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Abstract

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels that medi-

ate fast synaptic transmission and cell signaling, which contribute to learning, memory,

and the execution of motor skills. Birdsong is a complex learned motor skill in song-

birds. Although the existence of 15 nAChR subunits has been predicted in the avian

genome, their expression patterns and potential contributions to song learning and

production have not been comprehensively investigated. Here, we cloned all the 15

nAChR subunits (ChrnA1–10, B2–4, D, and G) from the zebra finch brain and investi-

gated themRNA expression patterns in the neural pathways responsible for the learn-

ing and production of birdsong during a critical period of song learning. Although there

were no detectable hybridization signals for ChrnA1, A6, A9, and A10, the other 11

nAChRsubunitswereuniquely expressed in oneormoremajor subdivisions in the song

nuclei of the songbirdbrain.Of these11 subunits, ChrnA3–5,A7, andB2weredifferen-

tially regulated in the song nuclei comparedwith the surrounding anatomically related

regions. ChrnA5 was upregulated during the critical period of song learning in the lat-

eral magnocellular nucleus of the anterior nidopallium. Furthermore, single-cell RNA

sequencing revealed ChrnA7 and B2 to be the major subunits expressed in neurons

of the vocal motor nuclei HVC and robust nucleus of the arcopallium, indicating the

potential existenceofChrnA7-homomeric andChrnB2-heteromeric nAChRs in limited

cell populations. These results suggest that relatively limited types of nAChR subunits

provide functional contributions to song learning and production in songbirds.
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1 INTRODUCTION

In the CNS, acetylcholine receptors (AChRs) mediate acetylcholine

(ACh) function in the arousal-related enhancement of sensory pro-

cessing (Fu et al., 2014; Herrero et al., 2008; Shea et al., 2010),

cognition and memory (Anagnostaras et al., 2003; Hasselmo, 2006;

Wallace &Bertrand, 2013), motor skill acquisition (Conner et al., 2003;

H. Q. Li & Spitzer, 2020; Thouvarecq et al., 2001), and selective atten-

tion (Noudoost &Moore, 2011; Parikh et al., 2007; Sarter et al., 1999).

TheseAChR-mediated physiological processes are likely shared among

vertebrate species because of the high conservation of AChR pro-

tein sequences and their related signaling pathways (Dajas-Bailador &

Wonnacott, 2004;Gotti&Clementi, 2004;Pedersenet al., 2019).How-

ever, except for theextensively studied speciesofmammals, fundamen-

tal knowledge about the expression of AChRs in the CNS is limited in

vertebrates, including avian species.

AChRs comprise two major classes: muscarinic and nicotinic recep-

tors (Gotti & Clementi, 2004; Kruse et al., 2014). Nicotinic AChRs

(nAChRs) are ligand-gated ion channels that are permeable to Na+,

K+, and Ca2+ ions. Hence, nAChRs mediate not only fast synaptic

transmission but also intracellular signaling via Ca2+-dependent sig-

naling machinery (Dajas-Bailador & Wonnacott, 2004; Gotti et al.,

2009; Wonnacott, 1997; M. Zoli et al., 2018). Functional nAChRs

exist in either homo- or hetero-pentameric configurations formed from

α subunits (ChrnAs) as the ligand binding subunits and β subunits

(ChrnΒs) as structural subunits (Couturier et al., 1990; Gotti et al.,

2009; N. Le Novere et al., 2002; M. Zoli et al., 2015). To date, the

existence of 15 nAChR subunits (ChrnA1−10, B2−4, D, and G) is pre-

dicted in the genome of avian species. In comparison, mammals do not

retainChrnA8but express two additional subunits, ChrnB1 andChrnE.

Although the number and types of nAChR subunits are not perfectly

conserved between avian and mammalian species, the phylogenetic

relationship between homologous subunit genes is highly conserved

(Lovell et al., 2020; Pedersen et al., 2019; Sargent, 1993; Wada et al.,

1988) (Figure 1a).

