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Abstract

Attention deficit-hyperactivity disorder (ADHD) is a prevalent neuropsychiatric disorder found in children. It is
characterized by inattention, hyperactivity, and impulsivity. Methylphenidate (MPH) and atomoxetine (ATX) are
commonly prescribed for the treatment of ADHD. In the present study, we examined the behavioral and brain
transcriptome changes in MPH-treated and ATX-treated zebrafish. In behavioral analysis, zebrafish showed opposite
response to each treatment. MPH-treated fish showed higher anxiety-like behavior while ATX-treated fish showed
lower anxiety-like behavior. Further, we performed RNA sequencing analysis of zebrafish brain to elucidate the
underlying biological pathways associated with MPH and ATX treatment. Interestingly, we found that shared
differentially expressed genes in MPH-treated and ATX-treated fish were instrumental in cholesterol biosynthesis
pathway and were regulated in opposite manner. Our findings highlight the contrast between MTH and ATX, and
may suggest the alterations in clinical practice for these medications and drug development for ADHD.
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Attention deficit-hyperactivity disorder (ADHD), which
is a common childhood neuropsychiatric disorder, af-
fects around 5% in children globally. It is characterized
the by symptoms of inattention and/or hyperactivity-
impulsivity [1]. Currently, pharmacological intervention
is considered effective for patients with ADHD; in par-
ticular, methylphenidate (MPH) and atomoxetine (ATX)
are the main medications being prescribed for ADHD
treatment [2]. Previous studies have suggested that MPH
inhibits the reuptake of norepinephrine and dopamine
into presynaptic neurons [2], whereas, ATX is thought
to inhibit presynaptic norepinephrine transporter select-
ively with secondary effects on dopaminergic systems

[2]. However, the underlying mechanisms for the ameli-
oration of clinical symptoms in ADHD patients using
these medications are obscure. Moreover, these medica-
tions do not exert similar effect in all patients with
ADHD [3]. Further, there is a growing concern about
the adverse effects of MPH with prolonged use, includ-
ing an increased risk of psychosis [4]. Therefore, it is ne-
cessary to elucidate the effects of these medications on
brain and behavior using animal models.
Zebrafish are popular experimental animals, which

have recently attracted attention in the field of neurosci-
ence [5]. In addition to their cost-effectiveness, zebrafish
have > 80% genes in common with humans and other
animals with similar brain organization. Further, due to
the simplicity of assessing behavioral changes, zebrafish
have the potential to unravel the complexity of the
neuropsychiatric disorders such as epilepsy, and help in
the development of new therapies [6, 7]. To the best of
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our knowledge, there is no published research known to
have examined the effect of ADHD medications on both
brain and behavior under the same experimental
conditions.
In the present study, we aimed to assess the effects of

MPH and ATX on brain through gene expression pro-
files and behavioral analysis using zebrafish. To decide
the dose of MPH and ATX, initially, the fish were ex-
posed to different doses of each drug for 4 h (Add-
itional file 5: Figure S1). The minimum dose that altered
the behavior was adopted for further analysis using AB
wild-type strain fish (10 mg/L for MPH, and 3mg/L for
ATX). Further, behavior and transcriptome analyses
were conducted on these fish. Briefly, 4-h exposure of
MPH and ATX caused changes in behavior, which were
similar to 8-day exposure (description follows); however,
the results of transcriptome analyses were less significant
(Additional file 6: Figure S2, Additional file 3: Table S3,
and Additional file 4: Table S4). Therefore, in order to
determine the effect of exposure for longer term, we
conducted the novel tank test and transcriptome ana-
lyses on MPH- or ATX- treated zebrafish for 8 days. In
this report, we have presented and discussed the results
of the analyses following 8-day exposure.
To investigate the behavioral effects due to these med-

ications, zebrafish were exposed to MPH (10mg/kg) or
ATX (3mg/kg) for 8 days, followed by behavioral ana-
lysis using the novel tank test (Fig. 1a). Representative
traces of the fish in each group (control, MPH-treated,
and ATX-treated fish) are shown in Fig. 1b-d. MPH-
treated fish spent significantly less time in top area and
more time in bottom area (Fig. 1e, f). In contrast, ATX-
treated fish spent significantly more time in top area and
less time in bottom area (Fig. 1e, f). These contrasting
findings may provide insight into the characteristics and
effects of each medication on the brain.
Further, we performed RNA sequencing (RNA-Seq)

