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and Sabita Roy'3*

SUMMARY

The cycle of substance use disorder (SUD) leading to dependence is a complex process involving
multiple neurocircuitries and brain regions. The amygdala is the core brain region that is involved in
processing withdrawal and anxiety and depressive-like behaviors. However, the transcriptional
changes in each cell type within the amygdala during SUD remains unknown. Here, we performed
single-cell RNA sequencing and classified all cell types in the mouse amygdala. We particularly focused
on gene expression changes in glial cells under dependent state and compared to either naive or with-
drawal state. Our data revealed distinct changes in key biological processes, such as gene expression,
immune response, inflammation, synaptic transmission, and mitochondrial respiration. Significant
differences were unraveled in the transcriptional profiles between dependence and withdrawal
states. This report is the first single-cell RNA sequencing dataset from the amygdala under opioid
dependence and withdrawal conditions, providing unique insights in understanding brain alterations
during SUD.

INTRODUCTION

Prevalence of substance use disorder (SUD) and associated deaths' have spurred efforts to develop new strategies for prevention or treat-
ment of SUD. This requires improvement in our understanding of brain alterations during this complex, multistage process. It is well known
that SUD is characterized by disturbances in several major neurocircuits that are driven by different brain regions: basal ganglia-driven intox-
ication stage, amygdala-driven withdrawal stage, and prefrontal cortex-driven anticipation stage.” However, there is a paucity of data at the
molecular and cellular level of these brain regions at the single cell level. Previous studies applying bulk tissue preparations® have provided
meaningful insights into SUD, but these data represented the changes in a mixture of cell populations. Cell type-specific information is highly
important for us to understand the heterogeneous brain and to discover novel therapies that target specific genes/pathways in a specific cell
population. Advances of the single-cell RNA sequencing (scRNA-seq) technology has enabled us to study thousands of cells belonging to
different cell types simultaneously. A few studies have applied scRNA-seq to investigate different brain regions in SUD, including the nucleus
accumbens (NAc) after acute morphine treatment,” and the prefrontal cortex (PFC) during cocaine addiction.® However, studies on the amyg-
dala which mediates the negative affect during drug withdrawal” and modulates emotions such as anxiety and depression that occur as co-
morbidities of SUD,”'° are limited.

In this study, we analyzed the transcriptomic profiles of 77,957 individual cells from mouse amygdala. Distinct gene expression
changes in different cell types under morphine dependence and withdrawal conditions were revealed. Our data suggest key biological
processes and pathways are modulated in a cell-type specific manner following morphine dependence. Notably, significant changes of
the cellular status were observed in the amygdala under morphine withdrawal state. We also investigated cell-cell communications un-
der dependence and withdrawal states by analyzing ligand-receptor interactions that were modified under these two conditions. Since
purification protocols that preserve glial viability are not optimum for neuron viability and since the procedure used in this study opti-
mized glial isolation the data presented primarily focuses on glial cell transcriptomics and how activation of molecular pathways in the
glial cells impact neighboring cell-cell interactions. These data will provide insight into our limited understanding of how the brain be-
haves during SUD, especially at the molecular and cellular levels. This study will also provide clues to develop novel preventative and
therapeutic strategies for SUD.
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Figure 1. Identification of cell types in mouse amygdala
(A) Schematic of the experimental workflow. Naive: naive mice; Dep: mice under morphine dependence condition; With: mice under morphine withdrawal

condition (see details in Figure STA).

(B) UMAP (Uniform Manifold Approximation and Projection) plot showing the clustering of 77,957 cells (27141 from Naive, 27275 from Dep, 23541 from With)
based on transcriptome. ASC, (astrocytes, Gjal"), OPC (oligodendrocyte progenitor cells, Pdgfra®), MG (microglial, Tmem119*), EC (endothelial cells,
Cldn5"), NEUR (neurons, Syt1*), OLG (oligodendrocytes, Mobp® or Cldn11*), MAC (macrophages, Pf4*), PC (pericytes, Vtn*), NFOLG (newly formed
oligodendrocytes, Enppé*), VSMC (vascular smooth muscle cells, Acta2”), DC (dendritic cells, Cd74"), EPC (ependymocytes, Ccdc153"), NSC (neural stem
cells, Thbs4™), ARP (astrocyte-restricted precursors, Cd44*), NRP (neuronal-restricted precursors, Top2a*), T CELLS (T cells, Cd3d"), and NEUT (neutrophils,

$100a9").

(C) UMAP plots of 9 cell populations showing the expression of cell type-specific/enriched marker genes.

(D) Violin plot showing the expression of well-known cell type-specific/enriched marker genes in 17 cell clusters.

(E) Bar plots showing the number of cells, number of detected genes in each cluster, the average number of features (genes) and UMI counts in each cluster. See

also Figures S1-S8, Tables S1, S2, S3, S6, and S8.

RESULTS
Identification of cell types in the amygdala
To study the mouse brain under different conditions of SUD, mice were treated with morphine sulfate for 7 days to induce dependence. In the
withdrawal studies, morphine injection was stopped at day 7 for 24 h to induce spontaneous withdrawal (Figure STA). As expected, the mouse
body weight was reduced after morphine treatment (Figure S1B), and consistent with the withdrawal condition the mice exhibited withdrawal
symptoms such as jumping and shaking (Figure S1C). We dissected the amygdalae from the naive (Naive), morphine dependent (Dep), and
morphine withdrawal (With) mouse brains, after which the tissues were dissociated into single cell suspension. The cells were captured with
the 10X Chromium platform, and the scRNA-seq was conducted to examine the transcriptomic profiles (Figure 1A).

We sequenced 121,856 cells from 9 independent biological samples, each of which was derived from pooled amygdalae from 4 to 5
mice in a single treatment group. We removed debris, dead cells, potential doublets, and unrecognized clusters (see STAR methods and
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Figures S2 and S3). In the end, our analysis resulted in 77,957 high quality cells, representing 17 cell types (Figure 1B), with distinct expres-
sion profiles (Figures 1C and 1D). As shown in Figure 1E, the major cell types including neurons (NEUR), astrocytes (ASC), microglia (MG),
oligodendrocyte progenitor cells (OPCs), and endothelial cells (EC), where more cells were captured and analyzed, the number of de-
tected genes in these cell populations were higher than that in the small populations. It was in the stem cell/precursor cell types, including
neural stem cells (NSC), neuronal-restricted precursors (NRP), and OPC, that we observed a higher average number of genes/UMI counts
per cell.

The proportion of each cell type was consistent among the three experimental groups (Figures S3F and S3G). Although the estimated
percentages might not reflect the actual composition of the amygdala since different cell types have different sensitivity to the dissociation
procedure, these data suggested that the tissue composition of the amygdala remained unchanged after chronic morphine treatment. Me-
dian UMI per cell and the average number of detected genes were also consistent among the three groups (Figure S4). Other metrics are
summarized in Table S2.

