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Background: Microglia activation contributes to chronic pain and to thexdverse effects

of opiate use such as analgesic tolerance and opioid-induag hyperalgesia. Both mu

opioid receptor (MOR) encoded byOprm1/OPRM1 gene and toll like receptor 4 (TLR4)
have been reported to mediate these morphine effects and a auent question is whether
microglia express the Oprm1 transcript and MOR protein. Thaim of this study was to

characterize Oprm1-MOR expression in naive murine and human microglia, combiing

transcriptomics datasets previously published by other grups with our own imaging

study using the Cx3crl1-eGFP-MOR-mCherry reporter mouserie.

Methods: We analyzed microglial Oprm1/OPRM1 expression obtained from
transcriptomics datasets, focusing onex vivo studies from adult wild-type animals and
adult post-mortem human cerebral cortex.Oprm1, as well as co-regulated gene sets
were examined. The expression of MOR in microglia was alsovestigated using our novel
uorescent Cx3crl-eGFP-MOR-mcherry reporter mouse line We determined whether
CX3cR1-eGFP positive microglial cells expressed MOR-mCing/ protein by imaging
various brain areas including the Frontal Cortex, Nucleuscdumbens, Ventral Tegmental
Area, Central Amygdala, and Periagqueductal Gray matter, agell as spinal cord.

Results: Oprml expression was found in all 12 microglia datasets from
mouse whole brain, in 7 out of 8 from cerebral cortex, 3 out of 4from
hippocampus, 1 out of 1 from striatum, and 4 out of 5 from mouse or rat
spinal cord. OPRM1 was expressed in 16 out of 17 microglia transcriptomes
from human cerebral cortex. In Cx3crl-eGFP-MOR-mCherry e, the
percentage of MOR-positive microglial cells ranged betwee 35.4 and 51.6%
in the different brain areas, and between 36.8 and 42.4% in th spinal cord.
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Conclusion: The comparative analysis of the microglia transcriptomesdicates that
Oprm1/OPRML transcripts are expressed in microglia. The investigatiolf Cx3crl-
eGFP-MOR-mCherry mice also shows microglial expression &flOR proteinin the brain
and spine. These results corroborate functional studies shwing the actions of MOR
agonists on microglia and suppression of these effects by M&-selective antagonists or
MOR knockdown.

Keywords: microglia, opioid receptor, mu, transcriptomics, g ene clusters, uorescent reporter mice, analgesic
tolerance, opioid-induced hyperalgesia

INTRODUCTION expression in microglia based on transcriptomics and have used
uorescentreporter mice to characterize MOR expressiovivo.
Activation of the mu opioid receptor (MOR), encoded by the A number of laboratories have generated transcriptomics
Oprm1/OPRML1 gene in rodents and humans, respectivelf)(  datasets for microglia that can be used for analyzing gene
mediates opioid analgesia and the adverse consequencesiof 0Opiexpression pro les%3 24) as well as for investigating microglia
use 6, 4) Glial cells and in particular microglia are known to phys|0|ogy and their responses in diseagg, QG) We have
contribute to chronic pain §) as well as to opioid tolerance analyzed published datasets from microarray (MA) and RNA-
and opioid-induced hyperalgesia (OIHj<8). However, whether  sequencing (RNA-seq) studies performed on rodent and human
microglia expres®prmland whether microgliaDprmlwould  microglia for Oprm1 and OPRM1 gene expression. We have
have a role in chronic pain and other opioid e ects remainscompleted this analysis by imaging microglial MOR using a
to be demonstrated. Most studies reporting MOR expressioRovel double uorescent Cx3crl-eGFP-MOR-mCherry mouse
or function in microglia have been performed on culturedjine. The chemokine receptor CX3CR1 is a specic marker
microglia @-18). It has been shown however that gene expressiofpr phagocytic cells and labels specically microglia and
pro les dier between microglia in culture and adult mouse macrophages in the nervous system of naive animls29).
microgliain Vivo (19) and therefore the demonstration of MOR The Cx3crl-eGFP mouse line was Origina"y used to exp]ore
expression in cultured microglia does not allow to concludecX3CR1 function §0) then later to map the fate of tissue
for MOR expression in adult mlcrogllm vivo. Horvath et al. macrophages inc|uding mmrogh&% 29) A reporter knock-in
(20 have shown MOR expression in rat spinal microgifia mouse line for MOR, the MOR-mCherry line, allows to map the
vivo by immunohistochemistry. However, two other studiesdistribution of MOR-expressing cells in mice using uorescence
have contradicted these ndings by showing a lack of MORmaging 31). In order to localize MOR protein in microglia,
expression in spinal cord microglia?{, 22). Thus, whether e have bred these two lines together to generate the Cx3crl-
microglia in adults express MOR still remains an unsolveteGFP-MOR-mCherry mouse line. Thus, we have analyzed MOR
question. Speci cally, Corder et al. present consideraliteexe expression in various brain regions implicated in chronic pain
that argues against the expression of MOR messenger ag@ chronic opiate e ects as well as the spinal cord in control
protein in mouse spinal cord microglia. Their ndings are faer  non-pathological conditions. In addition, as sex di erencee
strengthened by transcriptomic analyses which show a lack ign important factor for chronic pain32-34) and greatly impact
co-expression of Oprm1 mRNA with microglial marker8l}.  the microglial contribution to pain &5, 36), we investigated

However, critical analysis and commentary on these intéyg@s  Oprm1/OPRM1-MOR presence in microglia from both females
results is not possible yet due to the limited access of thgnd males.

