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Abstract

Background and Purpose: Acetylcholine plays a key role in striatal function. Firing
properties of striatal cholinergic interneurons depend on intracellular cAMP through
the regulation of I}, currents. Yet, the dynamics of cyclic nucleotide signalling in these
neurons have remained elusive.

Experimental approach: We used highly selective FRET biosensors and pharmacolog-
ical compounds to analyse the functional contribution of phosphodiesterases in
striatal cholinergic interneurons in mouse brain slices.

Key Results: PDE1A, PDE3A and PDE4 appear as the main controllers of cAMP
levels in striatal cholinergic interneurons. The calcium signal elicited through NMDA
or metabotropic glutamate receptors activates PDE1A, which degrades both cAMP
and cGMP. Interestingly, the nitric oxide/cGMP pathway amplifies cCAMP signalling
via PDE3A inhibition—a mechanism hitherto unexplored in a neuronal context.
Conclusions and Implications: The expression pattern of specific PDE enzymes in
striatal cholinergic interneurons, by integrating diverse intracellular pathways, can
adjust cAMP responses bidirectionally. These properties eventually allow striatal cho-
linergic interneurons to dynamically regulate their overall activity and modulate ace-
tylcholine release. Remarkably, this effect is the opposite of the cGMP-induced
inhibition of cAMP signals involving PDE2A in striatal medium-sized spiny neurons,
which provides important insights for the understanding of signal integration in the

striatum.

KEYWORDS
biosensor imaging, calcium, cAMP, cGMP, cholinergic interneurons, phosphodiesterases,
striatum

Abbreviations: ChAT, Choline acetyltransferase; ChiIN, cholinergic interneuron; DEANO, 2-[N,N-diethylamino]-diazenolate 2-oxide; MSN, medium-sized spiny neuron.
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1 | INTRODUCTION

Basal ganglia play an important role in action selection, motor learning
and reward, and striatal dysfunction is involved in various diseases
such as Parkinson's, Huntington's and addiction. The vast majority of
striatal neurons are GABAergic projection neurons called medium-
sized spiny neurons (MSN), while about 1% consists of cholinergic
interneurons (ChINs). Acetylcholine works in concert with dopamine
to ensure the temporal coordination of striatal circuitry and therefore
defines a temporal window for learning (Krok et al., 2023; Mallet
et al., 2019; Stocco, 2012). By synchronising MSN activity, ChINs are
involved in changes and termination of movements (Gritton
et al,, 2019; Howe et al., 2019; Kondabolu et al., 2016) and beha-
vioural learning (Mallet et al., 2019).

Regular spontaneous firing of ChINs maintains a cholinergic tone
throughout the striatum, and this tonic firing is interspersed with
burst-pause-rebound sequences coincident with phasic dopamine
release (Aosaki et al., 2010). Electrophysiological studies revealed that
ChIN activity is controlled by various neuromodulators involving the
cAMP signalling pathway such as noradrenaline (via -adrenoceptors)
or dopamine (via Ds receptors) (Aosaki et al., 1998; Pisani
et al., 2003). ChINs show large I, current, mainly mediated by the
HCN2 channel (Notomi & Shigemoto, 2004; Zhao et al., 2016) which
is under direct control by intracellular cAMP (Bennett et al., 2000;
Deng et al., 2007; Kawaguchi, 1992; Santoro et al., 2000). The binding
of cAMP to HCN channels shifts their activation curve, facilitating
depolarisation and increasing the firing frequency. In spite of its con-
siderable importance, the control of cAMP signalling pathway in ChIN
remains poorly understood.

cAMP is a highly dynamic intracellular second messenger, whose
concentration varies rapidly and is determined by production by
adenylyl cyclases and degradation by 3'5'-cyclic nucleotide
phosphodiesterases. There are numerous isoforms of phosphodiester-
ases that vary, for example, in enzymatic specificity (CAMP and/or
cGMP), Km and sub-cellular targeting (Chen et al, 2014; Chen
et al, 2017; Muntean et al., 2018; Muntean et al., 2019; Neves
et al., 2008). Moreover, their activity can be controlled by other second
messengers, making these enzymes key hubs for cross-pathway regu-
lations (Keravis & Lugnier, 2012). Each cell type expresses a precise
subset of phosphodiesterases leading to distinct integrative properties.

Our objective was to determine which phosphodiesterases are
functionally present in ChINs and how their presence might determine
the integration of the cAMP signal. PDE1A is expressed in ChINs, as
shown by immunocytochemical and single-cell transcriptomic analysis
(Polli & Kincaid, 1994; Saunders et al., 2018). The PDE1 family
degrades both cAMP and cGMP and is active only in the presence of
calcium-calmodulin (Bender & Beavo, 2006), which suggests a poten-
tial link between calcium signals and the regulation of intracellular
cyclic nucleotide levels. PDESA mRNA is expressed in ChINs, as
shown by single-cell RNA sequencing and by the punctate labelling in
in situ hybridisation (Reinhardt & Bondy, 1996; Saunders et al., 2018).
PDES3 has a sub-micromolar Km for cAMP and is inhibited by cGMP
(Butt et al., 1992; Herget et al., 2008; Maurice, 2005; Maurice &

What is already known?

o Acetylcholine, released by cholinergic interneurons, plays
an important functional role in the striatum.

e Cyclic nucleotides, under the control of phosphodiester-
ases, determine many critical neuronal properties includ-

ing firing properties.

What this study adds?

e PDE1A, PDE3A and PDE4 are the main phosphodiester-
ase activities in cholinergic interneurons.

e PDE1IA and PDE3A bridge glutamate/calcium and
NO/cGMP pathways with cAMP signalling.

What is the clinical significance?

e PDES, PDE1 or NO should be considered for evaluation
as treatments for striatum-related diseases.

Haslam, 1990; Shakur et al., 2001). The widely expressed PDE4 family
is also present in ChINs (Saunders et al., 2018). PDE4 does not
degrade cGMP. While PDE2A and PDE10A are highly expressed in
the striatum, they are below detection level in striatal ChINs (Sano
et al., 2008; Saunders et al., 2018; Xie et al., 2006). Whether the pre-
dicted phosphodiesterases actually contribute to the regulation of
cAMP in ChINs is unknown.

