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ABSTRACT
BACKGROUND: Microglia have recently been implicated in opioid dependence and withdrawal. Mu opioid receptors
are expressed in microglia, and microglia form intimate connections with nearby neurons. Accordingly, opioids have
both direct (mu opioid receptor mediated) and indirect (neuron interaction mediated) effects on microglia function.
METHODS: To investigate this directly, we used RNA sequencing of ribosome-associated RNAs from striatal
microglia (RiboTag sequencing) after the induction of morphine tolerance and followed by naloxone-precipitated
withdrawal (n = 16). We validated the RNA sequencing data by combining fluorescent in situ hybridization with
immunohistochemistry for microglia (n = 18). Finally, we expressed and activated the Gi/o-coupled hM4Di DREADD
(designer receptor exclusively activated by designer drugs) in Cx3cr1-expressing cells during morphine withdrawal
(n = 18).
RESULTS: We detected large, inverse changes in RNA translation following opioid tolerance and withdrawal.
Weighted gene coexpression network analysis revealed an intriguing network of cyclic adenosine monophosphate
(cAMP)-associated genes that are known to be involved in microglial motility, morphology, and interactions with
neurons that were downregulated with morphine tolerance and upregulated rapidly by withdrawal. Three-
dimensional histological reconstruction of microglia allowed for volumetric, visual colocalization of messenger RNA
within individual microglia that validated our bioinformatics results. Direct activation of hM4Di in Cx3cr1-expressing
cells exacerbated signs of opioid withdrawal rather than mimicking the effects of morphine.
CONCLUSIONS: These results indicate that Gi signaling and cAMP-associated gene networks are inversely engaged
during opioid tolerance and early withdrawal, perhaps revealing a role of microglia in mitigating the consequences of
opioids.

https://doi.org/10.1016/j.bpsgos.2021.07.011
Opioid abuse has reached epidemic proportions in the United
States and is responsible for more than 40,000 overdose
deaths each year (1,2). While the motivations for drug use are
complex, the threat of withdrawal provokes anticipatory anxi-
ety and avoidance of treatment seeking. Besides substitution
therapy, current treatments for opioid withdrawal are not suf-
ficiently effective, and developing new strategies for dimin-
ishing withdrawal may improve adherence to opioid
abstinence. There are consistent mu opioid receptor (MOR)–
dependent gene networks that are regulated in the opioid
abstinent brain (3–5) and are the target of therapeutic manip-
ulation in neurons (6). However, there is accumulating evidence
that other cell types, including microglia, play a prominent role
in drug addiction and withdrawal (7–10).

The interface of opioids, microglia, and neuroinflammation
is an emerging field, but there is now a substantial body of
evidence that MORs are expressed in microglia (11–14),
including in the present dataset, where we found consistent
MOR (Oprm1) translation in striatal microglia. Microglia also
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form intimate connections with neurons and sense neuronal
excitability (15,16), so opioids likely have both direct (MOR
mediated) and indirect (neuron-microglia interaction mediated)
effects on microglia function. Opioid administration decreases
the density of IBA1-positive microglia in cortex and striatum,
which is increased again after spontaneous withdrawal (17).
Microglia inhibition by minocycline or ibudilast (18) or blocking
microglia pannexin channels (19) produces a dose-dependent
reduction in opioid withdrawal behaviors. Opioid withdrawal
can intensify pain sensitivity that appears to involve proin-
flammatory processes, including activation of toll-like re-
ceptors TLR2 and TLR4, the NLRP3 inflammasome, and
nuclear factor-kB (20–24), suggesting that withdrawal engages
delayed microglial activation. Opioids are used cyclically, so
that repeated exposures/withdrawals may prime or condition
microglia (17) to produce an exaggerated immune response to
subsequent cycles. While several studies of microglia have
examined later stages in this process, we hypothesized that
microglia function and gene expression are altered rapidly,
atry. This is an open access article under the
-nd/4.0/).
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even during the immediate behavioral changes associated with
precipitated withdrawal.

