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Pharmacological blockade of dopamine D1-

or D2-receptor in the prefrontal cortex induces
attentional impairment in the object-based
attention test through different neuronal
circuits in mice
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Abstract

Dopamine is a key neurotransmitter that regulates attention through dopamine D1 and D2-receptors in the prefrontal
cortex (PFC). We previously developed an object-based attention test (OBAT) to evaluate attention in mice. Disrup-
tion of the dopaminergic neuronal system in the PFC induced attentional impairment in the OBAT. However, previous
studies have not systematically examined which specific brain regions are associated with the blockade of PFC dopa-
mine D1 and D2-receptors in the OBAT. In this study, we investigated the association of dopamine D1 and D2-recep-
tors in the PFC with attention and neuronal activity in diverse brain regions. We found that both dopamine D1 and
D2-receptor antagonists induced attentional impairment in the OBAT by bilateral microinjection into the PFC of mice,
suggesting that both dopamine D1 and D2-receptors were associated with attention in the OBAT. Our analysis of the
neuronal activity as indicated by c-Fos expression in 11 different brain regions showed that based on the antagonist
types, there was selective activation of several brain regions. Overall, this study suggests that both dopamine D1 and
D2-receptors play a role in attention through different neuronal circuits in the PFC of mice.
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Main text families: excitatory D1-class receptors (D1 and D5) and
Attention is critical to high-level cognition, while atten-  inhibitory D2-class receptors (D2, D3, D4) [3]. Within
tion deficit is a hallmark of neuropsychiatric disorders these families, dopamine D1 and D2-receptors are the
[1]. The dopaminergic neuronal system is considered a most abundant receptor subtypes in the brain that are
primary pharmacological target for such disorders and it ~ characterized both pharmacologically and physiologi-
also contributes to attention [2]. Dopamine receptors are  cally. These are pre-synaptically localized in nerve termi-
G-protein-coupled receptors and are classified into two  nals and axonal varicosities as well as post-synaptically
localized in dendritic shafts and spines [4].

In an earlier study, we established an object-based
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Fig. 1 Dopamine D1- and D2-receptor antagonists impair attention in the OBAT by injection into the PFC of mice. a Experimental protocol of the
entire procedures. b Protocol for OBAT. ¢ Experimental protocol of OBAT and c-Fos staining. d The exploratory time in the training and e recognition
index in the testing of OBAT (vehicle =8 mice, D1-receptor antagonist =9 mice, D2-receptor antagonist =38 mice). f Representative image of the
injection site (scale bar: 1000 um). g Representative image of the c-Fos-positive cells (scale bar: 100 um). h Schematic brain area of DMS, DLS, cNAc,
SNAGC, i LSy, BNST, IPAC, SI, j CA1, CA3 and DG referred from the Allen Mouse Brain Atlas. k The c-Fos expression in the heatmap form. * p <0.05, **
p<0.01. All data are expressed as means = SEM. PFC, prefrontal cortex; OBAT, object-based attention test; anterior cingulate cortex (ACC); prelimbic
cortex (PrL); infralimbic cortex (IL); dorsomedial striatum (DMS); dorsolateral striatum (DLS); nucleus accumbens core (cNAc), nucleus accumbens
shell (sNAC); lateral septal nucleus ventral part (LSv); bed nucleus of the stria terminalis (BNST); interstitial nucleus of the posterior limb of the
anterior commissure (IPAC); substantia innominate (SI); cornu ammonis 1 (CA1); cornu ammonis 3 (CA3); dentate gyrus (DG)

evidence that attentional impairment in the OBAT is
associated with the disruption of the dopaminergic neu-
ronal system, such as the reduction of dopamine trans-
porter and dopamine D5-receptor deficiency in mice [6,
7]. The prefrontal cortex (PFC) is a major forebrain dopa-
mine target that mediates attentional function [8]. Fur-
thermore, our previous study confirmed that the PFC is
necessary for attention in OBAT [9]. In a separate study,
we found that attentional impairment in OBAT was
associated with reduced neuronal activity in the PFC of
a mouse model with dopaminergic dysfunction (manu-
script in preparation). However, previous studies have
not systematically examined which specific brain regions
are associated with dopamine D1 and D2-receptors in
the PFC in the OBAT. Therefore, in this study, the func-
tional contribution of dopamine D1 and D2-receptors to
attention and neuronal activity in the PFC was analyzed
in diverse brain regions in mice.