Genetically encoded FRET biosensors, which provide a direct
measurement of intracellular signals in a physiologically relevant con-
text, have revealed the importance of phosphodiesterases in the
dynamic regulation of cyclic nucleotides. Using MSNs in striatal
mouse brain slices, we have shown that PDE1B and PDE2A mediate
the action of calcium or cGMP signals on cAMP (Betolngar
et al., 2019; Polito et al., 2013). The aim of this study was to use a
similar approach to monitor the functional contribution of the various
phosphodiesterases in the regulation of cAMP levels in striatal ChINs
and to explore how these phosphodiesterases might convey signals

from NO and glutamate to the cAMP signalling pathway.

2 | METHODS

21 | Brainslice preparations
All animal care and experimental procedures complied with the Sor-
bonne University animal care committee regulations and were

approved by the local Animal Ethics Committee (Charles Darwin,
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project SA29). Animal studies are reported in compliance with the
ARRIVE guidelines (Percie du Sert et al., 2020) and with the recom-
mendations made by the British Journal of Pharmacology (Lilley
et al., 2020).

These experiments were performed on mice, a widely-used animal
model to study neurobiological processes. Neuronal survival and viral
infection of brain slices were optimal in mice younger than 13 days,
while the differentiation of neuronal types was already achieved. Brain
slices were thus prepared from C57BL/6 J mice (Janvier Labs, Le
Genest-Saint-Isle, France) aged from 7 to 12 days, weighing 3-6 g.
Mice were kept in our animal facility under conditions of controlled
temperature (22°C), humidity (55%) and light (12 h light/dark cycle),
with free access to water and food. There is no indication of sex differ-
ences in the striatum at this age and both male and female mice were
used in this study.

Mice were decapitated and the brain was quickly removed and
immersed in an ice-cold solution of the following composition:
125 mM NaCl, 0.4 mM CaCl,, 1 mM MgCl,, 1.25 mM NaH,PO,,
26 mM NaHCOj3;, 20 mM glucose, 2.5 mM KCI, 5 mM sodium pyru-
vate and 1 mM kynurenic acid, saturated with 5% CO, and 95% O,.
Coronal striatal brain slices of 300-um thickness were cut with a
VT1200S microtome (Leica). 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' Bal-
anced Salt Solution, 5.5 g L™ glucose, penicillin-streptomycin, Invi-
trogen). The cAMP biosensor Epac-S71°° (Polito et al., 2013), cGMP
biosensor cyGNAL (Betolngar et al., 2019) and calcium biosensor
Twitch-2B (Thestrup et al., 2014) 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 con-
taining 5% CO,. Before the experiment, slices were incubated for
30 min in the recording solution (125 mM NaCl, 2 mM CaCl,, 1 mM
MgCl,, 1.25mM NaH,PO4, 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.

2.2 | Biosensor imaging

Imaging was performed in slices from the dorso-medial part of the
striatum. Wide-field images were obtained with an Olympus
BX50WI or BX51WI upright microscope with a 40 x 0.8 numerical
aperture 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). The fre-
quency of data acquisition was usually 1 image pair every 30 or
60's but was increased to resolve transient responses. To increase

the number of recorded neurons, up to three focal depths were
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recorded for each timepoint. Excitation power at the exit of the
microscope objective was 400 to 1400 uW. Photorelease of NMDA
from ‘caged’ precursor MNI-NMDA was performed using a high
power 360-nm light-emitting diodes mounted on the epifluores-
cence port of the microscope, for 0.5 s duration with 14 mW power
at the exit of the microscope objective. Filters were obtained from
Chroma Technology and Semrock. LED light sources (420 nm with a
436 nm excitation filter and 360 nm) were purchased from Mightex
(Toronto, Canada).

Wide-field imaging allowed for the separation of ChINs signal
from MSNs, provided that the infection level was kept low and no
fluorescence overlap between neighbouring neurons was observed. In
a few cases, cells were excluded when basal ratio was elevated, when
the response to maximal stimulation was lacking or when the neuronal
morphology was altered (uneven cell contours). At the end of every
biosensor imaging experiment, an image stack was acquired to ascer-
tain the morphology of the recorded cells in three dimensions.

An application of tetrodotoxin (TTX; 200 nM) for 5 min preceded
drug applications to stop any ongoing spontaneous activity; in some
cases, this induced a decrease in Twitch-2B ratio, consistent with the

ChIN exhibiting a tonic firing activity before TTX action.

2.3 | Data and statistical analysis

Images were analysed with a custom software, Ratioscope (DOI: 10.
5281/ZENODO0.11059482), written in the IGOR Pro environment
(Wavemetrics, Lake Oswego, OR, USA) as described previously (Polito
et al., 2014). No correction for bleed-through or direct excitation of
the acceptor was applied. Biosensor activation level was quantified by
ratiometric imaging: donor fluorescence divided by acceptor fluores-
cence for Epac-S7°° and cyGNAL, and acceptor divided by donor for
Twitch-2B. The emission ratio was calculated for each pixel and dis-
played in pseudo-colour images, with the ratio value coded in hue and
the fluorescence of the preparation coded in intensity. The ratio value
varies between Rmin, the ratio in the absence of ligand, and Rmax,
the ratio in the presence of saturating ligand. For the Epac-$"*°° bio-
sensor for cAMP, considering the low cAMP tone in ChIN (see further
discussion), the basal ratio was assumed to be Rmin. Rmax was deter-
mined for each neuron by the final application of 13 uM forskolin and
200 pM IBMX, which is commonly accepted as a condition in which
the biosensor is saturated with cAMP (Borner et al., 2011). For the
cyGNAL biosensor for cGMP, baseline ratio was considered equal to
Rmin (see below); Rmax was determined for each neuron by the final
application of the NO donor, 2-[N,N-diethylamino]-diazenolate 2-
oxide (DEANO; 10 uM) and IBMX (200 uM). For both biosensors, all
ratio traces are normalised between Rmin = 0 and Rmax = 1 before
calculating averages, and labelled ‘fraction of maximal response’. For
the Twitch-2B biosensor for calcium, the Rmax value was difficult to
determine because common manipulations aiming at maximising intra-
cellular calcium, such as NMDA, ionomycin or KCI applications, trig-
gered ratio increases of inconsistent and unstable value. Calcium

measurements are therefore presented as raw ratio values.
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Biosensor concentration was estimated from the fluorescence
intensity measured as follows. A vertical image stack was acquired at
the end of each experiment. For each recorded neuron, the plane in
the stack where the neuron showed the best contrast was selected.
Because the whole region of interest encompasses some background
or dimmer regions of the cell, the intensity was evaluated over the 20%
brightest pixels within the region of interest in this plane of the stack.
This value is corrected for camera offset, exposure duration, excitation
power and shading correction, and expressed as counts per pixel per
milliwatt of power excitation per second (c MW~ pixel~* s72).

