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ABSTRACT

Forebrain dopamine-sensitive (dopaminoceptive) neurons play a key role in movement, action
selection, motivation, and working memory. Their activity is altered in Parkinson’s disease, addiction,
schizophrenia, and other conditions, and drugs that stimulate or antagonize dopamine receptors
have major therapeutic applications. Yet, similarities and differences between the various neuronal
populations sensitive to dopamine have not been systematically explored. To characterize them, we
compared translating mRNAs in the dorsal striatum and nucleus accumbens neurons expressing D1
or D2 dopamine receptor and prefrontal cortex neurons expressing D1 receptor. We identified
genome-wide cortico-striatal, striatal D1/D2 and dorso-ventral differences in the translating mRNA
and isoform landscapes, which characterize dopaminoceptive neuronal populations. Expression
patterns and network analyses identified novel transcription factors with presumptive roles in these
differences. Prostaglandin E2 was a candidate upstream regulator in the dorsal striatum. We
pharmacologically explored this hypothesis and showed that misoprostol, a prostaglandin E2 (PGE2)
receptors agonist, decreased the excitability of D2 striatal projection neurons in slices and diminished
their activity in vivo during novel environment exploration. We found that it also modulates mouse
behavior including by facilitating reversal learning. Our study provides powerful resources for
characterizing dopamine target neurons, new information about striatal gene expression patterns
and regulation. It also reveals the unforeseen role of PGE2 in the striatum as a potential

neuromodulator and an attractive therapeutic target.



INTRODUCTION

Dopamine exerts neuromodulatory effects on large brain regions, including the dorsal striatum (DS),
nucleus accumbens (NAc), and the prefrontal cortex (PFC)'. Among the five types of dopamine
receptors, the D1 and D2 receptors (DRD1 and DRD2) are the most abundant in striatal projection
neurons (SPNs, a.k.a. medium-size spiny neurons, MSNs). In the DS, D1-SPNs form the direct
pathway, whereas D2-SPNs provide the first link in the indirect pathwayz, both working in an
integrated manner to shape behavior®. Dopamine receptors are also expressed, at much lower levels,
in PFC* pyramidal cells and GABAergic interneurons>°. Dopamine controls movement execution,
reward processing, and working memory’. Dopamine reduction results in Parkinsonian syndromes,
whereas its repeated increase by drugs of abuse is a key element leading to addiction®’. Alterations
in dopamine transmission are also implicated in hyperactivity and attention deficit disorder and
schizophrenia'. D2-SPNs are the first to degenerate in Huntington’s disease’’ and DRD2 are
decreased in chronic addiction®?. Global differences in gene expression between D1- and D2-SPNs are

d*® whereas little is known about differences between DS, NAc, and PFC despite

well-documente
their specific functions and roles in pathology®’. Single-cell RNA sequencing (RNAseq) emphasized the
existence of multiple striatal cell populations***° but did not provide an in-depth characterization of
regional differences or PFC D1-neurons.

To address regional differences in dopamine-sensitive (dopaminoceptive) neurons, we

714,21,22

characterized their ribosome-associated mRNAs, or “translatome using translating ribosome

affinity purification (TRAP) combined with RNAseq (TRAP-Seq) in transgenic mice expressing

2122 inder the

enhanced green fluorescent protein (EGFP) fused to L10a ribosomal protein (Rpl10a)
control of the Drd1 or Drd2 promoter™ (D1-TRAP and D2-TRAP mice). We explored mRNA expression
and isoform/splicing profiles and found major differences between PFC and striatum D1-neurons,
and, in the striatum, similarities and differences between D1- and D2-SPNs depending on their dorso-

ventral localization. This comprehensive data set identified expression patterns of any gene of

interest in dopaminoceptive cells. Network analysis indicated transcription factors possibly involved
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in striatal regional specification. Analysis of upstream regulators pointed to the potential role of
prostaglandin E2 (PGE2) in the striatum and we provide evidence for its important modulatory role in

dorsal striatum D2-SPNs.

METHODS

see Supplementary information for detailed procedures

Animals

We used male and female transgenic D1- and D2-TRAP™ (Supplementary Table 1a), Drd1-Cre, Drd2-
Cre, Drdl-tdTomato, and Ail4-tdTomato, and wild-type male C57BI/6 mice. Animal protocols
followed the local and national regulations of the laboratory where they were performed (specifics in

Supplementary Methods).

TRAP-Seq
TRAP mice were sacrificed by decapitation, the brain placed in an ice-cold brain form to cut thick
slices and dissect PFC, NAc, and DS (Fig.1b). Samples from 1-3 mice (Supplementary Table 1a) were

1422 peverse-transcribed

pooled for cell-type-specific ribosome-bound mRNA immunoprecipitation
MRNA (5 ng) was used for library construction and sequencing on Illumina HiSeq 2500 (>20 million

50-bp paired-end reads per sample).

