
INTRODUCTION

For several years, the psychostimulant methamphetamine 
(METH) has been one of the most commonly abused sub-
stances in the world. According to a 2017 study by the Na-
tional Survey on Drug Use and Health (NSDUH), a staggering 
14.7 million individuals (5.4% of the population) have used 
METH at least once in their lives (National Institute on Drug 
Abuse, 2018). Despite various drawbacks, the number of cas-

es of METH abuse has increased over the years because of 
its potent short-term rewarding effects (Passaro et al., 2015), 
placing a burden on the global efforts for its regulation (Sliman 
et al., 2016). One of the challenges of METH abuse is the 
treatment and recovery of addicted users, which at present 
is still problematic for current healthcare systems worldwide 
(Ballester et al., 2016). Therefore, in-depth comprehension of 
the possible biological underpinnings for the development of 
METH addiction may be crucial for both its treatment and pre-
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Previous reports have demonstrated that genetic mechanisms greatly mediate responses to drugs of abuse, including metham-
phetamine (METH). The circadian gene Period 2 (Per2) has been previously associated with differential responses towards METH 
in mice. While the behavioral consequences of eliminating Per2 have been illustrated previously, Per2 overexpression has not yet 
been comprehensively described; although, Per2-overexpressing (Per2 OE) mice previously showed reduced sensitivity towards 
METH-induced addiction-like behaviors. To further elucidate this distinct behavior of Per2 OE mice to METH, we identified pos-
sible candidate biomarkers by determining striatal differentially expressed genes (DEGs) in both drug-naïve and METH-treated 
Per2 OE mice relative to wild-type (WT), through RNA sequencing. Of the several DEGs in drug naïve Per2 OE mice, we identi-
fied six genes that were altered after repeated METH treatment in WT mice, but not in Per2 OE mice. These results, validated by 
quantitative real-time polymerase chain reaction, could suggest that the identified DEGs might underlie the previously reported 
weaker METH-induced responses of Per2 OE mice compared to WT. Gene network analysis also revealed that Asic3, Hba-a1, 
and Rnf17 are possibly associated with Per2 through physical interactions and predicted correlations, and might potentially 
participate in addiction. Inhibiting the functional protein of Asic3 prior to METH administration resulted in the partial reduction of 
METH-induced conditioned place preference in WT mice, supporting a possible involvement of Asic3 in METH-induced reward. 
Although encouraging further investigations, our findings suggest that these DEGs, including Asic3, may play significant roles in 
the lower sensitivity of Per2 OE mice to METH.

Key Words: Methamphetamine, Per2 overexpression, Gene expression, Substance abuse, Drug addiction, Conditioned place 
preference
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vention. As with any other neurological compulsive disorder, 
drug addiction involves the display of behavioral alterations, 
including substance-seeking and uncontrollable drug intake, 
which are usually accompanied by changes in gene and/or 
protein expressions and modified neuronal plasticity (Nestler, 
2000; Ducci and Goldman, 2012; Yazdani et al., 2015). Such 
modifications may lead to the manifestation and maintenance 
of rewarding effects after chronic exposure to abused sub-
stances, providing candidate neurobiological mechanisms for 
the development of addiction. Hence, endogenous biological 
variations in the expression of key genes contributing to ad-
dictive behavior would probably alter individual responses to 
addictive drugs.

The Period 2 (Per2) gene, aside from participating in circa-
dian rhythm, was previously found to be potentially involved 
in drug addiction (Shumay et al., 2012; Zhao et al., 2014; Kim 
et al., 2019). Per2 mutant mice exhibited greater susceptibil-
ity to the addiction-like behaviors induced by drugs of abuse, 
e.g., increased alcohol consumption (Spanagel et al., 2005). 
While addiction-associated behaviors are commonly attrib-
uted to changes in the mesolimbic dopamine system, Per2 
was also found to potentially influence dopaminergic proteins 
(McClung, 2007; Hood et al., 2010; Kim et al., 2019). Previous 
studies have pointed out that Per2 expression levels affect 
dopamine concentration through monoamine oxidase A activ-
ity regulation (Hampp et al., 2008). Since striatal dopamine 
concentration could contribute to the development of addic-
tion-like phenotypes, differential Per2 expression may also 
have the potential to influence responses to different drugs of 
abuse. We previously attempted to associate Per2 deficiency 
with the predisposition to display increased METH addiction 
(Kim et al., 2019, 2021), although reports on Per2 overexpres-
sion in addiction-like phenotypes have been limited. However, 
in our previous study, we showed that Per2-overexpressing 
(Per2 OE) mice possessed lower METH-induced conditioned 
place preference (CPP) and were less sensitized to repeated 
METH treatment. Per2 OE mice also displayed weaker METH 
withdrawal symptoms and had generally contrasting striatal 
dopamine-related gene expressions and dopamine levels rel-
ative to Per2 knockout mice. This indicates a probable role for 
varying Per2 expression levels not only in the cerebral mecha-
nism of METH addiction, but also in the mediation of genetic 
factors in the development of such disorders in general.