datasets used for transcriptomic analysis. Therefore, heret
Oprm1/OPRMlare expressed by microglia remains a matter of
debate that should be further investigated. To date, theee aMATERIALS AND METHODS

no published studies focusing on the analysis of a large Se”q?anscriptomics Analyses

of transcriptomic datasets for Oprm1 expression in microgliasg microglia develop after birth until post-natal day 15,
that would allow assessing, unambiguoushprm1 expression  fo)1owed by stabilization of microglial numbers3%-39),

in microglia in vivo. In addition, OPRMIMOR expression in we focused the Oprml expression analysis on microglia
human microglia is yet to be fully characterized. For thisymse, from juvenile-adult wild-type naive rodent and juvenile-adu
we have used novel approaches to charact@geml/OPRM1 | imans with no reported pain phenotype. The datasets

used and related information including the pathology of
Abbreviations: BDNF, brain-derived neurotrophic factor; CeA, central amygdala;patients from whom microglia were collected, are indicated
CTAP, D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2; eGFP, enteed green in Supplementary Tables34. The selection criteria for which
uorescent protein; FCx, frontal cortex; KO, knockout; MA, microgyraMars-  qatasets to include in the present study were as follows:

seq, massively parallel Single-cell RNA-seq; MOR, mu opioid receptorg,NAc . . .
hucleus accumbens: OIH, opioid-induced hyperalgesia: PAG, perlata gray: normalized mouse datasets included in the database recently

PBS, phosphate bu er baline; PFA, paraformaldehyde; RNA-seq, Rijdemcing; Published by Fr.i?dman et al-{l()) (see Data S2 in. FriEdman
TLR, toll like receptor; VTA, ventral tegmental area. et al.) and additional normalized datasets containi@grml
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in their gene list; from wild-type mice aged 0.5 months andeach data sample. The log2 values and the 25th, 75th percentile

older. Microglia datasets from mouse whole brain were fromand median values were superimposed on the violin plots using

the studies by Wang et al4{), Verheijden et al.42), Poliani  di erent colors as shown irFigures 1-4.

et al. ¢3), Erny et al. {4), Szulzewsky et al4f), Pyonteck For determining correlations betweerOprm1/OPRM1

et al. @46), Bruttger et al. 47), Lavin et al. {8), Bennett et al. expression and the expression of the gene clusters described

(49, Gosselin et al.50), Krasemann et al5(1), and Zhao et al. above, z-scores transformation(bg2 values) were calculated

(52). Microglia datasets from mouse brain areas were from Orrérom the mean expression level of each cluster for each dataset

et al. 63), Arumugan et al. §4), Grabert et al. §5), Friedman included in the study. The Orre et ab® mouse cortex dataset

et al. @0), Srinivasan et al.5g), Zhang et al. 20145(), and and the S037 dataset of the Gosselin et al. sty (ere

Matcovitch-Natan et al. §8). Microglia datasets from rodent removed from the analysis as they varied substantially frim a

spinal cord were from Chiu et al5), Denk et al. 60), Noristani  other datasets within their group. The correlation analyfsis

et al. 1), Matcovitch-Natan et al.58), and Jokinen et al.6@).  human datasets included all dataset except for SO037 set.

Information on these datasets including publication authand

year, accession number, mouse or rat strain, sex, agec@itea, Cx3crl-eG FP-MOR-mCherry Mouse Line

and microglia isolation methods, and genomics assay aengiv.  Animals and Ethics Statement

Supplementary Tables34. The animals were housed under standard light, temperatune, a
Human datasets comprised those published by Zhang et glumidity conditions (12 h light-dark cycle, 21 1 C,55 10%

(63 and contained in FriedmanSupplementary Table Zs well  humidity) with food and waterad libitum. Brains and spinal

as normalized datasets recently reported by Gosselin e4l. ( cords were collected from male and female mice aged between

and Galatro et al.€5) as described irBupplementary Table 4 5 and 15 weeks. All experiments were conducted respecting the

Normal cortical regions were resected from patients witkeeEes  European Communities Council Directives of 22 September 2010

described in column F. Among the 19 datasets by Gosseligjirective 2010/63/UE) under the guidelines of the Comnsitte

et al. we selected 10 datasets derived from individuals agesk Research and Ethical issues of IASP published in PAIN,;1983

13 and older. Among the 39 datasets from adult individuals|6:109-110, and were approved by the local ethical committee

by Galatro et al. we selected 8 datasets derived from sampi@om'Eth d'Ethique pour I'Expérimentation Animale IGBMC-

collected at a maximum delay of 10 h post-mortem. Information|Cs, license NL7) with the agreement number 00876-02.
on these datasets including publication authors and year,

accession number, sex, age, cortex area, dissociation, aB#3crl-eGFP-MOR-mCherry Mice
microglia isolation methods, and genomics assay are ginen The Cx3crl-eGFP-MOR-mCherry mouse line was generated
Supplementary Table 4 by crossing Cx3Crl-eGFP mice29 and MOR-mCherry