Bioinformatics analysis

After raw data quality assessment using FastQC?, libraries were mapped to Mus musculus genome
GRCmM38 (UCSC mm10) using HISAT2**. Reads were quantified (SeqMonk®) and exported with the
corresponding gene annotations, excluding sex chromosomes (NCBI-GEO #GSE137153). Differential
expression was assessed with DESeq2?°. After filtering out sequencing bias with RSeQC?’ differential
exon usage was determined with DEXseq®® and Ensembl release 70. For network inference we
followed DREAMS conclusions® and combined CLR®* and GENIE3?!, visualized with Cytoscape®

(Supplementary material: Network-Inference.R).



mRNA and protein analysis

Reverse transcription quantitative PCR (RT-gPCR) was normalized to a house-keeping gene using the
delta-delta-CT (ddCT) method. Receptors mRNA expression was detected by single molecule
fluorescent in situ hybridization (smFISH)*?, confocal microscopy (Leica SP8) and image analysis at the
Montpellier RIO imaging facility. Immunoblotting of CNTNAP2/Caspr2 isoforms®, PKA substrates®,

and phospho-rpS6 immunohistofluorescence® were as described.

Pharmacological treatments

For acute i.p. injections, misoprostol (0.1 mg.kg-1) was dissolved in phosphate-buffered saline (PBS)
and haloperidol in saline. For chronic infusion, osmotic mini-pumps were placed under pentobarbital
(40-60 mg.kg!) anesthesia either i.p. (model 1004; Alzet, Palo Alto, CA) or subcutaneously (Alzet
model 2004) and connected to bilateral 28-gauge stainless steel cannulas stereotaxically implanted in

the DS and fixed on the skull®’.

Electrophysiology
Mice injected with misoprostol or saline were anesthetized with isoflurane, decapitated and coronal
brain slices were prepared. D1-SPNs and putative D2-SPNs identified in the DS were patch-clamped

and recorded in whole-cell voltage or current clamp as described*®.

Fiber photometry

Drd1-Cre or Drd2-Cre mice were anesthetized and stereotactically injected with
PAAV.Syn.Flex.GCaMP6f.WPRE.SV40 virus into the DS or NAc, as described®. A chronically
implantable cannula composed of an optical fiber and a fiber ferrule was implanted 100 um above
the location of the viral injection site and fixed onto the skull. Real-time fluorescence was recorded®
before and after change in environment (mouse placed in a new cage). Each mouse was recorded
twice with an interval of at least a day and received an i.p. injection of misoprostol (0.1 mg.kg™) or

vehicle, 30 min (in random order) before the recording start.



Behavioral assays
Haloperidol-induced catalepsy was measured 45-180 min after haloperidol injection. The behavior of
mice chronically implanted with osmotic minipumps was explored using rotarod and food-cued Y-

maze, adapted from T-maze paradigm®, 9-15 days and 20-25 days after implantation, respectively.

RESULTS
Data quality

We molecularly profiled D1- and D2-neurons in D1- and D2-TRAP mice. We verified that they
expressed high levels of EGFP-L10a in the cytoplasm (Fig.1a) with a pattern consistent with the

previously described expression in D1- and D2-SPNs'**?

. In the PFC only D1-TRAP mice expressed
sufficient amounts of EGFP-Rpl10a to allow ribosome-associated mRNA purification. We studied by
TRAP-Seq mRNA from PFC, DS, and NAc in D1-TRAP mice and DS and NAc in D2-TRAP mice (Fig.1b),
using 14-19 independent samples per population (Supplementary Table 1a). RNAseq at high read
depth yielded 37-62 million reads per sample (Supplementary Table 1b) and a total of 20,689 out of
25,883 genes in the reference genome used were mapped in at least one sample (Supplementary
Table 1c). Read numbers were low for signature transcripts of non-neuronal cells (Supplementary
Table 1d). Principal component analysis (PCA) showed high data reproducibility and lower biological
replicates variability than differences between regions (Fig.1c,d). The main source of variance
between the 79 samples was the brain region (43% of the variance, Fig.1c) and within the striatum,
D1/D2 (PC1, 34%) and DS/NAc (PC2, 17%, Fig.1d). We compared the translatomes of these various
populations of dopamine target neurons using DESeq2 (Supplementary Table 2), presented below as
two-by-two comparisons. To select the most biologically relevant differences between the two cell
populations, we used stringent criteria (Padj <0.001, fold-change 22, i.e., L2FC>1, expression level

baseMean 210) and also pinpointed genes consistently differentially expressed by identifying mRNAs

higher in all samples of one population than in all samples of the other.