Ratiometric imaging can be used to determine absolute analyte
concentrations, with ratio values following a Hill equation from Rmin
to Rmax (Grynkiewicz et al., 1985). For averaged recordings with

Epac-S"15°

, an axis on the right presents cAMP concentration esti-
mates based on these Rmin and Rmax value, a Hill equation with a Kd
of 10 uM and a Hill coefficient of 0.77 (Klarenbeek et al., 2015; Polito
et al., 2013). For averaged recordings with cyGNAL, an axis on the
right presents cGMP concentration estimates based on these Rmin
and Rmax value, a Hill equation with a Kd of 0.465 uM and a Hill
coefficient of 0.8 (Betolngar et al., 2019).

Statistical tests were performed in accordance with the BJP's rec-
ommendations and requirements on experimental design and analysis
(Curtis et al., 2022) with the same Ratioscope package using built-in
Igor Pro functions. Brain slices were considered independent. Experi-
menters performed the experiments unblinded. One experiment is
defined as one brain slice being used in a protocol such as that illus-
trated in Figure 2a. Only a single experiment was performed on a
brain slice. While most experiments were performed with a single
ChIN, if more than one was present in an experiment (up to 4), their
responses were considered as ‘technical replicates’, averaged and
counted as one measurement. Except for Figure 1, statistics were cal-
culated per experiment (n) with at least five experiments; (N) indicates
the total number of neurons per condition, that is, sample size includ-
ing technical replicates; (A) indicates the number of animals used for
preparing all the brain slices used per condition. No outlier was
excluded in this study. The alpha level for statistical significance
was 0.05. 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 median value is dis-
played on graphs and indicated in the figure legend. The Wilcoxon
signed rank test was used to compare two measurements of paired
data. The Friedman's rank test was used to determine an effect when
more than two conditions were compared. The Wilcoxon-Mann-
Whitney test was used to test whether the treatment increased the

ratio value for unpaired data.

24 | Immunohistochemistry

After biosensor imaging, brain slices were fixed by overnight immer-
sion in a 4% paraformaldehyde (PFA) in phosphate buffer (0.1 M, 4°C,
pH 7.4). They were then stored at —20°C in a phosphate buffer
containing 30% (v/v) glycerol and 30% (v/v) ethylene glycol, until they

were processed for immunofluorescence. Choline acetyltransferase
(ChAT) expression was detected with a freshly prepared goat poly-
clonal antibody (1:500; 4°C overnight, AB144p, RRID:AB_2079751,
Merck) and revealed with the freshly prepared secondary antibody
Alexa Fluor 647 donkey anti-goat IgG (1:500, RRID:AB_2340437,
Jackson ImmunoResearch) imaged with F39-628 filter for excitation,
F37-692 filter for emission and F38-661 dichroic mirror (Olympus).
Following the incubation of the primary antibodies (4°C, overnight
incubation), brain sections were rinsed and incubated with the sec-
ondary antibody for 2 h at room temperature. Floating slices were

rinsed and images were acquired with a wide-field microscope.

2.5 | Materials

Solutions were prepared from powders purchased from Sigma-Aldrich
(St Quentin-Fallavier, Isére, France). Tetrodotoxin (TTX) was from
Latoxan (Valence, France). DEANO was from Bertin Technologie
(Saint-Quentin-en-Yvelines, France). Other compounds and drugs
were from Tocris Bio-Techne (Lille, France). All drugs with full name,

abbreviation, target and usual concentration are presented in Table 1.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos et al., 2023; Alexander, Fabbro
et al,, 2023; Alexander, Mathie et al., 2023).

3 | RESULTS

3.1 | Identification of cholinergic interneurons in a
brain slice

We used genetically encoded biosensors to explore intracellular sig-
nalling events in individual neurons in the context of brain slices from
mouse pups. Sparse biosensor expression in neurons was obtained
after overnight incubation of brain slices with the Sindbis viral vector
as described previously (Polito et al., 2014). In the course of our previ-
ous studies on cAMP dynamics in MSNs, we were intrigued by the
odd behaviour of a small fraction of neurons in the imaging field which
showed small and slow cAMP responses to forskolin (13 puM,
Figure 1a). We verified that the moderate size of the cAMP response
to forskolin did not result from a buffering effect of excessive biosen-
sor expression: the biosensor expression level was estimated for each
neuron from the fluorescence intensity of the cell body (see
Section 2.3). There was no correlation between the amplitude of the
cAMP response in these neurons and the biosensor expression level
(Figure 1b, middle), ruling out an artefactual effect of biosensor level

