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Objective Methamphetamine (MA), cocaine, and heroin cause severe public health problems as well as impairments in neural plastici-
ty and cognitive function in the hippocampus. This study aimed to identify the genes differentially expressed in the hippocampi of cyno-
molgus monkeys in response to these drugs.

Methods After the monkeys were chronically exposed to MA, cocaine, and heroin, we performed large-scale gene expression profiling
of the hippocampus using RNA-Seq technology and functional annotation of genes differentially expressed. Some genes selected from
RNA-Seq analysis data were validated with reverse transcription-quantitative polymerase chain reaction (RT-qPCR). And the expression
changes of ADAMI0 protein were assessed using immunohistochemistry.

Results The changes in genes related to axonal guidance (PTPRP and KALI), the cell cycle (TLK2), and the regulation of potassium
ions (DPP10) in the drug-treated groups compared to the control group were confirmed using RT-qPCR. Comparative analysis of all
groups showed that among genes related to synaptic long-term potentiation, CREBBP and GRIN3A were downregulated in both the
MA- and heroin-treated groups compared to the control group. In particular, the mRNA and protein expression levels of ADAMI10 were
decreased in the MA-treated group but increased in the cocaine-treated group compared to the control group.

Conclusion These results provide insights into the genes that are upregulated and downregulated in the hippocampus by the chronic
administration of MA, cocaine, or heroin and basic information for developing novel drugs for the treatment of hippocampal impair-
ments caused by drug abuse. Psychiatry Investig 2022;19(7):538-550
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INTRODUCTION consequences, such as criminality and mortality."* Like co-
caine, MA is a psychostimulant, but MA is more abused than

The use of illicit drugs such as methamphetamine (MA), cocaine because it is cheaper. The repeated use of MA causes
cocaine, and heroin causes severe public health problems, in- neurotoxicity in the hippocampus followed by disruption of
cluding anxiety, depression and hallucinations, and has social the neurotransmitter system and neural plasticity.’ Some stud-
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ies have reported that the chronic use of MA causes structur-
al and functional abnormalities in the hippocampus followed
by a decrease in neurogenesis.* In our previous study,” chron-
ic MA administration in monkeys led to structural atrophy
in the hippocampus and changes in various genes, including
those related to neurogenesis and synaptic transmission. Fur-
thermore, other research has demonstrated that chronic MA
administration causes cognitive impairment as well as neu-
rodegeneration in the hippocampi of rats.® Therefore, the
chronic use of MA is very harmful to the hippocampus at the
structural, cellular, and functional levels.

Cocaine gives rise to the accumulation of monoamine neu-
rotransmitters in the brain by inhibiting their reuptake.” The
repeated cocaine use causes cocaine-induced neuroadapta-
tions in the brain followed by drug seeking habits and cogni-
tive, motivational, and emotional changes in the brain and ul-
timately leads to cocaine addiction.'’ Recently, some groups
identified changes in genes involved in the inhibition of the
mitochondrial inner membrane and GABAergic system in
the hippocampi of postmortem cocaine-dependent individu-
als by performing large-scale transcriptome profiling.'""
However, the dosage and duration of use of cocaine and race
of the cocaine-dependent individuals used in these studies
were not controlled for. Therefore, it is necessary to investi-
gate changes in genes in the hippocampus and the biological
functions of these genes upon exposure to cocaine under con-
trolled conditions.

Heroin, an opioid drug, induces euphoric feelings and pain
relief. Its repeated use is responsible for depression and nega-
tively affects cognitive function, impulse control, learning,
and memory.”" Some studies have reported that the chronic
use of heroin induces the elevation of oncoproteins and re-
duces the level of dopamine D2 receptor in the hippocampi of
animal models, suggesting the development of heroin addic-
tion and high motivation for heroin.'>'* Recently, our team
found that even a single injection of heroin induces expres-
sion changes in various genes in the hippocampi of long-tailed
cynomolgus macaques (also known as Macaca fascicularis)."”
However, considering that heroin addiction causes serious
social and health problems and in particular, brain damage,
and because there have only been a few studies related to her-
oin outside of heroin-related drug seeking studies, the cellular
and molecular mechanisms involved in the impairment of
brain regions due to heroin addiction should be investigated.

ADAMI0, a metalloproteinase, plays various roles in the
developing and adult brain. ADAMI0 regulates neurite out-
growth during ganglion cell differentiation in the developing
brain." In addition, ADAMI10 has been reported to be respon-
sible for axon formation, synaptic plasticity, neuronal differ-
entiation, and learning.”” With regard to its pathophysiologi-
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cal roles, ADAM10 is involved in prion diseases, Huntington’s
disease, autism, bipolar disorder, and in particular, Alzheim-
er’s disease (AD)."” Recently, ADAMIO has rapidly emerged as
a candidate drug target for AD, a neurodegenerative disease
that results from extracellular amyloid-beta deposits. ADAMI0,
as the major a-secretase, reduces the generation of amyloid-
beta peptides by cleaving amyloid precursor protein (APP).**
Based on previous observations of the pathophysiological
roles of ADAMIO, studies investigating whether addictive
drugs affect diseases caused by changes in the expression of
ADAMI0 are needed.

As described above, although the psychophysiological ef-
fects of MA, cocaine, and heroin in the brain are different, we
cannot be sure whether their biomolecular eftects on the brain
are similar. This study investigated the effect of MA, cocaine,
and heroin on gene expression changes in the hippocampi of
cynomolgus monkeys and identified the biological functions
of genes showing expression changes in the hippocampus
and candidate biomarker genes for the diagnosis of neurolog-
ical diseases caused by drug addiction. The genome sequence
of the cynomolgus monkey has 92.8% similarity to that of hu-
mans, and the mesocortical dopaminergic system, neuroana-
tomical structures, and neural circuits of this monkey are simi-
lar to those of humans. Therefore, these monkeys have recently
been widely used as nonhuman primate animal models to
study addiction and neurodegenerative diseases.””** We per-
formed large-scale gene expression profiling in the hippo-
campi of monkeys after chronic administration of MA, co-
caine, or heroin and analyzed gene functional annotation and
regulatory networks. Then, we identified the expression chang-
es in ADAMI10 in the hippocampus at the mRNA and pro-
tein levels.

METHODS

Animals

Ten female cynomolgus monkeys (5-7 years of age) with
no history of previous participation in drug studies were in-
cluded in this study. The monkeys originated from Suzhou
Xishan Zhongke Laboratory Animal Co. (Suzhou, China)
and were housed in individual indoor cages at the National
Primate Research Center in Korea Research Institute of Bio-
science and Biotechnology (KRIBB) as described previous-
ly.¢ All procedures were approved by the KRIBB Institutional
Animal Care and Use Committee (Approval No. KRIBB-
AEC-15046).

Drug treatment
To perform the experiments, the 10 monkeys were random-
ly divided into 3 groups: the control group (n=3), cocaine-
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treated group (n=4), and heroin-treated group (n=3). The
control group was intramuscularly injected with 0.1 mL of
0.9% saline for 10 weeks. Cocaine hydrochloride (Johnson
Matthey Macfarlan Smith, Edinburgh, Scotland) was freshly
dissolved in 0.9% saline immediately before administration.
Heroin, also known as diamorphine (Johnson Matthey Mac-
farlan Smith), was freshly dissolved in 0.9% saline immedi-
ately before administration. The cocaine- and heroin-treated
groups were injected with 0.9% saline for the first 2 weeks and
then received drug injections for 8 weeks. The drugs were ad-
ministered as done in our previous study.”” MA treatment has
been performed in our previous study.” To briefly explain MA
administration procedure, 4 female monkeys were intramus-
cularly injected with 0.9% phospate-buffered saline for the
first 2 weeks followed by MA for 8 weeks. MA dosage was
gradually increased from 0.1 to 0.75 mg/kg for the first 4 weeks
and was maintained at 0.75 mg/kg for the last 4 weeks. The
MA, cocaine, and heroin administration schedules are pre-
sented in Supplementary Figure 1 (in the online-only Data
Supplement).