In this study, we aimed to determine transcriptional differ-
ences between Per2 OE and wild type (WT) mice that could 
serve as potential genetic foundations and possible biomark-
ers for the weaker responses of Per2 OE mice to METH-in-
duced addiction-like behavior. To elucidate further, we used 
RNA sequencing (RNA-seq) to identify differentially expressed 
genes (DEGs) in mice striatum, the brain region generally im-
plicated in METH-induced behaviors and addiction (Chavoshi 
et al., 2020). We then used quantitative real-time polymerase 
chain reaction (qRT-PCR) to confirm RNA-seq results. In par-
allel, we treated Per2 OE and WT mice with METH once a 
day for 7 days to determine the transcriptional response of 
the identified genes to repeated METH treatment. Additionally, 
we investigated the potential involvement of Asic3 in METH-
induced reward by inhibiting the functional protein of Asic3 in 
the CPP test.

MATERIALS AND METHODS

Animals
Male Per2 OE and C57BL/6J mice, 8 to 12 weeks old, were 

used in this study. Per2 OE mice were produced according 
to previously described methods (Kim et al., 2019). Per2 OE 
mice were cross-bred with C57BL/6J mice to produce Per2 OE 
pups and genotyped through gel electrophoresis using DNA 
extracted from 3-week-old mice tails. Primers used for poly-
merase chain reaction (PCR) genotyping are as follows: Per2 
forward (5’-CACGTCAAG TGACCTGCTCAA-3’) and Per2 
reverse (5’-GCAGATGAACTTCAGGGTCAG-3’). C57BL/6J 
mice served as the WT group since Per2 OE mice possessed 
a C57BL/6J background and were acquired from Hanlim Lab-
oratory Animals Co (Hwaseong, Korea). All mice were housed 
(3-6 per cage) in a condition-controlled animal room (12 h/12 h 
light/dark cycle, 7:00-19:00, and 22 ± 2°C) with food and water 
ad libitum. Sufficient efforts were done to minimize the stress 
experienced by all animals during experiments. Animal treat-
ment and maintenance were performed in accordance with 
the Principles of Laboratory Animal Care (NIH Publication No. 
85-23 revised 1985), and the Animal Care and Use Guidelines 
of Sahmyook University, Seoul, Korea (SYUIACUC2020-007).

Drugs 
METH hydrochloride was obtained from Sigma-Aldrich Co. 

(St. Louis, MO, USA) and APETx2 was from Tocris Biosci-
ence (Bristol, UK). Both were dissolved in physiological saline 
(SAL) and delivered intraperitoneally at the doses of 0.5 mg/
kg (METH) or 0.02 mg/kg (APETx2). The doses are based 
on previous studies demonstrating the addiction-like behav-
ior-inducing effects of METH (Kim et al., 2019, 2021) and the 
moderate ASIC3-inhibiting effect of APETx2 (Andreev et al., 
2018). Treatments for molecular experiments were performed 
at zeitgeber (ZT) 4-5, where ZT 0 and 12 are lights on and off, 
respectively, based on previous studies (Abarca et al., 2002; 
Hood et al., 2010).

RNA sequencing
Drug-naïve mice and METH-treated (7 days) mice (3 per 

group) were sacrificed at ZT 4-5. Their brains were extracted, 
the striatum was isolated using mouse brain matrix, and sam-
ples were stored at –80°C before further processing. RNA-
seq libraries were constructed using the TruSeq Stranded 
mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) 
and subjected to 100 nt paired-end sequencing using Illumina 
NovaSeq 6000 (Illumina). Read quality and possible contami-
nation were examined Agilent Technologies 2100 Bioanalyzer 
(Agilent, Santa Clara, CA, USA). The raw reads were aligned 
to Mus musculus genome using HISAT v2.1.0 (https://github.
com/DaehwanKimLab/hisat-genotype), which is publicly avail-
able in a GitHub repository. These indexes were created using 
the same Burrows–Wheeler transform (BWT)/graph FM index 
(GFM) as Bowtie2 (Johns Hopkins University, MD, USA). The 
transcript assembly of recognized transcripts was then pro-
cessed using StringTie v1.3.4d (Johns Hopkins University). 
The expression abundance of the transcript and gene were 
calculated as read count or FPKM value (fragments per kilo-
base of exon per million fragments mapped) per sample. The 
expression profiles were used for additional analyses, such 
as those of DEGs. In differently conditioned groups, DEGs or 
transcripts were filtered using statistical hypothesis testing.
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Tissue collection and RNA preparation
Per2 OE and WT mice treated with SAL or METH for 7 days 

(5-6 mice per group) were euthanized and decapitated at ZT 
4-5 for brain extraction 30 min after the last treatment. The stri-
atum was isolated using a mouse brain matrix on ice and was 
quickly frozen at –80°C before further processing. Total RNA 
was isolated using TRIzol® reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. RNA was fur-
ther processed using Hybrid-RTM Kit (Geneall Biotechnology, 
Seoul, Korea). RNA concentrations were measured with Co-
libri Microvolume Spectrometer (Titertek-Berthold, Pforzheim, 
Germany).

Confirmatory qRT-PCR analyses of selected DEGs
qRT-PCR was performed to validate the RNA-seq data of 

the selected DEGs. Briefly, 1 µg of total RNA was reverse-
transcribed into cDNA using AccuPower® CycleScript RT 
PreMix (Bioneer, Seoul, Korea) following the manufacturer’s 
protocol, and aliquots were stored at –20°C. The cDNA was 
amplified using custom sequence-specific primers (Cosmoge-
netech, Seoul, Korea) and detected using SYBR® Green (Sol-
gent, Daejeon, Korea). The primer sequences of the selected 
DEGs are shown in Supplementary Table 1. The input con-
centration for cDNA synthesis was 2.5 µg/µL. The synthesis 
conditions were as follows: 94°C for 1 min (denaturing step), 
followed by annealing at primer-specific temperature for 1 
min, and then 72°C for 45 s. Triplicate samples were done 
during qRT-PCR analyses. Values were normalized relative to 
Gapdh. The results were shown as relative expression levels 
calculated through the 2−ΔΔCT method (VanGuilder et al., 2008).