Six-week-old mice were habituated for a 1-week period
in an animal facility (Fig. 1a). Regular handling was per-
formed to reduce stress and anxiety in mice 1 week
after arrival (5 min/day for 3 days). Then, guide can-
nulas were inserted into the PFC of the mice. The mice
were given another week to fully recover from the sur-
gery before the OBAT. In the OBAT, mice were intro-
duced to a training (familiarization) session, where they
were presented with five (Fig. 1b, a—e) differently shaped
but similarly sized objects for 3 min, within an inter-
val of less than 10 s; a novel (e.g., f) and familiar (e.g.,
a) object was then presented during testing for another
3 min (Fig. 1b). On the testing day, vehicle or antagonists
were injected through the guide cannulas 30 min before
the test started, and the brain samples were collected
120 min after the start of the test (Fig. 1c). No changes
were observed in any group during the training (two-way
ANOVA, groups, (F, 4,)=0.0686, p=0.9337; objects,
(F1, 42)=3.7780, p=0.0586; groups x objects interaction,
(Fy, 42) =0.1640, p=0.8493; Fig. 1d). In the testing, mice
showed a decreased recognition index after injection of
either dopamine D1 or D2 receptor antagonist into the
PEC, suggesting impaired attention (one-way ANOVA,

(Fy 92)=0.2772, p=0.0032, Fig. 1e). The injection site is
shown in Fig. 1f. Taken together, these results indicate
that blockade of both dopamine D1 and D2-receptors in
the PFC induces attentional impairment in the OBAT,
thus indicating the involvement of the dopamine D1
and D2-receptors in the PFC. These results are consist-
ent with those of previous studies, which show that dis-
turbance of dopamine receptors results in attentional
impairment in rodents [10].

Figure 1g shows a typical image of c-Fos-positive cells.
Our analysis of the neuronal activity as indicated by c-Fos
expression in 11 different brain regions showed that
attentional impairment was accompanied by the induc-
tion of c-Fos expression in multiple brain regions after
the OBAT. The blockade of the dopamine D1-receptor
in the PFC specifically induced c-Fos expression in the
nucleus accumbens core (cNAc), lateral septal nucleus
ventral part (LSv), and bed nucleus of the stria termi-
nalis (BNST). Alternatively, the blockade of dopamine
D2-receptor in the PFC induced c-Fos expression in
the dorsomedial striatum (DMS), dorsolateral striatum
(DLS), cNAc, nucleus accumbens shell (sNAc), LSv,
and BNST (See Fig. 1h-k, Additional file 1: Table S1
for numeric values). Using task-based functional MRI,
human patients with attention-deficit/hyperactivity dis-
order (ADHD) also show reduced functional connec-
tivity among the PFC, nucleus accumbens (NAc), and
striatum [11]. The regional differences in c-Fos expres-
sion by the blockade of dopamine D1 and D2-receptors
suggest that these dopamine receptors may play different
roles in the attentional neuronal circuit. ADHD is asso-
ciated with several forms of risk-taking behavior. NAc
receives projections from the PFC, disruption of modu-
lation by dopamine D1-receptor in PFC-NAc pathway
reduces risky choice [12]. In this study, we showed the
blockade of dopamine D1-receptor in the PFC induced
c-Fos expression in the cNAc and the blockade of dopa-
mine D2-receptor in the PFC induced c-Fos expression
in the cNAc and sNAc. These data suggested that cNAc
and/or sNAc might contribute risk-taking behavior via
attention deficit induced by the blockade of dopamine
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D1 and D2-receptors. Neurons expressing dopamine D1
and D2-receptor in the PFC is different but both neurons
project striatum [13, 14]. Corticostriatal circuit is impor-
tant for the goal-directed action [15], which contribute
attention [16]. In this study we showed that blockade of
dopamine D2-receptor in the PFC induced c-Fos expres-
sion in the DMS and DLS. These data suggested that
DMS and DLS might contribute attention deficit induced
by the blockade of dopamine D2- receptors which mod-
ulates goal-directed action. Both antagonists failed to
induce c-Fos expression in the CA1, CA3, and DG of the
hippocampus after OBAT, but we noted a significantly
increased expression of c-Fos expression in all the OBAT-
exposed groups as compared to the behavior naive con-
dition (arena control), suggesting that the hippocampus
itself is necessary for the attention of OBAT. This finding
was similar to that of a previous report that mentioned
the hippocampus being implicated in the regulation of
attention [9]. The hippocampus-PFC circuit is implicated
in attention [17]. Surprisingly, both dopamine antago-
nists failed to affect c-fos expression in the hippocampus
subregions. These data suggest that contribution of PFC
dopamine is limited in the hippocampus-PFC circuit for
attention in the OBAT. The c-Fos expressions induced by
dopamine D1 and D2-receptor antagonists are observed
only after the OBAT but not without the OBAT. This is
probably partially due to the neural circuits (or neuronal
activation) associated with dopamine D1 and D2-recep-
tors is important to enhance the c-fos expression with
OBAT performance.