RNA-Seq library preparation and sequencing

Monkeys were sacrificed ten weeks after they were treated
with drugs (cocaine [n=4] or heroin [n=3]) or the control (n=
3). Total RNA was isolated from the hippocampi of the con-
trol and drug-treated animals using TRIzol (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. The integrity of the total RNA was checked using
a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA), and the RNA integrity number (RIN) of the RNA was
greater than 8. For RNA-Seq, RNA libraries were prepared
using the TruSeq RNA library preparation kit (Illumina, San
Diego, CA, USA) as done in our previous study.” The construct-
ed libraries were 101-bp paired-end sequenced using an Illu-
mina HiSeq 2500 sequencer.

Differential gene expression analysis

In this study, we combined RNA-Seq raw data from this
study with RNA-Seq raw data obtained after chronic admin-
istration of MA in our previous study.” The raw reads ob-
tained from RNA-Seq underwent quality control analysis us-
ing FastQC (version 0.10.1; FastQC: A Quality Control Tool
for High Throughput Sequence Data, 2010; http://www.bio-
informatics.babraham.ac.uk/projects/fastqc/). To remove low-
quality data and artifacts, including adaptor sequences, con-
taminant DNA and PCR duplicates, preprocessing of reads
was performed using Trimmomatic version 0.32.® The pre-
processed reads were mapped into a reference genome (Ma-
caca fascicularis_5.0 in NCBI) using TopHat (version 2.1.0;
Center for Computational Biology at Johns Hopkins Univer-
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sity; http://ccb.jhu.edu/software/tophat/index.shtml) soft-
ware, and aligned reads were produced. The transcripts of
each sample were assembled by Cufflinks® based on the frag-
ments per kilobase of the transcript per million mapped reads
(FPKM) method. Transcripts with FPKM values of zero in
more than one sample were excluded. To facilitate log2 trans-
formation, 1 was added to each FPKM value of the filtered
genes. The filtered data were log2-transformed and subjected
to quantile normalization. The statistical significance of the
differential expression data was determined using indepen-
dent t-test and fold changes based on the null hypothesis that
there are no differences in the expression levels of genes among
groups. The false discovery rate was controlled by adjusting
the p-value (p<0.05) using the Benjamini-Hochberg algo-
rithm. For the differentially expressed gene (DEG) set among
control and drug (MA, cocaine, and heroin)-treated groups,
hierarchical clustering analysis was performed using com-
plete linkage and Euclidean distance as a measure of similar-
ity of the expression patterns of differentially expressed tran-
scripts while satisfying the conditions fold change >1.5 and
independent t-test raw p<0.05. All data and visualization of
DEGs were conducted using R 3.1.2 (R Development Core
Team, 2013; http://www.r-project.org).

Functional annotation and pathway analysis

Gene ontology (GO) and network pathway analyses were
performed using the UniProt database (M. fascicularis shares
more than 92% sequence homology with humans). The DA-
VID 6.8 tool (DAVID Bioinformatics Resources; https://da-
vid.ncifcrf.gov) was used for functional annotation and en-
richment analysis of genes that were differentially expressed
in response to MA, cocaine, and heroin. Statistically overrep-
resented GO categories at p<0.05 were considered significant.
To further analyze biological responses and various canoni-
cal pathways associated with DEGs, ingenuity pathway anal-
ysis (IPA) software (Ingenuity System, Redwood City, CA,
USA) was employed. IPA identified cellular networks in which
DEGs were related based on previously known associations
between genes or proteins but independent of established ca-
nonical pathways.

Reverse transcription-quantitative polymerase chain
reaction

To validate the differential expression of some of the genes
identified by RNA-Seq, we performed reverse transcription-
quantitative polymerase chain reaction (RT-qPCR). To vali-
date genes differentially expressed in the MA-treated group
using RT-qPCR, we used hippocampal tissues from MA-
treated animals (n=4) that had been stored at -80°C after be-
ing used in our previous study.” The tissues had been immersed
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in Trizol reagent (Thermo Fisher Scientific, San Jose, CA,
USA) to prevent RNA degradation. Total RNA extracted from
the hippocampi of control, MA-, cocaine-, and heroin-treat-
ed animals was reverse transcribed into cDNA using the Su-
perscript RT III system (Thermo Fisher Scientific). Details of
the qQPCR method have been described previously. Three in-
dependent qPCR experiments were performed to guarantee
reliable results for all samples from each group (the control,
MA-, cocaine- and heroin-treated groups). The expression of
the DEGs in each sample was normalized to GAPDH expres-
sion. The relative expression differences among the control
(n=3), MA-treated (n=4), cocaine-treated (n=4), and heroin-
treated (n=3) groups were calculated using the 2" method.
The primers used for the amplification of the candidate genes
are presented in Supplementary Table 1 (in the online-only
Data Supplement).

Immunohistochemistry

Hippocampal tissues collected from control, cocaine-treat-
ed, and heroin-treated monkeys were fixed in 4% formalde-
hyde for 24 h, washed with distilled water, and dehydrated
gradually with a series of 70%-100% ethanol solutions. The
tissues were immersed in xylene, embedded in paraffin, and
sliced into 3-pm sections. The obtained sections, including
sections obtained from paraffin blocks of MA-treated mon-
keys from our previous study,” were transferred onto slides.
Detailed methods of immunohistochemistry (IHC) and
ADAMIO0 intensity measurement are described in the Sup-
plementary Material (in the online-only Data Supplement).

Statistical analysis

Statistical analyses were conducted with SPSS 18.0 soft-
ware (IBM Co., Armonk, NY, USA) and GraphPad Prism 8
software (San Diego, CA, USA). All data obtained from RT-
qPCR and THC are expressed as the meantstandard errors
of the mean. Differences between the control, MA-, cocaine-,
and heroin-treated groups were analyzed by a one-way anal-
ysis of variance and Tukey’s honestly significant difference test
was performed to determine a statistically significant differ-
ence between specific groups. p<0.05 was considered statisti-
cally significant.

RESULTS

Identification and functional annotation
of differentially expressed genes

To investigate the effects of MA, cocaine, and heroin on
gene expression patterns in the hippocampus, we performed
large-scale transcriptome profiling by combining RNA-Seq
data from chronic MA-treated monkeys produced in our pre-
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vious study” and RNA-Seq data from animals chronically ex-
posed to cocaine and heroin obtained in this study. After min-
ing the data from the control, MA-, cocaine-, and heroin-
treated groups using log2 transformation (fold change cutoff
of 1.5), a heat map of 10,752 transcripts was constructed using
hierarchical clustering analysis (Figure 1A). The strongest cor-
relation of gene expression among all analyzed groups was
found between the control and heroin-treated groups. When
comparing the drug-treated groups, the gene expression pat-
tern in the cocaine-treated group was opposite that in the MA-
treated group, even though both drugs are psychostimulants.
In order to show overlapped or specific transcripts among com-
parison pairs (MA vs. control, cocaine vs. control, heroin vs.
control, MA vs. cocaine, cocaine vs. heroin, and MA vs. her-
oin), we created Venn diagrams. Of the 10,752 transcripts,
1,846, 1,608, and 772 transcripts were upregulated or down-
regulated more than 1.5-fold in the MA-, cocaine-, and hero-
in-treated groups, respectively, compared to the control group
(Figure 1B). One hundred three transcripts were upregulated
or downregulated in the MA-, cocaine-, and heroin-treated
groups compared to the control group. On the other hand,
when comparing the genes expressed differentially among
the MA-, cocaine-, and heroin-treated groups, 3,088 and 481
transcripts were upregulated or downregulated more than
1.5-fold in the MA- and cocaine-treated groups, respectively,
compared to the heroin-treated group (Supplementary Figure
2A in the online-only Data Supplement).