Inhibition of ASIC3 in CPP
Apparatus: The CPP apparatus is comprised of two com-

partments, each measuring 17.4×12.7×12.7 cm3, and sepa-
rated by a removable guillotine door. One compartment had 
black walls and smooth white flooring, while the other had 
black walls with white dots and textured white flooring. An il-
lumination of 12 lux was maintained all throughout the experi-
ment. An automated system (Ethovison, Noldus, Netherlands) 
was used for recording animal movements and stay duration. 

Procedure: This method was based on previous studies with 
some modifications (Kim et al., 2019; Custodio et al., 2020; 
Sayson et al., 2020). The test consisted of three phases: (A) 
habituation (days 1-3) and pre-conditioning (day 4; 15 min), 
(B) conditioning (days 5-12; 30 min), and (C) post-condition-
ing (day 13; 15 min). Mice were allowed to freely explore the 
entire apparatus during the habituation phase. Afterwards, an 
initial trial (pre-conditioning) was used to determine the pre-
ferred compartment of each mouse. Their non-preferred side 
(the compartment with the lower stay duration of a mouse) 
was designated as the drug-paired compartment. Eight mice 
were assigned for each treatment group. During the condition-
ing phase, mice were pretreated with either APETx2 or SAL 
30 min prior to each METH or SAL treatment before being 
placed in the drug-paired compartment. On alternate days, 
mice received SAL and were confined to the SAL-paired com-
partment. Finally, during post-conditioning phase, mice were 
drug-free and allowed to explore both compartments, similar 
to the pre-conditioning phase. CPP score was calculated as 
follows: post-conditioning phase (time spent) – pre-condition-
ing phase (time spent). On the post-conditioning phase, mice 
brains were extracted right after video recording. Striatal Asic3 

and Per2 expression levels were subsequently determined 
through qRT-PCR (5 mice per group).

Statistical analysis
The relative abundances were measured in read counts 

using StringTie software. We performed a statistical analysis 
to identify DEGs using the estimates of abundances for each 
gene in the sample. We excluded genes with more than one 
“zero” read count value. The filtered data were log2-trans-
formed and subjected to RLE normalization. Statistical sig-
nificance of the differential expression data was determined 
by the nbinomWaldTest using DESeq2 and fold change (FC). 
The null hypothesis was that no difference exists among the 
groups. The false discovery rate (FDR) was regulated by ad-
justing the p values using the Benjamini-Hochberg algorithm. 
For the DEG set, hierarchical clustering analysis was per-
formed using complete linkage and Euclidean distance as a 
similarity measure. Gene enrichment and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analyses were also 
performed based on Gene Ontology (GO, http://geneontol-
ogy.org/), and KEGG pathway (https://www.genome.jp/kegg/) 
databases, respectively. We entered the identified DEGs in 
GeneMANIA (https://genemania.org/) to predict possible gene 
associations and functions which could support our RNA-seq 
results. Data are expressed as mean ± SEM and analyzed 
using two-way or one-way analysis of variance (ANOVA), 
with Tukey’s Post-hoc test. Treatment was considered as the 
between-subject factor and strain or treatment group was the 
within-subject factor. Statistical analyses were performed us-
ing GraphPad Prism v8 (GraphPad Software Inc., San Diego, 
CA, USA). Statistical significance was set at p<0.05.

RESULTS

Striatal DEGs in drug naïve Per2 OE mice vs. WT
RNA-seq analyses indicated that 138 genes were differen-

tially expressed in the striatum of drug-naïve Per2 OE mice 
compared to WT mice with |FC|≥2 (p≤0.05) (Fig. 1). Using GO 
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Per2
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OE METH vs.
OE (240)

WT METH vs.
WT (28)

Asic3

Nt5c1a

Hba-a1

Steap4

Rnf17

Urgcp

20

15123 5

2
6110

A
Per2 OE vs. WT (138)

C B

Fig. 1. Common modified genes found from RNA-sequencing. 
Venn diagram showing the number of (A) differentially expressed 
genes (DEGs) in the striatum of Per2 OE mice compared to WT 
(drug-naïve) mice, (B) altered genes in WT mice after repeated 
METH treatment, and (C) altered genes in Per2 OE mice after re-
peated METH treatment. Arrow indicates the specific genes corre-
sponding to the number.
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analysis, the top 10 enrichment terms related to these DEGs 
were identified (Table 1). Enrichments were highly related to 
the regulation of biological quality, ion transport, localization, 
intracellular signal transduction, binding, ion channel activity, 
plasma membrane, and synapse. KEGG analysis (Fig. 2) also 
revealed that these DEGs were significantly associated with 
metabolic, Jak-STAT signaling, cancer, calcium signaling, and 
PI3K-Akt signaling pathways; proteoglycans in cancer; and 
neuroactive ligand-receptor interaction (p≤0.001).