Our study is limited because the exact role of the
brain area being manipulated can be obscured by phar-
macological suppression [18]. Dopamine D1 and D2
receptors in the PFC are selectively expressed in dif-
ferent classes of frontal output neurons; dopamine D1
receptors are mainly interneurons, whereas the dopa-
mine D2 receptors are both small pyramidal cells and
interneurons. Thus, they might be able to influence
different neural circuit in the brain [13]. The details
how inhibition of both dopamine D1 and D2-receptors
activated the brain regions outside of PFC are remain
largely unknown. Dopamine D1l-receptor inhibition
might affect the postsynaptic currents in pyramidal
cells, or alter non- N-methyl-D-aspartate glutamater-
gic responses; dopamine D2-receptor inhibition might
change inhibitory currents in pyramidal cells as well
as the interneuron excitability, leading to an imbalance
between excitation and inhibition; thereby they alter
the neuronal activity in the existing neuronal circuit
[19]]. Therefore, it is important to have a more precise
temporal control of brain circuit manipulation so that
neuronal activity can be manipulated over brief periods
of time corresponding to the training, testing, or both
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in the OBAT. The future research should investigate:
(1) identification of neuronal subgroups that selectively
project to the region of interest with retrograde virus
combined with Cre driver mouse lines; and (2) spe-
cific neuronal manipulation within a specific neuronal
projection in a temporally precise manner in behaving
animals, thereby allowing assessment of the precise
contribution of a given neural population in the brain
region to attentional behavior. Despite this limitation,
this is the first study to identify attentional impairment
induced by dopamine D1 and D2-receptor antagonists
injected into the PFC, which may play different roles
in the attentional neural circuit of OBAT. Overall, this
study provides hints to identify neural circuits that
underlie the attention response of the PFC dopamine
D1 and/or D2-receptor in mice.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513041-021-00760-3.

[ Additional file 1. Additional materials. }

Abbreviations

ACC: Anterior cingulate cortex; ADHD: Attention-deficit/hyperactivity disorder;
BNST: Analysis of variance (ANOVA), bed nucleus of the stria terminalis;

CA: Cornu ammonis; DG: Dentate gyrus; DLS: Dorsolateral striatum; DMS:
Dorsomedial striatum; IPAC: Interstitial nucleus of the posterior limb of the
anterior commissure; IL: Infralimbic cortex; LSv: Lateral septal nucleus ventral
part; cNAc: Nucleus accumbens core; sSNAc: Nucleus accumbens shell; OBAT:
Object-based attention test; PFC: Prefrontal cortex; PrL: Prelimbic cortex; SI:
Substantia innominate.

Acknowledgement
None.

Authors’ contributions

Conceptualization, BW; Methodology, BW, MT, AY; Data analysis, BW, MT, AY;
Writing-Original Draft, BW; Review & Editing, KK, AM, TN; Funding acquisition,
KK, KS, AM, TN; Supervision, KK, AM, and TN. All authors read and 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) and the Private University Research Branding Project from
the Ministry of Education, Culture, Sports, Science, and Technology of Japan
(MEXT). Smoking Research Foundation. All experiments were conducted in
compliance with ARRIVE guidelines. The authors report no biomedical finan-
cial 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.


https://doi.org/10.1186/s13041-021-00760-3
https://doi.org/10.1186/s13041-021-00760-3

Waulaer et al. Mol Brain (2021) 14:43

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, Aichi, Japan. ? Depart-
ment of Disease Control and Prevention, Aichi, Japan. > Department of Regula-
tory Science for Evaluation & Development of Pharmaceuticals & Devices,
Fujita Health University Graduate School of Health Science, 1-98 Dengaku-
gakubo, Kutsukake-cho, Toyoake, Aichi 470-192, Japan. * Japanese Drug
Organization of Appropriate Use and Research, Nagoya, Aichi, Japan.