We performed GO-based functional annotation of DEGs
and classified the GO categories into 3 types (biological pro-
cess [BP], cellular component, and molecular function). The
categories were subsequently subdivided into hyperlinked
GO categories using GO terms. Based on the BP category,
genes associated with the positive regulation of GTPase ac-
tivity, chemical synaptic transmission, and axon guidance
were differentially expressed in the MA-treated group com-
pared to the control group (Figure 1C). Genes involved in
peptidyl-tyrosine dephosphorylation, the positive regulation
of GTPase activity, and nervous system development were
differentially expressed in the cocaine-treated group com-
pared to the control group (Figure 1D). On the other hand,
genes involved in rhythmic process and intracellular protein
transport were differentially expressed in the heroin-treated
group compared to the control group (Figure 1E). When com-
paring the MA- and cocaine-treated groups, genes related to
the positive regulation of GTPase activity and protein phos-
phorylation were differentially expressed (Supplementary
Figure 2B in the online-only Data Supplement). When com-
paring the MA- and heroin-treated groups, genes related to
chemical synaptic transmission and the positive regulation of
GTPase activity were differentially expressed (Supplementary
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Figure 2C in the online-only Data Supplement). Genes in-
volved in peptidyl-tyrosine dephosphorylation and the posi-
tive regulation of GTPase activity were differentially expressed
between the cocaine- and heroin-treated groups (Supplemen-
tary Figure 2D in the online-only Data Supplement).

Pathway network identification

To better understand the biological and cellular mecha-
nisms and pathways related to the DEGs among all tested
groups, we further analyzed the DEGs using IPA software.
When comparing DEGs between the MA-treated and con-
trol groups, 25 networks were identified (Supplementary Ta-
ble 2 in the online-only Data Supplement), and the top-ranked
network included 33 focus genes related to neurological dis-
ease, organismal injury and abnormalities, and psychological
disorders (IPA score, 31; Figure 2A). Twenty-five networks
were also identified between the cocaine-treated and control
groups (Supplementary Table 2 in the online-only Data Sup-
plement), and the top-ranked network included 32 focus genes
related to gastrointestinal disease, hepatic system disease,
and organismal injury and abnormalities (IPA score, 30; Fig-
ure 2B). On the other hand, of the 25 networks identified be-

tween the heroin-treated and control groups (Supplementary
Table 2 in the online-only Data Supplement), the top network
included 33 focus genes related to embryonic development,
organismal development, and nervous system development
and function (IPA score, 39; Figure 2C). In addition, when
comparing the MA-treated and cocaine-treated groups, the
top-ranked network (IPA score, 23) included 35 focus genes
involved in cell-to-cell signaling and interaction, cellular func-
tion and maintenance, and inflammatory response (Supple-
mentary Figure 3A and Supplementary Table 2 in the online-
only Data Supplement). The top-ranked network (IPA score,
31) identified by comparing the MA-treated and heroin-
treated groups included 33 focus genes related to drug me-
tabolism, molecular transport, and small molecule biochem-
istry (Supplementary Figure 3B and Supplementary Table 2
in the online-only Data Supplement). On the other hand, the
top-ranked network (IPA score, 25) identified by comparing
the cocaine- and heroin-treated groups involved 35 focus
genes related to cellular movement, cellular development, and
lipid metabolism (Supplementary Figure 3C and Supplemen-
tary Table 2 in the online-only Data Supplement).

When we investigated canonical pathways involved in the

=]

A Color key B
2
; MA vs. Control  Cocaine vs. Control

2 ',,/

Z-score

772

Heroin vs. Control
& F PSR P

D Top 10 terms of DAVID functional annotation chart
p value <0.01 (*) and 0.001 (**).

G0:0035 peptidyl-tyrosi phosphory
GO:0043547~positive regulation of GTPase activity

G0:0051056~regulation of small GTPase mediated signal
transduction

GO:0007399~nervous system development I
G0:0007411~axon guidance

m—

GO:( i signal
G0:0006468~protein ylation
G0:0008344~adult locomotory behavior h A
G0:0048013~ephrin receptor signaling pathway | *

G0:0007420~brain development |Em———

0 10 20 30 40 50 60 70 80 90
Count

1846 310 1608

Top 10 terms of DAVID functional annotation chart
p value <0.001 (**).

GO:0043547~positive regulation of GTPase activity |
G0:0007268~chemical synaptic transmission
G0:0007411~axon guidance
GO:0C i signal
G0:0007158~neuron cell-cell adhesion ek
G0:0035023~regulation of Rho protein signal transduction L: .
*

G0:0035249~synaptic transmission, glutamatergic

*

GO:0051056~regulation of small GTPase mediated signal
transduction

G0:0098609~cell-cell adhesion
G0:0071625~vocalization behavior

j—
[
e R
-

*

0 10 20 30 40 50 60 70 80 90 100
Count

E Top 10 terms of DAVID functional annotation chart

p value <0.01 (*) and 0.001 (**).
GO:0048511~rhythmic process |IE
G0:0006886~intracellular protein transport *k
GO:0006396~RNA Processing |t
G0:190137¢ lation of ium ion

transport =
GO:0016567~protein ubiquitinati
G0:0035335~peptidyl-tyrosine dephosphorylation | —————
GO:0098609~cell-cell i w

G0:00068 P "

GO:0006607~NLS-bearing protein import into nucleus

GO:0007049~cell cycle

(—

*

[ 5 10 15 20 25 30 35
Count
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control and drug-treated groups by comparative analysis,
more than 130 canonical pathways were identified. Of 130 ca-
nonical pathways, 30 pathways were selected by sorting the
pathways based on z-score (Figure 3A). When comparing the
pathways involving genes differentially expressed among the
MA-, cocaine-, and heroin-treated groups, we found that FLT3
signaling in hematopoietic progenitor cells was downregu-
lated in both the MA- and heroin-treated groups but upregu-
lated in the cocaine-treated group. In addition, most pathways
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were downregulated in both the MA- and heroin-treated groups
compared to the control group, while other pathways, except
PI3K/AKT signaling, were upregulated in the cocaine-treat-
ed group compared to the control group. When we evaluated
synaptic long-term potentiation (LTP) in detail, glutamate re-
ceptors, some of the downstream factors of these receptors,
and CREB were downregulated in postsynaptic neurons in
the MA- and heroin-treated groups but were upregulated in
postsynaptic neurons in the cocaine-treated group compared
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to the control group (Figure 3B-D). Based on these results, it
can be speculated that among the three drugs, MA and hero-
in affect canonical pathways in the hippocampus in a similar
manner relative to cocaine.

Differentially expressed gene validation based
on reverse transcription-quantitative polymerase
chain reaction

To confirm the expression changes of genes identified to
be differentially regulated by RNA-Seq analysis, we selected
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15 genes based on gene function annotation and IPA network

analysis (Figure 4A) and validated them using RT-qPCR.

Among them, PTPRO and KALI, which are related to axon

guidance, were significantly downregulated in the MA-treat-

ed group but significantly upregulated in the cocaine-treated
group compared to the control group (Figure 4B). ADAMIO,

which is related to the ephrin receptor signaling pathway, was
significantly decreased in both the MA- and heroin-treated
groups but significantly increased in the cocaine-treated group
compared to the control group. Among cell cycle-related genes,
CCDC124 was significantly upregulated in the MA- and her-
oin-treated groups compared to the control group, while TLK2
was significantly downregulated in the MA- and heroin-treat-
ed groups, showing an expression pattern consistent with that
shown by the RNA-Seq results. In addition, DPPI0 (related to
the regulation of potassium ions) and ATP6V1A (related to
transport) were significantly downregulated in the MA- and
heroin-treated groups but significantly upregulated in the co-
caine-treated group compared to the control group. CTNNBI
and USP9X were significantly downregulated in both the MA-
and heroin-treated groups compared to the control group (Fig-
ure 4C). DVL3 and RBM3 were significantly downregulated
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in all drug-treated groups compared to the control group. On
the other hand, DDX3X was significantly reduced in the MA-
and heroin-treated groups compared to the cocaine-treated
and control groups.