analysis to evaluate the transcript profile of the brain.
RNA samples with RNA integrity number ≥ 8 were used;
and quality did not differ significantly among the groups.
We identified 223 genes whose expression was signifi-
cantly different between MPH-treated and control fish;
and 68 genes that showed significantly different expres-
sion levels between ATX-treated and control fish (Fig.
1g and Additional file 1: Table S1). Comparison of the
differentially expressed genes (DEGs) among the groups
revealed that 18 genes were significantly different be-
tween controls and both MPH-treated and ATX-treated
fish (Fig. 1g). Further, we performed Kyoto encyclopedia
of genes and genomes (KEGG) pathway analysis to eluci-
date the underlying biological pathways comprising the
DEGs [8]. We found that the DEGs were significantly in-
volved in steroid biosynthesis and terpenoid backbone
biosynthesis in both groups, suggesting that MPH and

ATX treatment might affect pathways involved in lipid
metabolism (Fig. 1h and Additional file 2: Table S2).
Further, we assessed whether the shared DEGs in

MPH- and ATX-treated fish were up-regulated or
down-regulated. We found that 17 out of 18 shared
DEGs showed opposite trend in MPH-treated and ATX-
treated fish (Fig. 1i). Among 18 DEGs, 9 (exorh, asmt,
sqlea, hmgcs1, lss, lipg, hmgcra, fdps, and idi1) had an
ortholog in human. Finally, we identified the interaction
network, generated by GeneMANIA, which closely con-
nected 8 out of 9 human ortholog genes (Fig. 1j). Not-
ably, FDPS, HMGCR, HMGCS1, IDL1, LIPG, LSS, and
SQLE genes are known to be major factors in human
cholesterol biosynthesis pathway.
In the present study, we examined the effect of MPH

and ATX on brain transcriptome and behavior in zebra-
fish, and identified several DEGs and the associated
pathways. The novel tank test, which is based on the
natural instinct to seek protection in an unfamiliar en-
vironment, is a popular assay to assess the anxiety-like
behavior in zebrafish [5]. Usually, an increase in explor-
ation occurs as the fish gradually acclimates to the new
environment [5]. We found that MPH-treated fish spent
more time in bottom area, while ATX-treated fish spent
more time in top area. These findings suggest that MPH
exposure causes higher anxiety-like levels, while ATX
exposure causes lower anxiety-like levels. Previous stud-
ies have also reported that rats exposed to MPH exhib-
ited anxiety-like behavior [9, 10]; however, no animal
study has yet examined the relationship between ATX
exposure and anxiety-like behavior.
Transcriptome analysis is a fruitful approach to gain a

comprehensive insight into the biological pathways po-
tentially affected by diseases or medications. In this
study, RNA-seq analysis of zebrafish brain was used to
identify the pathways associated with the ADHD medi-
cations. Interestingly, most of the shared DEGs in MPH-
treated and ATX-treated fish were regulated in opposite
directions, which supports the data of our behavioral
analysis. Pathway analysis of the DEGs showed that they
were involved in lipid metabolism. Previous studies in-
volving human patients and polychlorinated biphenyls-
induced rats have shown significant association between
dysregulated genes and lipid metabolism, including tri-
glyceride lipase activity and peroxisome proliferator-
activated receptor α (PPARα) [11–13]. Altered lipid me-
tabolism has been reported in a range of neurological
and psychiatric disorders [14]. In addition, children with
ADHD have been reported to have lower levels of n-3
polyunsaturated fatty acids than healthy controls, al-
though it remains unclear whether it is due to poor nu-
tritional intake or altered lipid metabolism [14, 15].
To the best of our knowledge, this is the first study to