In addition to our main focus set, (A) showing only mice 31) to obtain viable heterozygous animals. These were
the expression levels @prml gene transcript from puried intercrossed to generate homozygous Cx3Crl-eGFP-MOR-
microglia, three other groups of gene clusters were formedhCherry mice that are fertile and develop normally. Genotgpi
(B) Myeloid cells, (C) Activation patterns and (D) Neuronswas performed by PCR to detect both Cx3Cr1-GFP sequence
and Astrocytes. The list of genes contained in each of35 cycles at 9€ for 30s, 65.5C for 30s, and 72X for
the gene clusters of B, C, and D was formed using th@ min) using the following primer sequences: Cx3Cr1-Fwd: 5
gene lists dened in Friedman et al4@Q and Itered to TTCACGTTCGGTCTGGTGGGAAATCBCx3Crl- Rev:
exclude the few genes expressed by any other cell type.52TTCCTAGTGGAGCTAGGGTCGGGGReGFP-Fwd:
The Myeloid gene clusters (B) include the Microglia, the S5XGATCACTCTCGGCATGGACG-83 and MOR-mCherry
Macrophage, and the Neutrophil-Monocytes gene clustersequence (35 cycles at @ for 1 min, 63C for 1 min, and
respectively. The activation pattern clusters (C) comprisg2 C for 1 min) using a forward primer located on exon four of
the Interferon-related, Proliferation-related, LPSateld and Oprm1 gene, -Fwd: 5(TGACGTGACATGCAGTTGAGATTT-
Neurodegeneration-related gene clusters. The Neurons arg¥and a reverse primer located in the 3' UTR region, Rév: 5
Astrocyte gene clusters (D) are composed of the NeuronfCCCACAAACCCTGACAGCAAC-8 Both female and male
associated, Excitatory neuron-associated, GABAergigomneu Cx3crl-eGFP-MOR-mCherry mice were analyzed for MOR
associated, and Astrocyte-associated genes clusters. expression in microglia (3 animals per sex).

The logarithm scale two (log2) transformation was applied to
each data sample values and 1 was added to expression value$igsue Preparation
avoid indetermination for zero countreads. For each datagla, Mice were deeply anesthetized with intraperitoneal
the rst (25th percentile), the second (median), and the thir administration of 100/5 mg/kg ketamine/xylazine (Virbac,
quantile (75th percentile) values were computed. The log2egal Carros, France; Rompun, Bayer, La Garenne Colombes, France)
for the Oprm1 transcript were also obtained for each dataseand were intracardially perfused with 4% Paraformaldehyde
The log2 values associated with each gene subset of B, C, dR&A) in Phosphate Bu er Saline (PBS) solution (4%PFA/PBS).
D categories were isolated for each sample and an average vallne whole brain and spinal cord were isolated and post- xed
was calculated for each subset. The R environment (versiof)3 overnight at 4C in 4%PFA/PBS. Samples were rinsed three
was used to create the basic gures. The vioplot R package wasies in PBS and cryoprotected in a sucrose/PBS gradient (10,
used to obtain a violin plot like contour for the log2 values 0f20, and 30%) for 24 h each. Tissues were embedded in OCT
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FIGURE 1 | Oprm1 and gene clusters expression in mouse whole brain microglidatasets. Expression levels of the genes identi ed in each daset are represented in
violin plots demonstrating the median, as well as the 25th ath75th quartiles. Datasets are represented by name of the rsauthor in (A), which are denoted
numerically in(B-D). (A) Expression ofOprm1 is below the median in puri ed microglia assayed with MA, and @tuates above and below the median in puri ed
microglia assayed with RNA-seq(B) Expression values of the Myeloid cell clusters demonstrata high expression of Microglia-related genes which are in ¢h75th
quartile in all the datasets analyzed(C) Expression values of the Activation pattern clusters are bew the 75th quartile in all but one dataset (dataset #6)D)
Expression values of the Neurons and Astrocytes clusters arbelow the median in 5 out 6 of the datasets derived from MA assys, whereby the Astrocyte-related
genes have expression values above the 75th quartile in dagat #5. When assayed with RNA-seq, the Astrocyte-related gees are below the median, except for
dataset #12, where the values are above the median.

1 12

(Tissue Tek, Sakura Fine Technical, Torrance) and coronallynmunohistochemistry and Quanti cations

(brain) or transversally (spinal cord) sectioned atn3@ on

20 C before imaging.

For immunohistochemistry, cryosections were rehydrateéth w
Superfrost microscope slides using a cryostat (Leica CM30508BS and were then incubated in a blocking solution (10% horse
Cryosections were dried at room temperature and then stoted aerum/0.1% Triton X-100/PBS) for 30 min at room temperature.

The sections were incubated with the primary antibodiestdiu
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FIGURE 2 | Oprm1 and gene clusters expression in mouse cortex, hippocampus iad striatum microglia datasets. Expression levels of the gees identi ed in each
dataset are represented in violin plots demonstrating the edian, as well as the 25th and 75th quartiles. Datasets are pesented by name of the rst author in(A)
which are denoted numerically inB-D). In mouse cortex and hippocampus, microglia were assayed wit either microarrays (MA) or RNA-sequencing (RNA-seq) as
underlined on(A) and assayed with MA only in the striatum (dataset #13)A) Oprm1 expression values were distributed below and above # median independent of
the assay used to measure gene expression. RNA-seq dataset§#8 and 12) yielded to no expression oDprm1 in microglia. The highest Oprm1 expression value wag
yielded by dataset #1 in cortical microglia(B) Among the Myeloid gene clusters, the Microglia-related gemmodule was the mostly highly expressed in all datasets
analyzed, with expression values distributed about the 75tquantile. (C) Proliferation-related genes were the most highly expressewithin the Activation pattern
clusters, distributed within the 75th quantile(D) Neuron-, GABAergic-, and Astrocyte-related genes had exm@ssion values that were below the median in most of the
datasets analyzed. In the cortex and hippocampus, the Excitary neuron- and Astrocyte-related genes are distributed lang the median for datasets #5—7 and #10,
11.

