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AbsTrACT
background Methamphetamine (METH) addiction causes 
a huge burden on society. The prefrontal cortex (PFC), 
associated with emotion and cognitive behaviours, is also 
involved in addiction neurocircuitry. Although bulk RNA 
sequencing has shown METH- induced gene alterations in 
the mouse PFC, the impact on different cell types remains 
unknown.
Aims To clarify the effects of METH treatment on different 
cell types of the PFC and the potential pathways involved 
in METH- related disorders.
Methods We performed single- nucleus RNA sequencing 
(snRNA- seq) to examine the transcriptomes of 20 465 
nuclei isolated from the PFC of chronic METH- treated and 
control mice. Main cell types and differentially expressed 
genes (DEGs) were identified and confirmed by RNA 
fluorescence in situ hybridization(FISH).
results Six main cell types were identified depending on 
the single- cell nucleus sequencing; of particular interest 
were the mature oligodendrocytes in the PFC. The DEGs 
of mature oligodendrocytes were enriched in the myelin 
sheath, adenosine triphosphate (ATP) metabolic process, 
mitochondrial function and components, and so on. The 
messenger RNA levels of Aldoc and Atp5l (FISH) and the 
protein level of the mitochondrial membrane pore subunit 
TOM40 (immunofluorescence) decreased in the mature 
oligodendrocytes. Fast blue staining and transmission 
electron microscopy image indicated myelin damage, and 
the myelin thickness decreased in METH brains.
Conclusions snRNA- seq reveals altered transcriptomes 
of different cell types in mouse PFC induced by chronic 
METH treatment, underscoring potential relationships with 
psychiatric disorders.

InTroduCTIon
Methamphetamine (METH) abuse has 
become a worldwide public problem, and 
the production, trafficking and consump-
tion of METH have significantly increased in 
recent years.1 2 METH is a powerful nervous 
system stimulant and highly addictive; its 
use results in both psychiatric and physical 
symptoms.1 3 4 However, current therapies for 
METH use disorder, including psychotherapy 
and behavioural management, lack efficacy, 

and the mechanisms underlying addiction 
remain unclear.5 6

Chronic METH abuse alters various cell 
types in the brain. METH activates dopamine, 
norepinephrine and serotonin receptors by 
binding their membrane- bound transporters7 
and releasing neurotransmitters, which is the 
foundation of the euphoric effects and addic-
tion.8 Chronic METH abuse also damages 
dopamine and serotonin nerve terminals by 
decreasing dopamine storage in the brain. 
A series of events, including oxidative stress, 
neurotoxic effects, excitatory neurotoxicity 
and neuroinflammation, happen after METH 
use,7 9 and glia cells are altered. Daily METH- 
treated rats exhibit decreased neurogenesis 
and gliogenesis in the medial prefrontal 
cortex (PFC).10 In vitro experiments previously 
revealed the cell type- specific transcription in 
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public problem, but current therapies for METH use 
disorder remain unclear.

 ⇒ Chronic METH abuse alters various cell types in the 
brain and can cause cognitive decline and various 
psychiatric symptoms.
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Figure 1 Flowchart of the study. CON, control; i.p., intraperitoneal injection; METH, methamphetamine; snRNA- seq, single- 
nucleus RNA sequencing.

METH- treated organoids, with especially strong effects 
on cytokines and inflammasome- related genes and the 
robust transcriptional response of astrocytes.11 METH 
induces cytotoxicity in rat oligodendrocytes by increasing 
the expression of proapoptotic proteins (bax and DP5).12 
Chronic METH treatment induces reactive microgliosis 
in the brains of both humans and animals.13 However, 
the characteristics of the gene transcriptome affected in 
different cell types of METH- treated animals have not 
been investigated.