Comparison of translating mRNA in PFC and striatum D1-neurons

Several thousand gene products were differentially associated with ribosomes between D1 neurons
of the PFC and striatum (i.e., pooled DS and NAc, Supplementary Tables 3a,b), with a significance
threshold (Padj < 0.01), illustrating the power of TRAP-Seq applied to many independent biological
replicates. Differences are presented with stringent significance criteria (Fig.1le, Supplementary
Tables 3c,d) or consistency in all samples of PFC (Supplementary Tables 3e,f). We confirmed the
validity of TRAP-Seq differences in independent wild-type samples, using RT-qPCR for transcripts with
diverse levels of expression and enrichment in the PFC (Supplementary Fig.1a). In situ hybridization

patterns (Allen Brain Institute http://mouse.brain-map.org/) showed similar differences for some

genes (e.g., Thrl), but TRAP-Seq was more informative for less expressed ones (Supplementary

Fig.1b).

The core set of differentially expressed genes included transcripts characteristic of cortical
pyramidal cells or SPNs. Gene ontology (GO) analysis indicated that genes more expressed in PFC are
also related to neuronal differentiation, morphogenesis, and adhesion (Fig.1f, Supplementary Table
3g). In contrast, those more expressed in the striatum are also related to RNA processing, chromatin,
and transcription (Fig.1g, Supplementary Table 3h), underlining major differences between the
transcriptional/translational landscapes in cortical and striatal D1-neurons. These differences provide
information about the distinct properties of D1-neurons in PFC and striatum illustrated by genes with
identified functions in the International union of basic and clinical pharmacology (IUPHAR) data base

(Supplementary Tables 3i,j).

The sequencing depth and sample number allowed investigating differences in usage of
individual exons, corresponding to different mRNA isoforms generated by alternative splicing or
selection of transcription start site or polyadenylation site (Supplementary Table 4). Approximately

4,000 exon fragments were differentially used (Supplementary Tables 5a,b), with several differences


http://mouse.brain-map.org/

often occurring in the same genes (Supplementary Table 5c). The exon usage changes were
dissociated from those in total gene expression (congruent in only 20-30% of genes with exon usage
differences, Supplementary Tables 5d,e). A striking example is Arpp21, which included 42 exons
more used in PFC compared to 19 more used in striatum (Supplementary Table 5f). Interestingly,
striatal-enriched exons included the coding sequence of ARPP-21 (Supplementary Table 5f,
highlighted blue), a regulator of calmodulin signaling® enriched in SPNs*, whereas PFC-enriched
exons included those coding for TARPP (highlighted orange), a longer protein first described in
thymocytes®, which binds RNA through domains absent from ARPP-21%°. These results provide the
first in-depth characterization of the transcripts in D1-neurons in the PFC and striatum, revealing the
high degree of cell-type specificity of isoform expression, which is in part independent of total gene

expression regulation.

Comparison of translating mRNA in striatal D1- and D2-neurons

We examined differences between D1- and D2-neurons in the DS and NAc (Fig.2a-b, Supplementary
Tables 2, 6a-g). Although TRAP could enrich ribosome-associated mRNA from both D2-SPNs and
cholinergic interneurons (ChINs) that also express Drd2”, the levels of ChIN markers significantly
enriched in D2 vs. D1 neurons were very low (Supplementary Tables 1d, 2), indicating that ChINs
represented a minor component of the total mRNA. This low contribution contrasts with that
observed in D2-Ribo-Tag mice®®, in which the expression of the reporter is driven by the endogenous
Rpl22 promoter independently of the activity of the Drd2 promoter. We concluded that most of
TRAP-Seq striatal mRNA originated from D1- and D2-SPNs and analyzed their differences in the DS
and NAc separately. In the DS, D1-SPNs innervate the substantia nigra and the internal globus
pallidus, while D2-SPNs project to the external globus pallidus®>, whereas in the NAc, receptor

48,49

expression pattern and neuronal connections are less dichotomic™™. Using stringent criteria

(Fig.2a,b, Supplementary Tables 6h-m) we found many D1/D2 differences common between NAc



and DS (Fig.2c, Supplementary Tables 6j,m), underlining the existence of similar population-specific
gene expression mechanisms in these two regions. We present genes providing robust markers in
Supplementary Tables 6n-s, GO pathways enrichment in Fig.2d and Supplementary Tables 7a-c, and
IUPHAR function in Supplementary Tables 7g,h.

We then examined the D1/D2 differences in exon usage in DS and NAc (Supplementary
Tables 8,9). The differences were less numerous in DS (Supplementary Tables 10a,b) than in NAc
(Supplementary Tables 10c,d). In either case the same genes often included several differentially
used exons (Supplementary Tables 10e). Most D1/D2 differences observed in DS were also found in
NAc, including genes with some exons preferentially expressed in D1 and others in D2 neurons.
Characteristic examples are the neurexin genes (Nrx1-3), which encode presynaptic adhesion
proteins with many splice isoforms and alternative transcription start sites with cell-type specific

expression and properties>’ (Supplementary Table 10e, highlighted blue).

Comparison of translating mRNA DS and NAc neurons

As shown by PCA (Fig.1d), gene expression profiles easily distinguish DS and NAc samples in both D1-
and D2-neurons (Fig.2e,f, Supplementary Tables 2, 11a-s), in line with the many differences between

these two regions'’*!

