMP-
Dependent Protein Kinase.
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Bullet point summary

What is already known

* Dopamine acts through the cAMP/PKA signalling pathway, which requires the activity of
phosphodiesterases.

» Several phosphodiesterases are expressed in striatal medium-sized spiny neurones, with
different enzymatic properties.

What this study adds

* Inhibition of PDE10A blunts dopamine action

* Inhibition of PDE2A or PDE4 reinforces dopamine action

Clinical significance

*  Mechanistic understanding of dopamine - phosphodiesterase interplay may help design novel
therapeutic strategies for schizophrenia.
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Introduction

Dopamine neurotransmission in the striatum is involved in reward-mediated learning and
action selection (Surmeier et al., 2007; Kreitzer & Malenka, 2008; Cerovic et al., 2013; Klaus,
Alves da Silva, & Costa, 2019). Stimuli predicting a reward trigger the phasic release of
dopamine and the timely integration of transient dopamine signal is an important determinant of
its action (Gonon, 1997; Schultz, Dayan, & Montague, 1997; Day et al., 2007). Dopamine
signals are integrated via the cAMP/PKA signalling pathway, and cyclic-nucleotide-specific

phosphodiesterases (PDEs), which degrade cAMP, are therefore expected to play an important
role. Thus, the transient activation of D, receptors triggers an increase in cAMP production,
which is terminated by PDE activities. Symmetrically, activation of D, receptors shuts off
adenylyl cyclase activity and PDE activities are required to degrade cAMP.

The main target of cAMP in striatal neurones is PKA. The proper transduction of a
dopamine signal therefore requires that, after adenylyl cyclase is switched off, cAMP level
should be lowered in a concentration range where PKA shows little or no activity. Striatal
neurones mainly express PKA regulatory subunits of type IIf} (Cadd & McKnight, 1989), which
is activated by cAMP in a 0.1-1 pM concentration range (Dostmann & Taylor, 1991). As
highlighted by previous theoretical work (Neves-Zaph, 2017), PDEs with specific Km, Vmax,
expression level and subcellular localisation are therefore expected to play different functional

roles in the integration of dopamine signals. In this context, we wanted to determine whether the
different PDEs expressed in the striatum contributed differently to the integration of dopamine
signals.

In situ hybridisation and qPCR in the dorsal striatum reported a particularly robust mRNA
expression of the Pdelb, Pde2a, Pde7 and Pdel0a genes, and a more marginal expression of
Pde4b and Pde8b (Lakics, Karran, & Boess, 2010; Kelly et al., 2014). Pde7b mRNA is highly
expressed, but the presence of PDE7B protein has not been reported in the striatum so far. The
PDEI1B protein is highly expressed in MSNs (Polli & Kincaid, 1994; Yan et al., 1994). PDEIB
has a Km of 33 uM for cAMP (Poppe et al., 2008). Our previous work showed that, in DI
MSNs, PDEL1 efficiently degrades high cAMP levels in the context of dopamine and NMDA
coincidence (Betolngar et al., 2019). This work also demonstrated the lack of PDE1B activity in
MSNs in our experimental conditions unless glutamate receptors were activated. In the present
work, intracellular calcium was not increased with glutamate, action potentials were blocked
with tetrodotoxin, and therefore PDE1B did not contribute to the effects we analysed here.

High levels of PDE2A protein have been reported in the striatum (Stephenson et al., 2009;
Stephenson et al., 2012). Its activity is potentiated up to 40 fold by cGMP binding to its GAF-B
domain (Martins, Mumby, & Beavo, 1982; Martinez et al., 2002; Jager et al., 2010). PDE2A can
thus mediate a cross-talk between the cGMP and cAMP pathways, as demonstrated in a previous
study (Polito et al., 2013). PDE2A has a Km estimated in a 46 - 112 uM range (Sudo et al., 2000;
Poppe et al., 2008), suggesting that PDE2A mainly regulates high cAMP levels.

The A, B and D isoforms of PDE4 are also expressed in MSNs (Cherry & Davis, 1999;
Pérez-Torres et al., 2000; Nishi et al., 2008; Nishi & Snyder, 2010). PDE4B is the main isoform
expressed in the striatum, with higher expression in D2 MSNs than in D1 MSNs (Nishi et al.,

Phosphodiesterases contribution to dopamine signal integration 5


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=940
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=260
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=260
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2352
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=214
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=215&familyId=20&familyType=GPCR
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=284
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1475&familyId=284&familyType=ENZYME
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=260&objId=1297#1297
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1301&familyId=260&familyType=ENZYME

2008; Nishi & Snyder, 2010). The PDE4 family degrades cAMP with a Km estimated in a 2.5 -
5.5 uM range (Sudo et al., 2000; Bender & Beavo, 2006; Poppe et al., 2008), higher than the
range of cAMP concentration that is sufficient to activate PKA.

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. In
contrast to PDE2A and PDE4, PDE10A presents a much lower Km for cAMP, in a range of
0.05-0.25 pM (Wang et al., 2007; Poppe et al., 2008). This suggests a major action of PDE10A
on low cAMP levels. Previous studies showed differences between D1 and D2 MSNs in their
responsiveness to partial PDE10A inhibition, both in vivo and in brain slices (Threlfell et al.,
2009; Polito et al., 2015). This D,/D; imbalance was consistent with PDE10A inhibitors
mimicking the D, antagonistic action of antipsychotic agents. PDE10A inhibition has therefore
been largely studied as a therapeutic strategy in the treatment of schizophrenia or Huntington's
disease (Kehler, Ritzén, & Greve, 2007; Menniti et al., 2007; Chappie et al., 2009; Kehler &
Nielsen, 2011; Schiilke & Brandon, 2017; Menniti, Chappie, & Schmidt, 2020; Harada et al.,
2020). While clinical results did not confirm these expectations, a better understanding of
PDEIOA involvement in dopamine action may eventually reveal the cellular underpinnings of
schizophrenia (Menniti et al., 2020).