The differential expression of 3 genes involved in synaptic
LTP among the control and MA-, cocaine-, and heroin-treat-
ed groups identified by comparative analysis, was validated
using RT-qPCR. The CREB, CREBBP, and GRIN3A genes
were significantly downregulated in both the MA- and hero-
in-treated groups compared to the control group, while CREBBP
and GRIN3A were significantly upregulated in the cocaine-
treated group compared to the control group (Figure 4D). The
expression patterns of all the validated genes were similar to
those observed in RNA-Seq.

Change in ADAM10 protein in the hippocampus
Based on the decrease in the ADAMI0 gene in the MA-
and heroin-treated groups and the increase in the ADAMI0
gene in the cocaine-treated group observed in this study, we
further investigated the expression changes in the ADAM10
protein in the hippocampus using IHC. Among all observed
groups, the cocaine-treated group exhibited the highest ex-
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Figure 4. Validation of some of the genes identified using RNA-Seq. After monkeys were chronically exposed to MA, cocaine, or heroin, to-
tal RNA was extracted from the hippocampus and analyzed by reverse transcription-quantitative polymerase chain reaction. A: Heatmap of the
genes identified after normalizing the expression values of the genes selected from RNA-Seq data and converting the values to z-scores. B:
The expression levels of genes involved in axon guidance (PTPRO and KAL1), the ephrin receptor signaling pathway (ADAM10), the cell cy-
cle (TLK2), the regulation of potassium ions (DPP10), and transport (ATP6V1A). C: The expression levels of genes selected from the top net-
works involved in the MA-treated (n=4), cocaine-treated (n=4), and heroin-treated (n=3) groups compared to the control group (n=3). D: The
expression levels of genes involved in synaptic long-term potentiation. *Significantly different from the control (p<0.05). MA, methamphetamine.
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Figure 5. Changes in the expression of ADAM10 in the hippocampus. Hippocampi were obtained after the chronic administration of MA, co-
caine, or heroin, and the expression levels of ADAM10 in the hippocampus were analyzed using immunohistochemistry. A-D: ADAM10 expres-
sion in the control, MA-, cocaine-, and heroin-treated groups, respectively. Scale bar=500 um (insert: 50 ym). E: Densitometric analysis of the
relative intensity of ADAM10 expression in the hippocampus. The data are represented as the meanztstandard error of the mean of 3 monkeys
per group. *Significantly different from the control group (p<0.05). MA, methamphetamine.

pression of ADAM10 in all areas of the hippocampus (Figure
5A-D). The expression density of ADAM10 was significantly
(p=0.008) reduced in the MA-treated group but significantly
(p=0.026) elevated in the cocaine-treated group compared to
the control group (Figure 5E). On the other hand, the expres-
sion of ADAM10 tended to be lower (p=0.095) in the heroin-
treated group than in the control group. Therefore, chronic
exposure to MA or cocaine induces changes in the expression
of ADAM10 in the hippocampus at both the mRNA and pro-
tein levels.

DISCUSSION

Repeated exposure to addictive drugs such as MA, cocaine,
and heroin causes impairments in the brain, particularly the
hippocampus, as well as the disruption of neurotransmitter
systems.*>"* In addition, it is necessary to investigate changes
in processes caused by addictive drugs to understand their
psychophysiological effects. Therefore, we established animal
models of chronic MA, cocaine, and heroin administration in
cynomolgus monkeys and performed profiling of genes ex-
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pressed differentially in the hippocampus among the MA-,
cocaine-, and heroin-treated groups.

In this study, GO annotation enrichment identified changes
in genes related to axon guidance in the drug-treated groups;
among these genes, KALI gene was downregulated in the MA-
and heroin-treated groups but upregulated in the cocaine-
treated group. Genes related to axon guidance can be ligands
or receptors that guide axons and initiate signaling pathways
related to proper neural circuit formation. Axon guidance li-
gands mainly interact with receptors that are expressed on
growth cones, and ligand/receptor complexes promote intra-
cellular signaling cascades for axon guidance. Defects in pro-
teins involved in axon guidance may cause pathological chang-
es in neural circuits. KALI decreased upon treatment with MA
or heroin in our study encodes the extracellular glycoprotein
anosmin-1 and is mainly expressed in embryonic tissues, in-
cluding the cerebellum and olfactory bulbs.* A previous study
demonstrated that anosmin-1 enhances axonal branch for-
mation in olfactory bulb output neurons.” Recently, studies
have shown that a mutation in KALI is involved in Kallmann
syndrome, of which congenital anosmia is a symptom.* Loss-



of-function mutations in KALI cause defective olfactory axon
guidance, resulting in X-linked Kallmann syndrome.* Based
on previous studies and our results, a decrease in KALI caused
by chronic treatment with MA or heroin negatively affects axon
guidance. However, considering that chronic cocaine treat-
ment induces an increase in KALI, cocaine may differentially
regulate axon guidance compared to MA and heroin.

Among the cell cycle-related genes identified in the pres-
ent study, TLK2 was downregulated in both the MA- and her-
oin-treated groups compared to the control and cocaine-treat-
ed groups. The Tousled-like kinase family is composed of
TLK1 and TLK2. TLK2 is maximally activated during the S-
phase of the cell cycle and cooperates with TLK1 to sustain
chromosomal stability and cell viability.® A previous study
indicated that virally encoded Abeta42, which is the main
component of amyloid plaques in AD, represses the phos-
phorylation of TLK2 in humans, suggesting the possibility
that a decrease in phosphorylated TLK2 is correlated with
AD.’S Taken together, it is supposed that the chronic use of
MA or heroin leads to a reduction in TLK2 and may further
negatively affect cell viability in the hippocampus.

In this study, DPP10 was downregulated in the MA- and
heroin-treated groups but upregulated in the cocaine-treated
group compared to the control group. DPP10, as a single-pass
type II membrane protein that binds to specific voltage-gated
potassium channels, regulates various cellular processes, such
as neuronal excitability and neurotransmitter release.” In the
hippocampus, DPP10 is expressed in approximately 6.4% of
inhibitory neurons but not in glia.*® Copy number variation
of the DPP10 gene has been reported to be related to autism,
which is a neurodevelopmental disease.”” It has been report-
ed that the short form of DPP10, DPP10;s,, is abnormally ex-
pressed in neurodegenerative diseases, including AD.** Based
on previous studies showing that DPP10 is associated with
neurological diseases and our results, the chronic use of MA,
cocaine, or heroin may impair the hippocampus by inducing
alterations in DPP10 expression. On the other hand, the pro-
tein encoded by ATP6V1A, which showed a similar expres-
sion pattern as DPP10 upon chronic exposure to drugs in the
present study, is responsible for neurotransmitter release and
the acidification of synaptic vesicles after exocytosis."" ATP-
6VIA knockdown in zebrafish induces impairments in acid
secretion and ion balance, causing abnormalities such as the
loss of internal Ca* and Na*, trunk deformation, and growth
retardation.”” In addition, Fassio et al.*’ identified that ATP-
6V1A expression is increased during the in vitro maturation
of neurons derived from the rat hippocampus and synapto-
genesis. According to previous studies** and our results, AT-
P6V1A plays an important role in cell growth in the hippo-
campus, and expression changes in ATP6V1A due to chronic
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exposure to MA, cocaine, or heroin may cause abnormal mat-
uration of neurons in the hippocampus.

In the present study, CTNNBI, which is related to nervous
system development and function, was decreased in the hip-
pocampus by the chronic administration of MA or heroin.
CTNNBI encodes p-catenin, which mediates neural circuit
formation and synaptic plasticity.**** Several studies have
demonstrated that MA inhibits B-catenin signaling in astro-
cytes, resulting in cellular senescence and neuronal toxici-
ty.*** On the other hand, the mRNA expression of DVL3 was
reduced in all drug-treated groups in the present study. DLV3,
as a scaffold protein that links the receptor and downstream
signaling molecules, is also associated with 3-catenin signal-
ing.* Previous studies have reported that DVL3 mRNA is re-
duced in the nucleus accumbens and frontal lobes of individ-
uals with major depressive disorder (MDD).”**' Additionally,
it was demonstrated that DVL3 as well as p-catenin are in-
creased in the hippocampi and ventral midbrains of female
rats after the chronic administration of antipsychotic drugs,
including haloperidol and risperidone.” These studies imply
that expression change in DVL3 may be associated with neu-
ropsychiatric disorders. Based on previous studies and our re-
sults, chronic exposure to MA, cocaine, or heroin induces de-
creased DVL3, which has negative effects on -catenin signaling-
related function in the hippocampus.