on these neurons' responsiveness to forskolin. The response to
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FIGURE 1 Biosensor imaging in mouse brain slices and identification of striatal cholinergic interneurons (ChINs). (a) cAMP response to
forskolin in striatal ChINs and MSNs, recorded with the Epac-SH*°° biosensor. Left: the responses to forskolin (13 pM) were averaged for each
neuronal type, red for ChINs (n = 47 experiments, N = 69 individual neurons, A = 21 animals) and blue for MSNs (n = 38, N = 105, A= 21). The
maximal cAMP response in forskolin and IBMX (200 pM) was used for normalisation. Biosensor fluorescence (in counts mW ! pixel~* s=%), used
as an estimate of biosensor expression level, was measured on part of these neurons: 0.27 in ChINs (N = 60), significantly (P<0.05) larger than
0.19 in MSNs (N = 87). Steady-state cAMP level (middle graph): 0.22 for ChINs significantly different from 0.94 for MSNs; correlation coefficient
for ChINs: r = —0.04. Onset slope (right graph) measured over 80 s: 0.82 in ChlINs, significantly different from 8.66 in MSNs; correlation
coefficient for ChINs: r = —0.17. (b) ChINs identification in brain slices. This brain slice was transduced for the expression of the Twitch-2B
calcium biosensor. The pseudocolour image (left) displays the biosensor emission ratio in two MSNs and one ChIN (arrow). At the end of the
recording, the slice was fixed and immunostained for choline acetyltransferase (ChAT).Three different focal planes (z0, z1 and z2) are represented
in the images in grey levels. From left to right: biosensor fluorescence during the biosensor imaging session, after slice fixation with PFA and after
ChAT immunostaining. The arrow indicates a ChIN; the other neurons are putative MSNs except for one additional ChIN revealed by ChAT that

did not express the biosensor (arrowhead). Note the lack of bleed-through of biosensor fluorescence to the ChAT immunostaining channel.

forskolin also appeared much slower in these neurons than in MSNs
(Figure 1a, right). The onset slope did not appear related to biosensor
concentration, again arguing against a buffering effect of biosensor on
cAMP signal. The morphology of these neurons was also quite distinct
from that of the MSNs, with a cell body diameter of over 13 uM, an
elongated cell body, an ovoid nucleus and wide proximal dendrites,
suggesting they were cholinergic interneurons  (ChINs;
Kawaguchi, 1993; Tepper et al., 2010). This morphological identifica-
tion was confirmed by immunohistochemical labelling of choline acet-
yltransferase (ChAT) after biosensor imaging experiments (Figure 1b).
Eleven brain slices were fixed after the biosensor experiment and later
processed for ChAT immunoreactivity. In these slices, 15 neurons
were visually identified as ChINs during the biosensor recording ses-

sion and all of these neurons showed a positive ChAT labelling.

3.2 | PDE3 and PDE4 control cAMP levels in ChIN

at rest

Considering the attenuated cAMP responses in ChINs, our first objec-
tive was to identify which phosphodiesterases were involved in the
negative control of cAMP levels. We performed wide-field micros-
copy, sometimes at several focal planes in the same location, to record
more ChINs in the same experiment (Figure 2a, ChIN 0 and ChIN 1 on
the first focal plane [zO image] and ChIN 2 on the second focal plane
[z1 image]). We first stimulated cAMP production with forskolin,
which increased cAMP level moderately in ChINs, and then added the
selective PDE3 inhibitor cilostamide (10 uM) which increased the
ratio in ChINs to a higher steady-state level. Further addition of
the selective PDE4 inhibitor piclamilast (1 uM) brought the ratio to a
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TABLE 1 Drugs.

Full name Abbreviation
Tetrodotoxin TTX
Forskolin fsk
Isobutylmethylxanthine IBMX

Lu AF64196

PF-05180999

Cilostamide cilo
Piclamilast picla
Rolipram roli
Roflumilast

TP-10

2-(N,N-diethylamino)-diazenolate 2-oxide DEANO
oDQ

4-Methoxy-7-nitroindolinyl-caged-NMDA MNI-NMDA
3,5-DHPG DHPG
Quisqualate

NBQX

D-AP5

Effect Target Concentration

Inh. Voltage-activated sodium channels 0.2 uM

Act. Adenylyl cyclases (except 9) 0.5-13 uM

Inh. Phosphodiesterases (except 8 & 9) 200 uM

Inh. PDE1 1-10 uM

Inh. PDE2A 1uM

Inh. PDE3 10 uM

Inh. PDE4 1uM

Inh. PDE4 1puM

Inh. PDE4 1uM

Inh. PDE10A 0.1 uM
NO donor 1-10 uM

Inh. Soluble G cyclase 20 uM

Act. NMDA receptor 100 uM

Act. Group 1 mGlu 50 uM

Act. AMPA and group 1 mGlu 1uM

Inh. AMPA 1puM

Inh. NMDA 20 uM

Note: List of the drugs used in this study. Effect indicates inhibitor (inh.) or activator (act.).

higher level. The ratio was not further raised by the non-specific phos-
phodiesterase inhibitor IBMX (200 uM), indicating the saturation level
of the biosensor by cAMP (Rmax). These experiments were repeated
with similar results (Figure 2d, left). PDE3 thus contributes importantly
to the regulation of cAMP level, and when this phosphodiesterase is
inactivated pharmacologically, PDE4 remains to control cAMP level.

We then wondered whether this situation was similar when
PDE4 is inhibited first while PDE3 is active. In a similar protocol, on
top of forskolin stimulation, PDE4 was first inhibited with piclamilast,
which induced an increase in cAMP level in ChINs (Figure 2b). PDE4
activity thus also contributes to the regulation of cCAMP level reached
upon forskolin application, even though PDE3 is present and active.
Indeed, further application of cilostamide increased the ratio to Rmax,
the level that was not raised by IBMX. This protocol was repeated
with similar results (Figure 2d, second panel).

We explored the contribution of other phosphodiesterases that
are expressed in the striatum. Because PDE2A regulates elevated
cAMP levels, its activity was tested when adenylyl cyclases were acti-
vated and PDE3 was inhibited (Figure 2c). In the presence of forskolin
and cilostamide, the ratio level in the presence of the selective PDE2A
inhibitor PF-05180999 (PF-05, 1 uM) was slightly increased compared
to the previous steady-state level (Figure 2d, third panel). The ampli-
tude of the response to PF-05 was however considerably smaller than
the effect of piclamilast (Wilcoxon-Mann-Whitney test). PDE10A has
a high affinity for cAMP, and we wanted to test its potential effect on
lower cAMP levels, that is, in a condition in which PDE3 and PDE4 are
active. The PDE10A inhibitor TP-10 (100 nM) had no effect on the
forskolin-induced steady-state cAMP level (Figure 2d, fourth panel),
indicative of no PDE10A activity in ChINs.