Identification of differentially expressed genes under morphine dependence and withdrawal conditions

We then analyzed the differentially expressed genes (DEG) to study the transcriptional changes in each cell type under the morphine depen-
dence condition (Dep vs. Naive), and under the withdrawal condition following the dependence status (With vs. Dep). In both comparisons,
each cell type exhibited distinct changes (Figures 2A, 2B, S5, and Sé; Tables S4 and S5). Under the dependence condition, there were a
greater number of upregulated genes than downregulated genes in particularly in the microglia, endothelial cells, neurons and OPC (Fig-
ure 2C). Compared to that in Dep vs. Naive, the numbers of DEG in With vs. Dep were almost doubled in most of the cell types (Figure 2D),
suggesting that there were more significant changes in the amygdala when the brain switched from morphine dependence to withdrawal
state.

The resident immune cells, microglia, showed very distinct changes (Figures 2E and 2F). When the overlapping relation between the DEGs
under the two conditions were analyzed, we found that around 45% of the DEG under the dependence state were inversely correlated with the
withdrawal state (Figure 2G). However, this inverse DEG counted for only a small percentage (~30%) of the DEG in the withdrawal state.

Next, we studied the DEG that were shared across the 17 cell types and found heat shock protein genes were on top of the DEG lists
(Tables S4 and S5). As shown in Figure 2H, in most glia cell types Hsp%0 family genes were downregulated, while the Hsp70 family (Hspaa,
Hspa1b) and Hsp40 family genes were upregulated under the dependence condition. However, in the withdrawal condition these heat shock
proteins were mostly downregulated (Figure 21). Since heat shock proteins play an important role in protein folding and stress response, "’
these data reveal how brain cells respond to the stresses associated with either chronic opioid use or opioid withdrawal in mice.

Identification of neuron and astrocyte subtypes

Neuron is a highly diverse population and could be classified by different criteria such as morphology and electrical properties. Here, based
on the single cell transcriptome we identified 15 neuron subpopulations in amygdala, including 8 excitatory, 6 inhibitory neuron subtypes plus
the immature neurons (Figure S7A). We found that excitatory neurons and inhibitory neurons exhibited significant transcriptional differences
(Figure S7B; Table Sé). In addition to neurons, we analyzed the subtypes of astrocyte, the largest glia population that support neuronal ac-
tivity. As shown in Figures S8A and S8B, we identified five astrocyte subtypes (ASC_1 to 5). The largest ASC subtype, ASC_1, showed high
expression levels of genes in phagocytosis, neurotransmission, ion and water transport, and immune activity, while the subtype ASC_3
showed very low level expression in these genes, particularly S100b, Mertk (phagocytosis), Agt (synapse plasticity), Slc7a10 and Gria2
(neuro-transmission), and the genes that are important in ion transport and water transport. Interestingly, in the withdrawal state a significantly
higher percentage of ASC_3 was observed when compared to both Naive and Dep states (Figures S8C and S8D). It will be interesting to inves-
tigate the specific features and functions of these subtypes, and their different roles in SUD in future studies.

Validation of cell type-specific gene expression changes

Next, we sought to validate some of the cell type specific DEG by mRNA fluorescence in situ hybridization (FISH). As discussed before, some
of the heat shock proteins such as DnajaT showed distinct changes under the morphine dependence and withdrawal conditions (Figures 2H,
21, and 3A). This was confirmed in microglia cells (Tmem119+) as shown in Figures 3B and 3C. In addition, we observed that the number of
Dnaja’ mRNA puncta was generally increased under dependence while decreased under the withdrawal condition in other cells (Tmem119-)
in the amygdala. This observation verified our single-cell data showing that the changes of Dnaja were shared by several glia cell populations
(Figures 2H and 2l).

Ccl2 is one of the most potent microglia chemokines that attract cells involved in the immune or inflammatory response. Consistent with
our single-cell data (Figure 3D), the independent FISH data showed that Ccl2 mRNA expression was induced in the microglia cells with chronic
morphine treatment but was reduced following 24-h morphine withdrawal (Figures 3E and 3F).

Next, we isolated the microglial cells from the amygdala and measured the mRNA expression levels of several immune related genes.
As shown in Figure 3G, the genes encoding cytokines (Tnf and ll1beta) and Toll-like receptor TIr2 were upregulated under dependence but
was subsequently decreased under the withdrawal condition. These data further validated our scRNA-seq data (Tables S4 and S5) which
showed the up-regulation of Tnf under dependence and down-regulation of TIr2 and IlTbeta under withdrawal. Next, we performed bulk
RNA-seq of the isolated microglial cells from the amygdala. Due to the low amount of starting material (thousands of isolated microglia
cells) and limited statistical power, much fewer DEGs were detected in the bulk RNA-seq data compared to the number of DEGs in the
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Figure 2. Differentially expressed genes under morphine dependence and withdrawal conditions

(A and B) Strip charts showing the logarithmic fold changes (log2FC) of all detected genes (dots) in 17 clusters. Genes in colored dots are significantly changed
(FDR < 0.05 and FC > 10%) comparing Dep to Naive (A), or With to Dep (B).

(C, and D) Bar plots showing the number of significantly downregulated (Down) or upregulated (Up) genes in 17 clusters, comparing Dep to Naive (C), or With to
Dep (D).

(E and F) Volcano plots showing the log2FC and -log10(FDR) of detected genes in MG, comparing Dep to Naive (E), or With to Dep (F). Significantly
downregulated genes are dots in blue, upregulated genes are in red and genes in black are not significantly changed. (G) Dot plot showing the overlap
(dots in red) of DEG in Dep vs. Naive (dots in green) with DEG in With vs. Dep (dots in blue) in MG.

(H and |) Heatmaps showing the log2FC of heat shock protein expressions comparing Dep to Naive (H), or With to Dep (I) in 17 clusters. * FDR < 0.05, **
FDR < 0.01, *** FDR < 0.001. See also Figures S5 and S6, Tables S4, S5, and S7.

scRNA-seq data (Figure S9). But there was a positive correlation of the gene expression fold changes between these two datasets (Fig-
ure 3H). This observation suggests that scRNA-seq might be a powerful tool to study the cell populations or samples that have limited
cell numbers for bulk RNA-seq.
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Figure 3. Validation of single-cell RNA sequencing data in microglia cells

(A) Violin plot overlaid with dot plot showing the expression levels of Dnajal in our scRNA-seq data of MG population.

(B) Violin plot overlaid with boxplot showing the quantification of the RNAscope data. Data represent median expression of Dnaja (number of mMRNA puncta) in
Tmem 119" MG cells (n = 249 cells from 5 Naive mice, n = 280 cells from 5 Dep mice, n = 288 cells from 5 With mice). **** p value < 0.0001 by Mann-Whitney U-test.
(C) Representative RNAscope images of mouse amygdala showing the Dnajal mRNA puncta in Tmem119* MG cells. Dotted lines outline the area of each cell
that was considered for quantification. Scale bars, 5 um.