In this work, we wanted to delineate the respective functional roles played by PDE2A,
PDE4 and PDEI10A in the integration of dopamine signals. We used pharmacological inhibitors
to selectively block these PDEs while monitoring the cAMP or PKA responses to dopamine with
real-time measurement with FRET biosensors. Our data reveal that PDE10A inhibition exerts
diametrically opposed effects to those produced by the inhibition of the other
phosphodiesterases.
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Methods

Biosensor imaging in brain slice preparations

Mice (male and female C57BL/6J; Janvier labs) were housed under standardised conditions
with a 12 hours 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 which complies with the commonly-
accepted “3Rs”. Brain slices were prepared from mice aged from 7 to 11 days. Mice were
decapitated and the brain quickly removed and immersed in ice-cold solution of the following
composition: 125 mM NaCl, 0.4 mM CaCl,, 1 mM MgCl,, 1.25 mM NaH,POs, 26 mM NaHCO:;,
20 mM glucose, 2.5 mM KCI, 5 mM sodium pyruvate and 1 mM kynurenic acid, saturated with
5% CO, and 95% O.. Coronal striatal brain slices were cut with a VT1200S microtome (Leica).
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-S™'*° (Polito et al., 2013) or AKAR4 reporter of PKA/phosphatase equilibrium
(Depry, Allen, & Zhang, 2011) were expressed using the Sindbis virus as vector (Ehrengruber et
al., 1999): the viral vector was added on the brain slices (~5 x 10° particles per slice), and the
infected slices were incubated overnight at 35°C under an atmosphere containing 5% CO..
Before the experiment, slices were incubated for 30 min in the recording solution (125 mM
NaCl, 2 mM CaCl,, 1 mM MgCl,, 1.25 mM NaH,PO,, 26 mM NaHCO;, 20 mM glucose, 2.5
mM KCl and 5 mM sodium pyruvate saturated with 5% CO, and 95% O.). Recordings were
performed with a continuous perfusion of the same solution at 32°C.

Imaging was performed in the dorso-medial part of the striatum. Wide-field images were
obtained with an Olympus BX50WI or BX51WI upright microscope with a 40x 0.8 numerical
aperture water-immersion objective and an ORCA-AG camera (Hamamatsu). Images were
acquired with 1Vision (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 or 60 seconds, was increased to 0.2 Hz in order to
resolve peak dynamics, starting 10 data points before drug 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 calculation, which cancels various
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imaging artefacts. Biosensor activation level was quantified by ratiometric imaging: donor
fluorescence divided by acceptor fluorescence for Epac-S™*°, 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 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). Rare cholinergic interneurons, recognised by their morphology and cell body size
larger than 13 pm, were excluded from our analysis.

Materials

Solutions were prepared from powders purchased from Sigma-Aldrich (St Quentin-
Fallavier, Isére, France). Tetrodotoxin was from Latoxan (Valence, France). BAY607550 was
obtained from CliniSciences (Nanterre, France). Other drugs were from Tocris Bio-Techne
(Lille, France).

NPEC-DA, (N)-1-(2-Nitrophenyl)ethylcarboxy-3,4-dihydroxyphenethylamine, a chemical
precursor of dopamine which can be released by a flash of UV light, was stored at 100 mM
concentration in DMSO at -20°C. A new aliquot was used for every day of experiment, kept at
4°C in the dark. NPEC-DA (3 uM) 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 through the objective to convert all NPEC-DA in the imaging field
of view into free dopamine. Dopamine concentration in the brain slice then decays exponentially
with a time-constant of ~90 s (Yapo et al., 2017).

Data and statistical analysis

The data and statistical analysis comply with the recommendations on experimental design
and analysis in pharmacology (Curtis et al., 2018). Statistical tests were performed using Igor
Pro. Brain slices were considered independent. One experiment is defined as one brain slice
being used in a protocol such as that illustrated in Figure 1. Only a single experiment was
performed on each brain slice. Responses obtained from all neurones of the same type in one
experiment were averaged together; statistics were calculated per experiment (N); (n) indicates
the total number of neurones per condition; (A) indicates the number of animals used for
preparing all the brain slices used per condition (Tables 1-3). Responses were highly
reproducible, such that low repeat numbers were sufficient. Experiments were repeated 5-7 times
to allow for statistical analysis (Curtis et al., 2018). In Figure 7, TP-10 and BAY roli condition
was repeated only 4 times since it qualitatively confirmed the results with TC-E and PF picla. No
outlier was excluded in this study. The alpha level for statistical significance was fixed at 0.05,
indicated by * in figures and tables. n.s. indicates that the test was not significant. For some
conditions, the Shapiro-Wilk test rejected the hypothesis of normal data distribution and
therefore non-parametric statistics were used throughout this study. The Wilcoxon signed rank
test was used for paired data. The Wilcoxon-Mann-Whitney test was used to test whether the
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treatment increased the ratio value for unpaired data. Kruskal-Wallis followed by Dunn tests
were used for more than 2 conditions (Figure 6).