METH abuse can cause cognitive decline and various 
psychiatric symptoms, including irritability, anxiety, 
psychosis and mood disturbances.3 14 Furthermore, psychi-
atric diseases such as schizophrenia,15 affective disorders 
and antisocial personality disorder are also risk factors 
for METH psychosis.16 Although epidemiology studies 
have revealed common phenotypes and complex asso-
ciations between METH abuse and psychiatric diseases, 
the shared mechanisms of primary and METH- induced 
psychotic disorders still need further research.17 As an 
essential brain region, the PFC is involved in higher- order 
functions of cognition, emotion, motivation, attention, 
and memory and planning.18 Addiction- induced PFC 
abnormalities are associated with both compulsive drug- 
taking and negative addictive drug- related behaviours 
via regulation of limbic reward regions and higher- order 
executive function.19 20 Chronic METH use can reduce 
dopamine transporter levels in the PFC, aggravating 
psychiatric symptoms.21 METH abusers exhibit low PFC 
activation, consistent with their fundamental cognitive 
deficits during decision- making tasks.22 METH also alters 
the messenger RNA (mRNA) levels of genes related to 
autophagy, apoptosis and inflammation, and brain- 
derived neurotrophic growth factor levels decrease in 
the PFC.23 However, whether METH can induce PFC cell- 
specific gene transcriptional changes to promote METH 
psychosis requires further research.

As a revolutionary medical research tool, single- cell/
nucleus RNA sequencing (RNA- seq) has recently been 
used to identify subtypes of brain cells and the altered 
transcriptional characteristics of different cell types in 
neurodegenerative and neuropsychiatric diseases.24 
Researchers also have used single- cell RNA- seq to describe 
unique transcriptional responses of different cell types to 
morphine, cocaine and alcohol.25–27 In this study, single- 
nucleus RNA sequencing (snRNA- seq) was used to reveal 
the cell type- specific effects of chronic METH treatment 
on the mouse PFC and indicated the potential pathways 
involved in METH- related disorders.

MATErIALs And METHods
Animals and tissue collection
Animals included in the current study were all 2- month- old 
male C57BL/6 mice. All animals were socially housed 
on a 12- hour light/dark cycle with water and food ad 
libitum. Mice were treated with 5 mg/kg METH or saline 
(intraperitoneal) for 14 days in the METH and control 
groups, respectively.28 Animals were assigned to each 
experimental group randomly using a random numbers 
table. Similarly, the order of animal treatment was deter-
mined randomly with the help of a random number 
generator that identified the cage number for initiating 
treatment each day. Then all mice were deeply anaesthe-
tised with chloral hydrate and sacrificed, and the PFCs of 
three mice per group were rapidly removed and prepared 
for single- nucleus isolation on ice.29 The flowchart of the 
experimental procedure is shown in figure 1.

single-nucleus isolation and library preparation
Iodixanol gradient centrifugation was used for single- 
nucleus isolation.30 Briefly, we prepared a fresh homo-
genisation buffer on ice. The tissue was transferred to 
Petri dishes and washed in cold phosphate- buffered 
saline (PBS). Then it was cut into small pieces (2–3 mm3) 
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and homogenised in 1.5 mL tubes, avoiding bubbles. 
Cold homogenisation buffer (0.7 mL) was added into 
each tube, gently mixed with samples and filtered by 
40 µm cell filters. The mixture was centrifuged under 
1000 g for 8 min (4 °C), and the sediment was suspended 
with a homogenisation buffer. Next, 50% iodixanol of the 
same volume was added to the buffer, and the mixture 
was then added to the 29% iodixanol 1:1. Nuclei were 
obtained after 13 500 g centrifugation for 20 min (4 °C). 
The precipitation was added with 1 mL PBS- bovine serum 
albumin (BSA) to suspend. The mixture was centrifuged 
again under 1000 g for 8 min (4 °C) and resuspended the 
nuclei with 200 µL PBS- BSA. Single nuclei were counted 
after attenuation and dyed with trypan blue in blood 
cell counting plates. A proper amount of single nuclei 
(~8000) was added to the reverse transcription mixture, 
single- cell 3′ gel beads (combined with 10× barcode) and 
partitioning oil in the 10× Genomics Chromium Single 
Cell Controller before starting the GEM (Gel Bead- In- 
EMulsions) generation programme. GEM generation, 
reverse transcription, complementary DNA (cDNA) 
amplification and library construction were performed 
followed by the standard protocols of 10× genomics. A 
library quality check was performed by Qubit and Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
California, USA). The concentration of the library was 
>5 ng/µL and the length was in the range of 300–400 bp. 
Finally, the library sequencing was performed in the Illu-
mina Hiseq platform (Illumina, San Diego, California, 
USA) under the 2× 150 bp double- ended sequencing 
pattern to generate FastQ data. Raw data have already 
been submitted to GEO (GSE190800).31