(D) Violin plot overlaid with dot plot showing the expression levels of Ccl2 in our scRNA-seq data of MG population.

(E) Violin plot overlaid with boxplot showing the quantification of the RNAscope data. Data represent median expression of Ccl2 (number of mMRNA puncta) in
Tmem 119" MG cells (n = 291 cells from 5 Naive mice, n = 303 cells from 5 Dep mice, n = 313 cells from 5 With mice). **** p value < 0.0001 by Mann-Whitney U-test.
(F) Representative RNAscope images of mouse amygdala showing the Ccl2 mRNA puncta in Tmem119* MG cells. Scale bars, 5 um.

(G) gPCR analysis of Tnf, Il1beta, and TIr2in MG cells isolated from the amygdala of Naive, Dep and With mice. p values were analyzed by two tailed Student's t
test. Data represent mean + SEM of independent triplicate measurements.

(H) Scatterplot of the fold changes of the DEGs in the bulk RNA-seq dataset (isolated microglia cells) and scRNA-seq dataset (MG population). Linear regression is
depicted with the blue line. Pearson’s correlation coefficient and p value are shown in the plot. See also Figure S9.
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Changes in distinct biological processes in neurons and microglial cells under morphine dependence and morphine
withdrawal states

Next, we conducted a gene set enrichment analysis (GSEA)'” to investigate the changes of various gene sets or pathways in each cell pop-
ulation and constructed an enrichment map'® of the most significantly changed gene ontology terms (GOs) (Figures 4A and 4B). Microglia,
as the resident immune cells in the brain, plays a pivotal role in the immune response and neuroinflammation.'* Their activity is linked to
various emotions and behaviors such as compulsive behaviors, anxiety, depression, and SUD.""® Our GSEA data showed that 1143 bio-
logical process GOs were significantly changed (947 upregulated, 196 downregulated) under morphine dependence, while there were
more deactivated GOs (468 upregulated, 1026 downregulated) when comparing the withdrawal state to dependence (Table S9 and
$10). Consistent with our current understanding of opioid induced neuroinflammation'>'??° and microglia activation during opioid treat-
ment,”"?” in the morphine dependent microglia, the cell activation pathways were enhanced and the immune response, inflammatory
response, cytokine production as well as the response to cytokines were upregulated (Figure 4A). The pathways involved in metabolic pro-
cesses and gene expression were also activated. In agreement with the literature,”’”*** our data showed that chronic opioid treatment
resulted in microglial apoptosis, and enhanced MAPK as well as ERK pathways. However, as shown in Figure 4B, under the withdrawal
condition these activated pathways were mostly downregulated, suggesting a switch of the cellular status when the brain underwent
the withdrawal process. Importantly, cellular responses to stress including the immune response, response to ROS, protein folding, etc.
were deactivated, which was consistent with our DEG analysis showing a significant decrease in the expression of the heat shock protein
families under the withdrawal condition (Figure 2I).

Distinct pathway changes across 17 different cell types

GSEA is more sensitive than the DEG analysis because it aggregates information from a set of genes which are functionally relevant,
therefore we were able to conduct GSEA in all the cell types including the populations that had limited cell numbers and didn't
show many DEGs. Under both dependence and withdrawal conditions, there were shared and cell type-specific changes of gene
sets across the 17 cell types (Tables S? and S10). Here we compared the GO terms that represented the key biological processes
between different conditions (Figure 4C). With chronic morphine treatment the GSEA-predicted upregulated translation process and
peptide biosynthesis were shared in astrocytes, microglia, oligodendrocytes (OLG), endothelial cells, and OPC. Cellular respiration
pathways were shown in GSEA to be activated in neurons, astrocytes, newly formed oligodendrocyte (NFOLG) and OPC. Biosynthesis
of different molecules and various cell signaling pathways exhibited distinct changes among 17 cell types. As shown here (Figure 4C-
left) and discussed before, microglia was the major cell type that increased the immune/inflammatory response and cytokine production
under dependence condition.

Compared to these dependent cells (Dep vs. Naive), the withdrawal cells (With vs. Dep) showed more significant changes (Figure 4C-right).
Gene expression GOs and cellular respiration pathways were downregulated in the glia cells (ASC, OPC, MG, EC, OLG, etc.). Interestingly,
two groups of cell types showed opposite changes in the immune related GOs: endothelial cells and immune cell types—microglia,
macrophages, dendritic cells (DC), exhibited downregulation; while neurons, oligodendrocytes, ependymocytes (EPC), and NFOLG showed
upregulations (discussed later). In addition, neurotransmitter transport was enhanced in microglia, dendritic cells, endothelial cells, ependy-
mocytes, and NFOLG, but was deactivated in neuron and pericytes (PC).

Distinct and significant changes in immune response and inflammation in cell type specific manner

Among the biological processes being analyzed, immune response related pathways showed the most exciting changes as shown in Fig-
ure 4C. Neuroinflammation is involved in neurodegeneration diseases and neuronal disorders such as anxiety and SUD.®*>? So next, we
analyzed the detailed GO terms and pathways that were relevant to the immune response and inflammation. As shown in Figure 5A-left,
when we compared the morphine dependent cells to naive cells, most of the activated pathway occurred in microglia.

More interesting and unexpected changes happened under the withdrawal condition (Figure 5A-right) when these cell populations were
divided to two groups based on their immune status changes: group1 cell types (MG, MAC, DC, and EC) showed deactivations, however,
group? cell types (NEUR, OLG, NFOLG, and EPC) showed largely upregulations. All the group1 cell types showed downregulated GO terms
including innate immune response, humoral immune response, inflammatory response, response to cytokines, and TNF production. In
contrast, the group?2 cell types shared upregulated immune response and cytokine productions, especially IL6 and interferon gamma produc-
tion. The inflammatory response and TNF production were enhanced in most of these cell types.

Next, we checked for changes in inflammation related genes. As shown in Figure 5B, chronic morphine treatment induced the expression
of Ccl2, Cx3cl1, Gls, Tir4, and Tnfin the three immune cell populations—microglia, macrophages, and dendritic cells endothelial cells and
macrophages showed a significant upregulation of lcam1 and Vcam1, both of which encoded intercellular adhesion proteins that regulate
immune cell recruitment to the sites of inflammation.