Estimates of cAMP concentration

Ratiometric imaging can be used to determine absolute analyte concentrations, with ratio
values following a Hill equation from Rmin, the ratio in the absence of ligand, to Rmax, the ratio
in the presence of saturating ligand (Grynkiewicz, Poenie, & Tsien, 1985). For Epac-S™*, ratio
values were translated into corresponding cAMP concentration estimates using a Hill equation
with a Kd of 10 uM and a Hill coefficient of 0.77 (Polito et al., 2013; Klarenbeek et al., 2015).
Rmax was determined for each neurone by the final application of forskolin and IBMX. The
basal ratio was estimated by inhibiting adenylyl cyclases with 200 uM SQ22536, which
decreased the ratio by 0.037 ratio units to reach the minimal ratio, Rmin. This value was not
statistically different between D1 and D2 MSNs (N=8, n=58, A=7). This basal ratio value of
0.037, corresponding to ~0.15 uM cAMP, was subtracted from baseline ratio when estimating
cAMP concentration.

Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the [IUPHAR/BPS Guide
to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20 (Alexander et al., 2019).
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Results

Imaging the cAMP/PKA signalling pathway in striatal brain slices

The striatum comprises ~90% of medium-sized spiny neurones (MSNs) distributed in two
sub-groups, which express dopamine receptors of either D, or D, type (Valjent et al., 2009;
Bertran-Gonzalez et al., 2010). These two sets of neurones will be hereafter called D1 MSNs and
D2 MSNs, respectively. D2 MSNs also express adenosine A, receptors, positively coupled to
cAMP production (Fink et al., 1992). A strict segregation of receptors in two separate MSN
populations can be readily imaged with wide-field microscopy in mouse striatal brain slices
expressing genetically-encoded biosensors for the cAMP/PKA signalling pathway (Yapo et al.,
2017; Betolngar et al.,, 2019). Ratiometric quantification provides real-time monitoring of
changes in cAMP/PKA signalling in several MSNs at the same time during the application of
drugs in the microscope chamber. The identity of D1 and D2 MSNs in the field of view can be
unambiguously revealed by its positive biosensor response to receptor activation: SKF-81297
(SKF, 100 nM), a Di-receptor selective agonist, and CGS 21680 (CGS, 1 uM), an A,. agonist,
respectively (Figure 1A). At the end of every experiment, the adenylyl cyclases activator
forskolin (fsk, 13 uM) together with the non-selective PDE inhibitor IBMX (200 puM) are
applied to reach the saturating ratio value, (Rmax) for the biosensor. For each neurone, the ratio
trace is normalised between the basal ratio, measured before the application of CGS, and Rmax
(Figure 1D), and expressed as dimensionless “normalised ratio”. Male and female mice pups
were used in this study, and no difference related to sex was observed.

PDE10A degrades low and high cAMP levels

First, we used the Epac-S""*° biosensor (Polito et al., 2013) to image the cAMP response to
transient dopamine stimulation and analyse PDE10A action on dopamine response (Figure 1B-
D). Since dopamine D, receptors are negatively coupled to cAMP production and since the basal
level of cAMP is low (see estimate of baseline cAMP level in Methods), intracellular cAMP
production was first increased selectively in D2 MSNs by applying the adenosine A, receptor
agonist CGS (Figure 1B a-b, 1C, blue traces on the graph). This mimics the adenosine tone in the
striatum. All stimulations with CGS in this study were performed in the presence of the
adenosine A, receptor antagonist PSB36 (PSB, 100 nM). The sodium channel blocker
tetrodotoxin (200 nM) was applied throughout the experiment to prevent the generation of
spontaneous action potentials, thus preventing the activation of PDE1B. Once a steady-state
cAMP level was reached in D2 MSNSs, a flash of UV light was applied to the field of view to
release dopamine (3 pM) from the “caged” precursor NPEC-DA (see details in Methods). This
brief dopamine stimulation transiently decreased cAMP level in D2 MSNs (Figure 1B b-c and
1C, blue traces), while it simultaneously increased cAMP in D1 MSNs (Figure 1B b-c and 1C,
green traces). These opposite changes in cAMP concentration in D1 and D2 MSNs with this
uncaging protocol have already been described, and were shown to be repeatable in the same
neurones with the same amplitude and kinetics (Yapo et al., 2017; Betolngar et al., 2019).

To test the functional role of PDE10A on dopamine-induced changes in cAMP levels, a
second trial with caged dopamine was performed in the presence of a PDE10A inhibitor. We
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used TC-E 5005 (TC-E, 1 uM) applied in the bath a few minutes before and maintained during
and after the release of dopamine (Figure 1B e-g, 1C). Application of TC-E alone significantly
increased the ratio level in D1 MSNs. In D2 MSNs, TC-E potentiated the cAMP response to
CGS. On this steady-state cAMP level, the second episode of dopamine uncaging induced a
transient cAMP increase in D1 MSNs and a small transient decrease in cAMP in D2 MSNs
(Figure 1B e-g). Traces from MSNs of the same type were averaged, and that average normalised
between baseline and Rmax (Figure 1D). Time 0 was set at the time of dopamine uncaging.