Preprocessing of single-cell gene expression data
Raw reads were preprocessed by the cellranger software 
(V.1.3.0). Sequencing data of each sample were anal-
ysed using the count function of cellranger, and the 
sequencing data of different samples were identified by 
their barcodes. The sequencing data were aligned to 
reference genome sequence by mm10_premrna, and 
the expression levels of the genes in every nucleus were 
obtained. The batch effects between samples were elim-
inated by the aggr function of the cellranger software. 
Seurat software (V.4.2.0) was used for initial quality 
control with the following steps: (1) genes expressed in 
fewer than three cells were removed; (2) cells expressing 
less than 200 unique genes were removed; and (3) cells 
that expressed 400–4000 unique molecular identifiers 
were included in further analysis. The data were then 
normalised by NormalizeData function with LogNor-
malize method (scale factor 10 000).

Principal components analysis and t-distributed stochastic 
neighbour embedding plot
The average expression and standardised variance of 
genes in all cells were calculated by FindVariableFeatures 
of Seurat software (V.4.2.0). We selected 2000 variable 
genes for further analysis (online supplemental figure 

1A). The data were preprocessed by the ScaleData func-
tion and processed for principal component analysis 
(PCA) with the RunPCA function. The principal compo-
nent scores (p values) and standard deviation (SD) 
were calculated and visualised by JackStrawPlot and the 
ElbowPlot function, respectively (online supplemental 
figure 1B,C). Cells were clustered using the FindClusters 
function under the 0.5 resolution ratio. The t- distrib-
uted stochastic neighbour embedding (t- SNE) plots were 
generated with the RunTSNE function in Seurat software 
(V.4.2.0).

Cluster markers and dEG identification
Marker genes of clusters were identified among genes 
whose expression levels were significantly different 
compared with other clusters. These marker genes were 
generated with the FindAllMarkers function of Seurat 
software (gene expression cells/total cells >0.25, |log2 
foldchange| >2, q- value <0.05). Differentially expressed 
genes (DEGs) between the METH and control groups 
were identified by two- sided Wilcoxon tests in R package 
(gene expression cells/total cells >0.20, |log2 foldchange| 
>0.4, q- value <0.05).

Functional enrichment analysis
Variable genes were identified using the FindMarkers 
function. Gene Ontology (GO) analysis was performed 
using the enrichGO function of clusterProfiler in R 
(V.4.4.4). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis was performed using the enrichKEGG 
function of clusterProfiler, and the parameters were set as 
follows: qvalueCutoff=0.05, pvalueCutoff=0.01.

Fluorescence in situ hybridization
Mice were perfused with ice- cold PBS followed by cardiac 
perfusion of ice- cold 4% paraformaldehyde (PFA) after 
sacrifice. The brains were obtained rapidly on ice and 
incubated in 4% PFA (4 °C) for 24 hours, then transferred 
to 10%, 20% and 30% sucrose solution in sequence for 
dehydration (4 °C). Frozen sections were cut at 20–30 µm 
under −20 °C. RNA fluorescence in situ hybridiza-
tion(FISH) was performed according to the Enhanced 
Sensitive ISH Detection Kit protocol from Boster Biolog-
ical Technology (Wuhan, China). The sections were 
washed with PBS at room temperature three times and 
then incubated with 0.5% Triton- PBS for 30 min. Every 
section was incubated with a prehybridization solution for 
3 hours (38 °C–42 °C) in a box with 20% glycerinum at the 
bottom. Next, the prehybridization solution was removed, 
and sections were incubated with hybridization solution 
overnight (38 °C–42 °C). The sections were washed with 
2× saline sodium citrate (SSC) (37 °C) for 15 min (twice), 
followed by 0.5× SSC, then 0.2× SSC for 15 min each in 
sequence. Sections were incubated with blocking solution 
for 30 min, biotinylation- mouse antidigoxin for 60 min 
(37 °C) and strept(avidin)- biotin complex- fluorescein 
isothiocyanate- PBS (SABC- FITC- PBS) for 30 min (37 °C). 
Sections were then blocked with 3% BSA- PBS for 1 hour. 

