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Animal personalities are stable, context-dependent behavioral di�erences.

Associations between the personality of birds and polymorphisms in the

dopamine receptor D4 (DRD4) gene have been repeatedly observed. In

mammals, our understanding of the role of the dopamine (DA) system in

higher cognitive functions and psychiatric disorders is improving, and we are

beginning to understand the relationship between the neural circuits modulating

the DA system and personality traits. However, to understand the phylogenetic

continuity of the neural basis of personality, it is necessary to clarify the neural

circuits that process personality in other animals and compare themwith those in

mammals. In birds, the DA system is anatomically and molecularly similar to that

in mammals; however, the function of DRD4 remains largely unknown. In this

study, we used chicks as model birds to reveal the expression regions of the DA

neuron-related markers tyrosine hydroxylase (TH), dopa decarboxylase (DDC),

dopamine β-hydroxylase (DBH), and DRD4, as well as other DRDs throughout

the forebrain. We found that DRD4 was selectively expressed in the mitral cells

of the olfactory bulb (OB). Furthermore, a detailed comparison of the expression

regions of DA neurons and DRD4 in the OB revealed a cellular composition

similar to that of mammals. Our findings suggest that the animal personality gene

DRD4 is important for olfactory information processing in birds, providing a new

basis for comparing candidate neural circuits for personality traits between birds

and mammals.

KEYWORDS
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1 Introduction

Personality, or animal personality, refers to consistent, genetically-based individual
behavioral differences in humans and non-human animals that are stable across time
and contexts (Gosling, 2001; van Oers and Mueller, 2010; Wolf and Weissing, 2012). The
candidate gene that has been most intensively studied for its association with personality
and considered the most promising is the dopamine receptor D4 (DRD4) (Ebstein et al.,
1996; Kluger et al., 2002; Munafò et al., 2008). Such associations between personality traits
andDRD4 polymorphisms are also known in animal personalities, including those of birds
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FIGURE 4

In situ hybridization of TH, DDC, and DBH in the P1 chick A9.0 level forebrain. Digoxigenin-labeled RNA probes, both antisense [TH, (A, E, I, M), DDC,

(B, F, J, N), and DBH, (C, G, K, O)] and sense [TH, (A’, E’, I’, M’), DDC, (B’, F’, J’, N’), and DBH, (C’, G’, K’, O’)], were used for in situ hybridization in

coronal sections of P1 chick forebrains, corresponding to level A9.0 in the Kuenzel and Masson’s chick atlas (Kuenzel and Masson, 1988). Signal

reproducibility was verified across multiple chicks at the same level, with representative images from neighboring sections provided. (E–G, I–K, M–O,

E’–G’, I’–K’, M’–O’) present magnified views of the forebrains region indicated by the box in (D). Diagrams of coronal sections depicted in (A, E, I, M)

are shown in (D, H, L, P), respectively. BSTL, bed nucleus of the stria terminalis; MSt, medial striatum; SL, lateral septal nucleus. Scale bars = 2.5mm

(A–C, A’–C’) and 100µm (E–G, I–K, M–O, E’–G’, I’-K’, M’-O’).
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FIGURE 5

In situ hybridization of TH, DDC, and DBH in the P1 chick A7.6 level forebrain. Digoxigenin-labeled RNA probes, including antisense [TH, (A, E, I, M,

Q), DDC, (B, F, J, N, R), and DBH, (C, G, K, O, S)] and sense [TH, (A’, E’, I’, M’, Q’), DDC, (B’, F’, J’, N’, R’), and DBH, (C’, G’, K’, O’, S’)] probes, were used

for in situ hybridization in coronal sections of P1 chick forebrains, corresponding to the A7.6 level in the Kuenzel and Masson’s chick atlas (Kuenzel

and Masson, 1988). Signal reproducibility was verified across multiple chicks at the same level, with representative images from adjacent sections

provided. (E–G, I–K, M–O, Q–S, E’–G’, I’–K’, M’–O’, Q’–S’) present magnified views of the forebrains region indicated by the box in (D). Diagrams of

coronal sections presented in (A, E, I, M, Q) are shown in (D, H, L, P, T), respectively. BSTL, bed nucleus of the stria terminalis; GP, globus pallidus; LSt,

lateral striatum; OM, occipito-mesencephalic tract; SM, medial septal nucleus. Scale bars = 2.5mm (A–C, A’–C’) and 100µm (E–G, I–K, M–O, Q–S,