The same experiment was performed 6 times (N=6), and the average traces from each
experiment were averaged and displayed in Figure 2A (green for D1, blue for D2 MSNs). The
steady-state level measured before dopamine uncaging at time 0, and the peak response to
dopamine, were plotted with connecting lines to show for each experiment the ratio change
resulting from TC-E treatment. Normalised ratio values can be converted to an estimated cAMP
concentration (see Methods), indicated by a scale on the right of the graph. Numerical values are
indicated in Table 1.

In D1 MSN:ss, the steady-state level before dopamine uncaging (Figure 2A, “st. state”) was
increased by TC-E treatment, with corresponding cAMP concentration rising from ~0.5 to
~10 uM. TC-E also increased the peak response to dopamine uncaging, from ~10 to ~30 pM.

In D2 MSNs, the application of TC-E increased the steady-state ratio level elicited by Aza
receptor activation from ~6 to ~30 puM. The trough in cAMP level induced by dopamine
uncaging was reaching ~0.7 uM in control conditions, while in the presence of TC-E, that level
was reduced only to more than 10 uM, far from reaching the baseline. We also tested the effect
of TP-10 (1 uM), another potent and highly selective PDEI10A inhibitor closely related to
mardepodect (Schmidt et al., 2008), and obtained similar results (Figure 2B and Table 1).

These experiments show that PDE10A is an important regulator of basal cAMP level in D1
MSNs, as well as in the regulation of peak cAMP level during a positive cAMP response to
dopamine. In D2 MSNs, PDE10A participates in the regulation of the steady-state level reached
upon A,s receptor activation. PDE10A activity also appears required to decrease cAMP
concentration toward baseline level upon D, receptor activation, with cAMP levels remaining
above 5 uM if PDE10A is inhibited.

PDE2A and PDE4 contribution

We then evaluated the contribution of PDE2A using the same protocol as in Figure 1,
except that, instead of inhibiting PDE10A, we selectively inhibited PDE2A with BAY607550
(BAY, 200 nM, Figure 3A). In contrast to PDE10A inhibition, application of BAY had no effect
on basal ratio in D1 MSNs. However, it increased the amplitude of the cAMP response to
transient dopamine (Figure 3 C and Table 1).

In D2 MSN:ss, the application of BAY on top of the steady-state A,a response increased the
ratio. In contrast to PDE10A inhibition, dopamine uncaging in the presence of BAY decreased
cAMP level down to baseline (Figure 3 A, C): the minimal ratio level after dopamine release in
the presence of BAY was not different from control condition.
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To evaluate the contribution of PDE4, the same experiment was repeated using a selective
PDE4 inhibitor, rolipram (roli, I uM). The effect of roli was similar to that of BAY (Figure 3 B,
D).

These experiments show that PDE2A and PDE4 are both active in the regulation of the
peak cAMP response to dopamine in D1 MSNs. These PDEs also contribute to the moderation of
the steady-state cAMP response to Axs receptor stimulation in D2 MSNs. However, when either
PDE is blocked, D, receptor activation still leads to a decrease of cAMP concentration down to
baseline level.

Previous work in cardiomyocytes showed that different phosphodiesterases can act in
synergy to regulate cAMP signals (Mika et al., 2019), and PDE2A-PDE4 synergy has been
observed in memory processes (Paes et al., 2021). To test for the coincident activity of PDE2A
and PDEA4, both activities were blocked with PDE2A and PDE4 inhibitors (Figure 4). To rule out
any unspecific drug effects, the same protocol was tested with either BAY and roli, or with the
PDE2A inhibitor PF-05180999 (PF, 1 uM) and PDE4 inhibitor piclamilast (picla, 1 uM).

Inhibition of both PDE2A and PDE4 with BAY and roli had no effect on baseline cAMP
level in D1 MSNs (Figure 4 A and 4B, green traces), while PF and picla induced a significant,
but small, cAMP increase (~0.7 uM, Figure 4C). As expected from the potentiation of the D,
response obtained when either PDE was inhibited, the dopamine peak in DI MSNs was
significantly larger when both PDE2A and PDE4 activities were blocked.

Simultaneous inhibition of PDE2A and PDE4 also potentiated the cAMP response to A,a
receptor stimulation in D2 MSNs (Figure 4A and 4B, blue traces). When PDE2A and PDE4 were
simultaneous inhibited, D, receptor activation still led to a marked decrease in cAMP
concentration. With BAY and roli, or PF and picla, D, receptor activation decreased cAMP level
markedly, to a level that although higher than baseline, remained below ~3 uM.

These experiments show that PDE2A and PDE4 act synergistically: their individual
activities have moderate consequences in the profile of dopamine responses in D1 and D2
MSNss, but they jointly regulate high cAMP levels in D1 and D2 MSNs.