https://dx.doi.org/10.1136/gpsych-2023-101057
https://dx.doi.org/10.1136/gpsych-2023-101057
https://dx.doi.org/10.1136/gpsych-2023-101057
https://dx.doi.org/10.1136/gpsych-2023-101057
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The antibodies were diluted in PBS at 1:200 and used for 
section incubation overnight at 4 °C. The sections were 
washed with PBS and incubated with the secondary anti-
body for 2 hours at room temperature. The FISH slides 
were observed on a Zeiss LSM 780 confocal microscope 
(Zeiss, Oberkochen, Germany).

For mRNA quantification, images were acquired via 
a confocal microscope. First, the area of the PFC in the 
samples was determined using a 10× objective lens, and 
the objective lens was then changed to 20× and a picture 
was acquired. Fixed parameters were guaranteed without 
overexposure conditions and separated into three chan-
nels (red, blue and green) via ImageJ software (National 
Institutes of Health, Bethesda, Maryland, USA). First, 
circled red regions (myelin oligodendrocyte glycopro-
tein positive regions, which were abbreviated as MOG+) 
were identified as regions of interest (ROIs). Then the 
green channel which labelled the mRNA of target genes 
was loaded into the ROI to obtain the mean grey value. 
In each sample, 5–18 cells were counted and the average 
value was calculated; five samples were used in each 
group.

Myelin sheath histology
Frozen PFC sections (prepared as described in the Fluo-
rescence in situ hybridization section) were stained by 
Luxol Fast Blue dye solution for 12 hours (room tempera-
ture), followed by 30 s in 70% alcohol and redyeing in 
eosin staining solution for 3 min. The sections were dehy-
drated, hyalinised by xylene and covered with neutral 
balsam. Luxol Fast Blue myelin sheath staining kits 
(Leagene, Beijing, China) were used according to the 
manufacturer’s instructions. The myelin sheaths were 
aquamarine blue and the cell bodies were red.

Transmission electron microscopy imaging
Fresh PFC tissue was isolated and fixed immediately in 
2.5% glutaraldehyde (Servicebio, Wuhan, China) and 
washed with 0.1 M phosphate buffer. Then the tissue was 
postfixed by 0.1 M osmic acid for 2 hours. After dehydra-
tion, they were embedded with epoxy resin (SPI 812) and 
acetone and polymerised in a 60°C oven for 48 hours. 
The slices (60–80 nm) were cut on an Ultracut microtome 
(Leica, Wetzlar, Germany). The sections were stained by 
uranyl acetate and lead citrate for 15 min each. The ultra-
structures of myelin were visualised and imaged by trans-
mission electron microscope (HITACHI, Tokyo, Japan).

G-ratio analysis
For calculating g- ratios, axons with a diameter >0.3 µm 
were used for quantitative analysis and equal to the ratio 
of the inner- to- outer diameter of a myelinated axon. A 
minimum of 10 myelinated axons were analysed per 
mouse at the level of the PFC and the mean value was 
counted. The g- ratios were statistically compared between 
genotypes and time points, using a t- test for average values 
per animal.