One method for assessing rapidly evolving adaptations to
environmental challenges is to investigate RNA translation.
Microglial ribosomes are expressed in fine processes where
they are presumed to translate messenger RNA (mRNA)
locally, similar to astrocytes (25). Fine processes are not
recovered by mechanical methods of isolating microglia, and
fluorescence-activated cell sorting of microglia significantly
alters immediate early gene expression compared with RNA
isolation using ribosome pulldown (26). Thus, we decided to
use the RiboTag strategy to immunopurify ribosome-
associated mRNAs specifically from microglia. This
approach provides an excellent yield of highly enriched
microglia mRNA molecules actively undergoing translation.
We used a well-characterized morphine administration
schedule that produces tolerance (4) and collected
ribosome-associated mRNA to provide the first complete
picture of the translational consequences of opioid tolerance
and withdrawal on striatal microglia. Using weighted gene
coexpression network analysis (WGCNA), we identified a
network of mRNA actively undergoing translation in micro-
glia that are markedly inhibited by opioid tolerance and
rapidly reversed by naloxone-precipitated withdrawal. This
expression pattern was validated among key genes in the
network through three-dimensional colocalization of IBA1
immunohistochemistry (IHC) signal and fluorescent in situ
hybridization (FISH) signal. Intriguingly, many of the mRNAs
are related to cyclic adenosine monophosphate (cAMP)
signaling, and inhibiting cAMP-mediated signaling using
Gi/o-coupled hM4Di DREADD (designer receptor exclusively
activated by designer drugs) activation in Cx3cr1-expressing
cells exacerbated the acute behavioral signs of withdrawal.
Together, these data suggest that microglia are actively
Biological Psychiatry: Glob
involved in both opioid tolerance and acute withdrawal
through a compensatory cAMP-mediated mechanism.

METHODS AND MATERIALS

Animals

Experiments were performed in compliance with the Guide for
the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee, University of
Washington.

Experimental Design

Male and female mice were generated by crossing tamoxifen-
inducible Cx3cr1-CreERT2 hemizygous mice with homozy-
gous floxed RiboTag mice on a C57BL/6 background
(Figure 1A). Mice received tamoxifen (75 mg/kg via intraperi-
toneal injection [ip]) for 7 days at 6 weeks (Figure 1B). A 2 3 2
treatment design (n = 6/group) yielded 4 groups: saline1saline
(SS), saline1naloxone (SN), morphine1saline (MS), and mor-
phine1naloxone (MN) (Figure 1B). At approximately 11 weeks,
mice received either morphine or saline twice daily for 5 days.
Morphine dose escalated daily: 20 mg/kg ip (day 1), 40 mg/kg
ip (day 2), 60 mg/kg ip (day 3), 80 mg/kg ip (day 4), 100 mg/kg
ip (day 5). On day 6, mice received 100 mg/kg ip morphine or
saline. Two hours later, they received either naloxone (1 mg/kg
via subcutaneous injection) or saline and were video recorded
for 30 minutes in individual cages from above. Videos were
automatically analyzed for withdrawal metrics (distance,
contraction, and immobility) using EthoVision XT 11 (Noldus)
and custom MATLAB scripts (The Mathworks, Inc.). Contrac-
tion was defined as ,65% maximum body length (hunching),
and immobility was defined as ,2 cm/s of movement. Mice
were sacrificed 2 hours after naloxone/vehicle injection, and
brains were rapidly extracted for RNA processing (Figure 1D).
Figure 1. Experimental overview. (A) Experimental
male and female mice were generated by crossing
tamoxifen-inducible Cx3cr1-CreERT2 hemizygous
mice with homozygous floxed RiboTag mice. (B) The
experiment was performed as a 2 3 2 design (n = 6/
group) with all mice receiving tamoxifen for 5 days at
6 weeks of age. At approximately 11 weeks of age,
the mice received either morphine or saline for 5
days on an escalating twice-daily schedule. On day
6, the mice received 100 mg/kg morphine via intra-
peritoneal injection or equivalent volume saline. Two
hours later, they received either naloxone (1 mg/kg
subcutaneous) or saline. (C) In experimental animals,
RiboTag immunostaining colocalized exclusively
with IBA1 immunostaining. (D) Brains were rapidly
extracted and hemisected, and the striatum was
microdissected and homogenized for RiboTag. (E)
RiboTag isolation was accomplished by incubating
homogenized tissue with anti-HA magnetic beads
and performing magnetic isolation of ribosome
bound RNAs. HA, hemagglutinin.
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Four samples from each group (2 males, 2 females; total n =
16) were processed for sequencing. While we included males
and females, the RNA sequencing (RNA-Seq) analysis was not
powered to examine for differences in microglial gene
expression between sexes. Throughout the article, MS animals
are compared with SS animals when discussing the effects of
tolerance, while MN animals are compared with MS animals
when discussing withdrawal. Twice-daily morphine schedules,
both single and escalating dose, have been shown to rapidly
induce analgesic tolerance and increase locomotor sensitiza-
tion (27,28). However, in the present article, tolerance refers
more generally to the animal’s ability to endure high doses of
morphine (100 mg/kg) without severe consequences.
RiboTag-Seq Processing