DEGs in Per2 OE mice remained unchanged after repeated 
METH treatment

As shown in Fig. 1, among 138 DEGs, 118 genes were 
modified in Per2 OE and/or WT mice after repeated METH 
treatment. From these, we determined 6 common DEGs be-
tween drug-naïve Per2 OE/WT and METH-treated WT/WT 
(Table 2) with |FC|≥2. Asic3 and Hba-a1 were significantly 
downregulated, while Nt5c1a, Steap4, Rnf17, and Urgcp were 
significantly upregulated in Per2 OE mice compared to WT 
mice. After repeated METH treatment of both Per2 OE and 
WT mice, these genes were modified in WT mice, but not 
in Per2 OE mice. Asic3, Nt5c1a, Hba-a1, and Steap4 were 
downregulated, whereas Rnf17 and Urgcp were upregulated. 
We used qRT-PCR to validate the differential expression of 
these DEGs. Asic3: interaction (F1,16=8.16, p<0.05); strain 
(F1,16=19.2, p<0.001). Nt5c1a: interaction (F1,16=11.5, p<0.01); 
strain (F1,16=13.7, p<0.01). Hba-a1: interaction (F1,16=7.21, 
p<0.05); strain (F1,16=21.4, p<0.001). Steap4: treatment 
(F1,16=4.60, p<0.05); strain (F1,16=29.2, p<0.001). Rnf17: strain 
(F1,16=7.60, p<0.05). Urgcp: treatment (F1,16=5.66, p<0.05); 
strain (F1,16=4.96, p<0.05). Relative gene expression results 
corresponded to our RNA-seq data, except for Nt5c1a, which 
exhibited lower expression in Per2 OE mice than in WT mice, 
and a lack of significant difference in Steap4 and Rnf17 ex-
pression after repeated METH administration in WT mice (Fig. 
3).

Gene network analysis of identified DEGs
GeneMANIA results (Fig. 4) identified that the six genes 

were mostly associated with circadian rhythm and ion trans-
port. Only Hba-a1, Asic3, and Rnf17 displayed up to two de-
grees of association with Per2.Ta
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DEGs in drug naïve Per2 OE mice.



242https://doi.org/10.4062/biomolther.2021.184

APETx2 pretreatment partially reduced METH-induced 
CPP in WT mice

Fig. 5A illustrates the place preference of mice pretreated 
with SAL or APETx2 after METH conditioning. One-way ANO-
VA showed significant variation among groups (F3,28=7.72, 
p<0.001). Although, Tukey’s post-hoc analysis revealed that 
APETx2 pretreatment during conditioning only partially re-
duced METH-induced CPP and did not reach statistical 
significance (p=0.163). Only SAL-pretreated mice showed 
significantly higher METH-induced CPP compared to SAL-
pretreated/treated group (p<0.001). In Fig. 5B, one-way ANO-
VA revealed significant differences in the expression of striatal 
Asic3 among the treatment groups (F3,16=5.32, p<0.01). Using 
Tukey’s post-hoc analysis, the results exhibited that WT mice 
pretreated with APETx2 possessed lower Asic3 expression 
than SAL-pretreated mice, with no significant difference in 
Asic3 expression between APETx2-pretreated WT mice treat-
ed with SAL or METH. One-way ANOVA in Fig. 5C showed 
no significant differences among the groups regarding Per2 
expression level.

DISCUSSION

Our study determined 138 DEGs in drug-naïve Per2 OE 
mice from RNA-seq. We hypothesized that some of these 
genes might participate in the previously reported behavior of 
Per2 OE mice to METH relative to WT mice (Kim et al., 2019), 
given that pertinent genetic differences may potentially result 
to varied responses to drug treatments (Palmer et al., 2005; 
Hitzemann et al., 2019). Our results may suggest that some 
of the 138 DEGs in drug-naïve Per2 OE mice might be asso-
ciated with drug-induced addiction-related behaviors. Among 
them, 118 genes were altered following repeated METH expo-
sure, thus we could assume the involvement of these genes 
in METH-induced behavioral changes. Interestingly, six DEGs 
were only modified in WT mice after repeated METH treat-
ment, and three of them, namely Asic3, Hba-a1, and Rnf17, 
displayed association with Per2. Hence, this may suggest a 
potential involvement for the three DEGs in the different sen-
sitivity of Per2 OE mice to METH.

The acid-sensing (proton-gated) ion channel (ASIC) 3 
(Asic3) gene encodes voltage-independent sodium channels 
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Table 2. Common differentially expressed genes (A Ո B-C)

Gene ID Transcript ID Gene titles
Gene 
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117167 NM_054098 STEAP family member 4 Steap4 2.52 –3.21
30054 NM_001033043 Ring finger protein 17 Rnf17 3.58 2.41
72046 NM_001077661, NM_178623 Upregulator of cell proliferation Urgcp 2.11 2.09