Antibodies and reagents
The primary antibodies and reagents employed in this 
study are described in online supplemental table 1.

statistical analysis
Data were analysed using GraphPad Prism V.7.00 soft-
ware (GraphPad, San Diego, California, USA). All results 
are expressed as mean and the standard error of the 
mean(SEM). Student’s t- tests were used to identify signifi-
cant differences between means. Differences were consid-
ered statistically significant at p<0.05.

rEsuLTs
unbiased snrnA-seq analysis identified distinct cell types in 
the mouse PFC
The PFC regions were isolated from six mice and disso-
ciated into single nuclei. The raw data were generated 
after library preparation using the Illumina Hiseq plat-
form (figure 2A). After quality control, transcriptomes 
of 20 465 nuclei (10 722 and 9743 from the control and 
METH groups, respectively) were obtained and included 
in the following analysis. To understand the effects of 
chronic METH treatment on cell- specific transcriptomes 
in PFC, the cells were assigned into 26 clusters through 
PCA (online supplemental figure A–C) and dimen-
sionality reduction for two- dimensional visualisation of 
t- SNE32 (figure 2B). Every cluster was detected in both 
groups. The ratios of cell numbers in most clusters were 
similar between the groups; however, the proportions of 
cluster oligodendrocytes 1 and total inhibitory neurons 
in the METH group increased, and the astrocytes, 
microglia and oligodendrocyte precursors cells (OPCs) 
decreased (online supplemental table 2). Expression 
of cell type- specific markers was used to identify those 
clusters: neuron (Syt1+ Snap25+), astrocytes (Gja1+), 
microglia (P2ry12+), oligodendrocyte (Mag+) and OPCs 
(Pdgfra+) (figure 2C,D).33–35 Furthermore, neurons could 
be further identified as excitatory (Satb2+, Lmo4+) and 
inhibitory (Gad2+, Gad1+) neurons (figure 2C,D). The 
genes expressed differently in each cell type were calcu-
lated, and the results showed that all the main cell types 
exhibited METH- dependent alterations (figure 3A,B, 
online supplemental table 3).

Genes related to mitochondrial function and components were 
inhibited in PFC mature oligodendrocytes from METH mice
Both in vitro and in vivo experiments have shown oligo-
dendrocyte damage following METH treatment.10 12 
Transcriptional alterations of oligodendrocytes induced 
by other addiction substances, such as alcohol and 
morphine, also have attracted attention.25 26 Meanwhile, 
we also observed a unique effect of METH on PFC mature 
oligodendrocyte transcription profiles. All of clusters 0, 
20 and 21 were identified as mature oligodendrocytes 
(Mag+) (figure 2C,D). The oligodendrocytes and inhibi-
tory neurons have the largest numbers of downregulated 
genes in the METH group, and oligodendrocytes have the 

https://dx.doi.org/10.1136/gpsych-2023-101057
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Figure 2 Single- nucleus RNA- seq- based cell type identification of mice PFC. (A) Flowchart of the snRNA- seq experimental 
design. (B) Two- dimensional visualisation t- SNE plot of snRNA- seq from six mice PFC (METH and control groups, n=3 each). 
There were 20 465 nuclei, which were divided into 26 clusters by PCA. Each colour represents one cluster. (C) Clusters in 
(B) were identified as seven cell types based on the expression of cell type- specific markers. The expression of every cell type- 
specific marker in the cluster is highlighted in blue (left). Expression of all cell type- specific markers in the clusters is highlighted 
in different colours (right). (D) Violin plot shows the expression of specific markers for all the clusters. METH, methamphetamine; 
PCA, principal components analysis; PFC, prefrontal cortex; snRNA- seq, single- nucleus RNA sequencing; t- SNE, t- distributed 
stochastic neighbour embedding.
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Figure 3 METH- induced cell type- specific gene transcription alterations. (A) DEGs of each PFC cell type between METH and 
control groups were selected with the FindAllMarkers function in Seurat software (gene expression cells/total cells >0.20, |log2 
foldchange| >0.4, q- value <0.05). The total numbers of unique genes significantly induced or reduced by METH are shown, 
grouped by major CNS cell type. (B) Two- dimensional visualisation t- SNE plot of snRNA- seq from the METH and control 
groups. Each colour represents one group. CNS, central nervous system; CTRL, control; DEGs, differentially expressed genes; 
METH, methamphetamine; OPC, oligodendrocyte precursors cell; PFC, prefrontal cortex; snRNA- seq, single- nucleus RNA 
sequencing; t- SNE, t- distributed stochastic neighbour embedding.