In the present study, the expression level of DDX3X, which
encodes DDX3X, a multifunctional RNA helicase, was de-
creased in the MA- and heroin-treated groups but was not
changed in the cocaine-treated group. DDX3X is responsible
for transcription,” pre-mRNA splicing,* RNA export,” and
translation.® A previous study reported that the inhibition of
DDX3X causes impairments in spine formation and neurite
outgrowth in hippocampal neurons originating from normal
rat brains, showing that DDX3X is essential for spine forma-
tion and neurite outgrowth in the brain.”” In addition, the brains
of patients with gliomas exhibit increased DDX3X expression
compared to that in normal brains, suggesting that the upreg-
ulation of DDX3X may positively affect human glioma pro-
gression.” Considering that DDX3X enhances the transcrip-
tion and translation of certain genes regardless of the cell state,
as mentioned above, cancer cells can also cause increased ex-
pression of DDX3X. However, it has been demonstrated that
DDX3X is associated with spine formation and neurite out-
growth in the normal brain, and chronic exposure to MA or
heroin causes a reduction in DDX3X in the normal brain, im-
plying that chronic exposure to these drugs may impair neu-
rite outgrowth and spine formation.

In the present study, gene expression patterns in the hip-
pocampus showed the highest correlation between MA- and
heroin-treated groups but gene expression patterns of the two
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groups were opposite to that of cocaine-treated group. This
result suggests that MA and heroin have similar effects on the
expression change of one gene in the hippocampus, while co-
caine has the opposite effect on the expression change of the
gene. When exploring canonical pathways involved in the al-
tered genes based on this finding, change patterns of most path-
ways were also similar to gene expression patterns among
groups. In particular, top thirty pathways showed decrease in
both MA- and heroin-treated groups but increase in cocaine-
treated groups. Therefore, these results imply that in the hip-
pocampus gene expression changes by MA, cocaine, and her-
oin may affect changes in protein expression and function.

Repeated stimulation that lasts for hours or longer enhanc-
es the efficiency of synaptic transmission.”® The phenomenon
that underlies this enhancement is LTP, which is known as
memory at the cellular level. Therefore, if synaptic LTP in the
CAL area is impaired, memory function is decreased.®® Ad-
dictive drugs induce changes in LTP in the hippocampus, re-
sulting in impaired synaptic plasticity. Our comparative anal-
ysis of DEGs among the MA-, cocaine-, and heroin-treated
groups and the control group showed that synaptic LTP-re-
lated genes were altered by MA, cocaine, and heroin. Interest-
ingly, compared to the control, MA and heroin mainly caused
the downregulation of LTP-related genes, while cocaine main-
ly induced the upregulation of LTP-related genes. Cocaine en-
hances LTP in the CA1 of the hippocampus,*"* while MA, a
psychostimulant like cocaine, induces the impairment of LTP*
On the other hand, heroin induces reduced LTP in the CA1
region of the hippocampus.®*** Based on previous findings
and our results showing alterations in or the impairment of
LTP by these drugs, we validated the alterations in the expres-
sion levels of LTP-related genes (CREB, CREBBP, and GRIN3A)
in the drug-treated groups compared to the control group. The
expression patterns of these genes in the MA-treated group
were the same as those in the heroin-treated group but were
the opposite of those in the cocaine-treated group. Therefore,
in agreement with previous reports, this study not only con-
firmed that chronic exposure to MA, cocaine, or heroin in-
duces alterations in synaptic LTP in the hippocampus but also
identified expression changes in LTP-related genes induced
by MA, cocaine, or heroin.

ADAMIO is associated with the shedding of cell surface
proteins required for brain development, such as ephrins.*
Considering that Adam10 knockout in mice induces prena-
tal lethality at embryonic day 9.5 as well as defects in the car-
diovascular system and developing central nervous system,*
ADAMIO is an essential factor for survival as well as brain de-
velopment. In the present study, ADAM10 was decreased in
the heroin-treated group and showed a particularly drastic
reduction in the MA-treated group, but it was significantly in-
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creased in the cocaine-treated group. Contrary to our results,
an in vitro study reported that the exposure of human neu-
roblastoma SH-SY5Y cells to 1 uM or 10 uM MA for 16 h in-
duces an increase in the mRNA expression of ADAMI0 but
that 100 and 1,000 uM MA do not induce any changes.” Tak-
en together, these results suggest that ADAM10 is differen-
tially expressed based on the time and condition of MA treat-
ment. As mentioned earlier, ADAM10 not only participates
in the cleavage of APP, leading to reduced production of
amyloid-f peptides®* but is also involved in neuronal differ-
entiation, axon formation, and synaptic plasticity."” Consid-
ering that the accumulation of amyloid-p in the brain is a sig-
nal of the fundamental neuropathological changes in AD and
that the FDA-approved drug library for AD therapy targets
increased ADAMI0 gene expression,” expression changes
in ADAMIO caused by addictive drugs may affect the devel-
opment of AD. Based on our results showing that ADAM10
was reduced by heroin and, in particular, the MA, the chronic
administration of these two drugs may lead to the development
of early-onset AD. However, as cocaine, unlike MA, induced
an increase in ADAM10, how the increase in ADAMI0 in-
duced by chronic cocaine treatment affects the hippocampus
and the development of AD requires further study.

In summary, we profiled the expression of genes upregu-
lated and downregulated by the chronic administration of
MA, cocaine, and heroin. We demonstrated changes in genes
involved in axon guidance (PTPRO and KAL), the ephrin
receptor signaling pathway (ADAM10), the cell cycle (TLK2),
the regulation of potassium ions (DPPI10), transport (ATP-
6V1A), and synaptic LTP (CREB, CREBBP, and GRIN3A).
In particular, we determined that chronic MA administration
caused a decrease in ADAM10 expression at both the mRNA
and protein levels but that chronic cocaine administration
caused an increase in ADAM10 expression at both the mRNA
and protein levels, showing that ADAMI10 is differentially
regulated by the administration of MA and cocaine. To the
best of our knowledge, this is the first study using large-scale
transcriptome profiling of the hippocampi of monkeys ex-
posed to MA, cocaine, or heroin by RNA-Seq. Our findings
show both the genes affected by MA, cocaine, and heroin as
well as their biological functions. Therefore, these results not
only aid in understanding the biomolecular processes in the
hippocampus regulated by MA, cocaine, and heroin but also
provide novel insight into the etiology of drug addiction and
potential targets for developing novel biomarkers for diagnos-
ing or treating hippocampal impairments caused by drug abuse.
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Supplementary Materials

METHODS

Immunohistochemistry (IHC)

Hippocampal tissues collected from control, cocaine-treated, and heroin-treated monkeys were fixed in 4% formaldehyde for
24 h, washed with distilled water, and dehydrated gradually with a series of 70%-100% ethanol solutions. The tissues were im-
mersed in xylene, embedded in paraffin, and sliced into 3-um sections. The obtained sections, including sections obtained from
paraffin blocks of MA-treated monkeys from our previous study (Choi et al.”), were transferred onto slides and the slides were de-
paraffinized with xylene. The slides were hydrated through washes in graded alcohols and water. For antigen retrieval, the slides
were heated at 95°C for 20 min in Dako™ Target Retrieval Solution, pH 6.0 (Dakocytomation, Carpinteria, CA, USA). After cool-
ing for 20 min, the slides were quenched with 3% H,O, for 5 min. The slides were incubated with a rabbit anti-ADAM10 antibody
(1:300) (ab1997, Abcam) for 2 h at room temperature. Endogenous peroxidase was blocked using DAKO REAL peroxidase
blocking solution (Dakocytomation) for 10 min. The antibody was detected using DAKO EnVision+ for rabbit antibody (K4003,
DAKO, Glostrup, Denmark) for 1 h, and the signal was detected with a Dako REAL™ DAB+ Chromogen detection system (Da-
kocytomation) according to the manufacturer’s instructions. The slides were counterstained with hematoxylin.