. RT-gPCR in wild-type mice confirmed differences for selected genes
(Supplementary Fig.2a,b) with only some visually detectable by in situ hybridization (Supplementary
Fig.2c,d). D1- and D2-neurons shared many of these dorso-ventral differences (Fig.2g,
Supplementary Tables 11a,d). GO analysis indicated a predominance of ion transport-related

pathways in DS and signaling pathways in NAc (Fig.2h, Supplementary Tables 12a-f, IUPHAR function

in Supplementary Tables 12g,h).

We also investigated the DS/NAc differences in exon usage (Supplementary Tables 13, 14).
As above for the D1/D2 differences, these differences were concentrated in a relatively small number
of genes, which often included several differentially expressed exons (Supplementary Tables 15a-e).

Many DS/NAc differences were common between D1- and D2-neurons (up to half of those in D1-
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neurons, Supplementary Table 15e), highlighting common regulatory mechanisms in these two
populations. Only a small proportion of differences in exon usage corresponded to overall differences
in gene expression (Supplementary Tables 15f-i). As an example, we focused on Cntnap2, a gene
coding for a transmembrane cell-adhesion protein, Caspr2, associated with autism spectrum disorder
and other neuropsychiatric disorders®>. A short isoform (Iso2) lacks the extracellular domain and
corresponding protein-protein interactions of the full-length isoform® (Iso1, Supplementary Fig.3a-
e). Exons encoding the extracellular domain, specific for Isol, were enriched in the DS compared to
the NAc whereas exons common to Isol and Iso2 were enriched in the NAc, in both D1- and D2-
neurons (Supplementary Table 15e, Supplementary Fig.3b,c). These results were confirmed at the
protein level by immunoblotting, with a Iso2/Isol ratio higher in the NAc than in the DS
(Supplementary Fig.3d,e). These results suggest possible Cntnap2 functional differences in NAc and
DS in relation to Iso2 levels and illustrate the utility of high-resolution translatome comparisons
between neuronal populations. Overall the comparison of NAc and DS separately for D1- and D2-
neurons reveals the importance of dorso-ventral differences shared, to a large extent, by the two

populations.

Comparison with other approaches

The number of differences we identified between D1- and D2-neurons was much larger than with
TRAP-microarrays'® (Supplementary Fig.4a). The few genes for which we did not replicate
differential expression had low fold-changes in both studies (Supplementary Fig.4b,c). We confirmed
many D1-enriched (80%) and D2-enriched (67%) genes identified in a study using single-cell
RNAseq'®, a technique that avoids possible insertional effects of BAC-TRAP transgene, and revealed
many other genes (Supplementary Fig.4d). Most genes we did not confirm exhibited a low
expression (e.g., Rbp4) and/or a low fold-change (|Log,FC|<1). Discrepancies may originate from

sampling bias or stochastic dropout of genes with low base counts in single-cells.
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Transcription factor expression and transcriptional networks

Since the mRNA isolated by our TRAP-Seq approach in the striatum mostly originated from SPNs (see
above), we sought to identify putative regulators of their transcriptional profiles by focusing on
transcription factor (TF) mRNA (Supplementary Tables 16a-f). The top differentially expressed TFs
included some previously described during development, including higher expression in D1-SPNs of

54-56

DS and NAc of Is/l1 and Ebf1, which govern striatonigral neuron differentiation®™". Conversely, Sp9

was more expressed in all D2-SPNs and /kzf2 (Helios) in DS D2-SPNs than in DS D1-SPNs, in agreement

738 |mportantly, we identified many other TFs

with their role in striatopallidal neurons development
with D1/D2 or DS/NAc differences (Supplementary Tables 16a-f), whose role in striatal
differentiation has not yet been explored. Some but not all of these TFs have been associated with

59-61

neuronal development outside of the striatum™™". Our results provide strong incentive for their

exploration in SPNs differentiation.

To evaluate the potential functional importance of TFs in the regulation of transcriptional
profiles in adult striatal neurons, we then used a gene expression-based network inference
procedure (see Supplementary Methods, Supplementary Figs. 5 and 6). Coloring this subnetwork
with relative expression in D1 and D2 populations or in DS and NAc, suggests key TFs. Genes linked to
Nr4a2, coding for Nurrl associated with the development of dyskinesia®*®® and Ebf1 (see above) are
strongly differentially expressed between D1-band D2-SPNs (Supplementary Fig.5). In contrast,
genes linked to Onecut2, a homeobox gene associated with neuronal differentiation®, and Zbtb18
are strongly differentially expressed in DS and NAc (Supplementary Figure 6, Supplementary Tables
6a,b). Zbtb18 encodes a transcriptional repressor of key proneurogenic genes whose mutation is
implicated in intellectual deficit®. Interestingly, most influences of Zbtb18 are outgoing (66/83) or

bidirectional predominantly outgoing (7/83) (Supplementary Fig.7), suggesting it is an important
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upstream regulator of gene expression in the striatum. Thus, our analysis suggests that Onecut2 and

Zbtb18 are TFs important for striatal dorso-ventral differences.

