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Abstract
Drug addiction influences most communities directly or indirectly. Increasing studies have reported the relationship between circadian-related genes and drug addiction. Per2 disrupted mice exhibited more vulnerable behavioral responses against some drugs
including methamphetamine (METH). However, its roles and mechanisms are still not clear. Transcriptional profiling analysis in
Per2 knockout (KO) mice may provide a valuable tool to identify potential genetic involvement and pathways in enhanced behavioral responses against drugs. To explore the potential genetic involvement, we examined common differentially expressed genes
(DEGs) in the striatum of drug naïve Per2 KO/wild-type (WT) mice, and before/after METH treatment in Per2 KO mice, but not in
WT mice. We selected 9 common DEGs (Ncald, Cpa6, Pklr, Ttc29, Cbr2, Egr2, Prg4, Lcn2, and Camsap2) based on literature
research. Among the common DEGs, Ncald, Cpa6, Pklr, and Ttc29 showed higher expression levels in drug naïve Per2 KO mice
than in WT mice, while they were downregulated in Per2 KO mice after METH treatment. In contrast, Cbr2, Egr2, Prg4, Lcn2, and
Camsap2 exhibited lower expression levels in drug naïve Per2 KO mice than in WT mice, while they were upregulated after METH
treatment in Per2 KO mice. qRT-PCR analyses validated the expression patterns of 9 target genes before/after METH treatment in
Per2 KO and WT mice. Although further research is required to deeply understand the relationship and roles of the 9 target genes
in drug addiction, the findings from the present study indicate that the target genes might play important roles in drug addiction.
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INTRODUCTION

dopaminergic system, a complex interaction between exogenous (i.e., environment) and endogenous (i.e., genes and
circadian rhythms) factors is also known to cause drug addiction (Abarca et al., 2002; Kim et al., 2018). Recently, increasing studies have reported the relationship between disturbed
circadian rhythms and drug addiction (Abarca et al., 2002;
Kovanen et al., 2010; Hasler et al., 2012). Disturbed circadian
rhythms lead to increased substance use such as alcohol and
cocaine indicating that circadian rhythms might play important
roles in drug addiction.
Per2 is one of the key genes that generates circadian
rhythms (Albrecht et al., 2001). Virtually, its mutations in mice
induce different responses to drugs. For instance, mice with
Per2 disruption consumed more alcohol and demonstrated

Drug addiction is a chronic relapsing brain disease, affecting most communities directly or indirectly. Many researches
and institutions have tried to identify its causes and prevent
its adverse consequences, and a few drug addiction targets
have been identified (Nestler and Malenka, 2004; Everitt and
Robbins, 2016). Dopaminergic projections are known to be
associated with the processes of drug abuse and addiction
(Volkow et al., 2017; Solinas et al., 2019), and dopaminergic
neurons projecting from the ventral tegmental area (VTA) release dopamine neurotransmitters to the nucleus accumbens
(NAc) and the prefrontal cortex (PFC), forming mesolimbic
and mesocortical pathways, respectively. In addition to the
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increased reward effects to cocaine, morphine, or methamphetamine (METH) (Abarca et al., 2002; Spanagel et al.,
2005; Perreau-Lenz et al., 2010; Kim et al., 2019). In our previous study, Per2 knockout (KO) mice (Per2tm1Drw) displayed
increased METH-induced locomotor sensitization and reward
responses (Kim et al., 2019). Additionally, the expression levels of dopamine-related genes and dopamine changed in the
striatum depending on the expression of Per2. These findings
suggest that Per2 might be one of the key genes to modulate
drug addiction pathways, although mechanism of Per2 function is still not clear. Thus, further studies should focus on the
mechanisms of Per2 in drug addiction.
Gene expression profiling might provide an ideal platform
to elucidate the possible mechanisms of Per2 in drug addiction. The goal of this study was to further understand the role
of Per2 in drug addiction using microarray analyses. In our
previous study, we reported that METH-induced behavioral responses and dopamine levels in the striatum changed based
on Per2 expression (Kim et al., 2019). The striatum is the brain
region associated with METH addiction responses in rodents
and human, and is known to increase dopamine release following psychostimulants administrations (Chang et al., 2007;
Caprioli et al., 2017; Kim et al., 2019). Therefore, we analyzed
the differentially expressed genes (DEGs) in the striatum of
Per2 KO and wild-type (WT) mice, which showed different behavioral and molecular responses against METH.