largest numbers of upregulated genes (figure 3A). The 
DEGs of mature oligodendrocytes between the METH 
and control groups were identified (online supple-
mental table 3). GO analysis revealed that genes altered 
in the METH group were mainly enriched in the mito-
chondrial membrane part, cytochrome complex, myelin 
sheath (cellular component) and adenosine triphosphate 
(ATP) metabolic process, and oxidative phosphorylation 
(biological process) (figure 4A, online supplemental 
table 4). KEGG analysis also indicated that downregulated 
genes in the METH group were enriched in oxidative 
phosphorylation pathways (figure 4B, online supple-
mental table 4). The expression levels of Aldoc (aldolase 
C) and cytochrome c oxidase subunits 6A1, 7A2, 5B, etc 
were significantly lower in the METH group than in the 
control group (figure 4C, online supplemental table 3).

METH also inhibited genes such as Uqcrh (ubiquinol- 
cytochrome c reductase hinge protein), Uqcrq 
(ubiquinol- cytochrome c reductase), and ATP synthase 
subunits 5l, 5b, etc, which were enriched in the ATP 
metabolic process pathway (figure 4D, online supple-
mental table 3). Thus, METH inhibits both mitochon-
drial components and the organelle’s vital physiological 
functions in mice PFC oligodendrocytes. METH- induced 
altered genes also enriched in the myelin sheath, which 
is one of the most important functions of mature oligo-
dendrocytes; thus, related genes were also assessed. 
The mRNA levels of 17 genes enriched in myelin 
sheathes decreased in the METH group, including 
calmodulin genes (Calm1, Calm2, Calm3) (figure 4E, 
online supplemental table 3). Microglial activation 
and inflammation always accompany METH- induced 
neurotoxicity.36 37 We also found DEGs of microglia that 
were upregulated in the METH group were enriched 
in tumour necrosis factor production (Cyba, Fcgr3, 

Pik3r1, Arrb2), leucocyte- mediated cytotoxicity (Ctsh, 
Lag3) and heat shock protein binding (Fkbp5, Mettl23) 
(online supplemental table 5). These results indicate 
that METH may induce PFC microglia production of 
inflammatory mediators.

In vivo validation of oligodendrocyte-specific genes and 
mitochondria alteration in the PFC of METH mice
FISH was performed to validate differences in mRNA 
levels in PFC- specific cells between the two groups. 
The DEGs (gene expression cells/total cells>0.20, fold-
change>2, both p<0.001) of mature oligodendrocytes 
related to the ATP metabolic process (Aldoc and Atp5l) 
were selected, and the mRNAs were labelled by FISH 
and merged with mature oligodendrocytes and myelin 
marker Mog (figure 5A,C). The mRNA levels of Aldoc 
and Atp5l significantly decreased in PFC oligodendro-
cytes of METH mice, mirroring the snRNA- seq results 
(figure 5B,D). Although Tomm40 mRNA levels were not 
significantly different between the METH and control 
groups (p>0.05), protein levels of the mitochondrial 
membrane pore subunit TOM40 decreased in PFC 
oligodendrocytes from METH mice (figure 5E,F), indi-
cating that altered cellular component pathways of 
mitochondrial membrane partly may affect the number 
of mitochondria.38 Although the myelin genes did not 
show significant differences, there was a marked loss of 
myelin sheaths in the PFC of METH mice (figure 6A). 
Transmission electron microscopy confirmed myelin 
sheath damage (lamellae separation and integrity defi-
cits) in METH mice (figure 6B). The g- ratio of the 
METH group significantly increased, indicating that 
myelin thickness was decreased in METH- treated mice 
(figure 6C).