Modulatory role of PGE2 in the dorsal striatum

In a different approach to identifying potential factors contributing to DS/NAc differences, we used
Ingenuity pathway analysis (IPA) combining D1 and D2 neuron data (Supplementary Table 17).
Prostaglandin 2 (PGE2) was a top candidate among endogenous molecules regulating DS-enriched
genes and we further investigated its possible role in this region. PGE2 is produced in striatal slices in
response to dopamine receptors stimulation®® and the phenotype of mice lacking PGE2 receptor-1
(Ptger1/EP1) suggests that PGE2 enhances DRD1 and DRD2 responses®. Our mRNA analysis indicated
that several genes coding for proteins involved in PGE2 metabolism or action, including its receptors,
Ptgerl, Ptger2, and Ptger4, were expressed in SPNs (Supplementary Table 18). Single-molecule
fluorescent in situ hybridization in DS showed the expression of Ptgerl and Ptger2 in both D1- and
D2-SPNs, and Ptger4 mostly in D1-SPNs (Fig.3a-c). RT-gPCR indicated that these receptors mRNA
were generally more abundant in DS than NAc (Fig.3d-f).

To test the functionality of PGE2 receptors we used misoprostol (0.1 mg.kg” i.p. 30 min), a
PGE2 receptors agonist that crosses the blood-brain barrier®’. Misoprostol exposure led to increased
cAMP-dependent protein kinase (PKA) substrates phosphorylation measured by immunoblotting
(Supplementary Fig.8a,b). Misoprostol also increased immunohistofluorescence for pSer235-236-
ribosomal protein S6, a PKA-substrate®® (Fig.3g), in D2-SPNs of NAc and DS (Fig.3h-i). A similar, albeit
not significant, trend was observed in D1-SPNs (Fig.3h-i).

To address functional effects of PGE2 receptors in the DS, we then performed whole-cell
patch-clamp recording in brain slices of mice pretreated with misoprostol or vehicle, in which we
identified D1-SPNs and putative D2-SPNs based on tdTomato fluorescence and morphology

(Supplementary Fig.9a-c). Whereas misoprostol pretreatment did not alter D1-SPNs excitability
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(Fig.4a), it markedly decreased D2-SPNs excitability (Fig.4b). Accordingly, misoprostol pretreatment
increased the minimal current to elicit action potentials (the rheobase) only in D2-SPNs (Fig.4c).
Misoprostol pretreatment hyperpolarized the resting membrane potential and reduced the
membrane resistance in D2-SPNs, but not in D1-SPNs (Fig.4d,e), without altering the action potential
threshold (Supplementary Fig.9d). Overall, these data suggest that PGE2 receptor stimulation
reduces D2-SPNs excitability by affecting intrinsic cellular properties.

We then evaluated the effects of misoprostol in vivo using fiber photometry in awake mice
expressing the calcium sensor GCaMP6f in D1- or D2-neurons (presumably essentially SPNs,
Supplementary Fig.10a-c). We examined the increased activity induced by a novel environment®*®.
The calcium transients in DS D1-neurons were similar in mice pretreated with vehicle or misoprostol
(Fig.5a-c). In contrast, this increase was attenuated by misoprostol in DS D2-neurons (Fig.5d-f). A
small effect of misoprostol was also observed in NAc D2-neurons (Supplementary Fig.10d-f). These
results in slices and in vivo revealed an inhibitory effect of misoprostol on D2-neurons reminiscent of

the action of a DRD2 agonist®®

. To test whether PGE2 receptor stimulation could mimic DRD2
stimulation, we pretreated mice with misoprostol or vehicle before injecting them with haloperidol, a
dopamine DRD2-antagonist that induces catalepsy. Pretreatment with misoprostol inhibited
haloperidol-induced catalepsy (Fig.5g), suggesting that stimulation of PGE2 receptors functionally
opposes DRD2 antagonist effects.

We then evaluated effects on the behavior of long-term stimulation of PGE2 receptors, by
mini-pump infusion of misoprostol or vehicle either i.p. or, to exclude peripheral effects, directly into
the DS. We first examined the motor performance of these mice in a rotarod test. Although mice
infused with misoprostol or vehicle, either i.p. or in the DS, learned similarly to remain on an
accelerating rotarod, intrastriatal misoprostol infusion improved performance at a fixed challenging
speed (Supplementary Fig.11a-d). We then examined DS-dependent procedural learning in the same
mice learning to locate the baited arm in a food-cued Y-maze, without external cues, using an

41,70,71

egocentric strategy . The learning phase was similar in mice treated with i.p. infusion of vehicle
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or misoprostol, but in the reversal task, in which locations of the bated and non-reinforced arms
were inverted, relearning was faster in misoprostol-treated mice (Fig.5h). The mice infused with
misoprostol in the DS learned better the stable location of the bated arm and, after reversal,
relearned faster than vehicle-infused animals (Fig.5i). Together these results indicate that
misoprostol improved procedural learning reversal, and that this effect resulted from a local action in
the DS. Because DRD2 antagonists block reversal learning in the DS’? the opposite effects of PGE2
receptors stimulation are compatible with a functional mimicry or enhancement of DRD2
stimulation. Altogether, our results reveal a modulatory role of PGE2 in the striatum decreasing the

excitability and activity of D2-SPNs.