The slices were scanned using a Panoramic MIDI scanner (3DHISTECH, Ltd., Budapest, Hungary). Three samples from each
group and two slides per sample were scanned for density measurements. Digital image analysis of each slide was performed at
200x magnification with Panoramic Viewer and HistoQuant software (3DHISTECH, Ltd.). The expression intensity of ADAM10
in the hippocampal region was then measured as the H-score using the HistoQuant tool in the Panoramic Viewer. The mean H-
scores within each group were calculated, statistically analyzed, and presented in a graph.



Supplementary Table 1. Primers used in reverse transcription-quantitative polymerase chain reaction

Gene

Forward (5'-3")

Reverse (5'-3")

Amplicon size (bp)

GAPDH
PTPRO
KALI
ADAM10
CCDC124
TLK2
DPP10
ATP6VIA
CTNNBI
USP9X
DVL3
RBM3
DDX3X
CREB
CREBBP
GRIN3A

ACAACAGCCTCAAGATCGTCAG
ATGACTTCAGCCGTGTGAGAT
TGGAATTGCAAGCCATAACG
TTCATGGTGAAACGCATAAG
GGCACCCAGAAAGACGCAT
GATAGAACCAACCATGTTGAGGG
AGAGCAGTTCATTGCGACTGA
GGGTGCAGCCATGTATGAG
CATCTACACAGTTTGATGCTGCT
TCGGAGGGAATGACAACCAG
TTCTTCAAGTCTATGGACGACGA
GAGGGCTCAACTTTAACACCG
GCAACAACTGTCCTCCACAT
CATGGCCCACCAGCTAGAAA
CCCAGACGACAATTTCAAAGGA
CGCCAACATATCCGAGCTAATC

ACTGTGGTCATGAGTCCTTCC
GGGTGGCAATATACTCCTGGG
TGTTGGTTGCATGTGTGGAT
CTTCTCCACACCAATATTTGG
GGGTTCTCTTGTTTGAGCCG
TGGAGCTTTGTAGCCAGAGGT
GATGTGAGAATGCAGGAGTTCC
TGCGAAGTACAGGATCTCCAA
GCAGTTTTGTCAGTTCAGGGA
GGAGTTGCCGGGGAATTTTCA
GAAGCATGGTAGCTTGGCATT
GACCACCTCAGAGATAGGTCC
GAGTTGGGCGAGTATAACGA
CAGGCGCAGTGCATAGAAAG
TTTTCGAGGTCTGCCAGTTTTC
CAAAGTCTCCGTGACAGCAAAA

112
111
90
90
79
95
101
140
150
112
78
77
99
155
188
121




Supplementary Table 2. Top twenty-five networks obtained from IPA analysis of differentially expressed genes among control, MA-, cocaine-, and heroin-treated groups.