WT

3

2

1

R
e
la

ti
v
e

e
x
p
re

s
s
io

n
ra

ti
o
/G

A
P

D
H

0
Per2 OE WT Per2 OE WT

3

2

1

R
e
la

ti
v
e

e
x
p
re

s
s
io

n
ra

ti
o
/G

A
P

D
H

0
Per2 OE WT Per2 OE WT

3

2

1

R
e
la

ti
v
e

e
x
p
re

s
s
io

n
ra

ti
o
/G

A
P

D
H

0
Per2 OE WT Per2 OE

A B C

SAL METH METHSAL METHSAL

Asic3 Nt5c1a Hba-a1

WT

3

2

1

R
e
la

ti
v
e

e
x
p
re

s
s
io

n
ra

ti
o
/G

A
P

D
H

0
Per2 OE WT Per2 OE WT

3

2

1

R
e
la

ti
v
e

e
x
p
re

s
s
io

n
ra

ti
o
/G

A
P

D
H

0
Per2 OE WT Per2 OE WT

3

2

1
R

e
la

ti
v
e

e
x
p
re

s
s
io

n
ra

ti
o
/G

A
P

D
H

0
Per2 OE WT Per2 OE

D E F

SAL METH METHSAL METHSAL

Steap4 Rnf17 Urgcp

***
*

***
**

***
*

*

* *
*

Fig. 3. METH treatment-altered genes in WT but not in Per2 OE mice. qRT PCR validated the expressions of (A) Asic3, (B) Nt5c1a, (C) 
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that respond to changes in extracellular pH levels. A previ-
ous study (Kreple et al., 2014) has correlated ASICs with drug 
addiction wherein the elimination of the ASIC1a-subtype was 
associated with the drug-induced plasticity proliferation. Inter-
estingly, ASICs interact with sigma-1 receptors and influence 
Ca2+ influx and calcium homeostasis, which contributes to the 
development of psychostimulant abuse (Soriani and Kourrich, 
2019). Despite the lack of identified associations between 
Asic3 and addiction, several studies have mentioned other 
subtypes of ASICs to be involved in stimulant addiction, which 
could provide Asic3 a possible role in METH addiction. 

Moreoever, Hba-a1 encodes hemoglobin alpha, adult chain 
1 and was upregulated in various brain regions of stressed 
mice (Stankiewicz et al., 2015); however, it was also down-
regulated in rats in a separate chronic stress study (Andrus et 
al., 2012). While this gene was extensively associated with al-

cohol addiction (Kerns, 2005; Mulligan et al., 2011), our study 
suggests that it may also participate in METH-induced behav-
ior. Interestingly, one clinical study (Tavasolian et al., 2015) 
showed that METH addicts possessed lower levels of hemo-
globin than healthy individuals. In contrast, microarray analy-
sis of MDMA-treated mice showed an almost 3-fold increase 
in Hba-a1 expression in the striatum (Salzmann et al., 2006). 
Intriguingly, one study also demonstrated a dysregulation of 
both hepatic Per2 and Hba-a1 after experimental chronic jet 
lag in mice (Wu et al., 2012), providing a possible link between 
the two genes. The reduced Hba-a1 expression in WT and 
Per2 OE mice after repeated METH administration coincides 
with a previous study showing a downregulated Hba-a1 ex-
pression in mice nucleus accumbens as a putative target for 
METH-responsive miRNAs (Zhu et al., 2016), possibly sup-
porting its role in METH-induced behavior.

The protein encoded by the RING finger protein 17 (Rnf17) 
gene contains zinc-binding motifs that interact with macro-
biomolecules and play a role in ubiquitination (Joazeiro and 
Weissman, 2000). One study showed that a downregulated 
form of ring finger protein (Rnf5) was involved in METH-in-
duced inflammatory bowel disease (Sun et al., 2020), which is 
associated with METH abuse.

Together with these information, qRT-PCR results con-
firmed the downregulation of Asic3 and Hba-a1 and the up-
regulation of Rnf17 in the striatum of drug-naïve Per2 OE mice 
relative to WT in our RNA-seq results. It was also revealed 
that these genes remained unaltered even after repeated 
METH treatment in Per2 OE mice. These observations may 
propose two assumptions: (1) repeated METH administration 
could result in the downregulation of Asic3 and Hba-a1 and 
the upregulation of Rnf17, providing them putative roles in 
METH-induced addiction-like phenotypes, and (2) the inher-
ent downregulation or upregulation of these genes in Per2 OE 
mice could probably contribute to their decreased sensitivity to 
METH-induced effects, since repeated METH administration 
induced no significant changes in their expressions.

