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Abstract

Disturbances of attention are a common behavioral feature associated with neuropsychiatric disorders with largely
unknown underlying causes. We previously developed an object-based attention test (OBAT) as a simple and prac-
tical method for evaluating attention in mice. Since its establishment, the test has become a popular method for
assessing attention and related underlying mechanisms in various mouse models. However, the underlying neu-
ronal network involved in this test has yet to be studied. The purpose of this study was to identify the principal brain
regions activated in the OBAT. Accordingly, C57BL/6J mice were subjected to the OBAT and thereafter prepared for
immunohistochemical quantification of c-Fos, an immediate early gene that is frequently used as a marker of neu-
ronal activity, in 13 different brain regions. The number of c-Fos-positive cells was significantly higher in the prefrontal
cortex (PFC), dorsomedial striatum (DMS), and dentate gyrus (DG) in the test group as compared to the control group.
The neuronal activation of these brain regions during the OBAT indicates that these brain regions are necessary for
the regulation of attention in this test. This was supported by excitotoxic lesioning of these brain regions, leading to
impaired attention without causing locomotor dysfunction. This study is one of the first attempts to analyze the brain
regions that regulate attention in the OBAT. These findings provide an initial insight into the role of these brain regions
and ideas for studying the underlying neural and molecular mechanisms.
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Main text

Attention plays a critical role in cognition. Impaired
attention is often seen in patients with various neuropsy-
chiatric disorders, such as attention-deficit hyperactivity
disorder (ADHD), schizophrenia, and major depressive
disorder [1-3]. We have previously developed an object-
based attention test (OBAT) as a simple and practical
method suitable for the evaluation of attention in mice

*Correspondence: mouri@fujita-hu.ac.jp

® Department of Regulatory Science for Evaluation & Development

of Pharmaceuticals & Devices, Fujita Health University Graduate School
of Health Science, 1-98 Dengakugakubo, Kutsukake-cho, Toyoake, Aichi
470-192, Japan

Full list of author information is available at the end of the article

B BMC

[4]. This behavioral test relies on mice’s inherent behav-
ior to explore novelty in the absence of any instrumental
training or external reinforcers. The test comprises two
phases: training (familiarization) and testing. In the train-
ing session, mice are presented with five different shaped
but similarly sized objects for familiarization; a novel and
familiar object are then presented during testing (Fig. 1a).
The principle here is to use the natural curiosity of mice;
when a new object is presented, healthy mice recognize
the familiar object and spend more time exploring the
novel object during testing. Mice with impaired attention
spend approximately equal time with the familiar and
novel objects. This is similar to paired comparisons used
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Fig. 1 Prefrontal cortex, dorsomedial striatum, and dentate gyrus are necessary for the regulation of attention in the OBAT. a OBAT. b The
representative images and number of c-Fos-positive cells in the PFC of control and PFC lesioned-mice after the OBAT. ¢ The performance of control
and PFC lesioned-mice in the OBAT. d The representative images and number of c-Fos-positive cells in the DMS of control and DMS lesioned-mice
after the OBAT. e The performance of control and DMS lesioned-mice in the OBAT. f The representative images and number of c-Fos-positive cells
in the DG of control and DG lesioned-mice after the OBAT. g The performance of control and DG lesioned-mice in the OBAT. *p <0.05, **p <0.01.
n=6-8 mice each group. Plot data indicate each mouse’s performance. Scale bar indicates 100 um. The data are expressed as mean £ SEM
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in object-based visual attention tests in human subjects
[5].

Since its establishment, the test has become a popu-
lar method to assess attention and related underlying
mechanisms in different mouse models [6—8]. Among
many tasks that have been developed to assess atten-
tional functions in rodents, OBAT is easy to perform and
does not require expensive equipment, and therefore may
be accessible to investigators on a tight budget. In cur-
rently available tasks for assessing attention in mice, the
presence of food/liquid reinforcers associated with the
choice stimuli might result in an ambiguous interpreta-
tion of animal responses and potential bias in choice
decisions, making the interpretation of results uncertain
[9]. For example, prenatal nicotine exposure in mice is
known to alter reward circuits [6]. One of the marked
advantages of OBAT over other attention-related tests
is the significantly shortened experimental period (e.g.,
five-choice serial reaction time task, 3—5 months; OBAT,
1 day) [4, 10]. This further emphasizes OBAT as ideal for
the evaluation of attention in younger mice, which is a
fundamental factor in research related to some disorders,
such as ADHD [6]. These characteristics support the use
of OBAT as a test for evaluating attention in preclini-
cal studies. However, the underlying neuronal network
involved in this test has yet to be studied.