Integration at the PKA-dependent phosphorylation level

PDE2A and PDE4 thus appear to regulate high cAMP levels reached in D1 MSNs after
transient stimulation with dopamine, as well as high cAMP steady-state levels induced by Asa
adenosine receptor in D2 MSNs. However, if PDE10A is inhibited, PDE2A and PDE4 activities
are not sufficient to lower cAMP concentration below a ~5 uM range. cAMP degradation by
PDE10A activity therefore appears critical to allow for PKA de-activation and this hypothesis
was tested using a PKA-specific biosensor. We monitored the phosphorylation level of PKA
substrates using the AKAR4 biosensor, an improved biosensor for monitoring the equilibrium
between PKA and phosphatases activities (Depry et al., 2011). PKA activity was first increased
in D2 MSNs using CGS in the presence of PSB (Figure 5A a-b), increasing the ratio to the
maximal level. Dopamine uncaging (NPEC-DA, 3 uM) produced a transient ratio increase in the
D1 MSNs while D2 MSNs displayed a transient ratio decrease (Figure 5). These measurements
are consistent with our previous results obtained with the AKAR3 biosensor (Yapo et al., 2017).
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To test for the functional role of PDE10A, PDE2A and PDE4 at the level of PKA-
dependent phosphorylation level, the same experiment was performed in the presence of TP-10
(Figure 6A) or BAY and roli (Figure 6B). This protocol consistently showed that PDE10A
inhibition with TP-10 profoundly altered the responsiveness to transient dopamine (Figure 6C,
D, red traces and Table 2): upon TP-10 treatment, D1 MSNs started off from a high ratio level
that was not increased by dopamine nor fsk and IBMX. In this condition, transient dopamine
signal was not transduced at the level of PKA-dependent phosphorylation. In D2 MSNs,
transient dopamine induced little reduction in PKA signal. In contrast to TP-10, the inhibition of
PDE2A and PDE4 did not significantly affect the PKA response to transient dopamine.

Switching-off cAMP production with transient dopamine is too brief to allow for a large
dephosphorylation of PKA targets in D2 MSNs, as show previously (Yapo et al., 2017) and in
Figure 5. Therefore, we tested with continuous bath application of dopamine which PDE activity
was required to lower cAMP concentration at a level that would be sufficiently low to de-
activates PKA. As with the previous protocol, the adenosine tone was mimicked with the A
agonist, CGS.

Using the cAMP biosensor Epac-S""*° and in the presence of TC-E, continuous dopamine
application lowered cAMP to ~6 uM in D2 MSNs (Figure 7A, E, and Table 3). In contrast, when
PDE2A and PDE4 were inhibited with PF and picla, dopamine decreased cAMP concentration to
a significantly lower level, close to baseline (Figure 7C, E, and Table 3).

The same protocol was performed using AKAR4 to monitor PKA-dependent
phosphorylation level. CGS application led to a high steady-state PKA-dependent
phosphorylation level in D2 MSNs. Application of the PDE10A inhibitor TC-E increased PKA-
dependent phosphorylation to the maximal ratio level in both D1 and D2 MSNs. In D2 MSNs,
continuous dopamine produced a moderate decrease that progressively returned to the maximal
level (Figure 7B, F, blue traces). The profile of PKA-dependent phosphorylation was radically
different with the inhibition of both PDE2A and PDE4 (PF and picla, respectively): sustained
application of dopamine (3 uM) efficiently suppressed PKA-dependent phosphorylation level in
D2 MSNs (Figure 7D, F, blue traces). The same protocol was repeated with the other inhibitors,
TP-10 and BAY roli, showing similar preliminary results (Figure 7F).

This experiment demonstrates that dopamine, via D, receptors, leads to the deactivation of
PKA and the dephosphorylation of the kinase substrates. This effect of dopamine requires
PDE10A activity, whereas PDE2A and PDE4 action appears incidental.
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Discussion

PDE specificity on different cAMP levels

Our study reveals the specific action of PDE2A, PDE4 and PDE10A in the regulation of
the cAMP/PKA signalling cascade in both D1 and D2 MSNs. Our results are quite consistent
with the idea that different PDEs exhibit distinctive enzymatic properties endowing them with a
specific functional role in striatal neurones (Neves-Zaph, 2017): in this review, the author
highlighted that PDE2A, which exhibits a Km of several tens of micromolar, should mainly
degrade the highest cAMP levels. Indeed, our experiments show that PDE2A inhibition increases
the peak amplitude of cAMP responses to dopamine in D1 MSNs, as well as the A,s-induced
steady-state CAMP level in D2 MSNs. Both levels are higher than 10 uM cAMP concentration.
PDE2A however is not involved in the regulation of basal (i.e. unstimulated) cAMP since its
inhibition did not affect basal cAMP level in MSNs of both types (Polito et al., 2013), whereas
PDEI10A inhibition did, as shown here and in our previous work (Polito et al., 2015). Our work
also shows that PDE4 is functional in both D1 and D2 MSNs since its inhibition increases the
cAMP responses to D, or A, receptor stimulation. However, like PDE2A, PDE4 do not play a
significant role in the regulation of basal cAMP. With a Km of a few micromolar, PDE4 thus
regulates moderate to high cAMP levels, as suggested by computer simulations (Neves-Zaph,
2017). Concomitant inhibition of both PDE2A and PDE4 essentially exacerbated the effect of the
inhibition of either one: it had no or minimal effect on basal cAMP level in D1 MSNs, but it
increased the amplitude and duration of the transient cAMP response to D, stimulation and
potentiated the cAMP response to A,a receptor activation in D2 MSNs. In contrast to PDE2A and
PDE4, PDE10A has a sub-micromolar Km for cAMP, and is thus expected to mainly regulate the
lowest cAMP levels. Indeed, we already reported that partial PDE10A inhibition in the absence
of any stimulation increased cAMP from sub-micromolar to micromolar concentration,
consistent with PDE10A regulating tonic cAMP production by adenylyl cyclases at sub-
micromolar concentration level (Polito et al., 2015).