compare MPH and ATX in terms of their effect on brain
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Fig. 1 (a-f): Behavioral effects of methylphenidate (MPH) and atomoxetine (ATX) treatment for 8 days in zebrafish. Novel tank test was performed
in 10 fish per group for 10-min period. a: Schematic representation of novel tank test. b-d: Representative traces of zebrafish in Control (CTL) (b),
MPH-treated (c), and ATX-treated fish (d). e: Time spent in top area (s). f: Time spent in bottom area (s). Student’s t-test was performed for
statistical analysis and asterisk denotes p < 0.05. (g-j): Differentially expressed genes (DEGs) in the brains of zebrafish treated with MPH or ATX. g:
Venn diagram shows the total number of DEGs among controls, MPH-treated and ATX-treated fish. Analysis of differential expression in each
cohort resulted in 223 DEGs between MPH-treated and controls, and 68 DEGs between MPH-treated and controls. Comparison of the MPH- and
ATX-treated fish to the controls resulted in 18 shared genes with significant differential expression. The DEGs were defined as genes with false
discovery rate of less than 0.25 and absolute value of fold change larger than 1.2. h: KEGG pathway analysis for each DEG. Significantly enriched
pathways are shown for DEGs in each group (adjusted p-value< 0.05). DEGs in MPH-treated fish are shown in pink, ATX-treated fish in blue, and
shared DEGs between MPH- and ATX-treated fish in green. i: Heatmap shows shared DEGs between MPH- and ATX-treated fish (rows) and drug
exposure (columns). Genes that have human orthologs are highlighted in green. Blue represents down-regulated expression, red represents up-
regulated expression, and white represents no change in expression. j: Network analysis for shared DEGs which have human orthologs. The
zebrafish gene names were converted to the human names. Green nodes represent the query and grey nodes represent the results. Network was
drawn based on co-expression (purple edges), predicted networks (orange edges), and co-localization (blue edges)
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transcriptome and behavior. However, our study has a
few limitations. First, the direct causal relationship be-
tween altered behavior and lipid metabolism in brain
has not been identified. Second, dopamine and
norepinephrine-related genes, which may play an im-
portant role in pharmacokinetics of ADHD drugs, were
not observed in DEGs identified in this study. Third, the
effect of time on MPH and ATX treatment needs to be
further assessed. Although 4-h treatment resulted in be-
havioral changes similar to those of 8-day treated fish, 4-
h exposure did not result in significant changes in the
transcriptome. Future research on the effects of the
drugs for different time durations may help to address
this point. Although further investigations are required,
our findings shed light on the necessity to rethink the
strategies for drug development and clinical application
of ADHD medications.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13041-020-00614-4.

Additional file 1: Table S1. Differential expression profiles for 8-day
exposure.

Additional file 2: Table S2. KEGG pathway analysis for 8-day exposure.

Additional file 3: Table S3. Differential expression profiles for 4-h
exposure.

Additional file 4: Table S4. KEGG pathway analysis for 4-h exposure.

Additional file 5: Fig. S1. Dose-response curve of methylphenidate
and atomoxetine.

Additional file 6: Fig. S2. The effect on behavior and transcriptome
after 4 h of treatment of methylphenidate and atomoxetine.

Additional file 7: Materials and Methods

Abbreviations
ADHD: Attention deficit-hyperactivity disorder; ATX: Atomoxetine;
CTL: Control; DEGs: Differentially expressed genes; KEGG: Kyoto encyclopedia
of genes and genomes; MPH: Methylphenidate; RNA-Seq: RNA sequencing

Acknowledgements
The authors wish to thank Dr. Hiroshi Hosokawa, Dr. Shingo Tanaka, Aoi
Mori, and Toshihiro Nakamura (Kyoto University) for the care and
maintenance of zebrafish. The authors also thank Prof. Shuji Shigenobu and
Ikuo Uchiyama (National Institute for Basic Biology, Japan) for their support
in the RNA-seq data analyses.

Authors’ contributions
RK and MH conceptualized and designed the study. SS, RK, SM, and MN
performed the experiments. SS and RK performed the data analysis. SS, RK,
and SM were involved in behavioral assessments. SS, RK, and MH wrote the
manuscript. All authors contributed to and have approved the final
manuscript.

Funding
This work was supported in part by the Japan Society for the Promotion of
Science (JSPS) KAKENHI (Grant Number: 15H05721 and 19 K08251).