in 10% normal horse serum/0.1% Triton X-100/PBS overnight afor 1 h at room temperature, in the same solution as the primary
4 C. The sections were then washed 3 times in 0.1% Triton Xantibodies. After washing 3 times in 0.1% Triton/PBS andeonc
100/PBS and incubated with secondary antibodies and Hoechs PBS alone, slides were mounted with the S3023 aqueous
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FIGURE 3 | Oprm1 and gene clusters expression in rodent spinal cord
microglia datasets. Expression levels of the genes identigin each dataset
are represented in violin plots demonstrating the median,sawell as the 25th
and 75th quartiles. Datasets are represented by name of the st author in (A)
which are denoted numerically inB—D). Gene expression in the spinal cord
was assayed with RNA-seq exclusively(A) Oprm1 expression values ranged
from above the median to undetected level (#4)B) In the Myeloid gene
cluster, the Microglia- related genes were the mostly higilexpressed in all
datasets analyzed, with expression values distributed ahd the 75th quantile.
(C) Proliferation-related genes were the most highly expressewithin the
Activation pattern clusters, except in dataset#5, which hd higher expression
values for the LPS module in microglia puri ed from rat. Ovell the expression
values of Activation patterns gene clusters were low compad to the
Microglia-related genes.(D) Neuron-, GABAergic- and Astrocyte-related genes
had expression values that were low compared to the Microgii-related genes
except for dataset #2 that show high Astrocyte-related modle expression(B).

mounting medium (DAKO). For staining cis-Golgi, trans-Gipg
and lysosomes, the rabbit polyclonal anti-GM130 antibody
(11308-1-AP, Proteintech), the rabbit polyclonal anti-T&N
antibody (NBP1-03495, Interchim), and the mouse monoclonal
anti-Lamp1 antibody (H4A3, Developmental Studies Hybridoma
Bank DSHB) were used. The optimal dilutions were set up in
preliminary experiments. Anti-GM130, anti-TGN38, and anti-
Lampl were used at dilutions 1:500, 1:200, and 1:200 (0.6, 5,
0.1mg/ml), respectively. The secondary antibodies used were
the Cy5 conjugated donkey anti-mouse (1:1,000, 715-106-15
Jackson) and the Cy5 conjugated donkey anti-rabbit (1:500,
711-176-152, Jackson) Ig antibodies. Images were acquitied

a confocal microscope (8UV, Leica Microsystem) using a 40x
objective. The FIJI package for ImageJ software was used for
image analysis6@). The percent of MOR-positive microglia
among the CX3CR1-eGFP-positive microglia in the dierent
brain and spinal cord regions were quantied on multiple
microscopic elds from 3 female and 3 male adult animals. The
number of elds counted and of cells examined are indicated in
the Supplementary Table 5

Statistical Analysis

Statistical analyses were performed with GraphPad Prismorersi
6.01 to investigate the correlations between Oprm1l expnessio
and the di erent clusters mentioned above, as well as to compare
MOR expression in CX3CR1-eGFP-positive microglia between
male and female mic®prmland gene module z-scores were
all non-normally distributed and correlations were asgessith

the Spearman's correlation test. The mean percentage of MOR-
positive and CX3CR1-eGFP-positive microglia were tested for
normality as well and compared using the Unpaired Student's
t-test or Mann Whitney test where applicable. The results
are presented as the mean SEM for microglia cell counts
(percentages). Av-value of 0.05 or less was considered to be
statistical signi cant.

RESULTS

Oprm1/OPRM1 Expression in Rodent and

Human Microglia Transcriptomics Datasets
Microglia From Mouse Whole Brain

Oprml was expressed in the twelve datasets analyzed
(Figure 1A). Among those, six were issued from MA, see
references 41-46) and six from RNA-seq, see references
(47-52), as described irsupplementary Table 10prm1levels
ranged from above the mediam © 4) to between the median
and rst quartile (n D 4) and below the rst quartilerf D 4).
Oprm1 expression tended to be more homogenous in MA
than in RNA-seq datasets. The Myeloid gene modules de ned
by Friedman et al.40) included Microglia, Macrophage, and
Monocyte-neutrophil gene clusters. The Microglia gene cluster
was highly expressed in all datasets, at the highest levitbefee
clusters Figure 1B. Macrophage and Neutrophil-monocyte
cluster expression was distributed over and under the median
among datasetd~{gure 1B). The Proliferation cluster stood out

as the most expressed among the Activation pattern gene sets,
followed by the LPS, or Interferon and then Neurodegeneratio
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FIGURE 4 | Oprm1 and gene clusters expression in human cortex microglia datets. Expression levels of the genes identi ed in each datageare represented in
violin plots demonstrating the median, as well as the 25th ah75th quartiles. In all datasets, microglia were assayed WitRNA-seq. Gosselin datasets (#2-9)
comprised of microglia isolated from young males and femae while the other human datasets were from adult and aged pasnortem samples of unknown gender
(#1) or exclusively males (10-17). Datasets are represedtby name of the rst author (A), which are denoted numerically ifB-D). (A) Oprm1 expression values were
distributed below or along the median in the Zhang and Goss#l datasets (#1 and 2—9) but consistently below the median iall the Galatro datasets.(B) In the
Myeloid gene clusters, the Microglia- related genes were thmost highly expressed in all datasets analyzed, with expssion values distributed above the 75th
quantile, except in dataset #17 which had higher expressiowalues for the Monocytes-Neutrophils-related genes(C) Activation pattern gene clusters were highly
expressed in puri ed human microglia, distributed within, ad above the 75h quantile. The majority of the datasets reported the highestxpression values for the
LPS-related genes. Interferon-related genes had the highéexpression values in the datasets #5, 10, 14, and 16 with cases of death associated with blood
circulation and aneurysm.(D) Neuron-, GABAergic-, and Astrocyte-related genes had exmssion values along and below the median in dataset#1 and trse provided
by Gosselin (#2-9). Expression values were all below the mizsh in the aged samples (#10-17).
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gene setsHigure 10). The three neuronal (Neurons, Excitatory et al. £3) for which microglia were puri ed from cortex gray
and GABAergic) gene sets were positioned below the medianatter collected on juvenile-adult individuals. In the dyuby
in nine of the datasetsH{gure 1D). The Astrocyte cluster was Gosselin et al.§4) on cortical microglia enriched from young

below the median in eight of the datasefsgure 1D). adults, OPRM1 levels ranged between the median and rst
quartile. In the S037 dataset issued from microglia cadieéftom

Microglia From Murine Cortex, Hippocampus, and a brain tumor,OPRM1was highly expressed. In the microglia

Striatum datasets by Galatro et ab), collected from the parietal cortex

In the cortex,Oprmlexpression was expressed in seven out off aged people (57-102 year§PRM1was around the rst

the eight datasets generated by either M#&85) or RNAseq quartile and not expressed in the S12067 samplgufe 4A).