Briefly, striatal dissections were homogenized in supple-
mented homogenization buffer, samples were centrifuged, and
supernatant was collected. From each sample, 10% was set
aside as the whole transcriptome sample (input), and the
remaining sample was processed to isolate ribosome bound
mRNA (immunoprecipitate [IP]) (Figure 1E). All aspects of tis-
sue processing, immunoprecipitation, and RNA-Seq libraries
generation are described in detail in our previous RiboTag-Seq
article (29). In the present study, control mice with no tamox-
ifen were used to generate the negative control samples. Raw
FastQ files were processed through the Galaxy platform (30).
FastQ files were inspected for quality using FastQC (Galaxy
Version 0.7.0) and then passed to Salmon (Galaxy Version
0.8.2) (31) for quantification of transcripts. The Salmon index
was built using the protein coding transcriptome GRCm38/
mm10. A small fraction of mRNA captured during immuno-
precipitation is nonspecific. To mitigate this, we used a
computational approach to remove input contamination from
IP samples (32). All IP data presented in the main article has
undergone this adjustment (Supplemental Methods).
Differential Expression Analysis

Differential gene expression was calculated using DESeq2
(Galaxy Version 2.11.39; default settings) (33). To determine
microglia-specific gene enrichment, all IP samples were
compared with all input samples. To determine the effects of
naloxone alone, SN IP samples were compared with SS IP
samples. For morphine tolerance, MS IP samples were
compared with SS IP samples. For withdrawal, MN IP samples
were compared with MS IP samples. A positive Wald statistic
means a gene was expressed more in the first group (false
discovery rate; q = .10).
Gene Set Enrichment Analysis

Wald statics generated by DeSeq2 were used as the ranking
variable for gene set enrichment analysis (GSEA). All genes
with reliable statistical comparisons (those not filtered by
DeSeq2) were entered into WebGestalt 2019 (34), and GSEA
was run on all pertinent comparisons. Gene sets analyzed
include GO: Biological Process, GO: Molecular Function,
KEGG, Wiki Pathway, Transcription Factor Targets, and
MicroRNA Targets.
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Weighted Gene Coexpression Network Analysis

WGCNA and module clustering were accomplished using
the WGCNA (35) package for R (36). Briefly, the gene count
matrix for all IP samples was filtered to remove zero-variance
genes, and a signed topological overlap matrix was gener-
ated for clustering. Module membership was assigned using
a dynamic tree cut, and highly correlated modules were
merged by reclustering module eigengenes. Gene modules
were randomly renamed using the Crayola Color Palette to
combat attribution of meaning or importance to numbered
modules (37).

Post-processing of the topological overlap matrix was
completed with a custom MATLAB class (@WGCNA). This
class allows for simple object-based analysis of complex
WGCNA data. Topological overlap matrices, module mem-
bership files, and DeSeq files can be loaded into a single “W”

object. @WGCNA allows for calculation and visualization of
module eigengenes, merging of modules, analyses of module
membership, and differential expression. @WGCNA uses the
powerful graphing and network analysis functions of MATLAB
to generate complete-genome network graphs with module
membership or differential expression markers, two-
dimensional or three-dimensional graphs from individual
modules or individual genes, and includes settings for edge
pruning, node appearance, and edge appearance. @WGCNA
is available at GitHub.com/MxMarx/WGCNA.
FISH Validation of Changes in Key cAMP-Related
mRNA

A new cohort of mice (n = 18, 6/group, 3 males and 3 females)
was subjected to our morphine tolerance and withdrawal
procedure (no SN group). Tissue was dual processed for
fluorescent in situ hybridization (FISH) and IBA1 IHC. Two
hours following naloxone administration, mice were anes-
thetized and perfused with phosphate-buffered saline (PBS),
followed by 4% paraformaldehyde. Brains were post-fixed in
4% paraformaldehyde for 48 hours then transferred to 30%
sucrose in PBS. Sections (14 mm) were mounted 6 brains/slide
covering all conditions (1 male, 1 female 3 SS, MS, MN).
RNAscope (Advanced Cell Diagnostics, Inc.) was used to
visualize target mRNA; protease incubation was limited to 10
minutes. IBA1 IHC was performed following RNAscope. Tissue
was blocked with 4% bovine serum albumin (Thermo Fisher
Scientific) and 0.3% Triton (Sigma-Aldrich) in PBS for 1 hour at
room temperature, incubated with anti-IBA1 rabbit antibody
(1:500; Fujifilm Cellular Dynamics) in blocking solution for 18
hours at 4 �C, rinsed (PBS; 33 10 min), incubated with Alexa-
Fluor 488 Goat anti-Rabbit in blocking solution (1:400; Thermo
Fisher Scientific) for 60 minutes at room temperature, rinsed
(PBS; 33 10 min), and cover slipped with ProLong Gold
Antifade Mountant with DAPI (Thermo Fisher Scientific).
Confocal stacks (10 mm at 403 with 1.253 zoom) of the
striatum (anterior-posterior 0 mm, medial-lateral 2 mm, dorsal-
ventral 23 mm) were acquired on a Leica SP8 X confocal
microscope (Leica Microsystems). Individual microglia recon-
struction and colocalization analysis was performed using
custom MATLAB scripts. Images were processed in a blind
batch, and all settings remained identical.
www.sobp.org/GOS
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IHC and Image Analysis for Microglia Morphology