DISCUSSION

This study reports an in-depth genome-wide regional comparative analysis of translated mRNAs in
the main forebrain dopaminoceptive cell populations. The TRAP-Seq method provided information
about mRNA from cells highly expressing DRD1 or DRD2. As expected, striking differences were
identified between cortical and striatal D1-neurons, including mRNA processing-related genes more
expressed in the striatum and morphogenesis-related genes more expressed in the PFC. In the
striatum we provide a comprehensive view of differences between D1- and D2-neurons, essentially
corresponding to SPNs, with the first regional comparative evaluation of the DS and NAc. Our work

318 on D1/D2 differences in gene expression with the use of RNAseq

extends previous reports
instead of microarrays increasing >10-fold the sensitivity of the TRAP approach. Our study also
complements single-cell approaches that allow unbiased cell-type classification, but are limited to
the most highly expressed genes. Single-cell RNAseq analysis suggested a transcriptional gradient
attributed to the patch/matrix organization of the striatum®®. Interestingly, we find that genes

defining this gradient are highly enriched either in the NAc (Wfs1, Crym) or the DS (Cnrl), rather

indicating a correlation with the dorso-ventral organization.
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Our analyses also provided genome-wide information about exon usage and isoform
differences between dopaminoceptive neuronal populations with multiple differences often grouped
in the same genes. Most of these differences occurred independently from those in total mRNA
levels, indicating a dissociation between regulatory mechanisms controlling cell-type-specific
transcription and mRNA processing. Importantly, we show that for translating mRNA levels and exon
usage, many dorso-ventral differences are shared by D1 and D2 neurons, while most D1/D2
differences are found in both the NAc and DS. This reveals the intricacy of regulations, with
intersected D1/D2 and DS/NAc gene expression programs, which give rise to the identity of the
various SPN populations. Our analysis of TFs identified potential regulators of these differences
between D1/D2 and DS/NAc populations. This approach was validated by confirming the few TFs
already known to be implicated in D1/D2 differences. We identified several additional novel TFs
potentially involved in SPN regulation. Among these, gene network analyses identified a role of
Nr4a2 in D1/D2 differences and Onecut2 and Zbtb18 in DS/NAc differences. These factors, which can
now be experimentally investigated during development in vivo, may also help refine protocols used

to generate specific subtypes of SPNs in vitro™.

In-depth striatal gene profile characterization suggested a possible influence of PGE2.
Although PGE2 is an important lipid mediator extensively studied outside the nervous system, it has

received little attention in the striatum®’

. We explored the potential role of PGE2 using a
pharmacological approach. Misoprostol, a PGE2 receptor agonist, increased cAMP-dependent
protein phosphorylation in SPNs possibly through activation of Ptger2/EP2, which increases cAMP
production®” or atypical coupling of Ptgerl/EP1 receptor to adenylyl cyclase-7”*. Misoprostol also
reduced the excitability of D2-SPNs by affecting intrinsic cellular properties and decreased their Ca**
activity during the exploration of a novel environment. These effects were presumably distinct from
those on cAMP, which are expected to have opposite consequences®’. Instead, PGE2 ability to
decrease D2-SPNs activity in vivo, was similar to the stimulation of DRD2, which, in addition to

decreasing cAMP, increases K currents and inhibits Ca®* and Na* currents®®. This dual property of
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PGE2 is reminiscent of the ability of EP1/Ptgerl to enhance both DRD1- and DRD2-like signaling
pathways beyond the classical Gg-coupling of these receptors®. The identity of the PGE2 receptors
involved in the effects reported here and their potential interactions with DA receptors at the
receptor level or through downstream signaling remain to be investigated. The existence of
subpopulations of SPNs with distinct responses is also a possibility to explore. The possible role of
PGE2 in striatal function was indicated by the effects of local infusion of misoprostol in the DS, which
enhanced mouse performance on a rotarod test and improved procedural learning and its reversal.
Because dopamine is reported to enhance striatal production of PGE2®, these observations suggest
the existence of a positive PGE2-mediated feedforward regulation of DRD2 signaling, in which
dopamine-increased PGE2 reinforces dopamine effects on DRD2. Given the key functional role of D2-
SPNs®, the down-regulation of DRD2 in addiction-like maladaptive behavior’, their sensitivity to
neurodegeneration in Huntington’s disease™, and their importance in schizophrenia'®, this potential
modulatory role of PGE2 indicates novel potential pharmacological targets of therapeutic interest

and warrants further exploration.
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Figure legends