https://dx.doi.org/10.1136/gpsych-2023-101057
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https://dx.doi.org/10.1136/gpsych-2023-101057
https://dx.doi.org/10.1136/gpsych-2023-101057
https://dx.doi.org/10.1136/gpsych-2023-101057
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Figure 4 Characteristics of PFC mature oligodendrocytes DEGs between METH and control groups. (A) GO analysis showing 
the top 30 pathways (BP, CC and MF were 10 each, respectively) derived from the DEGs. DEGs between the METH and control 
groups, gene expression cells/total cells>0.20, |log2 foldchange|>0.4, two- sided Wilcoxon test, p<0.01. (B) KEGG analysis 
revealed DEGs related to neurodegenerative diseases (Parkinson’s disease, Alzheimer's disease and Huntington’s disease) 
and oxidative phosphorylation. (C) Heatmap of DEGs enriched in the oxidative phosphorylation pathway. (D) Heatmap of DEGs 
enriched in the ATP metabolic process pathway. (E) Heatmap of DEGs enriched in the myelin sheath pathway. ATP, adenosine 
triphosphate; BP, biological process; CC, cellular component; CTRL, control; DEGs, differentially expressed genes; GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; METH, methamphetamine; MF, molecular function; PFC, 
prefrontal cortex.
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Figure 5 In vivo validation of oligodendrocyte- specific genes and mitochondria altered in the PFC of METH- treated mice. 
(A) FISH detection of Aldoc mRNA (green) in oligodendrocytes (MOG antibody labelled, red) in the mouse PFC. Nuclei were 
stained with DAPI (blue). Scale bars, 100 µm (inset, 50 µm). (B) Statistical analysis of (A). Quantification of Aldoc+ MOG+ cells 
in different mice (METH group, n=5; control group, n=5) at 20×. Two- sided Student’s t- test, ***p=0.002 (F- test to compare 
variances: p=0.308). (C) FISH detection of Atp5l mRNA (green) in oligodendrocytes (MOG antibody labelled, red) in the mouse 
PFC. Nuclei were stained with DAPI (blue). Scale bars, 100 µm (inset, 50 µm). (D)Statistical analysis of (C). Quantification of 
Atp5l+ MOG+ cells in different mice (METH group, n=5; control group, n=5) at 20×. Student’s t- test, two- sided, *p=0.025 (F- test 
to compare variances: p=0.767). (E) Fluorescence- detected mitochondria (TOM40 antibody labelled, green) of oligodendrocytes 
(MOG antibody labelled, red) in mice PFC. The nucleus was stained by DAPI (blue). Scale bars, 50 µm. (F) Statistical analysis 
of (E). Quantification of TOM40+ MOG+ cells in four mice (each group) at 20×. Student’s t- test, two- sided, *p=0.048 (F- test to 
compare variances: p=0.086). a.u., arbitrary units; DAPI, 4′,6- diamidino- 2- phenylindole; FISH, fluorescence in situ hybridization; 
METH, methamphetamine; MOG, myelin oligodendrocyte glycoprotein; mRNA, messenger RNA; PFC, prefrontal cortex.

dIsCussIon
Main findings
In this research, we used snRNA- seq to identify PFC cell 
types in chronic METH- treated mice and control mice. 
By identifying the main cell types in PFC and calculating 
DEGs via Serut software (figure 2C), we identified obvious 
METH- induced gene transcriptional alterations. The 
main cell types of PFC were found in our results; however, 

three clusters (clusters 23, 24 and 25) containing small 
numbers of cells could not be identified by only the 
classic gene markers (figure 2C).

With the development of single cell/nucleus RNA- seq, 
transcriptomes of non- neuronal cells in the brain are 
no longer overlooked in substance addiction research. 
As one of the main cell types in the brain, oligoden-
drocytes generate myelin and support axonal functions 
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Figure 6 METH- induced myelin damage in mice PFC. 
(A) Representative images of Luxol Fast Blue staining kit 
labelling of the myelin sheath in mice PFC from METH 
and control groups. Scale bars, 50 µm. Aquamarine blue 
represents myelin sheaths, and red represents cell bodies. 
(B) Representative images of myelin sheaths structure in 
mice PFC from METH and control groups under transmission 
electron microscopy. Scale bars, 5 µm (left), 500 nm (right). 
(C) G- ratio of myelinated axons. Significant increases in the 
g- ratio were measured in METH mice (n=3 animals per age 
group) compared with wild- type control. Data represent 
mean±SEM, and p value significance is calculated from an 
unpaired two- tailed Student’s t- test, **p=0.003 (F- test to 
compare variances: p=0.439). METH, methamphetamine; 
PFC, prefrontal cortex. SEM, standard error of the mean.