Under the withdrawal condition, the group1 immune cells showed decreased expression of Nirp3, TIr4, Tnf, Hmox1 and several CC
chemokine family members. Icam1 and Vcam1 expression were reduced in endothelial cells (Figure 5C). However, the group2 cells ex-
hibited mostly the opposite changes (Figure 5D). For example, CC chemokine family members (Ccl12, Ccl2, Ccl4) and glutamate meta-
bolism genes (Gls, Glul) were upregulated in ependymocytes and NFOLG. The induced expression of Cx3cr1, Cxcl12, Tnf, etc., were
shared in group?2 cell types.
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Figure 4. Changes in biological pathways and processes under morphine dependence and withdrawal conditions

(A and B) Enrichment maps of significant pathways (p value < 0.05 and FDR q value < 0.15) in MG comparing Dep to Naive (A), or With to Dep (B). Normalized
enrichment scores (NES) were calculated for each pathway by GSEA. The networks were created using EnrichmentMap Cytoscape application. Pathways are
shown as nodes which are colored by the corresponding NES, and edges represent the number of genes overlapping between two pathways. Clusters of
nodes were labeled using the AutoAnnotate Cytoscape application to identify major biological themes. Positive NES (red nodes) indicate upregulation,
while negative NES (blue nodes) indicate downregulation.

(C) Heatmap of NES showing a subset of significant pathways (p value < 0.05 and FDR g value < 0.25) in 17 cell types comparing Dep to Naive (left), or With to Dep
(right). Positive NES indicates upregulation, negative NES indicates downregulation and white indicates no significant change. See also Tables 59 and S10.
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Figure 5. Changes in immune/inflammation related pathways and genes under morphine dependence and withdrawal conditions

(A) Heatmap of NES showing a subset of immune/inflammation related significant pathways (p value < 0.05 and FDR g value < 0.25) in 8 cell types comparing Dep
to Naive (left), or With to Dep (right). Positive NES indicates upregulation, negative NES indicates downregulation, and white indicates no significant change.
(B) Heatmap showing the log2FC of inflammation related gene expressions comparing Dep to Naive in MG, MAC, DC, EC.
(C and D) Heatmaps showing the log2FC of inflammation related gene expressions comparing With to Dep in MG, MAC, DC, EC (C), and in EPC, NFOLG, OLG,
NEUR (D). * FDR < 0.05, ** FDR < 0.01, *** FDR <0.001. See also Tables S9 and S10.

Changes in cell-cell communications after chronic morphine

treatment

Finally, we analyzed the cell-cell interactions (CCl) among all the recognized cell types in the amygdala (see STAR methods). Based on the
DEG analysis, we were able to study the changes of ligand-receptor/signaling interactions with chronic morphine treatment. Under the
morphine dependence condition, we highlighted the communications among neurons, microglia, endothelial cells, and astrocytes. As shown
in Figure 6, the increased expression of Tnfin MG possibly enhanced the interactions between microglia and neurons, or microglia and endo-
thelial cells through a variety of receptors or pathways in neurons or endothelial cells. Importantly, this same ligand might regulate different
biological processes, depending on the receptors. For example, microglia-Tnf can interact with several receptors on neurons (Figure 6A) and
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Figure 6. Changes in cell-cell interactions with chronic morphine treatment

Ligands or receptors in the denoted cell type are represented by the nodes which are colored by the log2FC. Node borders indicate the FDR value of the DEG
analysis. Edges represent ligand-receptor interactions. Edge color indicates the sum of scaled differential expression magnitudes from the ligand node and
receptor node. The Figures have been filtered so that the top 75 edges representing the most differentially expressed node pairs are shown. The
comparisons were between Dep and Naive samples.

(A) Ligands expressed in MG with receptors expressed in NEUR.

(B) Ligands expressed in NEUR with receptors expressed in MG.

(C) Ligands expressed in MG with receptors expressed in EC.

(D) Ligands expressed in EC with receptors expressed in MG. See also Figure S10.
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such as Lifr which has been shown to regulate neuron differentiation and maturation.”’ At the same time, Tnf upregulation in microglia can
induce Csf1 expression in endothelial cells (Figure 6C), and increased EC-CsfT can communicate with several pathways in the microglia (Fig-
ure 6D). For example, Csf1-Csf1 receptor (Csf1r) interaction is important for microglial viability and activity.”” Endothelial cells also use other
ligands to send signals back to microglia. The significantly upregulated Vcam 1 and Spp 1 in endothelial cells can potentiate the recruitment of
microglia to the inflammatory site through binding to the increased receptor ltga? on microglial cells (Figure 6D).

In addition to the cell-cell interactions in different cell types, our single-cell data also revealed cell-cell interactions within the same cell
type. BDNF, one of the neurotrophin family of growth factors, plays pivotal roles in neural growth, survival, plasticity and importantly, is
involved in mood modulation and drug addiction.””*° Qur current analysis showed that the increased BDNF expression in neurons, not
only promoted its interactions with a variety of receptors on microglia (Figure 6B) and astrocytes (Figure S10B), but also activated its down-
stream signaling within the neuron population itself (Figure S10A).

Changes in cell-cell communications under morphine withdrawal

Under the withdrawal condition, a significant change was observed in cell-cell interactions when compared to the dependence state (Figures 7
and S11). Most of the activated interactions between microglia and endothelial cells under the dependence condition were downregulated
(Figures 7A and 7B). Various cytokine-receptor mediated interactions were reduced, which might contribute to the dampened inflammatory
responses in both microglia and endothelial cells under the withdrawal condition. The signals that microglia received, and decreased micro-
glial activation may be a consequence of neuronal activation status. Both the reduced Cxcl10 in endothelial cells (Figure 7B) and reduced
Cx3cl1in neurons (Figure S11A) can possibly deactivate the Ccrl2 mediated pathway in microglia, which was important for microglial activa-
tion and polarization.”’

Oligodendrocytes produce myelin sheaths that provide support and insulation to neurons, and ependymocytes play pivotal roles in ce-
rebrospinal fluid homeostasis and brain metabolism. Our cell-cell interactions analysis revealed oligodendrocyte-neuron and ependymocyte-
neuron interactions that may also regulate neuron growth and the immune response. As shown in Figures 7C, 7D, and S11C, the increased
expression of ligands including Vitn, Fn1, and Spp1 in oligodendrocytes, ependymocytes, and NFOLG would enhance their interactions with
the receptor Itga8, which was also significantly increased in neurons and was involved in neurite outgrowth.?” Several cytokine receptors
(Ilrap, Cx3cr1, lléra, etc.) were upregulated in neurons, and their corresponding ligands (l/1a, Cxcl10, 116, etc.) were expressed at increased
levels in oligodendrocytes and ependymocytes; therefore, the interactions between these ligands and receptors most likely will promote im-
mune responses in neurons. Notably, since the cytokine productions were reduced in microglia, dendritic cells, and endothelial cells under
morphine withdrawal (Figures 5A and 5C), the enhanced cytokine signals that neurons received might mainly come from the non-immune glial
cells, oligodendrocytes, and ependymocytes.

In summary, our single-cell data unraveled gene expression and pathway changes that regulated key biological processes within each cell
population and in other cell types via modified cell-cell communications.