Surprisingly, our data show that PDE10A is also involved in the degradation of high cAMP
levels since its inhibition largely prolongs dopamine D; responses and increases Axs-induced
cAMP plateau in D2 MSNs. Enzymes with low Km values would be generally expected to fine-
tune low concentration and be saturated - and of little functional role - when the substrate
concentration is high. This is true unless Vmax is high and/or the enzyme is present at high
concentration. Indeed, PDE10A is expressed at very high levels and at all ages in MSNs (Seeger
et al., 2003; Grauer et al., 2009; Lakics et al., 2010; Kelly et al., 2014). This also comes in good
agreement with previous biochemical studies which showed that PDE10A accounted for the vast
majority of cCAMP hydrolysing activity in striatal extracts (Russwurm, Koesling, & Russwurm,
2015). By working on both low and high cAMP levels, PDE10A thus appears to play a
predominant functional role in MSNSs.

However, one should keep in mind that our measurements were performed in new born
mice, and PDE expression levels change through mouse and human lifespan (Kelly et al., 2014;
Hegde et al., 2016; Farmer et al., 2020). Since PDE10A remains the dominant form of PDE in
the adult striatum, it is quite plausible that its key signalling function is maintained in adulthood.
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Signal integration at the level of PKA-dependent phosphorylation

PKA, the primary target of cCAMP in MSNs, is activated by sub-micromolar cAMP levels
(Dostmann & Taylor, 1991). PDE10A is the only PDE expressed in MSNs working on sub-
micromolar cAMP levels, and our data confirm that its activity is required for proper integration
of cAMP signals at the PKA level. In D1 MSNs, transient dopamine triggers a transient increase
in PKA-dependent phosphorylation level, and such transient signals are essentially abolished
when PDE10A is inhibited: baseline cAMP level increases above PKA activation threshold, and
any further stimulation of cAMP production, for example through D; receptors, has no
significant effect on a continuously elevated PKA signal. This effect is expected to be strongly
potentiated by DARPP-32: phosphorylation of the T34 residue in DARPP-32 by PKA leads to
the inhibition of phosphatase 1, thus forming a positive feed-forward control loop (Girault &
Greengard, 2004). Such mechanism promotes an all-or-none responsiveness in D1 MSNs, as has
been described in the nucleus of MSNs (Yapo et al., 2018). This locks D1 MSNs in a highly
phosphorylated state, likely associated with elevated activity in the direct pathway.

D2 MSNs are intrinsically not geared to respond to transient dopamine signals, since it
takes time to transduce the D.-induced decrease in cAMP into a dephosphorylation of PKA
substrates. This has been reported previously (Yapo et al., 2017) and illustrated here in Figure 5.
Modelling analysis suggested that D2 MSNs might detect a transient absence of dopamine, in a
context of tonic A,4 receptor stimulation (Yapo et al., 2017). This mechanism requires that tonic
dopamine maintains a low PKA-dependent phosphorylation level even in the presence of
adenosine tone. Figure 7 shows that this cannot be obtained if PDE10A is inhibited: cAMP
cannot be maintained below micromolar level, and PKA-dependent phosphorylation level
remains high.

Besides PDE10A activity, which appears as the centrepiece of PKA signalling in MSNss,
PDE2A and PDE4 display ancillary effects that may nonetheless bear important functional
significance. First, PDE2A and PDE4 affect the amplitude of cAMP peaks in D1 MSNs. It was
previously shown that PDE1B also regulates the peak cAMP response to dopamine, an effect that
translated into changes in synaptic plasticity (Betolngar et al., 2019). Similarly, PDE2A
activation through the NO/cGMP signalling axis has also been reported to modulate transient
PKA responses (Polito et al., 2013). Fine-tuning of peak PKA responses through PDE2A and
PDE4 may therefore be of importance in the outcome of phasic dopamine signals in the striatum.

This work also demonstrates that PDE2A and PDE4 regulate steady-state micromolar
cAMP levels. PDE2A or PDE4 inhibition potentiates the steady-state cAMP/PKA tone induced
by adenosine, while the D>-mediated reduction of cAMP down to baseline is preserved. This
suggests that PDE2A or PDE4 inhibition would rather reinforce the response to a dopamine
signal in D2 MSNs. Finally, although this has not been characterised precisely in this work,
PDE2A and PDE4 contribute to cAMP degradation after activation of D, receptors, and their
inhibition slows down the return towards baseline. PDE2A and PDE4 modulation is therefore
expected to induce changes in the relative timing of signalling events, which is a critical aspect
of striatal function.
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PDEs as therapeutic targets

As indicated in the introduction, inhibiting PDE10A seemed an interesting approach by its
selectivity for striatal neurones. Our data show that this strategy exposes to a delicate situation in
which the therapeutic window can be very narrow, between an expected beneficial effect, such as
boosting the activity of D2 MSNs, and unwanted side effects which may arise from switching a
variable fraction of D1 MSNs into a highly phosphorylated state. Indeed, we have reported
previously that PKA-dependent phosphorylation in D1 MSNs is under a powerful negative
control by phosphatase 1 (Polito et al., 2015). However, this negative control is suppressed when
DARPP-32, phosphorylated by PKA, inhibits protein phosphatase 1. Such highly non-linear
control mechanism favours all-or-none transitions, an effect observed in the nucleus of D1 MSNs
(Yapo et al., 2018). In these conditions, it can be expected that, above a certain threshold of
PDE10A inhibition, some neurones may abruptly switch to a high PKA-dependent
phosphorylation state for a prolonged duration. This may underlie the unwanted side-effects
observed in patients treated with high doses of PDE10A inhibitors, which led to abandoning this
approach in several drug development programs (Baillie, Tejeda, & Kelly, 2019; Menniti et al.,
2020). On the other hand, regulating the other PDEs such as PDE2A and PDE4 may provide a
more subtle way to adjust the cAMP response and therefore tune PKA responses. For example,
behavioural 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), while changes in striatal PDE2A expression level were correlated
with psychiatric diseases (Farmer et al., 2020).