(40, 56, 57) and not detected in the dataset by Matcovitch-The Microglia gene module was the most expressed in all sets
Natan et al. derived from Massively parallel Single-cell RNAexcept one and the Macrophage cluster had generally a higher
seq (Mars-seq)58). Expression ranged from above the medianlevel than the Neutrophil-monocyte clustefigure 4B). Among

in two datasets, between median, and rst quartile in threethe activation pattern gene sets, the LPS and Interferon sets
datasets, below the rst quartile in two datasets, to notnigei showed mostly the highest levels, followed by the Prolifena
expressed in the Mars-seq datagéig(ire 2A). The dataset with cluster. The Neurodegeneration gene sets showed the lowest
very highOprmlexpression was generated using the Agilent MAlevel of expressionF{gure 4C). The values for the Excitatory
technology £3) while A ymetrix arrays were used in the other and GABAergic clusters were higher than those of the Neurons
MA studies. In the hippocampu€prmilwas above the median cluster, which showed the lowest expression levElgufe 4D),

in one dataset, ranged between the median, and rst quartileli ering from mouse datasets. The Astrocyte cluster was below
in two datasets, but not expressed in the Mars-seq dataset. the median on most datasetSigure 4D).

the striatum dataset by Grabert et al., tprmlwas above

the rst quartile. The Microglia gene cluster was also highlySingle Cell RNAseq Data Sets

expressed and the highest in all datas&igre 2B), similarly ~We investigatedOprm1 expression in microglia datasets from
to whole mouse brain datasets. Macrophage and NeutrophiPublished single cell RNA-seq studies. Transcripts @prm1
monocyte module expression ranged among datasets from oveiere not found in the datasets which contained about 1,300,
to under the median, with the Macrophage cluster higher thart,985, 6,000, 1,179, 1,900-3,300, and 1,169 and 800 genes
that of Neutrophil-monocyte Figure 2B). The Proliferation expressed per cell, respectivelyy,(67-72). Microglia datasets
cluster stood out as the most expressed among the Activatigdenerated from microdissected basal ganglia nuclei lechéo t
pattern gene sets, followed by the LPS or Interferon and thelglenti cation of 2,647 expressed genes per cell that did not
Neurodegeneration gene setSigure 20, comparably whole includeOprm1(73).

mouse brain data. The neuronal (Neurons, Excitatory and . . .
GABAergic) as well as the Astrocyte gene set were positiondd€lationships Between Oprm1 Expression

below the median in nine of the dataseBdure 2D). and Gene Clusters
_ Myeloid Cells
Rodent Spinal Cord We investigated the relationships between Oprm1 expressidn an

The expression ddprmlwas analyzed in four mouse and one ratthe expression of myeloid molecular signatures (moduleaj th
spinal microglia datasets obtained by RNA-s&§-62). Oprm1l  are genes found to be co-expressed in the study by Friedman
is expressed above the median in two mouse spinal cord datase$g al. ¢:0). Microglia, in comparison with Macrophages cluster,
below the rst quartile in one data set, and not expressed @ thhad inverse trends regarding their correlations wi@prmi
Mars-seq dataset by Matcovitch-Natan et al. The rat spinad co in the rodent analysesF{gures 5-9). The Microglia module
dataset showe@prmllevel above the rst quartileRigure 3A).  was positively correlated witfDprm1 (mouse cortex, mouse
The Microglia gene cluster was also highly expressed in th@ippocampus, and rodent spinal cord), while the Macrophage
ve datasetsfigure 3B). Macrophage and Neutrophil-monocyte cluster was negatively correlated wibiprm1

cluster expression varied among datasets from over to bdlew t  |n whole brain analysisQprm1 expression had a negative
median Figure 3B). In the Activation pattern gene modules, the correlation with the Macrophage and Monocyte-neutrophil
Proliferation gene sets were the most expressed in mouse bgltisters, which was statistically signi cant with the Maghage
not rat, whereas Neurodegeneration gene sets showed tlesiowgene cluster onlyg D 0.030). In the mouse cortex, there was
level Figure 30, similarly to what was found in mouse brain. a strong positive correlation betwe@prmiand the Microglia
The three neuronal (Neurons, Excitatory and GABAergic)@engene set which was statistically signi cant only for thisstér
sets were positioned below or at the median level while Agteoc (r D 0.955;p D 0.0032) but not for the other myeloid sets
cluster expression di ered across the datasgtgyre 3D). (Figure 6). No signi cant correlation was found between the