DISCUSSION

SUD is a complex process in which various brain regions are involved. The amygdala is a recognized region that mediates the withdrawal
effect as well as anxiety and depression-like behaviors, both of which are well known co-morbidities of SUD.%?"%In this study, we performed
scRNA-seq to identify the cell types in mouse amygdala and investigated their unique transcriptional profiles under both morphine depen-
dence and withdrawal states. Since our purification protocol primarily is optimized for glial cell isolation, data presented focused on the micro-
glial population and its interactions with other cell types including the neuronal population.

As was observed in other scRNA-seq studies investigating the whole brain and other brain regions,
rich cellular heterogeneity. Our study identified 17 major cell types (Figure 1B), and subtypes for neurons and astrocytes (Figures S7 and S8).
The proportion of each cell type was consistent, suggesting chronic morphine treatment did not influence the composition of the amygdala
tissue, but did affect the transcriptional profiles of all cell types according to our subsequent DEG analysis.

When we compared the morphine dependence sample to the naive sample, different cell types exhibited distinct transcriptional changes
(Figures 2A, 2E, and S5). When the condition switched to withdrawal, most of the cell populations showed more significant DEG (Figure 2D).
Interestingly, the neuronal population exhibited the most prominent changes under the withdrawal state. These data are in line with the study
showing that transcriptional changes in the PFC neurons were more significant during cocaine withdrawal than that during the drug mainte-
nance phase.® These imply the importance of the cellular response to withdrawal-induced stimuli in the development of drug dependence.

Heat shock proteins play important roles in protein folding and cellular response to stress.”’ Hsp70 and Hsp40 families were largely up-
regulated under the morphine dependence condition (Figure 2H), which was consistent with other studies showing that morphine exposure
induced the expression of Hsp70 and Hsp40 mRNAs in various brain regions such as the frontal cortex and amygdala.**** Considering the role
of Hsp70in cell survival, the function of Hsp40 as the co-chaperone for Hsp70 and their interactions with the MAPK signaling pathways,*>* it is
likely that the upregulation of these heat shock proteins reflects a protective effect against morphine-induced cell toxicity which has been
reported by other research groups.”*”* This is also illustrated in our single-cell data with the increased cell death which was predicted by
GSEA and activated MAPK as well as ERK signaling in glial cells, like microglia (Figure 4A). In addition, our current data (Figure 2I) and
data by Ammon et al. showed the morphine treatment-induced Hsp70 and Hsp40 were reversed under spontaneous withdrawal as well
as under naloxone-precipitated withdrawal.” Future studies on the dynamic changes of these heat shock proteins will reveal more informa-
tion about how the cells respond to stresses under different SUD states.

7833 the mouse amygdala also showed
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Figure 7. Changes in cell-cell interactions during morphine withdrawal
The comparisons were between With and Dep samples.

(A) Ligands expressed in MG with receptors expressed in EC.

(B) Ligands expressed in EC with receptors expressed in MG.

(C) Ligands expressed in OLG with receptors expressed in NEUR.
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Based on the DEG, we conducted GSEA to investigate how different cell types modulated their biological processes. Here, we focused on
the immune/inflammation responses that have been shown to influence neuronal activity and have been linked to various neuronal disorders,
such as anxiety, depression, and SUD.*?>?® Under morphine dependence, notably, microglia were the major cell type mediating an
augmented neuroinflammatory response, demonstrated by increased cell activation, enhanced immune and inflammatory responses, pro-
motion of cytokine production, etc. (Figure 4A). Importantly, our data suggest that the amygdala, which is mainly involved in the negative
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affect and emotional dysregulation during withdrawal, drive the dependence-associated changes and act as priming events to influence the
response to drug withdrawal.

More significant and unexpected changes were observed under the morphine withdrawal condition where two groups of cell types
exhibited almost opposite changes in the immune/inflammatory response (Figure 5A). In this study, we applied a spontaneous with-
drawal model that mimics human activity. We show that spontaneous withdrawal complements studies that use naloxone precipitated
withdrawal models, and also provide additional new information regarding our current understanding of the drug withdrawal process.
One of the most recent studies on rat amygdala®® using laser capture microdissection showed that inflammatory genes, such as Tnf and
116, remained unchanged with morphine treatment, yet were upregulated in neurons, microglia and astrocytes in the naltrexone-precip-
itated withdrawal model. In contrast to these studies our scRNA-seq data did not show a similar inflammatory trend in astrocytes, but
showed upregulation of Tnf, Icam1, and Cxcl12 in neurons under spontaneous withdrawal condition (Figures 5A and 5D). We show a
dampened and down regulated inflammatory response in microglia, macrophages, and endothelial cells in the morphine withdrawal
state However, in contrast we show upregulation of inflammatory transcriptomes in the neurons and oligodendrocytes during sponta-
neous morphine withdrawal (Figure 5A). This bidirectional regulation of the immune response in morphine withdrawal is noteworthy.
The reduced immune function in the microglia/immune cells was possibly due to the absence of mu-opioid receptor activation as a
consequence of morphine withdrawal, and/or that their cellular activities (immune response is their main function) were compromised
as a result of cell death induced by chronic morphine treatment (predicted by GSEA in Figure 4A, and reported by Hu et al. and Xie
et al. 2>%%

might directly or indirectly activate the immune response in neurons and oligodendrocytes, such as by enhancing the expressions of

, and/or the signals received from other cells (Figure 7B). At the same time, the reduced immune response in immune cells

chemokines including Icam1 and Cxcl12 to recruit more functional leukocytes and drive an inflammatory milieu that modulate neuronal
activity and synaptic transmission (Figure 4C), which consequently can influence the behaviors and emotions during morphine with-
drawal. A recent study by Duan et al. showed mitochondria in the amygdala was impaired by chronic stress and mitochondrial loss
induced weakening of synapses which resulted in increased anxiety.?” Highly anxious rats exhibited reduced mitochondrial function
in the NAc.” In our single-cell data, decreased cellular respiration and mitochondrial function that were suggested in GSEA results
were observed in several cell populations, including neurons (Figure 4C). This suggests that mitochondrial dysfunction in the amygdala
might greatly affect neurotransmission during withdrawal and as a result promote anxiety-like behavior that accompanies SUD. Our data
show for the first time that neuroinflammation is mediated by different cell types under different states during SUD, particularly in micro-
glia cells under dependence state and neurons as well as oligodendrocytes under withdrawal state. Future studies investigating the
interaction of inflammatory response with other biological processes will reveal how the biphasic inflammatory response in the micro-
glial cells impact neuronal activity and drive the processes that contribute to SUD.

In addition to studying the biological processes, we analyzed intercellular communications by measuring the ligand-receptor interactions.
This is highly important for studies of the brain since the communications between and within glia cell types with surrounding cells including
neurons plays pivotal roles in modulating synaptic activity. Of particular interest is the role of inflammatory responses originating in microglial
cells and its link to drug dependence and withdrawal cycle. This cell-cell interaction information will help us to discover novel sources and
targets of signal transductions that underlie SUD and related co-morbidities.