Experiment time

METH treatment and collection of brain tissue samples
were conducted at ZT 4-5, wherein ZT 0 indicates lights on
(e.g., 7 AM) and ZT 12 indicates lights off (e.g., 7 PM), as previously described (Abarca et al., 2002; Hood et al., 2010; Kim
et al., 2019). ZT 4-5 was selected based on previous reports
(Abarca et al., 2002; Hood et al., 2010; Kim et al., 2019).

mRNA-Seq Data Analyses (Microarray)

Drug naïve animals and animals treated with METH for 7
days (n=3/group) were sacrificed by decapitation at ZT 4-5,
and the extracted brain samples were separated into the target area, striatum, using the mouse brain matrix, and stored
at –80°C. Total RNA was isolated, purified, and checked for
quality. Total RNA was used to construct cDNA libraries with
the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina,
San Diego, CA, USA). The protocol involved polyA-selected
RNA extraction, RNA fragmentation, random hexamer primed
reverse transcription and 100nt paired-end sequencing by Illumina NovaSeq 6000 (Illumina). The libraries were quantified
using qPCR according to the qPCR Quantification Protocol
Guide and qualified using an Agilent Technologies 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
The raw reads from the sequencer were preprocessed to remove low quality and adapter sequences before analysis and
aligned the processed reads to the Mus musculus (mm10) using HISAT v2.1.0 (The HISAT-genotype source code is available in a public GitHub repository). HISAT utilizes two types of
indexes for alignment (a global, whole-genome index and tens
of thousands of small local indexes). These indexes are constructed using the same BWT (Burrows–Wheeler transform)/
graph FM index (GFM) as Bowtie2 (Johns Hopkins University,
MD, USA). Owing to its use of these efficient data structures
and algorithms, HISAT generates spliced alignments several
times faster than Bowtie and BWA. The reference genome sequence of Mus musculus (mm10) and annotation data were
downloaded from the NCBI (https://www.ncbi.nlm.nih.gov/
genome/). The transcript assembly of known transcripts was
then processed using StringTie v1.3.4d (Johns Hopkins University, MD, USA). Base on the results obtained, the expression abundance of the transcript and gene were calculated as
read count or FPKM value (fragments per kilobase of exon per
million fragments mapped) per sample. The expression profiles were used to perform additional analysis such as those of
DEGs. In groups with different conditions, DEGs or transcripts
can be filtered through statistical hypothesis testing.

MATERIALS AND METHODS
Drugs and materials

METH hydrochloride, purchased from Sigma-Aldrich Co
(St. Louis, Mo, USA), was dissolved in physiological saline
(0.9% w/v of NaCl), at a dose of 0.5 mg/kg intraperitoneally, as
used in our previous study (Kim et al., 2019). TRIzol reagent
was purchased from Invitrogen (Carlsbad, CA, USA), and the
Hybrid-RTM kit was purchased from Geneall Biotechnology
(Seoul, Korea). The AccuPower® CycleScript RT PreMix used
to generate cDNA was obtained from Bioneer (Seoul, Korea).
All primers for quantitative real-time PCR (qRT-PCR) were obtained from Cosmogenetech Co (Seoul, Korea), using a set of
custom sequence-specific primers. SYBR® Green used to run
qRT-PCR was purchased from SolGent Co (Daejeon, Korea).