We then wanted to determine whether ChINs displayed a tonic
cAMP production. In the absence of forskolin, the combination of
rolipram and cilostamide induced no significant ratio change in ChINs
(Figure 2d, right), indicating that basal cAMP production in these con-
ditions is negligible. This comes in stark contrast with the tonic cAMP
production revealed in MSNs when inhibiting PDE10A (Polito
etal, 2015).

Collectively, these experiments show that in striatal ChINs, when
cAMP production is stimulated, cCAMP levels remain low by the com-
bined action of PDE3 and PDE4.

3.3 | The cGMP pathway increases cAMP levels
through PDES3 inhibition

PDE3 degrades both cAMP and cGMP, but the Vmax of PDE3 for
cGMP is very low and cGMP thus behaves in vitro as a competitive
inhibitor of PDE3 activity towards cAMP hydrolysis (Shakur
et al., 2001). Furthermore, a PKG-dependent phosphorylation site in
PDE3A that negatively regulates PDE3A activity has been reported
(Zemskov et al., 2021). We therefore pondered whether a cGMP sig-
nal, by inhibiting PDE3, could increase cAMP level. We used the NO
donor compound DEANO which activates the soluble guanylyl
cyclase and increases cGMP levels. After forskolin increased cAMP to
a steady-state level, the application of DEANO (10 uM) produced a
marked cAMP increase. This cAMP level was not further increased by
the application of the PDE3 inhibitor cilostamide (Figure 3a and 3b,
left panel). DEANO thus reproduces and occludes the effect of cilos-
tamide. Conversely, when added on top of forskolin and cilostamide,
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DEANO induced no further cAMP increase, indicating that cilostamide
also occludes the effects of DEANO (Figure 3b, right panel). These
experiments demonstrate that the activation of the cGMP pathway in
striatal ChINs increases cAMP via PDE3 inhibition.

As a control, we confirmed, with the cGMP-selective biosensor
cyGNAL (Betolngar et al., 2019), that bath application of DEANO
(10 uM) induced a rapid and large increase in cGMP concentration
in ChINs (Figure 3c). Preliminary experiments with 1 uM DEANO
suggested less robust responses. Bath application of the inhibitor of
soluble guanylyl cyclase ODQ (20 uM) had no effect (Figure 3d),
showing a lack of basal cGMP production in our experimental
conditions.

Altogether, these findings unequivocally establish that cGMP sig-
nalling increases cAMP levels in striatal ChINs by suppressing PDE3
activity. This signalling mechanism strikingly contrasts with cGMP
effects in MSNs where it activates PDE2A and thus reduces cAMP
level (Polito et al., 2013).

3.4 | The calcium pathway decreases cAMP and
cGMP via PDE1 activation

We previously observed that, in MSNs, PDE1 activity efficiently regu-
lates CAMP and cGMP signals in the presence of calcium (Betolngar
et al.,, 2019), illustrating that PDE1 is an integrator of cyclic nucleotide
and calcium signalling. This effect in MSNs is likely to be mediated by
the PDE1B isoform (Lakics et al., 2010). The PDE1A isoform is
expressed in ChINs (Polli & Kincaid, 1994), but its functional role has
remained unexplored. Here, we tested whether PDE1A activity in
ChINs might down-regulate cAMP and/or cGMP signals when acti-
vated by calcium. First, we established reliable protocols to increase
intracellular calcium. We used the Twitch-2B ratiometric biosensor to
measure the calcium signal triggered by NMDA receptors and type |
metabotropic glutamate receptors (mGlul/5) (Figure 4). NMDA
receptors were activated transiently by NMDA released from the
‘caged’ precursor MNI-NMDA (100 uM) by a flash of UV light, as pre-
viously described (Betolngar et al., 2019). This protocol triggered a
large and transient calcium increase in all ChINs tested, as well as in

MSNs if present in the same field of view (Figure 4a). Figure 4b shows

the calcium response to NMDA in ChINs with the average trace (left),
and baseline and peak amplitude (right) for individual ChINs. We also
observed that activation of mGlu1/5 receptors, by bath application of
the selective agonist DHPG (50 uM), triggered a calcium increase
of large amplitude and duration (Figure 4a, c). Interestingly, while
mGlul/5 receptors are also expressed in MSNs, no or little calcium
response to DHPG was observed in these neurons.

We then tested whether such calcium increases activate PDE1
and therefore could reduce cAMP or cGMP. A steady-state elevated
cAMP level was first obtained using forskolin and blocking PDE3 and
PDE4 (with either 1 uM cilostamide and 1 uM roflumilast or 10 uM
cilostamide and 1 uM piclamilast) and PDE2A (with PF-05, 1 uM). In
order to stimulate a moderate cAMP production and thus maintain
the visibility of PDE1 action, a lower concentration of forskolin
(0.5 uM) was employed in these experiments. NMDA uncaging or
DHPG bath application both produced large decreases in cAMP levels
in ChIN (Figure 5a, c, e). These effects were largely reduced with Lu
AF64196 (1-10 uM), a potent and selective PDE1 inhibitor (Khammy
et al., 2017) for NMDA and for DHPG. It should also be noted that, in
the presence of the PDE1 inhibitor Lu AF64196, some changes
in cAMP level still remained, which can result either from incomplete
PDE1A inhibition and/or from NMDA effects on other targets such as
calcium-modulated adenylyl cyclases.

We then tested whether the activation of PDE1 by calcium could
also regulate cGMP level in ChINs. In these experiments, NMDA
receptors were transiently activated by the MNI-NMDA uncaging
protocol, and the mGlul1/5 receptors were activated with bath appli-
cation of 1 uM quisqualate (AMPA and mGlu receptor agonist) in the
presence of the AMPA receptor antagonist NBQX (1 uM) and NMDA
antagonist D-AP5 (20 uM). First, a steady-state cGMP level was
obtained with a bath application of 10 uM DEANO. NMDA uncaging
or activation of mGlu1/5 receptors both produced large decreases in
cGMP levels in ChIN (Figure é6c, e). Again, these effects were largely
reduced with Lu AF64196 (Figure 6d, f). As a control, we verified that
PDE1 inhibition had no effect on the steady-state cGMP level elicited
by 10 uM DEANO (Figure 7g).