A new cohort of mice (n = 12, 4/group, 2 males and 2 females)
was subjected to the above morphine tolerance and with-
drawal procedure (no SN group). Two hours following naloxone
injections, brains were removed and post-fixed as described
above. Sections (40 mm) of the striatum were collected on a
sliding freezing microtome. Free-floating sections were
processed for IBA1 IHC as described above. Confocal stacks
(30 mm at 403 with 13 zoom) of the striatum (anterior-posterior
0 mm, medial-lateral 2 mm, dorsal ventral 23 mm) were
acquired on a Leica SP8 X confocal microscope. Images from
this cohort and from the RNAscope experiment were analyzed
together for morphological analysis. Individual microglia
reconstruction and quantification was performed using
3DMorph software (38). Images were processed in a blind
batch, and all image analysis settings remained identical.
Morphological parameters (volume, branch points, end points)
were calculated and normalized to stack depth and image
resolution.

Chemogenetic Inhibition of cAMP Signaling in
Cx3cr1-Expressing Cells via hM4Di

Experimental animals were generated by crossing mice that
are hemizygous for tamoxifen-inducible Cx3cr1-CreERT2 with
mice that are hemizygous for floxed hM4Di. Tamoxifen induc-
tion of Cre was performed as described above. Two groups of
Cx3cr1-hM4Di and 1 group of Cx3cr1-CreERT2 control animals
with 3 males and 3 females per group were used (total n = 18).
All animals received escalating morphine as described in
above; 2 hours after the final morphine injection (100 mg/kg ip),
the mice received either clozapine N-oxide (CNO) (3 mg/kg ip)
or 2% dimethylsulfoxide vehicle 20 minutes before naloxone
(1 mg/kg subcutaneous). Withdrawal was automatically scored
using the same custom MATLAB script described above.

Statistical Analyses

For analyses not involving bioinformatics, analysis of variance
was followed by Dunn-Sidak–corrected contrasts.

Code and Data Availability

All RNA-Seq files and the RNA-Seq pipeline are available on
our Galaxy Server. All code and data used for the figures are
available in the supplementary code and data.

RESULTS

Morphine Tolerance Causes Locomotor
Sensitization While Naloxone Precipitates
Withdrawal

Mice were administered drug (morphine or saline) for 6 days,
then given a treatment (naloxone or saline). There was a sig-
nificant main effect of drug on distance traveled (F1,15 = 10.8,
p = .005) and a significant interaction of drug 3 treatment
(F1,15 = 23.4, p, .01). Morphine tolerant mice displayed robust
locomotor sensitization, traveling a significantly greater dis-
tance than any other group (Figure S1B; *p , .01). There was
also a significant main effect of drug on hunched body
contraction (F1,15 = 6.6, p = .021) and a significant interaction
of drug 3 treatment (F1,15 = 6.2, p = .025). Mice in withdrawal
Biological Psychiatry: Glob
spent more time hunched than any other group (Figure S1C; *p
, .01). There was also a significant interaction of drug 3

treatment on immobility (F1,15 = 26.3, p , .01). Mice in with-
drawal stayed immobile longer than any other group
(Figure S1D; *p , .01). Morphine-naïve mice treated with
naloxone did not differ from morphine-naïve mice treated with
saline.

Immunoprecipitation and Sequencing

Ribotag IHC signal colocalized with IBA1 IHC signal, including
in microglia processes (Figure 1C). RNA extraction from input
samples yielded 120 6 11 ng (mean 6 SEM) of RNA, while IP
samples yielded 51 6 4 ng (mean 6 SEM) of RNA. RNA-Seq
from input samples yielded 4.1 6 0.5 million reads (mean 6
SEM), while IP samples yielded 2.8 6 0.2 million reads (mean
6 SEM).

Microglia-Specific Markers Are Enriched in
RiboTag-Seq Samples

Differential expression analysis of IP versus input samples
showed dramatic enrichment of microglia-specific RNAs
(Figure 2A). Among the most enriched genes were canonical
microglia markers, such as C1qa, Tmem119, and Itgam
(CD11b) (Figure 2A). Common microglia signaling pathways,
such as cytokine binding, purinergic receptor activity, and
nuclear factor-kB binding, were enriched in IP samples
(Figure 2B). Normalized counts from IP samples were
compared with the top 1000 genes from available single-cell
RNA-Seq data for 6 presumed cell types (39). Presumed
microglia markers were detected at high levels in our IP data,
while markers for other cell types were detected at low levels
(Figure 2C). Using t-distributed stochastic neighbor embed-
ding, IP samples were shown to be markedly different from
input samples (Figure 2D).