Monocyte-neutrophil gene cluster and any dataség(res 5-8).
Human Cortex

OPRM1 level was analyzed in microglia RNA-seq datasetéctivation Patterns

generated from temporal cortex gray matte83(, dierent We investigated the relationships between the expression of
cortical areas@4), and parietal cortexd?) (Figure 4A). OPRM1 Oprmland of the myeloid activation modules as describé@).(

is expressed above the median in the dataset generated bgZhdrhere was a negative correlation betwegeprmland the LPS
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FIGURE 5 | Correlation of Oprm1 gene expression within the Myeloid clsl, Activation patterns, and Neurons and Astrocytes gene akters in mouse whole brain
datasets. Oprm1 expression does not correlate with the miarglia-related and the Monocyte-Neutrophil-related genegp > 0.05, ns) but is signi cantly negatively
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FIGURE 7 | Correlation of Oprm1 gene expression within the Myeloid clsl, Activation patterns and Neurons and Astrocytes gene chters in mouse hippocampus
datasets. There is no correlation between Oprm1 expressioand all the gene clusters investigated in the mouse hippocapus datasets @ > 0.05, ns). Although
Oprm1 expression seems to have a strongly positive correlan with the Neurons and Astrocytes gene clustersr(D 1 and r D 0.800, respectively) this is not
statistically signi cant p > 0.05, ns). All correlations were determined with the Spearan's correlation test.
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FIGURE 8 | Correlation of Oprm1 gene expression within the Myeloid cksl, Activation patterns, and Neurons and Astrocytes gene akters in rodent spinal cord
datasets. Oprm1 expression has a positive correlatiorr © 0.700) with the Microglia-related genes but which is not stastically signi cant ¢ > 0.05, ns). Oprm1
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FIGURE 9 | Correlation of Oprm1 gene expression within the Myeloid cksl, Activation patterns and Neurons and Astrocytes gene chters in human cortex datasets.
Oprm1 expression had a negative correlation with Microgliaand Macrophage-related genes < 0) and a positive correlation with the Monocytes-Neutropls-related
genes which were not statistically signi cant|§ > 0.05; ns). Within the Activation patterns-related genes, frm1 expression has a weak positive correlationr(< 0.5)
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gene cluster in the mouse whole brain datas€igyre 5 and with Lampl igure 115. Together, this indicates that
a positive correlation betwee®@PRM1and the Proliferation- microglial MOR is localized in cis and trans-Golgi rather tha
related gene level for the human cortex datatsetgure 9. No  lysosomes.

correlation was found betwee@prmllevel and the Interferon

cluster in any of the dataset studiefigures 5-9).

DISCUSSION
Neurons and Astrocytes
The analysis for relationships betwe@prml expression and Altogether the transcriptomics and imaging data show MOR
expression of the Neuron and GABAergic neuronal signaturesxpression in microglia of all analyzed mammalian brain area
indicated no correlation betwee@prmland these modules for and the spinal cord. The expression of Oprml transcripts
whole mouse brain, cortex, hippocampus, and rodent spinal cordnd MOR protein in microglia was shown previously by
datasets Kigures 5-8). The p and r values obtained from the using RT-qPCR or antibody based techniques, respectigely (
analysis of hippocampus and spinal cord data suggest that more, 16). Although two papers found no expression of MOR
datasets are required to increase the power of the correlatiqin microglia by using the same above-mentioned techniques
analysis. For the human cortex datasets, a positive cooalaas (21, 22), a link between microglial activation and MOR
found betweei®prmlexpression and expression of the Neuronalexpression and function was demonstrated, mostly iim

and Astrocyte gene moduleBigure 9). vitro studies on murine primary microglia cultures. Low
concentrations of morphine and DAMGO (a selective MOR

MOR Expression in CX3crl-eGFP Microglia agonist) activated rat microglia and this activation waschkkd

MOR Expression in Brain and Spinal Cord by the MOR-selective antagonist D-Phe-Cys-Tyr-D-Trp-Arg-

The Figures 10 11 show that Cx3crl-eGFP-positive cellsThr-Pen-Thr-NH2 (CTAP) (L5). Morphine increased Toll-like
display the typical microglia morphology with no neuronal, Receptors (TLRs) expression which was attenuated by the MOR-
astrocytic or lymphocytic shapes, con rming previous ndings selective antagonist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen+Th
on colocalization of CX3CR1-eGFP with the CD11b or IbaNH2 (CTOP). Additionally, this morphine e ect was abolished in
1 microglia and macrophage marker87( 74, 75 but not cultured microglia of MOR knockout (KO) mice/§). In murine
neuronal, astrocytic, or oligodendrocytic markerss(77) in  microglia, morphine increased the expression of cytokines$ an
the brain. MOR is expressed in microglia of dierent brain activated the PKCe-Akt-ERK1/2 kinase pathway and these e ects
regions in female and male Cx3cr1-eGFP-MOR-mCherry miceyere inhibited byOprm1 RNA silencing as well as by CTAP
in the Frontal Cortex (FCx), Nucleus Accumbens (NAcc),(14 16). A low dose of morphine enhanced NF-kB activity
Central Amygdala (CeA), Ventral Tegmental Area (VTA),via MOR that was blocked by CTAP while a morphine high
and Periaqueductal Gray (PAGFigure 10. The percent of dose triggered a TLR4-mediated non-opioid resporis®. One
microglia expressing MOR-mCherry protein ranges from 35.4tudy has shown thain vivo, the morphine-induced increase
4.11t051.6 3.5 Supplementary Table k The percentage in microglial P2X4R ATP-receptor was blocked by (-)-nalogon
of MOR-positive microglia was calculated in the FCx, NAccput not by its C)-naloxone enantiomer, implicating microglial
CeA, and PAG of female and male brains. The VTA showe®OR rather than TLR4 in OIH {7). MOR implication in OIH
a lower percentage of microglia containing MOR in femaledas been conrmed at the genetic level with the use of global
than in males which was statistically signi carp D 0.0037) MOR KO mice @1, 79). Regarding the implication of TLR4
(Supplementary Table k in OIH, the study of TLR4 KO mice has led to controversial
In spinal cord dorsal horn, MOR is expressed inresults as two papers showed that OIH was abolished in TLR4
microglia of both female and male Cx3crl-eGFP-MOR-KO mice while two others showed that it was maintain€d).
mCherry mice Figures 11A,B  Supplementary Video]l Moreover, TLR4-independent activation of NF-kB by morphine
Supplementary Table 5 The percentage of microglia expressingwas shown together with increased Tumor Necrosis Factor alpha
MOR ranged from 37.1 2.7 to 44.5 42.4 2.6 in cervical, (TNFa), suggesting TN& signaling as a novel pathway for
thoracic and lumbar segments, with no statistical di erencemorphine action on microgliag0). However, whether this e ect
between the segmentsSiipplementary Table s There were of morphine on microglia activation occurs directly througfe
no statistically signicant dierences in the percentages ofmicroglial MOR or indirectly via a neuronal MOR still remains to
MOR-expressing microglia between males and females with 368 determined and could be addressed in upcoming studies such
2.3% and 36 2.4%, 38.8 2.1% and 42.4 2.5%, and 37.1 as with conditional MOR-KO targeted at microglia or other cell
2.7% and 39.5 2.3% in cervical, thoracic, and lumbar spinaltypes.