Collectively, these experiments show that striatal ChINs express
functional PDE1 that efficiently degrades both cAMP and cGMP in

response to an increase in intracellular calcium.

FIGURE 2 PDE3 and PDE4 are the main phosphodiesterases controlling cAMP in ChINs. (a) The Epac-S71°° biosensor for cAMP was

expressed in mouse pup striatal brain slices and imaged with wide-field microscopy. Two focal planes (zO and z1) in the same field of view were
acquired for each timepoint. Regions of interest shown on the greyscale images define the area used to measure the ratio (F480/F535) for three
individual ChINs (red ROls, ChIN O to 2, and red traces in the graph) and an MSN (blue ROI and blue trace in the graph). Dashed squares indicate
the regions shown in pseudocolour for each timepoint (a-d) for a ChIN and an MSN. Horizontal bars on the graph indicate the bath application of
drugs: tetrodotoxin (TTX, 0.2 uM), forskolin (fsk, 13 uM), cilostamide (cilo, 10 uM), piclamilast (picla, 1 uM) and IBMX (200 uM). (b) Same protocol
as in Figure 2a except that the order of application of cilostamide and piclamilast was inverted. (c) Same protocol as in Figure 2a except that,
instead of piclamilast, PF-05180999 (PF-05, 1 uM) was applied to inhibit PDE2A. (d) For each experiment, the average normalised ratio is
measured over the steady-state ratio for each drug combination. If several ChINs were present in the same recording, their measurements are
averaged. For each experiment, the successive measurements are plotted as markers with the same colour and connected by a line. The median
of the repeated experiments is indicated with a square marker. * P<0.05, significantly different as indicated; n.s., not significant. Values were: fsk:
0.18; fsk + cilo: 0.52; fsk + cilo + picla: 1.00; n = 11; N = 18; A = 7; Friedman's rank test: F = 22; fsk: 0.17; fsk + picla: 0.42; fsk + picla + cilo:
1.00; n = 6; N = 7; A = 4; Friedman's rank test: F = 12; fsk: 0.22; fsk + cilo: 0.38; fsk + cilo + PF-05: 0.45; n = 7; N = 13; A = 6; Friedman's
rank test: F = 11.1; fsk: 0.19; fsk + TP-10: 0.21;n =5;N=7; A=4;roli + cilo:n =5 N=6; A= 3.
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FIGURE 3 NO donor increases intracellular cAMP through PDE3A inhibition. (a) The Epac-571°° biosensor for cAMP was expressed in
striatal brain slices and imaged with wide-field microscopy. Images show a ChIN (top line) and an MSN (bottom line). Traces below show the ratio
of these ROlIs as well as other MSNss. (b, left) The same experiment was repeated 6 times. Plots display the average ratio: fsk: 0.31 of maximal
response; fsk + DEANO: 0.73; fsk + DEANO + cilo: 0.74; n = 6, N = 10, A = 5; Friedman's rank test: F = 10.3. (b, right) Average ratio responses
when cilo was applied before DEANO; fsk: 0.29; fsk + cilo: 0.57; fsk + cilo + DEANO: 0.63,n = 5, N = 8, A = 4; Friedman's rank test: F = 7.6. *
P<0.05, significantly different as indicated; n.s., not significant. (c) The NO donor DEANO increases cGMP in ChINs. The cyGNAL biosensor for
cGMP was used to monitor changes in intracellular cGMP concentration during the bath application of 1 or 10 uM DEANO. Traces on the left
show that the average time course of the ratio increase for 1 or 10 uM DEANO in ChIN. The plot shows the steady-state ratio for each
experiment as a cross marker. (d) The inhibitor of soluble guanylyl cyclase ODQ (20 uM) had no effect (hn = 5; N = 7; A = 1). n.s., not significant.

4 | DISCUSSION

Our study highlights striking differences between striatal ChINs and
MSNs in the way they handle cAMP signals. While MSNs rapidly

reach a maximal response to forskolin, ChINs show slow and moder-

ate increases in cAMP concentration. These observations reinforce

the view that ChINs and MSNs express intrinsic differences in signal
integration properties that endow them with fundamentally different
functions in the striatal network. Among these differences, our experi-
ments highlighted how the NO-cGMP pathway is differentially inte-
grated in ChINs and in MSNs through the expression of different
phosphodiesterases.
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FIGURE 4 NMDA photorelease or activation of group | mGlu receptors induces large calcium signals in ChIN. The Twitch-2B calcium
biosensor was expressed in striatal brain slices and imaged with wide-field microscopy. (a) Intracellular calcium is monitored over regions of
interest drawn on a ChIN and on an MSN (red and blue, respectively). Release of NMDA from MNI-NMDA with a flash of UV light (arrow) raised
calcium in both neurons, whereas sustained bath application of 50 uM DHPG, an agonist of group | metabotropic glutamate receptors, increased
intracellular calcium levels selectively in ChIN. (b, c) The average time course of the ratio change triggered by NMDA and DHPG in ChIN is shown
on the left; plots on the right display the baseline and peak ratio value measured in ChINs for independent experiments (b:n=7,N=7,A=4;c:

n=9,N=9,A=46)

Previous transcriptomic and proteomic studies suggested the
expression of specific phosphodiesterases in striatal ChIN (Polli &
Kincaid, 1994; Reinhardt & Bondy, 1996; Saunders et al., 2018), but
no functional analysis has been performed so far. We used highly
specific phosphodiesterase inhibitors to acutely test the functional
contribution of these phosphodiesterases. Our experiments demon-
strate for the first time that PDE1, PDE3 and PDE4 are active in
striatal ChINs and regulate the dynamics of cAMP in the context of
neuromodulation by NO or glutamate (Figure 7). This specific com-
bination of phosphodiesterases contrasts with the situation in MSNs
which express PDE1B, PDE2A, PDE4 and PDE10A. In our experi-
ments, we observed little or no signs of PDE2A or PDE10A activity
in ChINs, consistent with the documented absence of their mRNA
in these cells (Sano et al, 2008; Saunders et al, 2018; Xie
et al., 2006). This finding contrasts with the important functional
role played by PDE2A and PDE10A in MSNs (Mota et al., 2021;
Polito et al., 2013, 2015). Overall, PDE3A emerges as a characteris-
tic feature of striatal ChINs, along with the expression of PDE1A
and PDE4.