Received: 3 January 2021 Accepted: 19 February 2021
Published online: 28 February 2021

References

1. Arnsten AF, Rubia K. Neurobiological circuits regulating attention,
cognitive control, motivation, and emotion: disruptions in neurodevel-
opmental psychiatric disorders. J Am Acad Child Adolesc Psychiatry.
2012;51(4):356-67.

2. Noudoost B, Moore T. Control of visual cortical signals by prefrontal
dopamine. Nature. 2011;474(7351):372-5.

3. Seeman P,Van Tol HH. Dopamine receptor pharmacology. Trends Phar-
macol Sci. 1994;15(7):264-70.

4. Tritsch NX, Sabatini BL. Dopaminergic modulation of synaptic transmis-
sion in cortex and striatum. Neuron. 2012;76(1):33-50.

5. AlkamT, 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.

6. NamY, Shin EJ, Shin SW, Lim YK, Jung JH, Lee JH, et al. YY162 prevents
ADHD-like behavioral side effects and cytotoxicity induced by Aro-
clor1254 via interactive signaling between antioxidant potential, BDNF/
TrkB, DAT and NET. Food Chem Toxicol. 2014;65:280-92.

7. Moraga-Amaro R, Gonzalez H, Ugalde V, Donoso-Ramos JP, Quintana-
Donoso D, Lara M, et al. Dopamine receptor D5 deficiency results
in a selective reduction of hippocampal NMDA receptor subunit
NR2B expression and impaired memory. Neuropharmacology.
2016;103:222-35.

Page 5 of 5

8. Arnsten AF, Li BM. Neurobiology of executive functions: catecho-
lamine influences on prefrontal cortical functions. Biol Psychiatry.
2005;57(11):1377-84.

9. Wulaer B, Kunisawa K, Kubota H, Suento WJ, Saito K, Mouri A, et al. Pre-
frontal cortex, dorsomedial striatum, and dentate gyrus are necessary in
the object-based attention test in mice. Mol Brain. 2020;13(1):171.

10. Wu J, Xiao H, Sun H, Zou L, Zhu LQ. Role of dopamine receptors in ADHD:
a systematic meta-analysis. Mol Neurobiol. 2012;45(3):605-20.

11. Hong SB, Harrison BJ, Fornito A, Sohn CH, Song IC, Kim JW. Functional
dysconnectivity of corticostriatal circuitry and differential response to
methylphenidate in youth with attention-deficit/hyperactivity disorder. J
Psychiatry Neurosci. 2015;40(1):46-57.

12. Jenni NL, Larkin JD, Floresco SB. Prefrontal Dopamine D1 and D2 recep-
tors regulate dissociable aspects of decision making via distinct ventral
striatal and amygdalar circuits. J Neurosci. 2017;37(26):6200-13.

13. Gaspar P, Bloch B, Le Moine C. D1 and D2 receptor gene expression in
the rat frontal cortex: cellular localization in different classes of efferent
neurons. Eur J Neurosci. 1995;7(5):1050-63.

14. Santana N, Mengod G, Artigas F. Quantitative analysis of the expression of
dopamine D1 and D2 receptors in pyramidal and GABAergic neurons of
the rat prefrontal cortex. Cereb Cortex. 2009;19(4):849-60.

15. Hart G, Bradfield LA, Balleine BW. Prefrontal Corticostriatal Discon-
nection Blocks the Acquisition of Goal-Directed Action. J Neurosci.
2018;38(5):1311-22.

16. van Ede F, Board AG, Nobre AC. Goal-directed and stimulus-driven
selection of internal representations. Proc Natl Acad Sci USA.
2020;117(39):24590-8.

17. Tan Z,Robinson HL, Yin DM, Liu Y, Liu F, Wang H, et al. Dynamic ErbB4
activity in hippocampal-prefrontal synchrony and top-down attention in
rodents. Neuron. 2018;98(2):380-93.

18. Nakajima M, Schmitt LI. Understanding the circuit basis of cognitive func-
tions using mouse models. Neurosci Res. 2020;152:44-58.

19. OttT, Nieder A. Dopamine and cognitive control in prefrontal cortex.
Trends Cogn Sci. 2019;23(3):213-34.

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




	Pharmacological blockade of dopamine D1- or D2-receptor in the prefrontal cortex induces attentional impairment in the object-based attention test through different neuronal circuits in mice
	Abstract 
	Main text
	Acknowledgement
	References