Animals

Eight- to twelve-week-old male Per2tm1Drw (–/–), and
C57BL/6 mice were used in this study. The heterozygous
Per2tm1Drw (+/–) mutant mice (Bae et al., 2001) were obtained
from the Jackson laboratory (Stock No.010492; JAX MICE®,
ME, USA), and Per2tm1Drw (–/–, KO) mice were derived by
intercrossing heterozygous Per2tm1Drw (+/–) and C57BL/6
mice, followed by crossing homozygous Per2tm1Drw (–/–)
mutant mice. The C57BL/6 mice were used as the control
group because Per2 KO were derived from C57BL/6 mice,
which were obtained from Hanlim Laboratory Animals Co
(Hwaseong, Korea). Each transgenic (TG) and WT mouse
group was housed in an animal room under controlled conditions (12 h/12 h light/dark cycle, 7 AM-7 PM, and 22 ± 2°C)
and fed ad libitum. All animal treatment 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 Uni-
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Validation of microarray data by quantitative real-time
PCR (qRT-PCR)

Drug naïve animals and animals treated with METH for 7
days (n=6-8/group) were sacrificed at ZT 4-5, and each brain
sample was kept at –80°C immediately after extraction. Total
RNA from the striatum was isolated and purified using TRIzol
reagent and the Hybrid-RTM kit. The AccuPower® CycleScript
RT PreMix was used to prepare cDNA, and all procedures
were conducted in compliance with the manufacturer’s instructions. Table 1 shows the sequences of each target gene’s
primer. A total volume of 20 μL (SYBR® Green 10 μL+forward
primer 1 μL+reverse primer 1 μL+cDNA 2 μL+distilled water 6
μL) was used to run qRT-PCR. A housekeeping gene (GAP-
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Table 1. Selected 9 genes primers for Real-time PCR
Forward (5`→3`)

Reverse (5`→3`)

AGC ATG GAC AGA CTT CGT GG
GTC TGG ATA GAC TGC GGC ATT
TAG GAG CAC CAG CAT CAT TG
CTT CCC ATG ACT CAT ACA AGG C
GGG CAG GGA AAG GGA TTG G
GCC AAG GCC GTA GAC AAA ATC
CGC CTT TTC CAA AGA TCA ATA CTA
ATG TAT GGC CGG TAC ACT CAG
CGA CCT CAG GCG GCT AAA

Ncald
Cpa6
Pklr
Ttc29
Cbr2
Egr2
Prg4
Lcn2
Camsap2

A

protein-protein interaction (PPI) information, and to complement these with computational predictions.
All qRT-PCR data are expressed as mean ± SEM and analyzed using two-way analysis of variance (ANOVA). When
significant group differences were observed, the Bonferroni
post-hoc tests were performed. Statistical analyses were performed using GraphPad Prism v7 (GraphPad Software Inc.,
San Diego, CA, USA), and p<0.05 was considered statistically
significant.

B
10.0

log10 raw. p-value

log10 raw. p-value

10.0
7.5
5.0
2.5
0.0

7.5
5.0
2.5
0.0

20

10

0

10

log2 fold change

20

CAG GAC TGG ATG GGT TTC CC
GTC TCT TGA CCG GGT CTT TC
CAT CCC TGC CTT GAT CAT CT
CCC TTT GAA ATT CTG TTC CAG GT
CCA CAC ACA CGG GCT CTA TTC
CCA CTC CGT TCA TCT GGT CA
GTG GTA ATT GCT CTT GCT GTT
AAC AAA TGC GAC ATC TGG CAC
GAG GGC CTT TGA TCG GTG T

20

10

0

10

20

log2 fold change

RESULTS

Fig. 1. Hierarchical clustering analysis of DEGs. Volcano plot

showing the transcriptional changes in the striatum of drug naïve
Per2 KO/WT mice (A), and before/after METH treatments in Per2
KO mice (B). Each circle represents one gene. The log fold change
(FC) in the indicated genotype versus wild type is represented on
the x-axis. The y-axis shows the log10 of the p value. A p value of
0.05 and a FC of 2 are indicated by grey lines. In the plot, the area
above the genes is colored if they pass the thresholds for FDR and
Log FC, red if they are upregulated and blue if they are downregulated.