Remarkably, because PDES3 is inhibited by cGMP, its presence in
ChlINs suggests potential cross-regulation of cAMP by the NO-cGMP
signalling pathway, which was demonstrated by our experiments. Sur-
prisingly, this interesting possibility had never been explored in neu-
rons, while its demonstration in other physiological conditions
remains scarce (Eckly & Lugnier, 1994; Komas et al., 1991; Maurice &
Haslam, 1990). This mechanism has also been described in cardiomyo-
cytes, with the added complexity of PDE2A being co-expressed with
PDE3: depending on cAMP levels, NO donors either potentiate or
reduce lc,, consistent with the inhibition of PDE3 or the activation of
PDE2A. This effect has been reported in frog ventricular cardiomyo-
cytes (Méry et al., 1993) as well as in human cardiomyocytes (Kirstein
et al,, 1995; Vandecasteele et al., 2001).

Our data show for the first time in neurons that the effect of the
NO-cGMP neuromodulatory axis positively controls cAMP levels via
PDES inhibition. This mechanism may be involved in the excitatory
effect of NO donors documented in striatal ChINs, an effect mediated
by the facilitation of I, activation by cAMP (Blomeley et al., 2015;
Centonze et al, 2001; Galati et al, 2008). While the NO/cGMP
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pathway has long been known to play an important role in striatal
function by regulating excitability, dopamine release and synaptic
transmission (Blomeley et al., 2015; Calabresi et al., 1999; Hartung
et al.,, 2011; Padovan-Neto & West, 2017; West et al., 2002; West &
Grace, 2000; West & Tseng, 2011), our work suggests a novel mecha-
nism whereby NO-induced PDE3 inhibition would mediate an
increase in acetylcholine release by striatal ChINs. Importantly, this
NO-mediated increase in cAMP levels observed in ChINs sharply con-
trasts with its effect in MSNs, where, by stimulating PDE2A, NO
donors down-regulate cAMP signalling (Lin et al., 2010; Polito
etal, 2013).

Pharmacological inhibition of PDE3 is used in the treatment of
some clinical conditions of the cardiovascular system. PDE3 inhibitors
such as milrinone exert powerful positive inotropic and lusitropic
effects and are used in the treatment of acute heart failure
(Movsesian et al., 2011). Milrinone also prevented the delayed ische-
mic injury in the brain (Bernier et al, 2021; Castle-Kirszbaum
et al., 2021; Fraticelli et al., 2008). However, while several preclinical
and clinical studies showed beneficial effects of PDE3 inhibitors in
neuronal functions, whether these effects result from a direct action
on neurons or indirect effects through the improvement of the vascu-
lar condition remains uncertain and should be evaluated specifically.
Our observations may be of particular significance in the context of
pathological conditions such as Parkinson's disease. Indeed, the first
medications for Parkinson's disease were anticholinergic drugs, and
there is compelling evidence that photo-inhibition of striatal ChINs
has prominent anti-parkinsonian effects (Maurice et al., 2015; Ztaou
et al, 2016). A noteworthy observation is that the NO-mediated
increase in ChIN firing is markedly more pronounced in a mouse
model of Parkinson's disease (Galati et al., 2008). This suggests that
pharmacological moderation of striatal ChIN activity might reduce
some symptoms of Parkinson's disease. In the course of this disease,
chronic treatment with L-DOPA eventually leads to dyskinesia. Sur-
prisingly, both potentiation and inhibition of the NO/cGMP pathway
reduce these abnormal involuntary movements (see Padovan-Neto &
West, 2017). Such paradoxical effects can result from complex inter-
plays between MSNs of direct and indirect pathways where the
NO/cGMP simultaneously affects cAMP through PDE2A stimulation
(Lin et al., 2010; Polito et al., 2013) and DARPP-32 phosphorylation
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via PKG (Calabresi et al., 2000). Our data highlight the striatal ChINs
as novel actors in this game, and the NO/cGMP/PDE3 pathway
should be taken into account when considering the physiology of the
striatum.

Another cross-pathway integration level is provided by PDE1,
which powerfully degrades both cAMP and cGMP when activated by
calcium-calmodulin (Goraya & Cooper, 2005). Calcium imaging experi-
ments showed that while activating NMDA receptors increased intra-
cellular calcium, the ChINs also displayed a powerful and sustained
calcium signal in response to the activation of group | metabotropic
glutamate receptors. This is consistent with the expression of mGlul
and mGlu5 receptors (Bell et al., 2002; Kerner et al., 1997; Mitrano &
Smith, 2007; Tallaksen-Greene et al., 1998), which are known to cou-
ple through Go/Gy; to the release of intracellular calcium stores. In
this study, the stimulation of both NMDA and group | metabotropic
receptors efficiently reduced intracellular cAMP and cGMP, an effect
similar to that reported previously in MSNs (Betolngar et al., 2019).
We hypothesise that this effect is mediated by PDE1A in ChINs,
whereas PDE1B is expressed in MSNs (Polli & Kincaid, 1994;
Saunders et al., 2018).