The first aim of the study was to identify the principal
brain regions activated by OBAT. C57BL/6] mice were
subjected to the OBAT and sacrificed for immunostain-
ing quantification of c-Fos, an immediate early gene that
is frequently used as a marker of neuronal activity, in 13
different brain regions (Additional file 1: Table 1). The
number of c-Fos-positive cells was significantly higher
in the anterior cingulate cortex (ACC), prelimbic (PrL)
and infralimbic (IL) cortices of the prefrontal cortex
(PEC; Fig. 1b), dorsomedial striatum (DMS; Fig. 1d), and
dentate gyrus (DG; Fig. 1f) in the test group compared
to those in the control group (no objects in the test ses-
sion). To further evaluate the importance of these brain
regions, we bilaterally lesioned these regions using exci-
totoxic ibotenic acid in different batches of mice that
underwent the OBAT. Ibotenic acid produces excessive
Ca”* through activation of glutamate receptors resulting
neuronal cell death, further leads to behavioral changes
[11]. There were approximately 50% decreases of neu-
ronal cells in the targeted brain regions (Additional file 2:
Figure 1). Mice were given 1 week to fully recover from
the surgery. Given the role of the PFC, DMS, and DG in
controlling motor function, open field and rota-rod tests
were conducted to provide an additional control meas-
ure of locomotor function in the lesioned mice (Addi-
tional file 2: Figure la and b). We confirmed that the
impaired attention in lesioned mice was not an artifact
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of locomotor dysfunction, with no difference between
control and lesioned mice in the total distance traveled
in the open field or motor skill learning in the rota-rod
tests (Additional file 2: Figure 1c, d, £, g, i, j). Mice were
subjected to the OBAT on the following day (Fig. 1a). In
the training session, control and lesioned mice spent a
similar amount of time exploring the objects. In the test
session, lesioned mice showed impaired attention, as evi-
denced by the significantly decreased time spent explor-
ing the novel object (Fig. 1c, e, and g). Statistical analyses
were given in the Additional file 1: Table 2.

Taken together, the findings of this study suggest that
the PFC, DMS, and DG (but may not be limited to) are
necessary for the regulation of attention in the OBAT in
mice. These results are consistent with previous studies
that the PFC, DMS, and DG are involved in other atten-
tion-related tests [12—14]. We have successfully identi-
fied brain regions activated during the OBAT using c-Fos
mapping and confirmed that these areas are involved in
the regulation of attention in a lesion study. It should be
kept in mind that sensory ability and motivation pro-
cesses could also contribute the behavioral performance
in this test when interpreting the obtained results. How-
ever, we cannot distinguish whether the c-Fos was trig-
gered during training or testing because the interval
between the sessions was only 10 s (e.g., information pro-
cessing). Therefore, it is important to develop improved
tools to study the specific cell types in specific neuronal
projections during the test (including subregional dif-
ferences in the PFC) by using more temporally precise
manipulations, such as optogenetic manipulations, as
well as in vivo recording [15].

Notwithstanding these limitations, this study is one of
the first attempts to analyze brain regions activated in the
OBAT. These findings provide an initial insight into the
roles of these brain regions and suggest how to study the
brain circuit interactions and related molecules that con-
tribute to attentional function in normal and disrupted
conditions, consequently, suggesting potential treatments
for neuropsychiatric disorders.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513041-020-00711-4.

Additional file 1: Table 1. Expression of c-Fos in 13 different brain regions
in C57/B6 mice. Table 2. Statistical analyses used in the manuscript.

Additional file 2: Figure 1. Normal locomotor function and decreased
percentage of neuronal death in the lesioned mice.

Abbreviations

ACC: Anterior cingulate cortex; ADHD: Attention-deficit hyperactivity disorder;
DG: Dentate gyrus; DLS: Dorsolateral striatum; DMS: Dorsomedial striatum;

IL: Infralimbic; NAc Core: Nucleus accumbens core; NAc Shell: Nucleus


https://doi.org/10.1186/s13041-020-00711-4
https://doi.org/10.1186/s13041-020-00711-4

Wulaer et al. Mol Brain (2020) 13:171

accumbens shell; OBAT: Object-based attention test; PFC: Prefrontal cortex;
PrL: Prelimbic.

Acknowledgements
We thank the Education and Research Facility of Animal Models for Human
Diseases at Fujita Health University for their assistance.

Authors’ contributions

BW devised the project and main conceptual ideas, coordinated all experi-
ments, and wrote the manuscript. KK wrote the manuscript. HK performed
blinded cells counting. WIS performed blinded behavioral analysis. KS con-
tributed to the manuscript discussion. AM and TN finalized the manuscript.
All authors have carefully read the manuscript and have approved the final
manuscript.

Funding
This work was supported by Grants-in-Aids for Scientific Research from the

Japan Society for the Promotion of Science (17H04252, 18K19761, 20K16679,
and 20K07931); Private University Research Branding Project from the Ministry

of Education, Culture, Sports, Science, and Technology of Japan. All experi-

ments were conducted in compliance with the ARRIVE guidelines. The authors

report no biomedical financial interests or potential conflicts of interest.

Availability of data and materials

All data used in this study are available from the corresponding author upon

reasonable request.