Morphine Tolerance and Withdrawal Produce
Inverse Patterns of Differential Gene Expression

Naloxone administration to morphine-naïve animals yielded
very few differentially expressed genes in microglia (SN vs. SS)
(Figure 3A). Morphine tolerance produced robust changes in
microglia, with a similar number of upregulated and down-
regulated genes (555 up and 653 down; MS vs. SS) (Figure 3B).
By contrast, withdrawal produced a dramatic upregulation in
genes with roughly half as many downregulated (706 up and
344 down; MN vs. MS) (Figure 3C). For differentially expressed
genes, there was a significant inverse relationship between
expression changes during morphine tolerance and withdrawal
(R2 = 0.86, p , .01) (Figure 3D). Genes that were down-
regulated during morphine tolerance were upregulated during
withdrawal and vice versa. Using t-distributed stochastic
neighbor embedding, tolerant and withdrawn animals were
shown to be markedly different from saline animals (Figure 3E).
Input sample analyses are available in the supplementary code
and data.

Morphine Tolerance and Withdrawal Produce
Inverse Regulation of Annotated Gene Sets

GSEA is a method of inferring biological meaning from differ-
ential expression data based on previously annotated data
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Figure 2. RiboTag enriches microglia markers. (A)
RiboTag sequencing samples are dramatically
enriched with microglia markers such as Tmem119
and Itgam (CD11b). (B) GSEA reveals an upregula-
tion of genes associated with canonical microglia
gene sets, such as cytokine binding and purinergic
receptor activity. (C) Presumed cell markers for
microglia are highly enriched in the IP samples
compared with markers for neurons, oligodendro-
cytes, astrocytes, endothelial cells, and oligoden-
drocyte progenitor cells. (D) IP samples are easily
separated from IN samples using TSNE. ast, astro-
cytes; end, endothelial cells; FDR, false discovery
rate; GABA, gamma-aminobutyric acid; GSEA, gene
set enrichment analysis; IN, input; IP, immunopre-
cipitate; MHC, major histocompatibility complex;
mic, microglia; MN, morphine1naloxone; MS, mor-
phine1saline; neu, neurons; oli, oligodendrocytes;
opc, oligodendrocyte progenitor cells; SN, sali-
ne1naloxone; SS, saline1saline; TSNE, t-distributed
stochastic neighbor embedding.
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sets. In brief, this analysis revealed inverse changes in
numerous annotated gene sets, in particular, gene sets
involved in the unfolded protein response and regulation of
synaptic structure and function (Figure S2). Interactive HTML
files for IP and input GSEA are available in the supplementary
code and data.
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Morphine Tolerance and Withdrawal Produce
Inverse Regulation of a cAMP-Associated Gene
Network

WGCNS (35) was used as an unbiased clustering strategy to
identify sets of related genes, including those that were
Figure 3. Morphine tolerance and withdrawal
induce inverse differential expression in microglia.
(A) Naloxone administration to morphine-naïve ani-
mals has little effect on gene expression in the
IP samples. (B) Morphine tolerance produces
roughly equal numbers of upregulated and down-
regulated differentially expressed genes, and (C)
naloxone-precipitated withdrawal produces mainly
upregulation of differentially expressed genes. (D)
Differential expression during withdrawal vs.
morphine tolerance is inversely correlated. (E) Saline,
morphine, and withdrawal animals are differentiable
based on TSNE. FDR, false discovery rate; IP,
immunoprecipitate; MN, morphine1naloxone;
MS, morphine1saline; SN, saline1naloxone; SS,
saline1saline; TPM, transcript count per million;
TSNE, t-distributed stochastic neighbor embedding.
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differentially regulated by morphine tolerance and withdrawal
(40). The resulting network analysis for the entire RiboTag-Seq
dataset is shown in a minimum spanning tree (Figure 4A).
Highly significant differentially expressed genes formed mod-
ules that often overlap for morphine tolerance (Figure 4B) and
withdrawal (Figure 4C). Of particular interest are modules that
were differentially expressed between treatment groups, such
as the Sheen Green module, which was downregulated during
morphine tolerance and upregulated during withdrawal
(Figure S3). Individual genes and their network connections
were visualized via a circle-network graph (Figure 4D), where
the color of each connecting line reflects the statistical simi-
larity between individual gene pairs. Another conventional way
Figure 4. A cAMP-regulated gene network is inhibited by morphine toleranc
projected into a two-dimensional minimum spanning tree. The same genes are c
and (C) withdrawal. Functionally related genes tend to cluster in modules. (D) The
represents gene similarity as calculated by weighted gene coexpression network a
hub-and-spoke representation of the network. (F) Overrepresentation analysis o
genes are downstream targets of cAMP signaling or promote reorganization of
enrichment, while color represents 2log(FDR). Centrality in the Sheen Green n
tolerance and (H) withdrawal. cAMP, cyclic adenosine monophosphate; FDR, fa