E’–G’, I’–K’, M’–O’, Q’–S’).
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FIGURE 6

In situ hybridization of TH, DDC, and DBH in the P1 chick A5.4 level forebrain. Digoxigenin-labeled RNA probes, both antisense [TH, (A, E), DDC, (B,

F), and DBH, (C, G)] and sense [TH, (A’, E’), DDC, (B’, F’), and DBH, (C’, G’)], were used for in situ hybridization in coronal sections of P1 chick

forebrains, corresponding to level A5.4 of the Kuenzel and Masson’s chick atlas (Kuenzel and Masson, 1988) was confirmed in multiple chicks at the

same level, and representative images of the neighboring sections are shown. (E–G, E’–G’) Magnified views of forebrains in the box in (D). (D, H)

Diagrams of coronal sections are shown in (A, E). OT, optic tectum; PTM, nucleus pretectalis medialis; TIO, tractus ishmo-opticus. Scale bars =

2.5mm (A–C, A’–C’) and 250µm (E–G, E’–G’).

chick PTM (Figure 6). The existence of such populations in the
forebrain may not only be evolutionarily conserved between
birds and mammals but also in birds, where such a cooperative
relationship exists.

Next, we investigated the expression patterns of all DRDs,
including DRD1, DRD2, DRD3, DRD4, DRD5, and DRD1C, in
the chick forebrain. Our findings clearly demonstrate, for the
first time, that DRD4 is specifically expressed in the mitral
cells of the olfactory bulb, a region where its expression was
previously unknown (Figures 7, 9). In mammals, mitral cells are
output neurons that transmit information from the olfactory
nerve to outside the OB and are modulated by DA (Cave and
Baker, 2009). DA modulation of mitral cells via DRD4 may also
play an important role in olfactory information processing in
birds. The relationship between olfactory information processing
and animal personality is currently unknown, and neither how
mitral cells process external information may reflect animal
personality. Birds have sophisticated sensory systems, and their
visual and auditory systems in particular have been the subject
of intensive research (Wylie et al., 2015; Iwaniuk and Wylie,
2020). For instance, DRD4 is present in the retina (Macisaac
et al., 2024; Klitten et al., 2008), where it contributes to light
adaptation (Flood and Eggers, 2021). The olfactory system in
birds is important not only for food location but also for

navigation in homing pigeons (Gagliardo and Bingman, 2024), nest
recognition, predator avoidance, reproductive control, including
social interaction (Balthazart and Taziaux, 2009), and behavioral
ecology (Corfield et al., 2015). There is evidence that birds such
as seabirds (Nevitt et al., 1995), penguins (Amo et al., 2013), and
turkey vultures (Smith et al., 2002; Grigg et al., 2017) use their
sense of olfaction in their foraging behavior. In this study, we
revealed that the A16 DA neuron population is present in the GrO,
which is rich in GABAergic interneurons, in chicks, similar to the
cellular composition of the mammalian OB. We also found that
DRD4, a member of the D2 family, is expressed in chick mitral
cells, similar to that in mammalian mitral cells. These findings
suggest that the neural circuits in the OB that process olfactory
information are likely to be well-conserved between birds and
mammals. Physiological confirmation using avian OB is required
in the future.

We also examined the expression patterns of the other DRDs
in the chick forebrain; however, no signal was detected for DRD1E.
The expression patterns of DRD1, DRD2, DRD5, and DRD1C were
consistent with those reported in previous studies (Kubikova et al.,
2010; Yamamoto et al., 2013), while previously unknown expression
regions were identified for DRD3 and DRD4. Specifically, DRD3
was observed in the IHA, entopallium, and V-shape region in
the HF, suggesting that DA modulation via DRD3 may play an
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FIGURE 7

In situ hybridization of DRD4 in P1 chick telencephalons. Digoxigenin-labeled RNA antisense RNA probes, both antisense (A–D) and sense (A’–D’)

DRD4 probes were used for in situ hybridization in coronal sections of the P1 chick telencephalon. Signal reproducibility was verified across multiple

chicks at the same level, with representative images provided. Diagrams of coronal sections are shown in the rightmost (A–D”). Levels of sections (A