In conclusion, we observed that PDE2A, PDE4 and PDEIOA play distinct roles in the
regulation of cAMP/PKA responses to dopamine in D1 and D2 MSNs. We report that PDE10A is
required for degrading low cAMP levels which is necessary to return PKA substrates to the de-
phosphorylated state: its inhibition tends to suppress dopamine action. In contrast, PDE2A and
PDE4 only control high cAMP levels, and their inhibition reinforces the effect of dopamine in
both D1 and D2 MSNs.
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Figure 1. PDE10A activity determines the profile of cAMP responses to dopamine
in striatal MSNs.

The Epac-S""*° biosensor was expressed in mice striatal brain slices and imaged with wide-
field microscopy. (A) Schematic representation of cAMP signalling in D1-type and D2-type
MSNs. (B) Left: part of the field of view showing the fluorescence at 535 nm (F535). The
regions of interest on individual cells define the area used for measuring the ratio (F480/F535).
Right: pseudo-colour images (a-h) of the region indicated by the rectangle and corresponding to
the time points indicated on the graph in C. (C) Each trace on the graph indicates the emission
ratio indicative of intracellular cAMP concentration measured on the cell body of an individual
neurone. Drug application is indicated by horizontal bars. The A.. receptor agonist CGS 21680
(CGS, 1 uM) increases cAMP level in D2 MSNs. Dopamine released from caged NPEC-DA (3
uM) by a flash of UV light (DA) triggered transient responses of opposite directions in DI
MSNs (green traces) and D2 MSNs (blue traces). A second dopamine release was performed in
the presence of the PDE10A inhibitor, TC-E 5005 (TC-E, 1 uM). SKF-81297 (SKF, 0.1 uM)
increased the ratio in D1 MSNs, confirming their identity, while the ratio in D2 MSNs decreased
with the removal of CGS. Forskolin (fsk, 13 uM) and IBMX (200 uM) maximally increased
cAMP levels for each neurone. (D) Traces normalised between baseline and the maximal
response to fsk and IBMX; first (ctl, left) and second (TC-E, right) responses to dopamine
stimulation. Averages for each type of MSNs are represented as black lines.
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Figure 2: PDE10A activity is required to lower cAMP levels to baseline in D1 and
D2 MSNs.

Same protocol as in Figure 1. PDE10A was inhibited either with (A) TC-E (1 uM, N=6)) or
with (B) TP-10 (1 uM, N=5). Traces show the average ratio response to dopamine in D1 and D2
MSNs, without (ctl, dashed line) or with PDE10A inhibitor (plain line). Shading indicates 95%
confidence interval. Plots show the average of the steady-state ratio level before dopamine
uncaging (st. state) and the peak (D1) or trough (D2) amplitude of dopamine responses alone
(ctl, control) or in the presence of TC-E or TP-10. The average of the different repeats is
represented with a square symbol. The axis on the right of the plot indicates the cAMP

concentration estimated from the ratio level. * indicates a statistically significant difference.
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Figure 3: Although PDE2A or PDE4 activities regulate high cAMP levels, they are
not required to lower cAMP levels to baseline.

Same experiment as in Figure 1, except that PDE2A or PDE4 were inhibited either with

(A) BAY607550 (BAY, 200 nM) or with (B) Rolipram (roli, 100 nM), respectively. C and D
represent the average of repeats of the same experiments. Statistical tests that showed no

difference are indicated with n.s.
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Figure 4: When both PDE2A and PDE4 are inhibited, cAMP can still be degraded
to low levels.

(A) Same experiment as in Figure 1, except that PDE2A and PDE4 were concomitantly
inhibited with BAY607550 (BAY, 200 nM) and Rolipram (roli, 100 nM), respectively. B and C
represent the average of repeats of the same experiments, with either (B) BAY and roli, or (C)
another combination of selective inhibitors of PDE2A PF-05180999 (PF, 1 uM) and PDE4
piclamilast (picla, 1 pM).
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Figure 5. Transient dopamine induces opposite responses at the level of PKA-
dependent phosphorylation in D1 and D2 MSNs.

The AKAR4 biosensor was expressed in mice striatal brain slices and imaged with wide-
field microscopy. (A, left) Selected D1 and D2 MSNs on the field showing the fluorescence at
the acceptor wavelength (F535), displayed in grey. The regions of interest around each MSN
define the area used for measuring the ratio (F535/F480), indicative of PKA-dependent
phosphorylation level. Pseudo-colour images (a-e) of the selected region corresponds to the time
points indicated on the graph in B. (B) Each trace on the graph indicates the variations in the
emission ratio measured on the cell body of an individual neuron. Drug application is indicated
by horizontal bars. The A2a receptor agonist CGS 21680 (CGS, 1 uM) was applied to selectively
activate PKA signalling in D2 cells. Dopamine (DA) release from caged NPEC-DA (3 uM) by a
flash of UV light triggered a transient response in D1 MSNs, and a trough in the D2 MSNs. The
final application of forskolin (fsk, 13 uM) and IBMX (200 uM) revealed the saturating ratio
level of the biosensor for each neurone. Green and blue traces indicate, respectively, the ratio
variations in the D1 or D2 MSNs represented in A. (C) The traces of the individual cells in the
field were normalised with respect to their maximal response to fsk and IBMX. The averages of
D1 and D2 ratio traces are represented as a black line.
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Figure 6. PDE10A activity is required to transduce transient dopamine at the level
of PKA-dependent phosphorylation in D1 and D2 MSNs.