Biological Psychiatry: Glob
to represent these relationships is with hub and spoke graphs
(Figure 4E); however, hub genes should not be misconstrued
as directly regulating their neighbors. Rather, these most
central genes best reflect the patterns of their neighbors and
the module overall (Figure 4E).

WGCNA does not take into consideration the presumed
function of genes, yet the Sheen Green network contains a set
of genes that, on inspection, are indeed functionally related.
Many of these genes are downstream targets of cAMP
signaling and promote reorganization of synapses and the
actin cytoskeleton (Figure 4F). Repeated morphine adminis-
tration produced a negative correlation between network
centrality and differential expression of individual genes in the
e and induced by withdrawal. (A) Genes are coded by module color and
oded by differential expression (q value) data during (B) morphine tolerance
Sheen Green gene module is displayed using a circle layout. Line brightness
nalysis. (E) The top 5 most central genes in each network are highlighted in a
f genes in this network provides clues to their functional relevance. Many
synapses and the actin cytoskeleton. Gene sets are sorted by normalized
etwork is highly correlated to differential expression for both (G) morphine
lse discovery rate.
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Sheen Green module (MS vs SS) (Figure 4G), whereas with-
drawal produced the inverse pattern (MS vs. SS) (Figure 4H).
The more central a gene was to the Sheen Green module, the
more strongly it was differentially regulated by opioid tolerance
and withdrawal. Other modules that may be of interest, along
with all data from the input samples, can be reviewed in the
supplementary code and data.

Validation of Key cAMP-Related Genes That Are
Inhibited by Tolerance and Induced by Withdrawal

Tissue from a new cohort of mice was dual processed for IBA1
IHC and FISH, then imaged by confocal microscopy to permit
accurate three-dimensional colocalization of mRNA signals
within striatal microglia. The percent of microglia expressing
186 Biological Psychiatry: Global Open Science April 2022; 2:180–189
Pde10a (a cAMP hydrolyzing phosphodiesterase) was signifi-
cantly different across groups (F2,15 = 3.8, p = .047) (Figure 5B),
as was the Pde10a signal in microglia (F2,15 = 5.0, p = .021)
(Figure 5C); both Pde10a-expressing microglia and Pde10a
signal were reduced by morphine tolerance (Figure 5B, C; *p ,

.05), with a trend toward reversal during withdrawal. Arpp21 (a
cAMP-regulated phosphoprotein) signal in microglia was
significantly different across groups (F2,15 = 3.8, p = .047)
(Figure 5F). Microglia Arpp21 signal was increased by with-
drawal (Figure 5F; *p , .05). The percent of microglia
expressing Drd1 (a Gs-coupled, cAMP-stimulating receptor)
was also significantly different across groups (F2,15 = 4.5, p =
.030) (Figure 5H), as was Drd1 signal in microglia (F2,15 = 9.6,
p = .002) (Figure 5I). Drd1 expressing microglia and Drd1 signal
Figure 5. Key cAMP-related genes are
expressed in microglia, inhibited by tolerance, and
induced by withdrawal. RNAscope was combined
with immunohistochemistry for IBA1 and confocal
imaging to quantify three-dimensional colocaliza-
tion of mRNA within microglia. (A) Pde10a is
expressed in a subset of microglia. (B) The percent
of microglia that express Pde10a is significantly
reduced by morphine tolerance, (C) as is the
expression of Pde10a in microglia. (D) Arpp21 is
also expressed in a subset of microglia. (E) The
percent of microglia that express Arpp21 appears
inversely modulated by morphine and withdrawal,
but groups did not significantly differ. (F) The
expression of Arpp21 in microglia is significantly
increased by morphine withdrawal. (G) Drd1 is
expressed in a subset of microglia. (H) The percent
of microglia that express Drd1 is significantly
increased by morphine withdrawal, (I) as is the
expression of Drd1 in microglia. (J) Itpka is
expressed in a subset of microglia, but (K, L) is not
modulated by morphine tolerance or withdrawal.
(M) A complete set of negative control probe
samples was processed with RNAscope and
analyzed with the same software as the signal
probes. (N, O) This technique has extremely low
background contamination from nonspecific signal
detection. *Post hoc p , .05. MN, morphi-
ne1naloxone; mRNA, messenger RNA; MS, mor-
phine1saline; SS, saline1saline.
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were both increased by withdrawal (Figure 5H, I; *p , .05). No
changes were observed in Itpka mRNA (Figure 5J) or samples
run with a negative control probe (Figure 5M).