Ethics approval and consent to participate
Animals were handled in accordance with the guidelines established by the
Animal Experimentation Committee of Fujita Health University Graduate

School of Medicine (Permit Number: APU19119), the Guiding Principles for the
Care and Use of Laboratory Animals approved by the Japanese Pharmacologi-
cal Society, and the National Institutes of Health Guide for the Care and Use of

Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
None of the authors have any conflicts of interests related to this work.

Author details

! Advanced Diagnostic System Research Laboratory, Fujita Health University
Graduate School of Health Science, Toyoake, Aichi, Japan. 2 Department

of Disease Control and Prevention, Fujita Health University Graduate School
of Health Science, Toyoake, Aichi, Japan. > Department of Regulatory Sci-
ence for Evaluation & Development of Pharmaceuticals & Devices, Fujita
Health University Graduate School of Health Science, 1-98 Dengakugakubo,
Kutsukake-cho, Toyoake, Aichi 470-192, Japan. 4 Department of Psychiatry,

Hasanuddin University, Makassar, South Sulawesi, Indonesia. > Japanese Drug

Organization of Appropriate Use and Research, Nagoya, Aichi, Japan.

Received: 12 October 2020 Accepted: 4 December 2020
Published online: 14 December 2020

Page 4 of 4

References

1.

Sommerfeldt SL, Cullen KR, Han G, Fryza BJ, Houri AK, Klimes-Dougan B.
Executive attention impairment in adolescents with major depressive
disorder. J Clin Child Adolesc Psychol. 2016;45(1):69-83.

Faraone SV, Asherson P, Banaschewski T, Biederman J, Buitelaar JK, Ramos-
Quiroga JA, et al. Attention-deficit/hyperactivity disorder. Nat Rev Dis
Primers. 2015;1:15020.

Kindler J, Lim CK, Weickert CS, Boerrigter D, Galletly C, Liu D, et al.
Dysregulation of kynurenine metabolism is related to proinflammatory
cytokines, attention, and prefrontal cortex volume in schizophrenia. Mol
Psychiatry. 2019. https://doi.org/10.1038/541380-019-0401-9.

Alkam T, Hiramatsu M, Mamiya T, Aoyama Y, Nitta A, Yamada K,

et al. Evaluation of object-based attention in mice. Behav Brain Res.
2011,220(1):185-93.

Behrmann M, Zemel RS, Mozer MC. Object-based attention and occlu-
sion: evidence from normal participants and a computational model. J
Exp Psychol Hum Percept Perform. 1998;24(4):1011-36.

Zhu J, Fan F, McCarthy DM, Zhang L, Cannon EN, Spencer TJ, et al.

A prenatal nicotine exposure mouse model of methylphenidate
responsive ADHD-associated cognitive phenotypes. Int J Dev Neurosci.
2017,58:26-34.

Wulaer B, Kunisawa K, Hada K, Suento WJ, Kubota H, lida T, et al. Shati/
Nat8l deficiency disrupts adult neurogenesis and causes attentional
impairment through dopaminergic neuronal dysfunction in the dentate
gyrus. J Neurochem. 2020. https://doi.org/10.1111/jnc.15022.

Huang Z, Hoffman CA, Chelette BM, Thiebaud N, Fadool DA. Elevated
anxiety and impaired attention in super-smeller, Kv1.3 knockout mice.
Front Behav Neurosci. 2018;12:49.

Scheggia D, Bebensee A, Weinberger DR, Papaleo F. The ultimate intra-/
extra-dimensional attentional set-shifting task for mice. Biol Psychiatry.
2014;75(8):660-70.

Patel S, Stolerman IP, Asherson P, Sluyter F. Attentional performance of
C57BL/6 and DBA/2 mice in the 5-choice serial reaction time task. Behav
Brain Res. 2006;170(2):197-203.

. Dunnett SB, Everitt BJ, Robbins TW. The basal forebrain-cortical cholin-

ergic system: interpreting the functional consequences of excitotoxic
lesions. Trends Neurosci. 1991;14(11):494-501.

Aoki S, Liu AW, Zucca A, Zucca S, Wickens JR. Role of striatal cholinergic
interneurons in set-shifting in the rat. J Neurosci. 2015;35(25):9424-31.
Chudasama'Y, Doobay VM, Liu Y. Hippocampal-prefrontal cortical
circuit mediates inhibitory response control in the rat. J Neurosci.
2012;32(32):10915-24.

Kim H, Ahrlund-Richter S, Wang X, Deisseroth K, Carlen M. Prefrontal
parvalbumin neurons in control of attention. Cell. 2016;164(1-2):208-18.
Yu X, Nagai J, Khakh BS. Improved tools to study astrocytes. Nat Rev
Neurosci. 2020;21(3):121-38.

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

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1038/s41380-019-0401-9
https://doi.org/10.1111/jnc.15022

	Prefrontal cortex, dorsomedial striatum, and dentate gyrus are necessary in the object-based attention test in mice
	Abstract 
	Main text
	Acknowledgements
	References