Striatal gene expression changes in drug naïve Per2 KO/
WT mice

Microarray analyses indicated that 122 genes were differentially expressed in the striatum of drug naïve Per2 KO/WT
mice with |FC|≥2, p≤0.05 (Fig. 1). Among them, 64 genes were
upregulated, and 58 genes were downregulated in Per2 KO
mice compared to WT mice (Supplementary Table 1, 2). Total
DEGs, 122 genes in drug naïve Per2 KO/WT mice were analyzed using GO analysis (Fig. 2). Results showed that DEGs
in drug naïve groups were strongly enriched in response to
channel activity, neurotransmitter receptor activity, G-protein
coupled receptor (GPCR) activity, and serotonin receptor
activity in molecular functions (Fig. 2A). These genes were
also enriched in response to synaptic membrane, presynaptic membrane, integral component of synaptic membrane,
intrinsic component of synaptic membrane, and dendritic
membrane in cellular compartment (Fig. 2B). These results
indicated that DEGs in Per2 KO mice might be associated with
synaptic structures and functions. All DEGs in drug naïve Per2
KO/WT mice are also associated with membrane potential
regulation, GPCR regulation, and responses to monoamine/
catecholamine in biological process (Fig. 2C) indicating that
DEGs in Per2 KO would play important roles in GPCR-related
neurotransmitter. In addition, KEGG analysis suggests that
DEGs in drug naïve Per2 KO/WT mice are also related with
neuroactive ligand-receptor interaction, cAMP signaling, chemokine signaling, and cholinergic synapse pathways (Supplementary Fig. 1). These pathways are similar to the results of
GO analysis results.

DH) was used to normalize each value. All data were analyzed
using the ΔΔCt method (Ct is defined as the threshold cycle).

Statistical analysis of gene expression level

The relative abundances of gene were measured in read
count using StringTie. We performed statistical analysis to find
DEGs using the estimates of abundances for each gene in the
samples. Genes with more than one ‘zero’ read count values
in the samples were excluded. Filtered data were log2-transformed and subjected to RLE normalization. Statistical significance of the differential expression data was determined using
the nbinomWaldTest using DESeq2 and fold change (FC); the
null hypothesis was that no difference exists among groups.
False discovery rate (FDR) was controlled by adjusting the
p value using the Benjamini-Hochberg algorithm. For the
DEG set, hierarchical clustering analysis was performed using complete linkage and Euclidean distance as a measure of
similarity. Gene-enrichment and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses for all DEGs were
also performed based on Gene Ontology (http://geneontology.
org/), and KEGG pathway (https://www.genome.jp/kegg/) database, respectively. We performed functional analysis using
STRING database online (https://string-db.org/) which aims to
collect, score, and integrate all publicly available sources of

Striatal gene expression changes in drug naïve Per2 KO/
Per2 KO mice treated with METH

When the animals were treated with METH for 7 days, 90
genes were upregulated, and 347 genes were downregulated
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Selected DEGs in METH-induced dependent responses

We analyzed the common DEGs in drug naïve Per2 KO/
WT mice and before/after METH treatment in Per2 KO mice
to explore some of the potential genetic underpinnings of the
relationship between Per2 and METH-induced dependent
responses. Firstly, we selected some DEGs associated with
brain and drug addiction through literature searches. Among
the total DEGs, 41 genes were chosen after literature searches in drug naïve Per2 KO/WT mice, while 141 genes were
chosen in Per2 KO mice before and after METH treatment
(Fig. 4). In WT mice before/after treatment with METH, only
23 genes were differentially expressed. We selected 9 genes
that changed commonly in drug naïve Per2 KO/WT mice and
in Per2 KO mice before/after METH treatment, but not in WT
mice before/after METH. Interestingly, Ncald, Cpa6, Pklr, and
Ttc29 were upregulated in drug naïve Per2 KO mice compared to drug naïve WT mice, while the genes were downregulated in Per2 KO mice after METH treatment. Cbr2, Egr2,
Prg4, Lcn2, and Camsap2 were more downregulated in drug
naïve Per2 KO mice than in drug naïve WT mice, while the
genes were more upregulated in Per2 KO mice after METH
treatment. qRT-PCR was used to confirm the selected 9
genes identified in microarray. All qRT-PCR results confirmed
with the microarray results except Ttc29 in Per2 KO mice after
METH treatment and Camsap2 in drug naïve Per2 KO mice
(Fig. 5). In addition, GeneMANIA (http://www.genemania.org/)
was used to predict the functions of the selected 9 genes
(Fig. 6). Results of GeneMANIA suggested that the selected 8
genes except Cbr2 might be associated with response to gonadotropin stimulus, response to cAMP, response to organophosphorus, and regulation of neuronal synaptic plasticity. To
obtain the PPI network, the DEGs of the 9 target genes were
entered into the STRING database. Fig. 7 shows the PPI network of target genes with 25 nodes and 20 edges (average
node degree: 1.6, PPI enrichment p value: 7.15e-11).