Microglia Morphology Was Not Altered by Morphine
Tolerance and Withdrawal

Confocal image stacks of microglia in the striatum from 2
cohorts of mice were analyzed using 3DMorph software (38).
Despite accurate and reliable three-dimensional reconstruction
of individual microglia, we found no significant differences in
gross microglia morphology (cell volume, branch points, end
points) (Figure S4C–H). Although we expected morphine
tolerance and withdrawal to affect microglia morphology, our
current imaging/analysis strategy could not resolve the fine
filopodia at the tips of microglia processes that have recently
been shown to respond rapidly to changes in cAMP (41). In
future studies, we aim to directly study filopodia and their in-
teractions with neurons.

Activation of hM4Di in Cx3cr1-Expressing Cells
Worsened Symptoms of Withdrawal

Given the discovery of cAMP signaling–associated gene
modules, we decided to test whether manipulating cAMP
signaling in Cx3cr1-expressing cells altered withdrawal-
associated behaviors. Surprisingly, CNO pretreatment of
mice expressing inhibitory hM4Di DREADDs selectively in
Cx3cr1-expressing cells exacerbated naloxone-precipitated
withdrawal. The time mice spent in a hunched posture was
significantly different across groups (F2,15 = 5.5, p = .016)
(Figure 6B); CNO pretreatment increased the time mice in
withdrawal spent hunched (Figure 6B; *p , .05). The time mice
spent immobile was also significantly different across groups
(F2,15 = 5.1, p = .019) (Figure 6B); CNO pretreatment increased
the time mice in withdrawal spent immobile (Figure 6C; *p ,

.05). Directly increasing Gi/o signaling in Cx3cr1-expressing
cells did not mimic MOR activation, but instead aggravated the
signs of withdrawal, suggesting that cAMP signaling in
microglia may be important in mitigating withdrawal.

DISCUSSION

In this report, we identified dynamic changes in microglia in the
absence of signals typically associated with neuro-
inflammation. Morphine and acute withdrawal produced in-
verse changes in the microglia translatome that appear to be
Biological Psychiatry: Glob
cAMP mediated and could be related to microglia-neuron
interaction. The induction of cAMP signaling in microglia may
be a rapid and early compensatory response to opioid
withdrawal.

Morphine Tolerance and Withdrawal Produce
Inverse Impacts on the Microglial Translatome

Differential expression analysis revealed a significant inverse
correlation between morphine- and withdrawal-induced
changes in the microglial translatome. There was a striking
overlap between these genes and previously published,
abstinence-induced, MOR-dependent gene networks (4).
Genes such as Arpp21, Pde10a, Hpca, Drd1, Adora2a, Pdyn,
and numerous others form a transcriptional gene network that
is regulated after protracted abstinence from morphine, and
here we show that these same genes are rapidly regulated in
the microglia translatome during naloxone-precipitated with-
drawal. These genes play a central role in the WGCNA-defined
gene network described in detail in this report. While many of
these genes are known to be MOR and delta opioid receptor
regulated, the broad range of the changes we report here
suggests indirect impacts of opioid withdrawal as well.

A cAMP Responsive Gene Network in Microglia Is
Inhibited by Morphine Tolerance and Induced by
Withdrawal

WGCNA revealed a gene network that was inversely regulated
by morphine tolerance and withdrawal. These networks include
numerous downstream targets of cAMP signaling, cytoarchi-
tectural adaptation, and modifiers of synaptic organization
(Table S1). There was a strong association between an individual
gene’s network centrality and regulation by morphine tolerance
and withdrawal. Many of these genes had not previously been
associated with opioid tolerance or withdrawal in microglia, so
we validated a subset of genes using RNAscope. mRNAs for
Pde10a (a cAMP-hydrolyzing enzyme), Arpp21 (a cAMP-
regulated phosphoprotein), and Drd1 (a cAMP-stimulating
dopamine receptor) all colocalize within microglia and were
inversely regulated by morphine tolerance and withdrawal. Other
genes in this network suggest that microglia interact with nearby
neurons during withdrawal, including Syndig1, which is involved
in synapse organization (42), and Phactr1, which regulates syn-
aptic activity, dendritic morphology, and cAMP-induced actin
remodeling (43). As opioid tolerance and withdrawal induce
Figure 6. Activation of hM4Di in microglia exac-
erbates withdrawal signs. (A) Pretreatment of
Cx3cr1-hM4Di animals with CNO produced a
nonsignificant trend toward reduced locomotion
during withdrawal. (B) Pretreatment of Cx3cr1-hM4Di
animals with CNO significantly increases body
contraction during withdrawal. (C) Pretreatment of
Cx3cr1-hM4Di animals with CNO significantly in-
creases immobility during withdrawal. Cx3cr1-hM4Di
animals that received vehicle and Cx3cr1-CreERT2