Network Genes in network Score Focus Top diseases and functions
D genes
MA vs. Control
1 ADGRB3, AMOTL2, AURK, BANP, BCL2L13, CDC14B, CERS2, CERS6, Ck2, CSTF1, CYFIP2, 31 33 Neurological Disease, Organismal Injury and
DMTF1, FAM3C, GRIN1, HMGCS1, HS3ST1, HSPA4L, INPP4A, LAMP2, NOLC1, OMALI, PCBP4, Abnormalities, Psychological Disorders
PTPRA, RALY, RPL26, RPS27L, SGTB, SH3BP4, SLC19A1, STOM, TFAM, TP53, TRIM24, TRIO,
YPEL3
2 AP2B1,AP2M1, ARF1, CAPZA1, CDK5RAP2, CNOT2, CNOTS, DLAT, EPS15, GRB2, HSP90ABI, 29 32 Amino Acid Metabolism, Molecular Transport,
IRS2, MAP3K4, MATR3, MCM6, Mlc, NISCH, p85 (pik3r), PCMT1, PI3K (complex), RALGAPALI, Small Molecule Biochemistry
RALGAPB, RARS, RPL10, RPS14, RPS15A, SLC3A2, SLC4A2, SLC7AS5, SLC7A8, SOS2, TIAPI,
TYK2, WIPF2, ZNF609
3 AMPH, BEX2, CLEC11A, COPS5, CPNE4, DYNLLI, GPR34, HLA-F, IGBP1, Ikb, IKK (complex), 27 31 Cell Signaling, Infectious Diseases, Post-
MIB2, NFkB (complex), OPTN, OTUD7B, PKN3, PPP2R5C, RAP1GDS1, RASSF5, RFK, RNF11, Translational Modification
RNF112, RTF1, RTKN, TAB2, TANK, Tnf receptor, TNPO2, TRADD, TRAF1, TRAF2, TRIM37,
UBE2V1, USP11, ZNF385A
4 AGK, ALDOA, CEACAM3, CLEC4A, CSPG4, CYP46A1, DNM2, ERK1/2, FAM120A, FCGRI1A, 25 30 Cellular Movement, Cell-To-Cell Signaling and
FLT1, Focal adhesion kinase, GMFG, GRN, HCK, Hifl, HSF4, ITGAV, LRRN1, MMP16, NODI, Interaction, Cellular Function and Maintenance
P2RY2, PACSIN2, PIK3R2, PRR7, PTPRJ, PTPRZI, Rac, RBP4, SEMA4A, SHC3, SPTAN1, SRC
(family), VAV2, VEGFB
5 ACSS2,ADDI1, ANK2, ARHGAP5, BCL2L1, CD47, CPEB4, CTNNDI, DAP3, DNMIL, EIF4Gl,G- 25 30 Cellular Development, Cellular Growth and
protein beta, HISTONE, HRK, HSPA4, MAP2, MIF4GD, MYH10, NCAM1, NFkB (family), NFYB, Proliferation, Nervous System Development and
NLGNI, PADI2, PARP, PEXS5, PEX14, PLCB2, PNPT1, RASA1, RNPSI, Sfk, SPTBN1, SRSF11, Function
TNFSF13, USP9X
6 ABCD3, CD3, CD200, CISH, CTSH, DOCK1, ELF1, GRK4, IARS, IFT27, IFT88, IL411, LDHB, 25 30 Cellular Movement, Cell Morphology, Cellular
LMNBI, MDHI, MXI1, NCK1, NCK2, ORAI2, PECAM1, PRKACB, RPL31, RPS17, RSAD2, Shc, Assembly and Organization
SLC7A1, SNXS5, Talin, TCR, TLE3, TPI1, TRAF3IP1, UNC13D, VAV, VDAC3
7 ANXA6, ATRX, BAZ1A, CDK2AP2, CDK5R1, ERK, FLT3LG, G6PD, HAS3, HAT1, HDACI10, 23 29 Cell Death and Survival, Cell Cycle, Cellular
HIRA, Histone h3, Histone h4, HNRNPUL1, MADD, MEF2D, MGMT, MTA1, NASP, NCF1, PEA15, Assembly and Organization
PPMEI, RAS, RASA2, RBBP4, RGS3, SAP30, SIRT3, SMARCAL, Sos, Top2, TSPYLI, ZNF592,
ZNF512B
8 ATF2, CAMK2G, caspase, Caspase 3/7, Cdk, DAB2, DIABLO, DLG4, EIF4E, FBXW11, FGFR10P2, 23 29 Cell Death and Survival, Cell Signaling, Post-
FOXK2, GSK3B, HSPBI, Jnk, LDLRAP1, MAP2K4, MAP3K11, MAP4K5, MCLI1, NF2, NME4, Translational Modification
NRCAM, PCSK6, PDCD10, PLEKHFI, Ppp2c, PPP2R1A, PPP2R5A, SPTBN2, STK24, TCF,
TNFRSF10D, TNFSF10, USP47
9 ABCF2, ADM, AMPK, Cbp/p300, COL4A3BP, Collagen type 1V, EIF3B, ENO2, FHL1, GLYRI, 23 29 Cellular Movement, Connective Tissue
HIF1A, HIPK2, Hsp90, HUWE1, MPRIP, MRAS, NAEI, NUCKS1, NUDCD2, PFKFB3, PTBPI, Development and Function, Cardiovascular Disease
PTGES3, PTPN2, Rapl, RAPGEF1, RAPGEF3, RAPGEF6, RASSF2, RASSF4, Rock, RRAS,
SLC29A1, UTP18, VASP, ZYX
10 Actin, AKR1B10, Ap2, ARVCF, ASH2L, CPSF1, CREBBP, CSDE1, DBN1, GASS8, Hdac, HK1, 23 29 Developmental Disorder, Embryonic Development,
IFRDI, JUP, KLF10, MAX, mediator, MNT, NAV2, NDRG4, PI3K (family), PI3K p85, PKP2, Organismal Development
PROMI, PTGS1, PTPRF, RDX, SIN3A, SLC1A2, SRRM1, TADA3, TAF9, TAF12, TERT, TRRAP
11 26s Proteasome, ABCA1, ANKS1B, ARHGEF11, ARPC4, calpain, CXCL12, Cyclin E, EIF4G3, 23 29 Cellular Movement, Hematological System
FBXLS5, FUBP1, GATA2, GTF2I, HERC2, HLTF, Importin beta, KIAA0368, LPAR1, MAPKSIP2, Development and Function, Humoral Immune
MFNI1, NFKB2, NPLOC4, NUP50, PSAP, PSMD14, RAN, RANGAP1, RAPIA, Ras homolog, Response
ROCKI, TOLLIP, Ubiquitin, USP33, UVRAG, WIPI1
12 ANKRD17, ANP32B, CCNA2, CDC20, CDH8, CNNM1, COL4AS, Cyclin A, E2f, EGLN, EIF4A2, 23 29 Connective Tissue Disorders, Developmental
estrogen receptor, FBXL18, FGFR1, FGFR3, Gamma tubulin, GPR146, HERPUDI, HIST1H2BJ, Disorder, Hereditary Disorder
HK2, IFI27L1, MAP1B, MAP2K1/2, PCDH1, PCDHS8, PDE4DIP, PLEC, PRDM2, RNF165,
SLC27A1, TARBP2, TUBGCP4, TUBGCPS5, UXT, XPO1
13 14-3-3, ACTR2, Alpha catenin, AUP1, CCAR1, CENPC, CLDN5, CPSF2, CUX1, DCBLD2, EFNAI, 23 29 Cancer, Hematological Disease, Immunological
Fibrinogen, GPN1, GPT, IQSEC1, ITGB2, LIMA1, MAP7, MINOS1, Mmp, OS9, P-TEFb, PCDHAC2, Discase
PDLIMS5, RGS7, RHOBTB3, RNA polymerase II, RPS11, SP5, SRRM2, SUMOI1, THOCI, TIPI,
UBA2, WNT7B
14 ATP2A2, CD34, DDB2, EFNB2, Eif4g, EWSR1, HDL, HERC1, HNRNPD, HNRNPM, HS3ST4, 22 28 Cell Morphology, Cellular Development, Cardiac
Hsp27, Hsp70, LDL, MFNG, NCAN, NCBP1, NOS3, NOTCH4, POLB, RPL34, RPS20, Rsk, Arteriopathy
SCARBI, SRPK2, TCERGI, TERF1, TERF2, TIA1, TIAL1, TNPOI1, UBE2E2, USP8, Vegf, VEGFA
15 ABCEIl, ABI2, AKAP11, ARFGEFI1, ATF1, B4GALT6, CLASP2, CLK2, CLSTN2, Creb, DNER, 22 28 Embryonic  Development, Nervous  System
DNMTI1, FAAP100, FANCE, FANCG, FKBP2, FTH1, HES1, HMGAI, IFN Beta, INSIG1, KIF21A, Development and Function, Organismal
MAPK7, Mek, N-cor, Pka catalytic subunit, PTPRR, Raf, RELN, Secretase gamma, SEMA4C, Development
SPRED2, TIE1, TRAIP, TRIM32
16 ADCY, ADD2, ADORA2A, BCR, CAMKI, Collagen Alphal, Collagen type I, Collagen type III, 20 27 Cell-To-Cell Signaling and Interaction,
Collagen type V, Collagen(s), DGKI, Eotaxin, ERP29, FN1, GNB1, HDACS, ITGA2, ITPR2, Hematological System Development and Function,
L3MBTLI, LAIR1, MAPKI, MARK3, MAST3, NMI, NPY1R, NR4A1, PAQR6, PHF11, PLSCRI, Cell Morphology
PLXDC1, SECTM1, SHANK2, SPOCK1, Tgf beta, ZBTB7B
17 ABCG2, ABTBI, AQP4, BCR (complex), Calmodulin, CCND3, CDK14, ENPP2, Erm, FBXO7, 20 27 Cellular Development, Cellular Growth and
FOXP1, GIMAP7, hemoglobin, IGLL1/IGLLS, Igm, IL18, IL2RG, Immunoglobulin, INPP5D, Proliferation, Embryonic Development
Interferon alpha, ITSN2, KCNQ2, KCNQ3, KIT, MOB3C, MYADM, PIR, REST, SERPINBY,
Smad2/3, SNAP25, SPATS2, SRRM4, SYK, USP53
18 ACVR2A, APBB1, BMP4, CDKN2C, CSNK2B, CYP27A1, FOXO03, FSH, Gm-csf, Growth hormone, 20 27 Immunological Disease, Organismal Injury and
HPN, IgG, IL12 (complex), KAT5, KLF4, LEMD3, MAPK9, MEX3C, NETO2, NLGN4X, OLR1, Abnormalities, Cellular Development
OVOLI1, PDXK, Pke(s), PLCH1, PRKAGI, PRRSL, SCN2A, SH3KBP1, SLC38A3, Smadl/5/8,
SNPH, SPINT1, STAT5a/b, VPS53