*

Presynaptic membrane
Integral component of
presynaptic membrane
Intrinsic component of
presynaptic membrane
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Synaptic membrane
Integral component of
synaptic membrane
Intrinsic component of
synaptic membrane
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*

Haptoglobin-hemoglobin complex

*

Hemoglobin complex

*
*

Dendrite membrane

0

C

in Per2 KO mice after treatment (Supplementary Table 3, 4).
In GO analysis, 437 DEGs in Per2 KO mice before and after
METH treatment were strongly enriched in response to DNAbinding transcription activator activity, motor activity, and ATPdependent microtubule motor activity in molecular functions
(Fig. 3A). In the cellular compartment, the DEGs were strongly enriched in ciliary part, motile cilium, axoneme, and ciliary
plasm (Fig. 3B). Additionally, 437 DEGs were also associated
with membrane bound cell projection assembly, cell projection
assembly, cilium organization, microtubule-based movement,
and cilium movement in biological processes (Fig. 3C). These
findings suggest that Per2 roles in METH-induced responses
might be associated with intracellular cilia or microtubule activities. In KEGG analysis, 437 DEGs were significantly enriched
in neuroactive ligand-receptor interaction, cAMP signaling,
PI3K-Akt signaling, actin cytoskeleton, and calcium signaling
pathways (Supplementary Fig. 2). Results of the KEGG analysis in Per2 KO before/after treatment with METH were similar
to the results from drug naïve Per2 KO/WT mice.
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Fig. 2. Gene ontology (GO) enrichment analysis of DEGs between

drug naïve Per2 KO and WT mice. (A) Molecular process, (B) cellular component, and (C) biological process. *p<0.05, **p<0.01,
***p<0.001.