segments, respectivelBpplementary Table The detection ofOprm1/OPRM1in 27 out of 30 rodent
datasets and 16 out of 17 human whole genome transcriptomics
MOR-Golgi-lysosome Localization datasets issued from microgliex vivovalidates the presence

To specically localize MOR within the intracellular of MOR transcripts in microglia. From this analysis, we could
compartments of spinal microglia, we labeled Cis-Golgiconclude that in the mammalian central nervous system,
trans-Golgi, and lysosomes with GM130, TGN38, and Lampinicroglia of the whole brain, cerebral cortex, hippocampus,
antibodies, respectively. Microglial MOR co-localized withand spinal cord all contaiDprm1/OPRMImessenger. Single-

GM-130 (igure11Q and TGN38 Figure 11D) but not cell RNA-seq currently allows detection of only a few thouban
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FIGURE 10 | MOR is expressed in mouse brain microglia. Photomicrograghfrom coronal sections of Frontal cortex (FCx), Nucleus Acenbens (NAcc), Central
Amygdala (CeA), Ventral Tegmental Area (VTA), and Periaguetal Gray (PAG) of Cx3Cr1-eGFP-MOR-mCherry mice show theolocalization (orange) of
CX3CR1-eGFP (green), and MOR-mCherry (red) denoted by whiarrows. Scale barD 20 nm.

of the most highly expressed transcripts within a specimenmicroglia compared to other cell types. The positive correlation
Therefore, this approach is used for determining di erentiahg  observed betwee®prmland the Microglia module in mouse
expression among the highly expressed genes and cannot analgpetex further supports the presence Gfprml expression in
complete transcriptomes8(). As Oprmlis overall expressed microglia. Such a correlation was not found for the mouse
around or below the median within the reported transcriptomeswhole brain or spinal cord datasets, possibly re ecting the
the transcripts would not be contained among the few thousanddiverse cellular heterogeneity in these tissues compared to a
of highly expressed genes detected by single-cell RNA-sdigstu de ned region like the cortex. Indeed, the whole brain conses
This lack of expression is found also in the Mars-seq dat§Sgts many distinct regions, and microglia from other brain reg#
The analysis of the relationships between expressi@poml implicated in opioid response or pain, such as VTA, NAcc, or
and of the di erent gene clusters led to interesting insighsst, PAG, should be further pro led at the molecular level in order
Figures 5-9 show that the z-scores for Microglia-related genecharacterize the global expression of microglarm1 Neurons,
expression are globally above 1 while z-scores for neurons @ABAergic neurons and Astrocytes gene clusters correldte wi
astrocytes were below 0, indicating a signi cant enrichinen OPRM1 in the human cortex datasets but not in datasets
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FIGURE 11 | MOR is expressed in microglia of the mouse spinal cordA,B) Photomicrographs from transverse sections of the lumbar sipal cord, at the level of the
dorsal horn, demonstrate a colocalization (orange) of MORCherry (red) with CX3CR1-eGFP-positive microglia (grepm adult male(A) and female (B)
Cx3Crl-eGFP-MOR-mCherry mice, indicated by white arrow hads. Scale barD 10 mm. (C—E) High magni cation photomicrographs of CX3CR1-eGFP positie
microglia (green) that colocalize (orange) with MOR-mChr(red) are indicated with white arrows. Scale bab 10 mm. (C) Anti-GM130 labeling (blue) colocalizes
(pink-white) with MOR-mCherry in the cis-Golgi of CX3CR1&FP positive microglia, indicated with white arrows(D) Anti-TGN38 labeling (blue) colocalizes
(pink-white) with MOR-mCherry in the trans-Golgi of CX3CR&GFP positive microglia, indicated with white arrows(E) Anti-Lamp1 labeling (blue) of lysosomes does
not colocalize with MOR-mCherry in CX3CR1-eGFP positive groglia, indicated with open arrows. The white (closed) aowv indicate colocalization of CX3CR1-eGFP
with MOR-mCherry (orange) alone.