Availability of data and materials
The datasets and computer code used in the current study are available
from the corresponding author on reasonable request. Methods are
presented in Additional file 7.

Ethics approval and consent to participate
All procedures were approved by the Institutional Animal Care and Use
Committees of Kyoto University Graduate School of Medicine (approval
number Med Kyo 19076).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Anatomy and Developmental Biology, Graduate School of
Medicine, Kyoto University, Kyoto 606-8501, Japan. 2Department of
Intelligence Science and Technology, Graduate School of Informatics, Kyoto
University, Kyoto 606-8501, Japan.

Received: 28 January 2020 Accepted: 28 April 2020

References
1. Sayal K, Prasad V, Daley D, Ford T, Coghill D. ADHD in children and young

people: prevalence, care pathways, and service provision. Lancet Psychiatry.
2018;5(2):175–86.

2. Chan E, Fogler JM, Hammerness PG. Treatment of attention-deficit/
hyperactivity disorder in adolescents: a systematic review. JAMA. 2016;
315(18):1997–2008.

3. Bonvicini C, Faraone SV, Scassellati C. Attention-deficit hyperactivity disorder in
adults: a systematic review and meta-analysis of genetic, pharmacogenetic and
biochemical studies. Mol Psychiatry. 2016;21(7):872–84.

4. Moran LV, Ongur D, Hsu J, Castro VM, Perlis RH, Schneeweiss S. Psychosis
with methylphenidate or amphetamine in patients with ADHD. N Engl J
Med. 2019;380(12):1128–38.

5. Cachat J, Stewart A, Grossman L, Gaikwad S, Kadri F, Chung KM, et al.
Measuring behavioral and endocrine responses to novelty stress in adult
zebrafish. Nat Protoc. 2010;5(11):1786–99.

6. Griffin A, Hamling KR, Knupp K, Hong S, Lee LP, Baraban SC. Clemizole and
modulators of serotonin signalling suppress seizures in Dravet syndrome.
Brain. 2017;140(3):669–83.

7. MacRae CA, Peterson RT. Zebrafish as tools for drug discovery. Nat Rev Drug
Discov. 2015;14(10):721–31.

8. Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27–30.

9. Bolanos CA, Barrot M, Berton O, Wallace-Black D, Nestler EJ.
Methylphenidate treatment during pre-and periadolescence alters
behavioral responses to emotional stimuli at adulthood. Biol Psychiatry.
2003;54(12):1317–29.

10. Bolaños CA, Willey MD, Maffeo ML, Powers KD, Kinka DW, Grausam KB, et al.
Antidepressant treatment can normalize adult behavioral deficits induced
by early-life exposure to methylphenidate. Biol Psychiatry. 2008;63(3):309–16.

11. Liao C, Laporte AD, Spiegelman D, Akcimen F, Joober R, Dion PA, et al.
Transcriptome-wide association study of attention deficit hyperactivity disorder
identifies associated genes and phenotypes. Nat Commun. 2019;10(1):4450.

12. Lorenzo G, Braun J, Munoz G, Casarejos MJ, Bazan E, Jimenez-Escrig A. RNA-
Seq blood transcriptome profiling in familial attention deficit and
hyperactivity disorder (ADHD). Psychiatry Res. 2018;270:544–6.

13. Sazonova NA, DasBanerjee T, Middleton FA, Gowtham S, Schuckers S,
Faraone SV. Transcriptome-wide gene expression in a rat model of
attention deficit hyperactivity disorder symptoms: rats developmentally
exposed to polychlorinated biphenyls. Am J Med Genet B Neuropsychiatr
Genet. 2011;156B(8):898–912.

14. Bazinet RP, Layé S. Polyunsaturated fatty acids and their metabolites in brain
function and disease. Nat Rev Neurosci. 2014;15(12):771–85.

15. Young GS, Maharaj NJ, Conquer JA. Blood phospholipid fatty acid analysis
of adults with and without attention deficit/hyperactivity disorder. Lipids.
2004;39(2):117–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Suzuki et al. Molecular Brain           (2020) 13:70 Page 4 of 4

https://doi.org/10.1186/s13041-020-00614-4
https://doi.org/10.1186/s13041-020-00614-4

	Abstract
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