DISCUSSION
The findings from our previous behavioral studies indicate
that the dependence responses of chronic METH treatment
are associated with the expression level of Per2 as evidenced
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by more developed METH-induced locomotor sensitization
and reward effects in Per2 KO mice, while Per2 overexpressed
mice exhibited lesser responses against METH compared to
WT mice (Kim et al., 2019). In addition to our previous study,
increasing studies have reported that disrupted Per2 expression can increase the vulnerability to drugs such as cocaine,
alcohol, and morphine (Abarca et al., 2002; Spanagel et al.,
2005; Perreau-Lenz et al., 2010; Brager et al., 2013). Several
studies have attempted to reveal the mechanism of Per2 in
drug addiction, however it remains unclear. To elucidate the
possible mechanisms of Per2 in METH-induced dependence
responses, we analyzed DEGs in the striatum of Per2 KO and
WT mice before and after METH treatment. Disruption of Per2
might regulate alterations in the expression of multiple genes
that are associated with biological functions.
Among the common DEGs in drug naïve Per2 KO/WT mice
and before/after METH treatment in Per2 KO mice, Cpa6 is
the gene encoding Carboxypeptidase A6 (CPA6), a metallocarboxypeptidase enzyme. CPA6 converts enkephalins and
neurotensin into inactive forms (Lyons et al., 2008). Neurotensin is an endogenous neuropeptide known to modulate dopaminergic pathways (Kasckow and Nemeroff, 1991; Binder
et al., 2001). Enhanced neurotensin decreased dopamine
release in the NAc and blocked stimulant-induced hyper-locomotor activity (Binder et al., 2001; Servonnet et al., 2017).
Previous studies using Per2 transgenic (TG) mice have reported that disruption or overexpression of Per2 might lead
to changes in dopaminergic systems and stimulant-induced
behavior responses (Abarca et al., 2002; Hampp et al., 2008;
Kim et al., 2018, 2019). In contrast, alteration of the dopamine expression level influenced Per2 expression (Hood et
al., 2010; Gravotta et al., 2011). All these results suggest that
Per2 may influence stimulant-induced dependence responses
through the interaction of Cpa6, neurotensin, and dopamine.
However, PPI networks (Fig. 7) did not exhibit any network
between Cpa6 and neurotensin-related proteins, although
some studies have reported the relationship between them.
Thus, further studies are required to deepen our insights into
the relationship between Per2 and Cpa6 on drug dependence.
Egr2 (also termed Krox20) belongs to the family of early
growth response (Egr) genes associated with neuronal development (Gabet et al., 2010; dela Peña et al., 2015). Egr2
is also associated with long-term potentiation (Williams et al.,
1995; Belluardo et al., 2005). Belluardo and colleagues (2005)
reported that Egr2 may play key roles as a cognitive enhancer
in nicotine dependence (Belluardo et al., 2005). Growing studies have reported the changes of Egr2 expression by drug
administration. Rats treated with heroin demonstrated an increase in Egr2 expression and exhibited reinforcement effects
and conditioned place preference (CPP) against heroin (Kuntz
et al., 2008; Xia et al., 2018). Chronic morphine treatment increased Krox20 (Egr2), Per2, and cAMP responsive element
binding protein (CREB) in the frontal cortex of Wistar rats (Ammon et al., 2003). The spontaneously hypertensive rat (SHR)
treated with amphetamine also showed increased expression
level of Egr2 and Per2 in the striatum and exhibited reinforcement effects and CPP (dela Peña et al., 2015). METH administration induced changes in Egr2 expression in the striatum.
Acute METH treatment increased Egr2 expression in the striatum of rats, while chronic METH administration decreased
Egr2 and Creb expressions (McCoy et al., 2011). Based on
these results, we can assume that Per2 may influence drug
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Fig. 3. Gene ontology (GO) enrichment analysis of DEGs in the
Per2 KO mice before and after METH treatment. (A) molecular process, (B) cellular component, and (C) biological process. *p<0.05,
**p<0.01, ***p<0.001.
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Gene symbol
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1
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Carboxypeptidase A6

3.52

3.82

Pyruvate kinase liver and red blood cell
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4.63

Ttc29

Tetratricopeptide repeat domain 29

2.26

3.51

Lcn2

Lipocalin 2

34.51

56.14

6.09

7.19

Pklr
9

Gene title

3.33

3.21

Egr2

Proteoglycan 4
(megakaryocyte stimulating factor,
articular superficial zone protein)
Calmodulin regulated spectrin-associated
protein family, member2
Early growth response 2