control animals that received CNO did not differ
significantly on any measure. *Post hoc p , .05.
CNO, clozapine N-oxide.
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differential effects on synaptic activity (44), it is noteworthy that
this microglia gene module was inversely regulated during opioid
tolerance and withdrawal.

Previous literature has reported that cAMP signaling is
upregulated in neurons and represents a common mechanism
of reward tolerance, dependence, and withdrawal (45). A
concerted upregulation of the cAMP pathway is thought to be
a homeostatic adaptation to chronic opioid exposure, which
serves to oppose opioid action (tolerance) and drive physical
withdrawal symptoms on removal of the opioid. However, we
observed a different result in microglia, where a cAMP related
gene network was inversely regulated by morphine tolerance
and withdrawal—apparently in the opposite direction than for
neurons during opioid tolerance. While these previous studies
focused on the neuronal transcriptome, the RNAs discussed
here are presumed to be actively undergoing translation and
may be affected by regulatory mechanisms other than tran-
scription alone, thereby allowing for rapid and dramatic re-
sponses to conditions in the tissue. Further, the relationship
between this gene network and the underlying cAMP activity is
not entirely clear, as the network contains both cAMP-
regulated genes and genes that regulate cAMP production
and clearance. Future studies will be necessary to determine if
microglia and neurons respond to opiate tolerance and with-
drawal with truly inverse underlying cAMP signaling.

Microglia are thought to detect and compensate for
changes in neuronal excitability in a Gi-dependent manner (32).
Several receptors on microglia respond to neuronal activity,
such as CX3CR1 (the fractalkine receptor) and P2Y12 (extra-
cellular adenosine triphosphate/adenosine diphosphate re-
ceptor). Genetic deletion or inhibition of pannexin-1 (adenosine
triphosphate channel) from microglia reduces the signs of
opioid withdrawal (19), while P2Y12 receptors on microglia
play a central role in opioid-associated hyperalgesia and
neuropathic pain (46–48). Interestingly, both CX3CR1 and
P2Y12 are Gi/o-coupled receptors that inhibit cAMP accumu-
lation; it is likely that altered cAMP signaling in microglia is an
important consequence of opioid withdrawal that is not directly
mediated by opioid receptors.
cAMP Signaling in Striatal Microglia May Mitigate
Opioid Withdrawal

The induction of cAMP-regulated genes in response to
naloxone inhibition of MORs seemed counterintuitive to us, as
naloxone decreases Gi/o signaling in cells that express MORs
and delta opioid receptors (including microglia). To test this
notion directly, we expressed the hM4Di DREADD selectively in
Cx3cr1-expressing cells. The hM4Di DREADD activates Gi/o-
coupled signaling, including inhibition of adenylyl cyclase, and
has been used in microglia previously (22). We found that
pretreatment of these mice with CNO exacerbated the signs of
opioid withdrawal. These results suggest that cAMP signaling
in microglia may mitigate the acute behavioral effects of opioid
withdrawal and that the increased translation of cAMP-
associated genes may produce compensatory effects in
microglia that protect against opioid withdrawal. A potential
caveat of this interpretation is that Cx3cr1 is expressed in cells
outside the central nervous system, such as monocytes and
macrophages. Because CNO was administered systemically,
188 Biological Psychiatry: Global Open Science April 2022; 2:180–189
hM4Di receptors on these cells may be contributing to the
observed behavioral effects. In future studies, we aim to
measure and manipulate microglial cAMP dynamics with
greater specificity.

In summary, we used a new bioinformatics pipeline that
revealed a dramatic, inverse pattern of RNA translation in striatal
microglia during morphine tolerance and the early stage of opioid
withdrawal. These changes in the microglia translatome were
validated using FISH, appear to be cAMP mediated, and could
be related to microglia-neuron interactions. Further, the induction
of cAMP signaling in microglia may be an important and early
compensatory response to opioid withdrawal, perhaps indicating
that microglia help to mitigate withdrawal-induced neuronal hy-
perexcitability. Future studies should investigate microglia-
specific mediators of these signaling events and explore the
physical and chemical interaction between microglia and neu-
rons that occurs during withdrawal.
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