14.4 to A 6.4) were in accordance with those mentioned in Kuenzel and Masson’s chick atlas (Kuenzel and Masson, 1988). (B, B’) present magnified

views of the olfactory bulbs region indicated by the box in (A”). A, arcopallium; H, hyperpallium; HF, hippocampal formation; LSt, lateral striatum; M,

mesopallium; N, nidopallium; OB, olfactory bulb. Scale bars = 2.5mm (A, C–E, A’, C’–E’) and 500µm (B, B’).
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FIGURE 8

In situ hybridization of DRD3 in P1 chick telencephalons. Digoxigenin-labeled RNA antisense (A–F) and sense (A’–F’) DRD3 probes were used for in

situ hybridization in coronal sections of the P1 chick telencephalon. Reproducibility of signals was confirmed in multiple chicks at the same level, and

representative images are shown. Diagrams of coronal sections are shown in the rightmost (A”–F”). The levels of sections (A 14.0–A 6.4) were in

accordance with those mentioned in Kuenzel and Masson’s chick atlas (Kuenzel and Masson, 1988). (C, C’) show magnified views of the entopallium

(C, C’) regions indicated by the box in (B”), and (F, F’) show magnified views of the HF (F, F’) regions indicated by the box in (E”). A, arcopallium; H,

hyperpallium; HF, hippocampal formation; LSt, lateral striatum; M, mesopallium; N, nidopallium; OB, olfactory bulb; V, V-shape region. Scale bars =

2.5mm (A–D, A’–D’), 100µm (E, E’), and 500µm (F, F’).
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FIGURE 9

Comparison of GAD2, DRD4, and TH expression patterns in the olfactory bulb in the P1 chick rostral forebrain. Digoxigenin-labeled RNA probes,

both antisense [GAD2, (A, E), DRD4, (B, F), and TH, (C, G)] and sense [GAD2, (A’, E’), DRD4, (B’, F’), and TH, (C’, G’)], were used for in situ hybridization

in coronal sections of P1 chick rostral forebrains, corresponding to level A14.2 of the Kuenzel and Masson’s chick atlas (Kuenzel and Masson, 1988).

Signal reproducibility was confirmed across multiple chicks at the same level. Representative images of neighboring sections are shown. (E–G, E’–G’)

present magnified views of the olfactory bulb region indicated by the box in (D). Diagram of coronal sections depicted in (A) is shown in (D). EPL,

external plexiform layer; GrO, granule cell layer of the olfactory bulb; H, hyperpallium; IPL, internal plexiform layer; M, mesopallium; ML, mitral cell

layer; OB, olfactory bulb; ON, olfactory nerve layer; OV, olfactory ventricle. Scale bars = 2.5mm (A–C, A’–C’) and 100µm (E–G, E’–G’).

important role in these regions. We previously revealed that in
the avian HF, different subtypes of receptors for serotonin, a
different monoamine neuromodulator, are expressed in different
populations in each subregion (Fujita et al., 2020, 2022a) and
that they are expressed in serotonergic neurons (Fujita et al.,
2022b). A very small population expressing 5-HTR1A, 5-HTR1B,
and 5-HTR3A was observed in the V-shape region, indicating
that serotonergic modulation of the avian HF is characteristic and
important (Fujita et al., 2023). Previous studies have established
that DRD5 and DRD1C, both D1 family receptors, are expressed
in the V-shape region (Kubikova et al., 2010; Yamamoto et al.,
2013). In contrast, our study identifies the expression of DRD3,
a D2 family receptor, further complicating the understanding of

dopamine modulation in this region. Therefore, both D1 and D2
receptors are widely expressed in the V-shape region of birds,
suggesting that dopamine, in conjunction with serotonin, plays a
pivotal role in the functional regulation of this area.

In conclusion, we comprehensively described the expression
distribution of DA neuron-related markers in the chick forebrain,
revealing that monoenzymatic DA neurons are also distributed
in the avian brain. These findings suggest that the presence of
monoenzymatic DA neurons may represent a conserved feature
of the vertebrate DA system. Furthermore, we found that DRD4,
an avian personality gene, is highly selectively expressed in the
mitral cells of the OB and revealed expression sites for other DRDs,
including previously undescribed sites. Our findings will enhance
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our understanding of DA regulation in the avian forebrain and
provide insight into how the personality gene DRD4 contributes to
the regulation of brain functions in the avian brain.
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