from rodents. A signi cantly higher content of neuronal and suggested to result from synapse-related mRNAs that were
astrocyte gene transcripts in FACS-isolated microglia casgba phagocytosed by the microglia%). The same phenomenon may
to cultured microglia has already been reported, and wasontribute to the positive correlation found betwe@PRM1
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and Neurons and Astrocytes modules in the human dataset$39, 90). Therefore, specic regulations in microglia appear
despite their very low expression levels in the datasets.ditied  to mediate opioid reward and link chronic pain and opioid
to the transcriptomic analysis, imaging of the Cx3crl-eGFPdependence Y], 92) that may be mediated by MOR activity
MOR-mCherry reporter line conrmed MOR expression by within di erent subsets of microglia.
microglia of the FCx, NAcc, CeA, VTA, PAG, and spinal cord. With the use of the Cx3crl-eGFP-MOR-mCherry reporter
Furthermore, co-localization of microglial MOR with cis- @n mouse, we have shown that, overall, 35-51% microglia express
trans-Golgi compartments but not lysosomes strongly support¥OR, suggesting that the receptor may be expressed by a
the protein synthesis and post-translational processing of MORarticular microglial subset and that only MOR-expressing
within microglial cells. microglia will respond to opioid treatment. Future studies are
Importantly, as discussed by Richard M Ransoho , microglianecessary to address how MOR expression within di erent
polarization into M1 and M2 subtypes appears too simplistianicroglial subsets may impact on their functionality, under
and does not re ect the diversity of microglia phenotypes orphysiological, and pathological conditions. The speci ¢ tbla
pro les induced by internal and external environmental faxd  of the Oprm1 gene in the di erent subtypes of resting or actihte
that include central nervous system region, sex, age, aalithhe microglia by targeted Cre/Lox technology would require the
state revealed by high-throughput analys&3.(Some reports on identi cation of unique and very selective gene markersdach
microglia transcriptomics have de ned co-regulated gerlesgtis  of these subtypes and the generation of the corresponding Cre
or modules to allow for classi cation of microglia into sylies  mouse lines. In the same line, optogenetic approaches allow the
expressing high levels of speci c gene modules. We analyzedaluation of opioid signaling and behavior elicited by smeci
the 47 microglia datasets and established three main aictiva spatiotemporal patterns of MOR activation in neuror) that
module pro les related to Interferon, LPS and Proliferatjon could be applied to microglia. Another aspect of MOR activation
in relation to Oprm1 expression. We found a lack of, or ais ligand-biased signaling where dierent ligands stimelat
poor correlation betweerOrpml and these modules. There di erential cell responses9¢, 95. We report an intracellular
is a negative correlation betwe&dprml and the LPS-related localization of MOR within the Golgi apparatus of microglia
module in whole mouse brain datasets, and a positive cofoglat that suggests a local production of MOR in these cells. MOR
betweerOPRM1land the Proliferation-related module in human function in microglia could be investigated by novel biosanss
cortex datasets. These low correlations may be explaineleby tthat have been assayed on transfected cell lines and primary
use of datasets from naive, non-stimulated rodents midaogl neuronal cultures, revealing a cell localization bias foroapi
in which the LPS-related, Interferon-related, and Profféon  receptor activation by endogenous, and exogenous opiéigs (
related genes are expressed at the basal low level. As sex dierences are an important factor for microglial
Several lines of evidence support a functional impact of MORontribution to pain @35, 36), we investigated MOR expression
on microglia activity. Morphine increased spinal microglial3p3 in microglia from adult females and males. The transcriptomi
and extracellular receptor kinase (ERK) phosphorylation, leqdi datasets did not contain enough numbers per sex for a full
to an augmented microglial production of proin ammatory determination of sex e ect, séégures 5-9. The analysis of brain
cytokines, and other pronociceptive molecules as well as thesections from the Cx3crl-eGFP-MOR-mCherry mice indicated
receptors and hence to increased paitt)( Morphine also a comparable ratio of microglia containing MOR in female
enhances the activity of microglial ATP-gated P2X7R and#2X and male animals in di erent brain and spinal regions, except
receptors in the spinal cord, leading to increased Brainxgti in the VTA where signi cantly lower percentages of microglia
neurotrophic factor (BDNF) release from these cells. Thiexpressed MOR in females than males. It would therefore
in turn downregulates K-Cl co-transporter KCC2 expressiorbe interesting to determine whether microglial MOR would
in GABAergic neurons enhancing their excitability and thusin uence the regulatory mechanisms in the dopaminergic sgst
increased paing, 17, 20, 83). Other spinal microglial-mediated in females as has been previously described for males in tde VT
responses for morphine analgesic tolerance and hyperalgegizd, 90). Also, sex di erences in microglia activity were found
involve large conductance C@2activated KC channels@4) and in the PAG where a signi cantly higher microglial activatio
genes of the DPA12/TREM2 and potassium intermediate/smairo le was found in females compared to mal@s). In the spinal
conductance calcium activated channels KCNN4 pathwaysord, the microglial P2X4R-mediated hyperalgesia showeaabse
(62). Furthermore, bidirectional cross-talks between chemek dimorphism (©8). Altogether this suggests that transcriptomic
receptors and opioid receptors mediate opioid analgesic toleranpro les of microglia in chronic pain models or following
(89). Also, microglial pannexin-1 channels attenuate morphinechronic drug administration may help to identif@prmZlinked
withdrawal in rodents but are not involved in opioid analgesicmechanisms associated with alterations in microglial fioms.
tolerance, thus identifying pannexin-1 as a novel mediatbr oHowever, sex dierences may exert a weaker inuence on
speci ¢ morphine actions in microgliad@, 87). Peripheral nerve morphine-induced analgesic tolerance and hyperalgesia than o
injury leads to microglial activation in several brain sttures  other forms of chronic pain like neuropathic pain. Indeed, thes
involved in pain sensation or emotion including the VTA and morphine adverse e ects occurred similarly in male and female
amygdala §8). Within the VTA, chronic pain, chronic opiate mice (79 and no clear impact was shown on Olld)(
treatment, and opioid withdrawal induce a dysregulation of The question of the factors in uencing the opioid e ects on
BDNF in microglia that impacts on GABAergic neurons andmicroglia physiology should be further explored in the future
disrupts the dopaminergic pathway leading to defects in rewartly taking into account the genetic diversity, sex di erencasd
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