Gene network analysis showed that only Hba-a1, Rnf17, 
and Asic3 were potentially associated with Per2 through 
physical interactions and predicted correlations. The lack of 
potential genetic interactions of Per2 with Nt5c1a, Steap4, 
and Urgcp, along with the scarcity of relevant studies pertain-
ing to those genes influencing METH-induced behaviors and 
addiction, may imply that they could influence other behavioral 
mechanisms in Per2 OE mice apart from METH addiction sen-
sitivity. Nevertheless, we selected Asic3 as an initial gene of 
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interest for further investigation and verified its involvement 
in METH-induced reward. In Fig. 5A, WT mice pretreated 
with APETx2, a peptide isolated from sea anemone venom 
known to inhibit ASIC3 (Andreev et al., 2018), before METH 
conditioning sessions exhibited a decreased trend in CPP 
score relative to SAL-pretreated mice, suggesting a moder-
ate attenuation of METH-induced rewarding effect. The lack of 
significant difference may be because ASIC3 inhibition alone 
may only provide a contributing role in METH-induced reward 
and involve other undetermined signaling pathways that can 
possibly lead to significant changes in addiction-like behav-
iors. Nevertheless, this result could suggest that ASIC3 sig-
naling might still play a role in the mediation of METH-induced 
behaviors. Fig. 5B also seemed to replicate the expression 
pattern of Asic3 in Per2 OE mice following repeated METH 
treatment (Fig. 3A), which could potentially support our as-
sumption that an initial downregulation of striatal Asic3 ex-
pression prior to METH exposure may contribute to weaker 
METH-induced addiction-like behaviors and might be accom-
panied by an unaltered Asic3 expression even after METH 
exposure. The effect of ASIC3 antagonism in METH-induced 
reward therefore raises the question whether ASIC3 signaling 
also influences dopaminergic neurotransmission, given that 
METH addiction development is said to involve extracellular 
dopamine elevation in presynaptic terminals due to its abil-
ity to inhibit vesicular monoamine transporter 2 and reverse 
the function of dopamine transporters, even though functional 
ASIC3 receptors are more expressed in the peripheral ner-
vous system (Li and Xu, 2011). However, one study (Wu et al., 
2019) did demonstrate that Asic3 knockout mice possessed 
elevated dopamine turnover rate and pERK activation in the 
striatum, suggesting a possible relationship between ASIC3 
and dopaminergic signaling. Furthermore, these transgenic 
mice also exhibited decreased dendritic spine density of me-
dium spiny neurons in their striatum. Interestingly, a previous 
report (Jedynak et al., 2007) presented that repeated METH 
administration was able to lower spine density in the dorso-
medial striatum of rats. This may suggest a mutual link be-
tween the reduction of Asic3 expression and repeated METH 
treatment through possible modifications in spine density of 
striatal medium spiny neurons. Additionally, deletion of other 
ASIC subtypes (1a and 2) also diversely modulated chronic 
cocaine-induced locomotor activity (Jiang et al., 2013), while 
Asic1a knockout in mice nucleus accumbens increased 
cocaine-induced CPP (Kreple et al., 2014). Along with our 
current findings, these previous reports further support the 
potential of ASICs in influencing psychostimulant-induced be-
havior and sensitivity, although defining the exact mechanism 
requires further investigations. We also evaluated the Per2 
expression level in mice post CPP to determine a potential 
co-expressing interaction between Asic3 and Per2. Howev-
er, there were no significant differences in Per2 expression 
level among the groups, unlike in previous reports showing 
that METH-exposed mice displayed upregulated Per2 expres-
sions (Nikaido et al., 2001; Yamamoto et al., 2005; Piechota et 
al., 2012). This could perhaps suggest that Per2 may mediate 
Asic3 expression, as exhibited by its downregulation in Per2 
OE mice, but may be independent of varying Asic3 expres-
sions, since it remained unaltered in APETx2-pretreated mice. 
Given these findings, it is imperative to further investigate the 
specific mechanistic links between Asic3 and METH-induced 
responses, accompanied by further assessing the participa-

tion of Hba-a1 and Rnf17.
In summary, we demonstrated that Per2 overexpression in 

mice may lead to striatal DEGs that might potentially be in-
volved in the mechanism of METH addiction. We were able 
to identify DEGs in Per2 OE mice that were not modified by 
repeated METH administration, unlike in WT mice. This may 
suggest that these genes, Asic3, Hba-a1, and Rnf17, could 
possibly contribute to the lower sensitivity of Per2 OE mice to 
METH compared to WT mice. We have also confirmed that 
ASIC3 antagonism resulted to a partial attenuation of METH-
induced CPP in WT mice, suggesting that varied striatal Asic3 
expressions might potentially be one of the contributing fac-
tors leading to diverging METH sensitivities. Taken together, 
the identified DEGs, including Asic3, might potentially underlie 
the weaker sensitivity of Per2 OE mice to METH addiction.

ACKNOWLEDGMENTS

This work was supported by the Ministry of Food and 
Drug Safety (19182MFDS410) and the National Re-
search Foundation of Korea (2020R1F1A1075633 and 
20211R1G1A1093620).

REFERENCES

Abarca, C., Albrecht, U. and Spanagel, R. (2002) Cocaine sensitiza-
tion and reward are under the influence of circadian genes and 
rhythm. Proc. Natl. Acad. Sci. U.S.A. 99, 9026-9030.

Andreev, Y. A., Osmakov, D. I., Koshelev, S. G., Maleeva, E. E., Lo-
gashina, Y. A., Palikov, V. A., Palikova, Y. A., Dyachenko, I. A. and 
Kozlov, S. A. (2018) Analgesic activity of acid-sensing ion channel 
3 (ASIС3) inhibitors: sea anemones peptides Ugr9-1 and APETx2 
versus low molecular weight compounds. Mar. Drugs 16, 500.

Andrus, B. M., Blizinsky, K., Vedell, P. T., Dennis, K., Shukla, P. K., 
Schaffer, D. J., Radulovic, J., Churchill, G. A. and Redei, E. E. 
(2012) Gene expression patterns in the hippocampus and amyg-
dala of endogenous depression and chronic stress models. Mol. 
Psychiatry 17, 49-61.

Ballester, J., Valentine, G., and Sofuoglu, M. (2016) Pharmacological 
treatments for methamphetamine addiction: current status and fu-
ture directions. Expert Rev. Clin. Pharmacol. 10, 305-314.

Chavoshi, H., Boroujeni, M. E., Abdollahifar, M. A., Amini, A., Tehra-
ni, A. M., Moghaddam, M. H., Norozian, M., Farahani, R. M. and 
Aliaghaei, A. (2020) From dysregulated microRNAs to structural 
alterations in the striatal region of METH-injected rats. J. Chem. 
Neuroanat. 109, 101854.

Custodio, R. J. P., Sayson, L. V., Botanas, C. J., Abiero, A., Kim, M., 
Lee, H. J., Ryu, H. W., Lee, Y. S., Kim, H. J. and Cheong, J. H. 
(2020) Two newly-emerging substituted phenethylamines MAL 
and BOD induce differential psychopharmacological effects in ro-
dents. J. Psychopharmacol. 34, 1056-1067.