In summary, our current work has provided a comprehensive dataset of genes, biological pathways and ligand-receptor interactions for all
the identified cell types, with a particular emphasis on microglial cells, under both morphine dependence and withdrawal conditions. As a
resource for the neuroscience community and to those who study the biology of drug dependence/addiction, our study not only provides
more evidence to support the current understanding, in a cell-type specific manner, but also provides novel insight into how different cell
populations behave and communicate under different conditions at the molecular level. Since anxiety and depression are comorbidities asso-
ciated with SUD, our data also provide meaningful information in these fields. Last, the novel findings that are revealed in our data provide
clues for future strategies targeting either the genes or pathways in specific cell populations for the prevention or treatment of drug addiction
and related neuronal disorders.

Limitations of the study

Our work, as well as recent studies,”®*° benefited from the sensitivity and power of scRNA-seq to study the highly heterogeneous brain tis-
sues and more importantly to investigate cellular changes under different conditions, including drug addiction.” One of the limitations of our
current study is a single time point of data collection following withdrawal. Future studies aimed at including multiple time points post opioid
withdrawal will allow us to link the cycle of dependence and withdrawal to addiction and sustained drug craving. This will also provide more
insight into other opioid induced comorbidities such as anxiety and depression-like behaviors, which occur several days or weeks after drug
withdrawal.*"*? It will also be useful to optimize our current single cell dissociation protocol (see STAR methods) to preserve more neurons
and oligodendrocytes. Although the cell viabilities of our single cell suspensions were as high as 85-90%, lots of fragile cells were probably
lost during the tissue dissociation process, especially neurons. The proportion of neurons and oligodendrocytes in our single-cell data are
lower than that in other scRNA-seq datasets’****3 where different brain regions and different tissue dissociation procedures were followed.
It will be important to explore the ideal protocol so that the scRNA-seq data reflect the actual tissue composition and transcriptomic profiles
of each cell type. Future studies, focused on investigating how different brain regions including nucleus accumbens, PFC, etc., and the various
subregions in the amygdala contribute to dependence and withdrawal** will be an area of great interest. This might be achieved with spatial

. . 45
transcriptomics.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

CD11b+ MicroBeads

Miltenyi Biotec

Cat No. 130-093-636

CD45-PercP-Cy5.5 BioLegend Cat No. 103132
Cd11b-APC BioLegend Cat No. 101212
Chemicals, peptides, and recombinant proteins

Morphine sulfate Sigma-Aldrich Cat No. 1448005

HBSS, calcium, magnesium, no phenol red
Trehalose

Tissue-Tek® O.C.T. Compound

Thermo Fisher
Sigma-Aldrich
Sakura Finetek

Cat No. 14025092
Cat No. TO167
Cat No. 4583

Critical commercial assays

Papain Dissociation System
Chromium Next GEM Automated
Single Cell 3’ cDNA Kit

Chromium Next GEM Automated
Single Cell 3 Library and Gel Bead Kit
RNAscope Multiplex Fluorescent
Manual Assay kit

Worthington Biochemical
10X Genomics

10X Genomics

Advanced Cell Diagnostics

Cat No. LK003182
Cat No. 1000424

Cat No. 1000147

Cat No. 323136

RNeasy Mini Kit QIAGEN Cat No. 74104

SuperScript™ IV First-Strand Synthesis System Invitrogen Cat No. 18091050

SMART-Seq v4 Ultra Low Input RNA Kit TaKaRa Bio Cat No. 634894

Nextera XT DNA Library Preparation Kit lllumina Cat No. FC-131-1024

Deposited data

Raw single-cell RNA sequencing data This paper Gene Expression Omnibus (GEO)

and the count matrices

accession number GSE207128

Experimental models: Organisms/strains

Mouse/C57BL/6J male

The Jackson Laboratory

https://www.jax.org/strain/000664

Oligonucleotides

Probes against Tmem119
Probes against Ccl2

Probes against Dnajal

Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

Cat No. 472901
Cat No. 311791
Cat No. 454351

Software and algorithms

Cell Ranger (v.6.1)

R (v.4.1)

Seurat (v4.0)
edgeR (v.3.32)

GSEA software (v.4.1)
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10X Genomics

R Core Team (2021). R: A language and
environment for statistical computing.
R Foundation for Statistical Computing,
Vienna, Austria.

Satija, R. et al.®?

Robinson, M. D. et al.®®

UC San Diego and Broad Institute

https://support.10xgenomics.com/
single-cell-gene-expression/software/

pipelines/latest/release-notes

https://www.R-project.org/

https://satijalab.org/seurat/

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://www.gsea-msigdb.org/gsea/index.jsp

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Cytoscape software (v.3.9) U.S. National Institute of General https://cytoscape.org
Medical Sciences (NIGMS)
CClnx (v.0.5) Ximerakis, M. et al.** https://github.com/BaderlLab/CClnx
ImageJ National Institutes of Health and the https://ImageJ.nih.gov/ij/download.html
Laboratory for Optical and
Computational Instrumentation
Trimmomatic (v.0.36) Bolger, A. M. et alt https://github.com/timflutre/trimmomatic
STAR aligner (v.2.5.2b) Dobin, A. et al.”’ https://github.com/alexdobin/STAR
FeatureCounts from the Subread (v.1.5.2) Liao, Y. et al.”? https://subread.sourceforge.net/
DESeq2 (v.1.34.0) Love, M. I. et al.”? https://bioconductor.org/packages/
release/bioc/html/DESeq2.html
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Sabita Roy (Sabita.Roy@miami.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e The raw single-cell sequencing data and the count matrices are available through Gene Expression Omnibus (GEO) under the acces-
sion number GSE207128.
e This paper does not use customized code and does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Eight-week-old C57BL/6J male mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) (https://www.jax.org/strain/000664).
Animal maintenance and procedures were conducted according to the Institutional Animal Care and Use Committee policies at the University
of Miami. Mice were injected with morphine sulfate (15 mg/kg) intraperitoneally (IP) twice daily (every 12 h) for 7 days. Mice in the Dep group
were sacrificed 3 h after last injection and mice in the With group were sacrificed 24 h after last injection. Mice in the Naive group received no
treatment. The detailed drug treatment plan was shown in Figure STA.

METHOD DETAILS

Withdrawal behavior test

Withdrawal behavior was monitored 24 h after the last morphine injection to evaluate both the presence and severity of withdrawal symptoms.
Mice were placed in a plexiglass chamber for 15 min and their behavior was recorded on a video camera. The videos were scored and verified
by a blind observer for withdrawal symptoms that were described previously.”® In this study, symptoms of withdrawal were evaluated on the
frequency of symptoms including shaking (shaking of head or the entire body), jumping (raising all four paws off the ground rapidly) and
grooming (using limbs to manipulate head or body). This resulted in a quantifiable score of the withdrawal symptoms, in which a higher with-
drawal score signified higher severity of withdrawal. These withdrawal scores were compared between the With and Naive groups.