Same experiment as in Figure 5, except that dopamine (DA) was released either in the
presence of the PDE10A inhibitor TP-10 (1 uM, A) or in the simultaneous presence of PDE2A
inhibitor (BAY607550, BAY, 200 nM) and PDE4 inhibitor (rolipram, roli, I uM) (B). Plots show
the average of the amplitude of peak in D1 (C) and trough in D2 (D) MSNs, in control condition
(ctl), in the presence of TP-10, or BAY and roli. * indicates a statistically significant difference;
n.s. stands for not significantly different.
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Figure 7. PDE10A activity is required to allow for cAMP decrease and PKA
deactivation in D2 MSNs during sustained dopamine stimulus.

Epac-S"° (A, C) or AKAR4 (B, D) biosensors were used to monitor respectively cAMP or
PKA-dependent phosphorylation changes, measured on the cell body of individual neurones.
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Dopamine (DA, 3 uM) was applied in the bath in the presence of the PDE10A inhibitors TC-E
(A, B) or in the presence of PDE2A and PDE4 inhibitors PF-05180999 (PF, 1uM) and
piclamilast (picla, 1uM). (E) shows the average reduction in cAMP level upon PDE10A
inhibition (TC-E) or PDE2A and PDE4 inhibition (PF picla). (F) shows the reduction in PKA-

dependent phosphorylation level in the same condition, as well as with the other inhibitors TP-10
or BAY roli.
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D1
D2
Fig. 2
D1
D2
D1
D2
Fig. 3
D1
D2
D1
D2
Fig. 4

D1

D2

Numbers

N n

A Condition

Control
TC-E
Control
TC-E
Control
TP-10
Control
TP-10
Control
BAY
Control
BAY
Control
roli
Control
roli
Control
BAY roli
Control
BAY roli
Control
PF picla
Control
PF picla

ratio

0,052
0,443
0,379
0,669
0,034
0,343
0,338
0,636
0,022
-0,003
0,313
0,664
0,025
0,025
0,263
0,454
0,016
0,016
0,258
0,833
0,038
0,082
0,250
0,786

Steady-state

P

0,016

0,016

0,031

0,031

1,000 n.s.

0,031

0,500 n.s.

0,031

0,594

0,031

0,031

0,031

*

*

*

*

*

*

*

*

*

[cAMP]
(uM)

0,45
8,29
5,95
26,95
0,33
4,92
4,79
22,24
0,25
0,16
4,42
30,03
0,28
0,28
3,11
8,71
0,23
0,22
3,02
85,40
0,36
0,70
2,85
59,55

Table 1: Measurements corresponding to figures 2-4.

Peak (D1) or trough (D2)

ratio

0,452
0,665
0,090
0,539
0,501
0,741
0,012
0,360
0,528
0,752
-0,011
0,026
0,539
0,631
-0,011
-0,009
0,482
0,806
-0,031
0,040
0,414
0,582
0,051
0,218

P

0,016

0,016

0,031

0,031

0,016

0,063

0,016

0,313

0,031

0,031

0,031

0,031

*

*

*

*

*

*

*

*

*

[cAMP]
(uM)

8,49
26,46
0,77
13,32
11,01
41,63
0,20
5,38
12,86
46,99
0,09
0,32
13,34
21,63
0,08
0,170
10,03
67,19
0,01
0,37
7,10
16,62
0,44
2,33

Wilcoxon signed rank test was used to test whether the PDE inhibitor increased the ratio
level at steady-state, peak for D1 MSNs or trough for D2 MSNs. N indicates the number of
experiments; n indicates the total number of cells; A indicates the number of different animals. *

indicates a statistically significant difference; n.s. indicates that the difference was not

significant.
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Numbers

N n A

D1 Control 7 49 4
TP-10 5 3 3
BAY roli 7 33 3

D2 Control 6 30 4
TP-10 5 22 3
BAY roli 7 29 3

Table 2
Peak or trough

0,711
1,072
0,827
0,466
0,901
0,620

Q Q
3,902 *
1,864 n.s.
3,403 *
2,331 n.s.

Table 2: Measurements corresponding to figure 6

Q

2,232 n.s.

1,251 n.s.

Kruskal-Wallis followed by Dunn-Holland-Wolfe tests were used to compare the ratio level
at peak for D1 MSNs or trough for D2 MSNs. The critical Q value was 2.394 for both tests.
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Table 3

Numbers St. state
N n A ratio P [cAMP]
(um)
cAMP D2 TC-E 5 19 3 0,381 0.004 * 6,00
PF picla 5 16 3 0,049 ’ 0,44
PKA D2 TC-E- 5 19 4 0,887 0,004 *
PF picla 5 18 3 0,163
TP-10 4 9 6 0,845
BAY roli 4 8 2 0,133

Table 3: Measurements corresponding to figure 7

The Wilcoxon-Mann-Whitney two-sample rank test was used to test whether the PDE
inhibitor treatment decreased the ratio level to a lower level with PF and picla than with TC-E.
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