and are therefore indispensable for maintaining nerve 
conduction.39 In the human alcoholic brain, there were 
more DEGs in astrocytes, oligodendrocytes and microglia 
compared with neurons.27 Similarly, morphine induces 
unique transcriptional responses of oligodendrocytes and 
astrocytes in mice.25

Oligodendrocytes play an essential role in neuronal 
metabolism and provide neuronal metabolic support 
through monocarboxylate transporters,40 which could 
also be involved in major mental disorders, including 
schizophrenia, bipolar and major depressive disorders, 
alcoholism, and cocaine addiction.41 Depending on our 
sn- RNAseq analysis, METH treatment significantly affects 
METH on oligodendrocytes’ mitochondrial functions and 
myelin sheath generation. Thus, we hypothesise that the 
alterations of metabolic and myelin- related genes on the 
transcriptional level of mature oligodendrocytes might be 
the early promoting factors in the progression of METH- 
related disorders. In this research, different mature 
oligodendrocyte transcriptional characteristics between 
METH and control mice attracted attention (figure 3B). 

Specifically, genes related to mitochondrial components 
and functions were significantly downregulated in PFC 
mature oligodendrocytes in the METH group (figures 3 
and 4). Morphological imaging confirmed mitochon-
drial damage and loss (figure 5), as well as severe myelin 
damage and loss in METH brains (figure 6).

Oligodendrocytes are highly sensitive to energy depri-
vation, such as ischaemia.42 43 However, reducing the mito-
chondrial functions of oligodendrocytes by disturbing 
cytochrome c oxidase does not typically cause demyelin-
ation or axonal degeneration in adult mice.44 It is hard to 
determine the causal relationships and sequential order 
of oligodendrocyte mitochondrial abnormalities and 
myelin deficits in METH mice, but performing the exper-
iments on mitochondrial functions in oligodendrocytes 
and the histology of myelin sheath may help address this 
issue.

Almost 40% of individuals who abuse METH suffer 
from psychotic symptoms and syndromes, creating a heavy 
burden for both patients and society.17 45 Chronic METH 
psychosis has several common phenotypes with both 
negative/positive symptoms46 47 and cognitive symptoms 
of schizophrenia.48 METH dependence also increases the 
risk of bipolar disorder.16 Current evidence indicates that 
long- term METH abuse can cause brain neuronal loss and 
atrophy, triggering cognitive impairments and premature 
ageing.7 49 However, the mechanisms of METH- related 
disorders and the involvement of different cell types in 
these disorders are still unclear. GO and KEGG analyses 
of DEGs in different cell types induced by METH are 
helpful in finding pathways that are associated with these 
psychiatric diseases (online supplemental tables 3 and 5).

Limitations
Our results should also be considered in the context of 
several limitations, which need both bioinformatics and 
experimental verification. First, the subpopulations of 
the main PFC cell types need additional identification. 
Although classic gene markers could identify most of the 
clusters, the subtypes (especially neuron subtypes) could 
be further separated and confirmed by FISH. Second, our 
research mainly verified that the mitochondria- related 
genes of oligodendrocytes were altered at the transcrip-
tion level; it remains unclear whether METH could 
induce mitochondrial dysfunction in oligodendrocytes, 
and the mechanisms should be explored. Lastly, to delin-
eate the common mechanisms of METH addiction and 
psychiatric disorders at the cell- type transcriptome level, 
it would be useful to combine the results of single- cell/
nucleus RNA- seq of samples from disease models with 
METH samples.13

Implications
Our snRNA- seq findings provide clues for cell type- specific 
gene transcriptional alterations in the PFC of chronic 
METH- treated mice and underscore potential pathways 
involved in METH- related disorders. The DEGs of PFC 
between METH- treated mice and control mice from all 

https://dx.doi.org/10.1136/gpsych-2023-101057
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the cell types were detected. Moreover, the specific effects 
of METH on the transcriptomes of mature oligodendro-
cytes should be given particular attention in future studies 
related to METH use, especially the functions related to 
metabolic pathways and mitochondrial functions.
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