Tissue dissociation and single-cell RNA sequencing

Three batches of experiments were conducted, and each batch included one Naive, Dep and With group. Thus, nine independent biological
samples were processed. Amygdala dissection and tissue dissociation were performed at the same time period (10a.m.—12p.m.) for all the
samples to limit circadian variation. The widely used Papain Dissociation System (Worthington Cat No. LK003182) was modified based on
other published protocols™™ so that single cell solutions with high cell viability (~90%) could be acquired within 2 h (Figure S2A). Briefly, after
mice were sacrificed brains were immediately dissected and transferred into ice-cold HBSS. The amygdalae were dissected from 4 to 5 mice
according to the previous protocol®’ and were pooled together. The tissues were cut into small pieces and incubated in 2 mL pre-warmed
papain solution (EBSS containing approximately 20 units/mL papain and 0.005% DNase) at 30°C for 45 min with gentle constant agitation.
After the incubation, all the following procedures were performed on ice. The mixture was triturated gently with a fire polished 2 mL Pasteur
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glass pipette and the supernatant were transferred carefully to a fresh tube. 2 mL of EBSS containing the albumin ovomucoid inhibitor was
added to the remaining tissues, which was triturated gently with another fire polished 2 mL Pasteur glass pipette and the supernatant was
transferred. This step was repeated one more time. The resulted 6 mL supernatant containing single cells were pooled together and the
cell clusters/tissue debris were removed by serial filtration through pre-wetted 70 um and 40 um cell strainers. The single cell suspension
was centrifuged at 220 g for 7 min at 4°C. The cells were then washed in 10 mL PBS containing 0.04% BSA twice, after which the cells
were resuspended in PBS containing 0.04% BSA. 10 pL aliquots were stained with Trypan Blue and cell numbers were counted three times
for each sample. During the whole procedure, 5% (w/v) trehalose (Sigma Aldrich Cat No. T0167) was added in the buffers to ensure higher cell
viability.*?

After dissociation, cell suspensions were diluted to 1,000-1,200 cells/pL with PBS containing 0.04% BSA. For every sample, 16,500 cells
were loaded into a Chromium Single Cell 3’ Chip (10X Genomics) and processed according to the manufacturer’s protocol. scRNA-seq
libraries were prepared with the Chromium Single Cell 3 GEM, Library & Gel Bead kits v3.1 (10X Genomics). Libraries were pooled and
sequenced on the NovaSeq6000 instrument (lllumina).

RNAscope in situ hybridization

RNAscope in situ hybridization was performed on fresh-frozen brain tissue from 15 mice (5 Naive, 5 Dep and 5 With). Brains were harvested
immediately after the mice were sacrificed. The coronal section (~2 mm) containing the amygdala were flash-frozen in OCT (Tissue Tek) and
were saved at —80°C until further processing. 14 pm coronal sections were cut at —20°C. Multi-channel fluorescence in situ hybridization was
performed using the RNAscope Multiplex Fluorescent Manual Assay kit (Advanced Cell Diagnostics (ACD)) following the manufacturer’s pro-
tocol. Regions of the amygdala were selected according to the Allen Mouse Brain Atalas (https://portal.brain-map.org). Probes against
Tmem119(ACD Cat No.472901), Ccl2(ACD Cat No. 311791) and Dnaja1 (ACD Cat No. 454351) were used. The RNAscope slides were imaged
on a Leica LAS X microscope system. Image files were processed and analyzed in ImageJ software. Briefly, we located Tmem19 positive cells
and drew the cell boundaries based on DAPI-positive nuclei. We used the ImageJ analyze particles tool to quantify the number of puncta per
cell. Only puncta with the size above diameter of 2 pixels would be counted.

Quick isolation of microglia cells
In order to collect as many microglia cells as possible and process the cells quickly, we followed the approach of using magnetic beads to
isolate microglia cells from the amygdala tissues. Briefly, for each experiment group the amygdalae were dissected from 4 to 5 mice and
were pooled together. The single cell suspension was obtained following the method as described in “tissue dissociation and single-cell
RNA sequencing”. Then the cells were incubated with CD11b™ MicroBeads (Miltenyi Biotec Cat No. 130-093-636) for 15 min in the dark at
4°C, after which the cells were washed with 1 mL of cold washing buffer (PBS containing 0.5% BSA) and were centrifuged at 300 g for
5 min at 4°C. The cells were resuspended with 500 pl washing buffer and loaded on a pre-rinsed MS column on the OctoMACS Separator.
The column was washed with 1 mL washing buffer. After the column was removed from the separator, 1 mL washing buffer was added to the
column and the magnetically labeled cells were immediately flushed out to the collection tube. The cells were centrifuged at 300 g for 5 min at
4°C and were processed immediately for RNA extraction.

To investigate the purity of the isolated microglial population, the isolated cells were stained with antibodies CD45-PercP-Cy5.5
(BioLegend Cat No. 103132) and Cd11b-APC (BioLegend Cat No. 101212). Flow cytometry was performed and the data showed the percent-
age of CD45+/CD11b+ cells is over 90% (Figure S9A).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from the isolated microglia cells with the RNeasy Mini Kit (Qiagen Cat No. 74104) following the manufacturer’s pro-
tocol. cDNA was synthesized with SuperScript IV First-Strand Synthesis System (Invitrogen Cat No. 18091050) and was used as the template for
quantitative real-time PCR in the LightCycler 480 System (Roche, US).

Bulk RNA sequencing

Total RNA was extracted from the isolated microglia cells with the RNeasy Mini Kit (Qiagen Cat No. 74104) following the manufacturer’s pro-
tocol. Reverse transcription and cDNA amplification were performed with the SMART-Seq v4 Ultra Low Input RNA Kit (TaKaRa Bio). Libraries
were constructed using the Illlumina Nextera XT kit. Sequencing was performed on the lllumina HiSeq 2500.

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw data processing and clustering

Cell Ranger (v.6.1) (10X Genomics) was used to perform de-multiplexing, barcode processing and generate the single cell gene expression
matrix with the default parameters.