2.3

6.45

Cbr2

Carbonyl reductase 2

2.2

2.18

Prg4
Camsap2

Fig. 4. Venn diagrams and target genes. (A) Venn diagrams showing the number of DEGs in the striatum of drug naïve Per2 KO/WT mice,
before/after METH in Per2 KO mice, and before/after METH in WT mice (B) target genes that commonly changed in drug naïve Per2 KO/
WT mice, and before/after METH in Per2 KO mice that showed more vulnerable responses against METH.
al., 2013). Ncald is also associated with coffee and caffeine
consumption (Yamamoto et al., 2015; Lee, 2018). Ncald is one
of the SNPs associated with coffee consumption. However,
evidences showing the relationship between Ncald and substance dependence are insufficient. In addition, NCALD encoded by Ncald is one of the key proteins that contribute to the
release of neurotransmitters (Ivings et al., 2002; Vercauteren
et al., 2007). Thus, Ncald might be a good target to better understand drug addiction.
PRG4 (proteoglycan4), also known as lubricin, encoded by
Prg4, acts as a joint lubricant. Interestingly, Prg4 expression
significantly changed in the striatum of drug naïve Per2 KO
and WT mice, and before and after METH treatment in Per2
KO mice, but not before and after METH treatment in WT mice.
Some previous studies reported that Prg4 expression was associated with cAMP activities in chondrocyte or synoviocyte
(Wu et al., 2017; Qadri et al., 2018). Wu et al. (2017) reported
that the kappa opioid receptor agonist induced changes of
Prg4 expression through the cAMP/CREB pathway. Taken together, Prg4 could be one of the new candidates to elucidate
the drug addiction pathway.
We found that the roles of selected common DEGs reported by other previous studies are associated with the GO
and KEGG analyses of total DEGs such as intrinsic component of synaptic membrane, dendritic membrane in cellular
components, calcium signaling pathways, GPCR regulation,
cAMP signaling, etc., which have relevance to drug addiction
pathways. This fact indicates that the selected common DEGs
including Cpa6, Ncald, Egr2, Lcn2, and Prg4, might play key
roles in drug addiction, and their pathways may be associated
with Per2 regulation. Per2 KO mice exhibited more vulnerable
METH addiction responses in our previous study, and in the
current study, we found the expression levels of some genes
such as Cpa6, Ncald, Egr2, Lcn2, and Prg4 changed in Per2
KO mice after METH treatments. Taken together, the selected
genes might play key roles in vulnerable responses of Per2
KO mice against METH. Furthermore, the potential pathway
of the selected 5 genes (Cpa6, Ncald, Egr2, Lcn2, and Prg4)
under Per2 regulation is illustrated in Fig. 8. Thus, further studies should be performed to investigate the link between these
genes and the effects on drug dependence responses. These

addiction through Egr2 and Creb activities. Our PPI networks
also show the relationship between EGR2 and CREB (Fig. 7).
LCN2 is an iron-related protein encoded by lipocalin 2
(Lcn2) that enhances the activation of nuclear factor kappa
B subunit 2 (NF-κB) pathway (Ye et al., 2014). LCN2 also establishes a network with Egr2 through NF-κB in our PPI networks. Some previous studies have reported that NF-κB plays
key roles in drug rewarding effects and drug-related memory
(Zhang et al., 2011; Ferreira et al., 2013). Inhibition of NF-κB
blocked CPP against morphine. In contrast to these studies,
Lcn2 expression reduced after chronic morphine treatment
(Ye et al., 2014). Lcn2 also participates in the regulation of
spine morphology and neuronal excitability (Mucha et al.,
2011; Ferreira et al., 2013). Upregulated Lcn2 induced a reduction in dendritic spine actin’s mobility in the hippocampus
of mice (Mucha et al., 2011). Recently, several studies have
suggested that increased Lcn2 expression might be associated with neurotoxicity and neuroinflammation of dopamine
neurons (Kim et al., 2016; Xu et al., 2018). In contrast, LCN2
null mice exhibited decreased LTP in the hippocampus and
impaired cognitive abilities in special learning tests (Ferreira
et al., 2013). Although some studies reviewed various functions of Lcn2 in the central nervous system (Ferreira et al.,
2015; Jha et al., 2015), evidences to support the roles of Lcn2
in drug addiction are not sufficient. Thus, further studies are
required to confirm the relationship between Per2 and Lcn2
in drug addiction.
It was also reported that neurocalcin delta (Ncald), a member of the neuronal calcium sensor (NCS) family, was associated with neuronal morphology. Overexpressed Ncald
induced a reduction in axon outgrowth and branching of cultured hippocampal neurons (Yamatani et al., 2010), and Ncald
KO restored axonal growth in zebrafish and mice (Riessland
et al., 2017). In contrast, Upadhyay et al. (2019) reported that
Ncald KO impaired neurogenesis in adult mice, while Ncald
heterozygous mice did not exhibit significant changes. Additionally, Ncald was downregulated in the obesity-induced
memory impairment animal model (Ma et al., 2017). Thus,
the study suggested that Ncald might play important roles in
memory. Consistently, Ncald expression was lower in patients
with Alzheimer’s disease (Shimohama et al., 1996; Miller et
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protein-protein interaction (PPI) network for the target genes from
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and 20 edges (average node degree: 1.6, PPI enrichment p value:
7.15e-11).
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target genes would be new candidates to reveal the mechanisms of drug addiction.
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