19 ACSL6, Apl, BICD2, CASK, CCM2, CD3 group, CENPJ, DCTN1, DCTN2, Dlg, Dynein, EIF2S2, 19 26 Cell Cycle, Cellular Assembly and Organization,
EPB41, Fcgr3, GOLGA2, GORASP1, KIF13B, LAT, LCP2, LRP8, MAP2K6, MAP3K3, MAP4K4, Cellular Function and Maintenance
NCK, NEU4, Nfat (family), P38 MAPK, PLC gamma, RCAN1, SARMI, SEC16A, SEC23A, SLC9A1,
TRAF7, TRAF3IP2
20 AKAP, Akt, ARFIP1, BAGALTS, BAD, CDH13, CDK18, CHKA, CIBI, Cofilin, F Actin, Fgft, 16 24 Cell Death and Survival, Cell Morphology,
GABBR2, GRB10, LANCL2, LCP1, MGLL, MTORC1, NCDN, NDFIP1, NRF1, p70 S6k, Pka, Pld, Inflammatory Response
PP2A, PREX1, PRKAA, PRKD2, PRR14, RPS6KA1, RPTOR, SREBF2, SSHI1, TFEB, TSC2
21 ACTR3B, BAGS5, BRINP3, CEP170B, DENNDS5B, DPYSL5, FLVCR1, MKL2, NUPRI1, PCTP, 13 15 Cardiovascular Disease, Hematological Disease,
PHTF1, PPWD1, PRDM4, PRR12, RAB29, RNFT2, UAP1 Hereditary Disorder
22 ASPM, Cllorf96, CD24, CHD7, CLIP2, CMBL, CMPK2, FXYD6, GHDC, GLI1, HUWEI, IDS, 13 21 Cell Death and Survival, Cellular Development,
IPO7, KAT6A, KRT15, miR-22-3p (miRNAs w/seed AGCUGCC), MPZL2, NUDTI11, PDLIM2, Cellular Function and Maintenance
PHF10, PHLDA3, PLPPR2, PPP1R9A, PSTPIP2, PTP4A1, RBBP6, RPS6KA1, SCD5, SLC22A3,
SV2A, TP53, TRIM24, TTC13, ULK1, YPEL3
23 ACYP1, AIFM3, BINI, DAGI, DEDD2, EBAGY9, ETNK2, IL7R, MAN2A1, MCF2, NR3Cl, 11 15 Cancer, Organismal Injury and Abnormalities,
POMGNT]I, PPP3CC, PRKARI1B, RBMS2, RNA polymerase II, SAP30BP, TM2D2, TP53, UBE2K Reproductive System Disease
24 AGO2, BUD31, CHD7, CST5, DDX52, EFTUD2, ERBB2, FAM120B, FARSB, FBL, GRSFI, 11 17 RNA Post-Transcriptional Modification, Protein
HNRNPR, INHBA, KRII, let-7, LSM6, MAK 16, MRTO4, NKRF, PRPF3, PRPF4, PRPF19, RBM4B, Synthesis, Cell Cycle
Rar, TP53, TSR1, WDR75
25 ATG13, BARD1, BCAT2, BMP4, C9orf72, CCNG2, CENPF, CENPM, DISC1, DNMT1, EHMT2, 10 19 Gene Expression, Cell Morphology, Cellular
ENY2, ESR1, GPRINI, LYPDI1, MBDI1, MBD2, MECP2, MGMT, MITF, PDE4D, RARA, RASSFI, Function and Maintenance
RBICCI1, RBFOX2, RGS19, SHROOMI, SIN3A, SLC12A5, SMCRS, SPTBN4, TACCI, TOPI1,
ULK1, VPS36
Cocaine vs. Control
1 BCR, CAMK2D, CHUK, DVL3, EGLN2, FASTKDI, FLII, HSP90ABI, Ikb, IKBKB, IKBKG, IKK 30 32 Gastrointestinal Disease, Hepatic System Disease,
(complex), KDM2A, KSR2, MIB2, MYLK, NFkB (complex), NOS1, PASK, PLAA, PPP2R5E, Organismal Injury and Abnormalities
RNF31, RNF112, RTKN, RUSC2, SENP6, ST3GALS5, TANK, TNPO2, TRAF7, UBE2V1, USP21,
ZC3H13, ZC3H18, ZNF385A
2 26s Proteasome, ADRMI1, ARID5B, BACEI, CELF1, DCLKI1, DDR1, DYRK2, EIF2A, EIF4Gl, 30 32 Cancer, Organismal Injury and Abnormalities, Cell
EIF4G3, ERP29, Growth hormone, HIPK2, HNRNPA2B1, KIAA0368, MAVS, MFN1, NFASC, PAK3, Morphology
PJA2, PPI protein complex group, PPPIR11, PSMD2, RBM3, RIMKLB, RIMS1, RTN4, RTN4IP1,
SEC23B, SEC24B, SORT1, UBE2D3, UBE3A, ZEB2
3 AASS, ANKSIB, ANO10, APOM, ARPC4, CA12, Calmodulin, CCNT2, CDH8, CLN8, CNNMI, 30 32 Cell-To-Cell Signaling and Interaction, Nervous
COL6A2, CXCL12, estrogen receptor, FBLNS, FGF12, HIPK3, INIP, LIFR, LYPD1, MAP1B, NCAN, System Development and Function, Cell Cycle
NRXNI1, PCDH7, PCDH19, RARA, RNF38, RXRA, SHANK2, SIPAIL1, SLC1A3, TMEFFI,
Ubiquitin, UBL3, ZNF141
4 ADD2, ADD3, ANKRDI1, ASHIL, AURK, BTG3, EHMT2, ENO3, G6PD, GATAD2B, Histone h3, 28 31 Hematological = Disease, Connective Tissue
Histone h4, HMG20A, HNRNPULI, HP1, KDM5C, MORF4L1, MTA1, NDUFAF7, NSD3, PHF12, Disorders, Organismal Injury and Abnormalities
PKIB, POLD4, POLDIP2, RCOR1, RPL10A, SEC31A, SIRT3, SRRM2, STOM, USP3, WIZ, ZNF239,
ZNF532, ZNF592
5 ATF2, ATP2B4, ATXN1, BACH1, BCLAF1, BNIP3L, BTRC, Caspase 3/7, DLG4, DUSP10, FBXL7, 27 30 Post-Translational Modification, Cell Cycle, Cell
FBXW11, FDPS, FLCN, FUBP1, GADD45G, Gsk3, IPO8, Ink, MAP1LC3, MAP4K5, MCL1, MFN2, Death and Survival
MTORCI, PUF60, RASSF1, SEPT9, SF3B1, SLC36A1, SQSTM1, SREBF2, SSH1, SSH2, TFE3,
ZNF281
6 ADDI1,ANK2, CAV1, CRIM1, DDX6, DHX30, Dynamin, Eif4g, FNBP1L, FOLR1, GIGYF2, GRB14, 27 30 Cellular Assembly and Organization, Nervous
HNRNPL, Hsp27, Hsp90, JUP, KIDINS220, KIT, LDBI1, LIMCHI, LMOI, LONP2, LUZPI, System Development and Function, Cardiovascular
MB21D2, NCBP1, Nrlh, PDPK1, PLINI, POLDIP3, PRMT5, PTPRO, SPTBNI, SYNEI, TNS2, Discase
ZBED6
7 AMPK, ARHGAP22, ARHGAP35, BCLI1B, caspase, CCNL2, CDK11B, Cg, CREBI, CSDC2, 25 29 Hair and Skin Development and Function, Cancer,
DAPK1, DMD, FBXL19, HRK, MAPK9, MED15, MTA3, NCOR1, OTOF, PARG, PARP, PCDHAC2, Organismal Injury and Abnormalities
Pke(s), PKM, POLR2D, POLR2H, RAPGEF4, RNA polymerase II, SACS, SRSF4, STRADA, TAB2,
TRO, URI1, XPA
8 AEBP2, ARF1, ARHGEF12, CDK5RAP3, CLDNI1, CLDN2, EED, EGFR, HARS, HLX, HOOKI, 23 28 Cell Morphology, Hair and Skin Development and
HSPA4, Mapk, Mek, MGAT5, MTMR2, NASP, NCAM1, NLGN2, PNPT1, PRKAA, PRKDC, Function, Cell-To-Cell Signaling and Interaction
PTPN11, PTPRF, PTPRK, Raf, RAS, RBBP4, Shc, SPART, SPRED2, SYMPK, Top2, TSC2, YES1
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Supplementary Figure 1. Schematic representation of the experimental procedure for MA, cocaine, and heroin administration to monkeys.
MA, methamphetamine.
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Supplementary Figure 2. Genes differentially expressed among the MA-, cocaine-, and heroin-treated groups and GO annotation. A: Venn
diagram showing the overlap of DEGs among the MA-, cocaine-, and heroin-treated groups. B: Top 10 enriched terms in the BP category for
DEGs in the cocaine-treated group compared to the MA-treated group. C: Top 10 enriched terms in the BP category for DEGs in the heroin-
treated group compared to the MA-treated group. D: Top 10 enriched terms in the BP category for DEGs in the heroin-treated group compared
to the cocaine-treated group. MA, methamphetamine; GO, gene ontology; DEG, differentially expressed gene; BP, biological process.
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Supplementary Figure 3. Top networks identified using ingenuity pathway analysis of genes differentially expressed among the MA-, co-
caine-, and heroin-treated. A: The top network of genes differentially expressed between the MA- and cocaine-treated groups. B: The top
network of genes differentially expressed between the MA- and heroin-treated groups. C: The top network of genes differentially expressed
between the cocaine- and heroin-treated groups. The intensity of the node (gene or gene products) color indicates the degree of upregula-

tion (red) or downregulation (green). D: Node legend. MA, methamphetamine.