Ducci, F., and Goldman, D. (2012) The genetic basis of addictive dis-
orders. Psychiatr. Clin. North Am. 35, 495-519.

Hampp, G., Ripperger, J. A., Houben, T., Schmutz, I., Blex, C., Per-
reau-Lenz, S., Brunk, I., Spanagel, R., Ahnert-Hilger, G., Meijer, J. 
H. and Albrecht, U. (2008) Regulation of monoamine oxidase A by 
circadian-clock components implies clock influence on mood. Curr. 
Biol. 18, 678-683.

Hitzemann, R., Iancu, O. D., Reed, C., Baba, H., Lockwood, D. R. and 
Phillips, T. J. (2019) Regional analysis of the brain transcriptome in 
mice bred for high and low methamphetamine consumption. Brain 
Sci. 9, 155.

Hood, S., Cassidy, P., Cossette, M. P., Weigl, Y., Verwey, M., Rob-
inson, B., Stewart, J. and Amir, S. (2010) Endogenous dopamine 
regulates the rhythm of expression of the clock protein PER2 in the 

Biomol  Ther 30(3), 238-245 (2022) 



www.biomolther.org

Sayson et al.   DEGs in Per2 OE Mice Influencing Methamphetamine Responses

245

rat dorsal striatum via daily activation of D2 dopamine receptors. J. 
Neurosci. 30, 14046-14058.

Jedynak, J. P., Uslaner, J. M., Esteban, J. A. and Robinson, T. E. 
(2007) Methamphetamine-induced structural plasticity in the dorsal 
striatum. Eur. J. Neurosci. 25, 847-853.

Jiang, Q., Wang, C. M., Fibuch, E. E., Wang, J. Q. and Chu, X. P. 
(2013) Differential regulation of locomotor activity to acute and 
chronic cocaine administration by acid-sensing ion channel 1a and 
2 in adult mice. Neuroscience 246, 170-178.

Joazeiro, C. A. P. and Weissman, A. M. (2000) RING finger proteins: 
mediators of ubiquitin ligase activity. Cell 102, 549-552.

Kerns, R. T. (2005) Ethanol-responsive brain region expression net-
works: implications for behavioral responses to acute ethanol in 
DBA/2J versus C57BL/6J mice. J. Neurosci. 25, 2255-2266.

Kim, M., Custodio, R. J., Botanas, C. J., de la Peña, J. B., Sayson, 
L. V., Abiero, A., Ryoo, Z. Y., Cheong, J. H. and Kim, H. J. (2019) 
The circadian gene, Per2, influences methamphetamine sensitiza-
tion and reward through the dopaminergic system in the striatum of 
mice. Addict. Biol. 24, 946-957.

Kim, M., Jeon, S. J., Custodio, R. J., Lee, H. J., Sayson, L. V., Ortiz, 
D. M. D., Cheong, J. H. and Kim, H. J. (2021) Gene expression 
profiling in the striatum of Per2 KO mice exhibiting more vulner-
able responses against methamphetamine. Biomol. Ther. (Seoul) 
29, 135-143.

Kreple, C. J., Lu, Y., Taugher, R. J., Schwager-Gutman, A. L., Du, J., 
Stump, M., Wang, Y., Ghobbeh, A., Fan, R., Cosme, C. V., Sow-
ers, L. P., Welsh, M. J., Radley, J. J., LaLumiere, R. T. and Wem-
mie, J. A. (2014) Acid-sensing ion channels contribute to synaptic 
transmission and inhibit cocaine-evoked plasticity. Nat. Neurosci. 
17, 1083-1091.

Li, W. G. and Xu, T. L. (2011) ASIC3 channels in multimodal sensory 
perception. ACS Chem. Neurosci. 2, 26-37.

McClung, C. A. (2007) Circadian rhythms, the mesolimbic dopaminer-
gic circuit, and drug addiction. Sci. World J. 7, 194-202.

Mulligan, M. K., Rhodes, J. S., Crabbe, J. C., Mayfield, R. D., Har-
ris, R. A. and Ponomarev, I. (2011) Molecular profiles of drinking 
alcohol to intoxication in C57BL/6J mice. Alcohol. Clin. Exp. Res. 
35, 659-670.

National Institute on Drug Abuse (2018) Overview | National Institute 
on Drug Abuse (NIDA). https://nida.nih.gov/publications/research-
reports/methamphetamine/overview

Nestler, E. J. (2000) Genes and addiction. Nat. Genet. 26, 277-281.
Nikaido, T., Akiyama, M., Moriya, T. and Shibata, S. (2001) Sensitized 

increase of period gene expression in the mouse caudate/putamen 
caused by repeated injection of methamphetamine. Mol. Pharma-
col. 59, 894-900.

Palmer, A. A., Verbitsky, M., Suresh, R., Kamens, H. M., Reed, C. L., 
Li, N., Burkhart-Kasch, S., McKinnon, C. S., Belknap, J. K., Gilliam, 
T. C. and Phillips, T. J. (2005) Gene expression differences in mice 
divergently selected for methamphetamine sensitivity. Mamm. Ge-
nome 16, 291-305.

Passaro, R. C., Pandhare, J., Qian, H. Z. and Dash, C. (2015) The 
complex interaction between methamphetamine abuse and HIV-1 
pathogenesis. J. Neuroimmune Pharmacol. 10, 477-486.