Fig.1: EGFP-L10a expression and differences in ribosome-associated mRNA expression in the PFC

and striatum of D1-TRAP mice.

a. Brain sections from representative TRAP mice showing the location of the cells expressing EGFP-
L10a (direct EGFP fluorescence). Upper panel, D1-TRAP mouse, left picture sagittal section (scale bar
1.5 mm), right picture higher magnification of the striatum (scale bar 50 um) and blow up of a single
neuron illustrating cytoplasmic and nucleolar labeling. Lower panel, D2-TRAP mouse, left picture,
sagittal section, right picture, coronal section through the striatum (scale bars 1.5 mm). Images are
stitched confocal sections. b. Collection of brain tissue samples. Brains were rapidly dissected and
placed in a stainless steel matrix (lower left panel) with 0.5 mm coronal section interval, and two
thick slices containing the PFC (cyan, 2 mm-thick) and the striatum (3 mm-thick) were obtained. The
PFC was cut, and the dorsal striatum (DS, green) and the nucleus accumbens (NAc, light red) were
punched out with a metal cannula on ice. Limits of the tissue samples are indicated on sagittal (left
panel) and coronal (right panel) sections. c. PCA of RNAseq gene expression assessed in TRAP-
purified mRNAs from PFC, DS and NAc of D1- or D2-TRAP mice. Each point corresponds to a sample
of tissues from 1-3 mice. d. PCA of RNAseq from the DS and NAc of D1- and D2-TRAP mice. The same
plot was differentially colored for DS and NAc samples (left panel) or D1 and D2 samples (right
panel). e. Volcano plot showing differential mRNA expression between striatal D1 samples (blue) and
D1 samples from PFC (cyan). Names of some top representative mRNAs are indicated (those with low
expression levels are in grey). f-g. Main gene ontology (GO) pathways for genes more expressed in
PFC than in striatum (f) or more expressed in striatum than in PFC (g). Only the most significant non-

redundant pathways are shown. For complete results, see Supplementary Tables 3g, h.
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Fig.2: Differential ribosome-associated mRNA expression in striatal regions of D1- and D2-TRAP

mice.

MRNA was purified by BAC-TRAP from the DS and NAc of D1- or D2-TRAP mice and analyzed by
RNAseq. a-b. Volcano plots of the differences in expression patterns between D1 (blue) and D2
(yellow) samples in the DS (a) or the NAc (b). c. Venn diagram of data in a and b showing the number
of mRNAs differentially expressed in D1 vs. D2 samples in the NAc (light red) and DS (green). d. Main
gene ontology (GO) pathways for genes more expressed in D1 or in D2 neurons in DS, NAc or both, as
indicated. Only the most significant non-redundant pathways are shown. For complete results, see
Supplementary Tables 7a-f. e, f. Volcano plot of the differences between DS (green) and NAc (red) in
D1 (e) and D2 (f) samples. g. Venn diagram of the data in e and f showing the number of mRNAs
differentially expressed in DS vs. NAc samples in the D1 (blue) and D2 (yellow) samples. h. Main gene
ontology (GO) pathways for genes more expressed in DS or in NAc neurons in D1, D2, or both, as
indicated. Only the most significant non-redundant pathways are shown (complete results in
Supplementary Tables 12a-f). In a, b, e, and f, the names of top representative mRNAs are indicated
(those with low expression levels are in grey). In a-c and e-g thresholds were Padj < 107, fold-change

> 2 and mean baseMean > 10.

Fig.3: Expression of PGE2 receptors in the striatum and cell population-specific effects of PGE2

receptor stimulation.

a-c. Single-molecule fluorescent in situ hybridization for PGE2 receptors in the DS. Sections through
the DS of brains from wild-type C57/Bl6 male mice were processed for single molecule fluorescent in
situ hybridization. Sections were labeled with probes for PGE2 receptor mRNAs, Ptgerl (a), Ptger2
(b), and Ptger4 (c) in red, and Drd1 (green), and Drd2 (cyan), as indicated, and counterstained with
DAPI (gray scale). Ptger1 and Ptger2 are expressed in D1- and D2-SPNs, whereas Ptger4 is mostly in

D1. Confocal microscope images, scale bar, 10 um. d-f. RT-qPCR quantification of Ptgerl (d), Ptger2
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(e), and Ptger4 (f) mRNA levels in ribosome-associated mRNA purified from the NAc or DS of D1- and
D2-TRAP mice. Quantification by comparative ddCt method using Rp/19 as an internal control
(arbitrary units, not comparable from one graph to the other). Note that because of gene overlap
with Ptgerl we cannot exclude a contribution of Pknl transcripts. g. Examples of
immunofluorescence of pSer235-236-rpS6 (blue) in DS sections of mice treated with vehicle (PBS) or
misoprostol 30 min before sacrifice. Mice were transgenic for Drd1-tdTomato (red) and D2-TRAP
(green) to identify D1- and D2-SPNs. Scale bar, 30 um. h-i. Quantification of results as in g in D1 and
D2-SPNs of NAc (h) and DS (i, n=12, 6 mice per group and 2 areas of interest per mouse). Statistical
analysis, 2-way ANOVA (Supplementary Table 19), Holm-Sidak's multiple comparisons tests, **

p<0.01, **** p<10™.