In the last decade, the pharmacological inhibition of PDE1 has
attracted considerable interest, particularly in the context of CNS dis-
eases (Wennogle et al., 2017). Among the various PDE1 inhibitors
under investigation, Lu AF64386 has shown promising results in
reduction of impulsivity and reversal of neurophysiological deficits
in the rat phencyclidine model of schizophrenia (Hayes et al., 2021),
indicating that PDE1 inhibition may be beneficial in disorders involv-
ing a dysfunction of the medial prefrontal cortex and nucleus accum-
bens network. Another line of research has highlighted PDE1
inhibitors as pro-cognitive and memory enhancing (Dyck et al.,, 2017
Enomoto et al., 2019). PDE1 inhibitors have also demonstrated anti-
parkinsonian effects, particularly potentiating the effects of levodopa
in rodent and monkey models of Parkinson's disease, as well as having
potent efficacy against levodopa-induced dyskinesia (Enomoto
et al., 2021). In a Phase 1b research on Parkinson's disease in humans,
a PDE1 inhibitor has shown therapeutic effects, and currently,
lenrispodun is in Phase 2 clinical trial (NCT05766813). Our data sup-
port the notion that PDE1 plays a role in the integration of calcium

and cyclic nucleotide signalling in striatal ChINs. In other types of

FIGURE 6 Activation of NMDA or mGlul/5 receptors in ChIN decreases cGMP via PDE1 activation. The cyGNAL biosensor for cGMP was
expressed in striatal brain slices, and ChINs were imaged with wide-field microscopy. (a) cGMP production was stimulated with 10 uM DEANO.
On the steady-state cGMP level, a flash of UV light at the time indicated by the arrow photoreleased NMDA from MNI-NMDA (100 uM),
triggering a ratio decrease. (b) The selective PDE1 inhibitor Lu AF64196 (10 uM) prevented this decrease. These experiments were repeated

(c) without or (d) with Lu AF64196 (1 or 10 uM). The graph shows the average normalised cGMP signal, and the plot shows the amplitude of the
steady-state cGMP level (ctl) and minimal cGMP level reached in response to NMDA photorelease (NMDA). A similar set of experiments was
performed except that mGlul/5 receptors were activated by bath application of quisqualate (1 uM) together with AMPA receptor antagonist
NBQX (1 uM) and NMDA antagonist D-AP5 (20 uM). This also induced a transient decrease in (€) cGMP concentration. This decrease was also
suppressed by (f) Lu AF64196. (c, e) In control condition, values were: before NMDA photorelease: 0.77 of Rmax, after: 0.13,n =9, N = 13,

A = 9; before quisqualate: 0.84, quisqualate application: 0.22, n = 5, N = 9, A = 4. In the presence of (d, f) Lu AF64196: before NMDA
photorelease: 0.78 of Rmax, after: 0.83,n = 6, N = 7, A = 6; before quisqualate: 0.85, quisqualate application: 0.84,n = 5, N = 7, A = 3. The ratio
change was significantly reduced by Lu AF64196. (g) Lack of effect of Lu AF64196: in DEANO: 0.83 of Rmax; in DEANO and Lu AF64196: 0.85;
n=5N=6,A=5.*P<0.05, significantly different as indicated; n.s., not significant.
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FIGURE 7

Schematic representation of phosphodiesterases and
cross-pathway regulations in striatal ChINs.

neurons, PDE1 has been shown to control the calcium threshold for
synaptic plasticity (Kitagawa et al., 2009), but the precise physiological
function of cyclic nucleotide and calcium signalling in ChINs is still
unknown. Further investigations combining multifaceted techniques
and behavioural assays are needed to understand the influence of
PDE1A and PDE1B isoforms on neuronal networks and behaviour.

The co-expression of PDE1A and PDE3A in striatal ChINs raises
the intriguing question of what happens in physiological situations
when glutamatergic inputs occur simultaneously with NO release:
activation of PDE1A by calcium is expected to reduce cAMP levels,
while PDE3A inhibition by cGMP should increase cAMP. PDE3A has a
sub-micromolar Km for cAMP (Sudo et al., 2000) whereas PDE1 has
a much higher Km value (Poppe et al., 2008), suggesting that, on low
cAMP levels, cGMP-mediated inhibition of PDE3A should win against
PDE1A and therefore raise cAMP level. However, PDE1A also
degrades cGMP, which implies that it may temper the effects of NO
on the cAMP pathway. Predicting the precise interplay of these
effects within ChINs thus appears challenging. Furthermore, the pos-
sibility of phosphodiesterases residing in distinct sub-cellular signalling
domains can substantially alter their overall impact. Ultimately, the
integrated response will be shaped by the kinetics governing these
events relative to one another.

The low responsiveness of striatal ChINs to cAMP-activating sig-
nals such as forskolin is striking but the underlying cellular mecha-
nisms remain to be determined. All adenylyl cyclases except AC9 are
activated by forskolin (Defer et al, 2000). AC1, AC2 and AC5
are widely expressed in the brain, including the striatum (Matsuoka
et al,, 1997). Cluster analysis of mRNA transcript suggest that AC1
and AC2 predominate in striatal ChINs whereas AC5 would dominate
in MSNs (Saunders et al., 2018). This indicates that the reduced
responsiveness to forskolin in ChINs, compared to MSNs, does not
result from ChINs lacking adenylyl cyclases sensitive to forskolin.
Another important factor is the amount of active signalling enzyme,
that is, the density of cyclase per membrane surface or amount of
calcium-store per cytosolic volume, in relation with cell geometry.
Indeed, striatal ChINs have a large soma, their proximal dendrites have

a large diameter compared to the much thinner MSNs (Tepper

et al, 2010, 2018). Surface to volume ratio critically determines
whether a signal gets amplified or dampened (Neves et al., 2008) and,
in the case of cAMP, small neurons like MSNs can accumulate cAMP
more easily. In contrast, ChINs with a larger cytosol in which
cAMP gets degraded by phosphodiesterases are in a less favourable
position to accumulate enough cAMP to be detected by our cytosolic
biosensors.

The way in which these cellular events come together within
the network remains poorly understood. However, our data strongly
suggest that this new cGMP-mediated up-regulation of cAMP signal-
ling should be considered in physiological scenarios. Somatostatin-
and NPY-positive interneurons express NO synthase and are the
primary NO source in the striatum (Tepper et al., 2010, 2018). The
release of NO depends on intracellular calcium levels and is height-
ened by dopamine (Centonze et al., 2002; West & Tseng, 2011).
The convergence of glutamatergic and dopaminergic inputs is thus
expected to trigger the release of NO, which should favour ChINs
excitability via the cGMP/PDE3A/cAMP mechanism. Future studies
should concentrate on whether this mechanism contributes to the
rebound excitation observed in striatal ChINs following phasic dopa-
mine release or contributes to the broader regulation of striatal ChIN

activity.
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