Initial processing and visualization of the scRNA-seq data were performed with the Seurat (v.4.0) package®”*"in R (v.4.1). Our initial dataset
with nine samples together contained 121,856 cells. For initial quality-control, we filtered the cells with the following parameters: maximum
percentage of mitochondrial RNA = 20% (to remove potential dead cells), minimum number of nFeature_RNA = 250 and minimum number of
nCount_RNA = 500 (to remove debris), maximum number of nFeature_RNA = 6,000 and maximum number of nCount_RNA = 30,000 (to
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exclude potential doublets and outliers). We also removed any genes that were only expressed in fewer than 5 cells. With the remaining
82,528 cells we did an initial clustering. To minimize potential batch effect and to perform comparative scRNA-seq analysis across experi-
mental conditions, we applied the Seurat integration procedure.”’ Briefly, the data from each sample were log normalized and scaled to
10,000 transcripts per cell, and the function FindVariableGene was used to identify variable features for each sample independently. The func-
tion SelectintegrationFeatures was then used to select features that are repeatedly variable across samples, after which the anchors were
identified using the FindIntegrationAnchors function. Then these anchors were used to integrate the nine samples together with the function
IntegrateData. The integrated data were scaled to find the top 30 principal components (PCs) which were used to identify cell clusters by using
the function FindNeighbors followed by FindClusters with the resolution as 1.0. This procedure resulted in 46 clusters and the color-coded
clusters were visualized with the UMAP plot Figure S3A).

To determine the cell types for these initial 46 clusters, we first used the function FindAllMarkers to search for the top differential markers
for each cluster, which were then paired with multiple cell-type specific/enriched marker genes (described in the next section). The clusters
being assigned to the same cell type were combined and 22 clusters were generated, including two unrecognized clusters (Figure S3B). As the
transcriptional profiles shown in Figure S3C, one of the unrecognized clusters expressed both astrocyte marker (GjaT) and oligodendrocyte
marker (Mbp) and the other expressed both neuron marker (Syt1) and microglial marker (Tmem119). These clusters were likely doublet arti-
facts arising from the co-capture of multiple cells in one droplet, yet it was also possible they were novel cell types that have not been iden-
tified. It will be interesting to investigate these cells in future studies. For our current data analysis, we removed these two clusters. Addition-
ally, we filtered out the cells that belong to meningeal tissue that we didn’t remove at the initial dissection step for the sake of fast sample
processing. These cells included epithelial cells (EPIC), arachnoid barrier cells (ABC) as well as vascular and leptomeningeal cells (VLMC) (Fig-
ure S3B). Finally, 77,957 cells representing 17 clusters (Figure 1B; Table S3) with data for 23,057 genes were retained in our dataset for sub-
sequent analysis. For the final dataset, the average number of detected genes, number of UMI counts and percentage of mitochondrial RNA
were 2,407.8, 6,508.1, and 9.27% respectively. Other sequencing metrics about each sample, experiment group, batch, and cluster were sum-
marized in Table S2, and shown in Figures S2-S4.

Determination of cell identity

Cell-type specific/enriched marker genes that have been described before to determine cell identity were used: Gja1** for ASC, Pdgfra™ for
OPC, Tmem119° for MG, Cldn5>* for EC, Syt755 for NEUR, Cldn11°" and Mobp8 for OLG, Pf4° for MAC, Vitn™ for PC, Enppé58 for NFOLG,
Acta2” for VSMC, Cd74 and Cd209a™ for DC, Ccdc153°° for EPC, Thbs4®' for NSC, Cd44°? for ARP, TopZ2a and Cdk1™* for NRP, Cd3d for
Teells, $100a9°° for NEUT, Tt for EPIC; Slcéa13™ for VLMC: Slc47a1® for ABC. For the neuron and astrocyte sub-clustering, the similar pro-
cedures were conducted, and the identification of their subtypes was based on reported neuron®**** or astrocyte®* subtype marker genes
respectively.

Analysis of differentially expressed genes (DEG)

To identify the DEG compared between experiment groups (Dep vs. Naive, With vs. Dep), we used the edgeR (v.3.32) package®” in R (v.4.1)
and the analysis was performed on single-cell basis. edgeR generates logFC (with the base as 2), p value and p values adjusted by FDR across
all the tested genes. Specifically, we used the edgeRQLFDetRate method which is based on quasi-likelihood F-test, resulting in more con-
servative and rigorous type | error rate control,%° and has been shown to perform better than other methods for DEG analysis in scRNA-seq
data.®” With this method we were able to detect significant subtle transcriptional changes in the clusters that had large number of cells, while
in relatively small cell populations it was more conservative to identify the DEG with much higher fold changes (Figures 2A and 2B; Tables S5
and Sé).

Pathway analysis and enrichment map

Gene Set Enrichment Analysis (GSEA) [12] was used to analyze the changes of biological processes or pathways between experiment groups
(Dep vs. Naive, With vs. Dep). We used the GSEA software (v.4.1) that was developed and maintained by UC San Diego and Broad Institute.'”
Pathway analysis and visualization were conducted following the protocol described by Reimand et al.*® Briefly, for each comparison between
experiment groups a ranked gene list was generated for each cell population. These ranked gene lists were used as input, and two databases
(GeneOntology and Reactome) were used as references for the GSEA analysis. 1000 permutations were performed. Only gene sets with p
value <0.05 and FDR q value <0.25 were considered as significantly enriched. Normalized Enrichment Score (NES) was used for examining
gene set enrichment. A positive NES indicated upregulation while negative NES indicated downregulation.

Pathway network visualization was carried out with the EnrichmentMap application (v.3.3) [13] in Cytoscape software (v.3.9). Only the
gene sets (p value <0.05 and FDR q value <0.15) for GO biological processes were mapped. Pathways were shown as nodes that were
connected with edges if the pathways shared many genes. Nodes were colored by NES, and edges were sized on the basis of number
of genes shared by the connected pathways. Nodes were manually laid out to form a clearer picture. Gene sets that represented the
similar pathways were grouped together and labeled using the AutoAnnotate application (v.1.3).%” Individual gene set labels were
removed for clarity.

iScience 26, 108166, November 17, 2023 19




¢? CellPress iScience
OPEN ACCESS

Analysis of cell-cell interactions

The cell-cell communication mediated by ligand-receptor interactions were analyzed using the CClnx (v.0.5) package™ in R (v.4.1). The ligand-
receptor interaction dataset is available at https://baderlab.org/CellCellinteractions. To study the changes of these interactions under
morphine dependence or withdrawal conditions, the DEG being analyzed by edgeR were used to build the networks between cell types.
In these networks, ligands or receptors in the denoted cell type were represented by the nodes which were colored by the log2FC. Node
borders indicated the FDR value of the DEG. Edges represent ligand-receptor interactions. Edge color indicated the sum of scaled differential
expression magnitudes from the ligand node and receptor node.

Bulk RNA sequencing and data analysis

Sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor quality using Trimmomatic (v.0.36).”° The
trimmed reads were mapped to the Mus musculus GRCm38 reference genome using the STAR aligner (v.2.5.2b).”" Unique gene hit counts
were calculated by using featureCounts from the Subread package (v.1.5.2).”? Downstream differential expression analysis was performed
using DESeq?2 package (v.1.34.0).”° The Wald test was used to generate p values and log2 fold changes. Genes with an adjusted p value
<0.05 were called as differentially expressed genes for each comparison.
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