Fig. 4: Effects of PGE2 receptor stimulation on electrophysiological properties of DS D1-SPNs and

D2-SPNs neurons.

Male Drd1-Cre x Ail4 tdTomato reporter mice were injected i.p. with vehicle or misoprostol (0.1
mg.kg™). Thirty minutes later mice were sacrificed, and brain slices were made for patch clamp
electrophysiological experiments. D1- and putative D2-SPNs in the dorsomedial striatum were
identified based on red fluorescence and morphology and patched. a. In current clamp,
incrementally increasing depolarizing currents were injected into the cell, while action potential
output was monitored. In D1-SPNs no differences occurred between cells from animals pretreated
with vehicle (Veh, n.s=12; n.i.e=5) or with misoprostol (Miso, n.s=12; n.i.=6). Left: representative
examples of action potential profiles in response to a depolarizing current injection of 200 pA. Right:
Average current-action potential number relationship across cells from the vehicle or misoprostol
condition. Two-way repeated measures-ANOVA (RM-ANOVA), misoprostol effect not significant. b. In
D2-SPNs misoprostol pre-treatment (Neeis=12; Mpyie=5) compared to vehicle (Nees=12; Nmice=5),

resulted in a reduction of action potential output (RM-ANOVA, misoprostol effect, p=0.04). c. The
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rheobase (i.e., the minimal injected current into a neuron required to make it fire an action potential)
was not affected by misoprostol pretreatment in D1-SPNs, but was significantly increased by it in D2-
SPNs (2-way ANOVA, interaction, p=0.001). d. The resting membrane potential was unaltered by
misoprostol in D1-SPNs, but reduced in D2-SPNs (2-way ANOVA interaction, p=0.002). e. Misoprostol
reduced the membrane resistance of D2-SPNs (2-way ANOVA misoprostol effect, p=0.037). c-e,
multiple comparisons with Holm-Sidak’s test, *p<0.05, ***p<0.001. See Supplementary Table 19 for

detailed statistical results.

Fig.5: Effects of PGE2 receptor stimulation on DS neurons activity and mouse behavior.

a-c. Misoprostol pretreatment does not alter D1 neurons Ca®" activity during exploration of a novel
environment (new cage). The activity was evaluated by fiber photometry in the DS of Drd1-Cre mice
stereotactically injected with an AAV GCaMP6f (Supplementary Fig.10a-c). Each mouse was recorded
twice with an interval 2 1 day, 30 min after receiving either vehicle (Veh) or misoprostol (Miso, 0.1
mg.kg™, i.p.). a. Average traces of mice injected with vehicle and placed for 1 min in a novel
environment. b. Same as in a for mice injected with misoprostol. c. Plot of the area under the curve
(AUC) in a and b during the novel environment exploration (60 s) minus the AUC during baseline (50
s), 10 mice per group. Mann-Whitney test, p = 0.39. d-f. Misoprostol decreases Ca’* responses to
change in environment in D2 neurons. Same experiment as in a-c but in Drd2-Cre mice injected with
vehicle (d, n = 10) or misoprostol (e, n = 9). Mann-Whitney test, p = 0.043. g. The effects of PGE2
receptors stimulation on DRD2 function were investigated by evaluating the immobility 45-180 min
after haloperidol injection (0.1 mg.kg™, i.p.), in mice pretreated 15 min before haloperidol with
misoprostol (0.1 mg.kg™, i.p.) or vehicle (9 mice per group). The same experiment was run twice on
different groups of mice with results similar to the one shown here. 2-way repeated measures-
ANOVA (RM-ANOVA), misoprostol and time effects, both p<10™. h, i. Effects of chronic misoprostol

on procedural learning and reversal. (h) Wild-type male mice were implanted with an i.p. osmopump
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delivering vehicle (20 mice) or misoprostol (24 mice). Acquisition and reversal of the food-rewarded
arm choice in a Y maze was tested 20-25 days later. RM-ANOVA, misoprostol effect, learning phase,
not significant, reversal, p=2.10". (i) Same as h except that osmopump infusion bilaterally delivered
into the DS vehicle (10 mice) or misoprostol (9 mice). 2-way RM-ANOVA, misoprostol effect, learning
phase, p=0.003, reversal, p=0.002. g-i, multiple comparison Holmes-Sidak’s tests, *p < 0.05, **p <

0.01, ***p<0.001, **** p<10™. See Supplementary Table 19 for detailed statistical results.
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