Piechota, M., Korostynski, M., Sikora, M., Golda, S., Dzbek, J. and 
Przewlocki, R. (2012) Common transcriptional effects in the mouse 
striatum following chronic treatment with heroin and methamphet-
amine. Genes Brain Behav. 11, 404-414.

Salzmann, J., Canestrelli, C., Noble, F. and Marie-Claire, C. (2006) 
Analysis of transcriptional responses in the mouse dorsal striatum 
following acute 3,4-methylenedioxymethamphetamine (ecstasy): 
identification of extracellular signal-regulated kinase-controlled 
genes. Neuroscience 137, 473-482.

Sayson, L. V., Custodio, R. J. P., Ortiz, D. M., Lee, H. J., Kim, M., 
Jeong, Y., Lee, Y. S., Kim, H. J. and Cheong, J. H. (2020) The 
potential rewarding and reinforcing effects of the substituted ben-
zofurans 2-EAPB and 5-EAPB in rodents. Eur. J. Pharmacol. 885, 
173527.

Shumay, E., Fowler, J. S., Wang, G. J., Logan, J., Alia-Klein, N., Gold-
stein, R. Z., Maloney, T., Wong, C. and Volkow, N. D. (2012) Re-
peat variation in the human PER2 gene as a new genetic marker 
associated with cocaine addiction and brain dopamine D2 receptor 
availability. Transl. Psychiatry 2, e86.

Sliman, S., Waalen, J. and Shaw, D. (2016) Methamphetamine-asso-
ciated congestive heart failure: increasing prevalence and relation-
ship of clinical outcomes to continued use or abstinence. Cardio-
vasc. Toxicol. 16, 381-389.

Soriani, O. and Kourrich, S. (2019) The sigma-1 receptor: when adap-
tive regulation of cell electrical activity contributes to stimulant ad-
diction and cancer. Front. Neurosci. 13, 1186.

Spanagel, R., Pendyala, G., Abarca, C., Zghoul, T., Sanchis-Segura, 
C., Magnone, M. C., Lascorz, J., Depner, M., Holzberg, D., Soyka, 
M., Schreiber, S., Matsuda, F., Lathrop, M., Schumann, G. and Al-
brecht, U. (2005) The clock gene Per2 influences the glutamatergic 
system and modulates alcohol consumption. Nat. Med. 11, 35-42.

Stankiewicz, A. M., Goscik, J., Majewska, A., Swiergiel, A. H. and 
Juszczak, G. R. (2015) The effect of acute and chronic social 
stress on the hippocampal transcriptome in mice. PLoS ONE 10, 
e0142195.

Sun, J., Chen, F., Chen, C., Zhang, Z., Zhang, Z., Tian, W., Yu, J. and 
Wang, K. (2020) Intestinal mRNA expression profile and bioinfor-
matics analysis in a methamphetamine-induced mouse model of 
inflammatory bowel disease. Ann. Transl. Med. 8, 1669.

Tavasolian, F., Abdollahi, E., Samadi, M. and Vakili, M. (2015) Analy-
sis of hematological and biochemical parameters in methamphet-
amine addicts compared with healthy individuals. Med. Lab. J. 9, 
38-42.

VanGuilder, H. D., Vrana, K. E. and Freeman, W. M. (2008) Twenty-
five years of quantitative PCR for gene expression analysis. Bio-
techniques 44, 619-626.

Wu, M., Zeng, J., Chen, Y., Zeng, Z., Zhang, J., Cai, Y., Ye, Y., Fu, L., 
Xian, L. and Chen, Z. (2012) Experimental chronic jet lag promotes 
growth and lung metastasis of Lewis lung carcinoma in C57BL/6 
mice. Oncol. Rep. 27, 1417-1428.

Wu, W. L., Cheng, S. J., Lin, S. H., Chuang, Y. C., Huang, E. Y. K. and 
Chen, C. C. (2019) The effect of ASIC3 knockout on corticostriatal 
circuit and mouse self-grooming behavior. Front. Cell. Neurosci. 
13, 86.

Yamamoto, H., Imai, K., Takamatsu, Y., Kamegaya, E., Kishida, M., 
Hagino, Y., Hara, Y., Shimada, K., Yamamoto, T., Sora, I., Koga, 
H. and Ikeda, K. (2005) Methamphetamine modulation of gene 
expression in the brain: analysis using customized cDNA microar-
ray system with the mouse homologues of KIAA genes. Mol. Brain 
Res. 137, 40-46.

Yazdani, N., Parker, C. C., Shen, Y., Reed, E. R., Guido, M. A., Kole, L. 
A., Kirkpatrick, S. L., Lim, J. E., Sokoloff, G., Cheng, R., Johnson, 
W. E., Palmer, A. A. and Bryant, C. D. (2015) Hnrnph1 is a quanti-
tative trait gene for methamphetamine sensitivity. PLoS Genet. 11, 
e1005713.

Zhao, C., Eisinger, B. E., Driessen, T. M. and Gammie, S. C. (2014) 
Addiction and reward-related genes show altered expression in the 
postpartum nucleus accumbens. Front. Behav. Neurosci. 8, 388.

Zhu, L., Li, J., Dong, N., Guan, F., Liu, Y., Ma, D., Goh, E. L. and Chen, 
T. (2016) mRNA changes in nucleus accumbens related to meth-
amphetamine addiction in mice. Sci. Rep. 6, 36993.