Based on their pharmacological and structural properties, nAChR

subunits are divided into three major functional groups: muscle sub-

units (ChrnA1, B1, D, E, and G), standard neuronal subunits that form

heteromeric receptors with pairwise α (ChrnA2−6) and β (ChrnB2−4)
subunit combinations, and other neuronal subunits (ChrnA7−10) that

can form homomeric nAChRs (Gotti et al., 2009; M. Zoli et al., 2015).

These different combinations are associatedwith specific physiological

and developmental features (Gotti et al., 2009; Role & Berg, 1996; Zoli

et al., 1995). Some neuronal nAChR subunits are selectively expressed

in specific subregions of the CNS in vertebrates, including mammals

(Dineley-Miller & Patrick, 1992; Han et al., 2000; Wada et al., 1988;

Winzer-Serhan & Leslie, 1997; Zoli et al., 1995) and birds (Halvorsen &

Berg, 1990; Lovell et al., 2018;Morris et al., 1990;Whiting et al., 1991).

However, at the single-cell level, the combinations of nAChR subunits

that are coexpressed in the CNS have not yet been fully elucidated.

Oscine songbirds learn birdsong, a complex vocal skill, during a

critical period that comprises the sensory and sensorimotor learn-

ing phases (Brenowitz & Beecher, 2005; Doupe & Kuhl, 1999; Mar-

ler & Slabbekoorn, 2004). During the sensory learning phase, a juve-

nile bird listens to and memorizes a copy of the tutor song, while dur-

ing the sensorimotor learning phase, the pupil bird practices singing

repeatedly and refines its vocal outputs to mimic the memorized tutor

song model through auditory feedback. Song acquisition is shaped by

singing subsong, plastic song, and crystallized song. The learning and

production of birdsong are controlled by specialized neural circuits

known as song pathways (Figure 1b). These song pathways are orga-

nized into two anatomically and functionally distinct neural circuits

called the anterior pathway (AFP) and vocal motor pathway (VMP),

with interconnecting song nuclei. The AFP consists of a pallial–basal

ganglia–thalamic connection with three song nuclei: the lateral mag-

nocellular nucleus of the anterior nidopallium (LMAN), nucleus Area X

in the striatum, and anterior part of the medial nucleus of the dorso-

lateral thalamus (aDLM, the part of DLM that receives afferent input

from Area X and sends output projection to LMAN) (Luo et al., 2001).

The VMP comprises the HVC (acronym as proper name) and robust

nucleus of the arcopallium (RA). Although the VMP participates in

song production, the AFP is not required for singing but is a crucial

neural circuit for song learning and maintenance by generating vocal

fluctuations (Andalman & Fee, 2009; Bottjer et al., 1984; Brainard

& Doupe, 2000; Kao et al., 2005; Nottebohm et al., 1976; Scharff &

Nottebohm, 1991).

In songbirds, ACh and associated enzymes such as acetyl-

cholinesterase (AChE) and choline acetyltransferase (ChAT) exist

in several song nuclei (Ryan & Arnold, 1981; Sakaguchi & Saito, 1989;

Zuschratter & Scheich, 1990). Song nucleus HVC receives cholinergic

afferents from the ventral pallidum of the basal forebrain, a brain

region homologous to the nucleus basalis ofMeynert inmammals (R. Li

& Sakaguchi, 1997; Reiner et al., 2004). In addition, the concentration

of ACh increases in the song nuclei HVC, RA, and LMAN of male zebra

finches during the early critical period of song learning (Sakaguchi

& Saito, 1989). Similarly, AChE is highly enriched in the song nuclei

HVC, RA, and LMAN during this critical period (Ryan & Arnold, 1981;

Sadananda, 2004; Sakaguchi & Saito, 1991). These findings suggest

the expression of AChRs in the song nuclei that mediates cholinergic

functions during song learning and production. Our previous investi-

gation revealed developmental regulation and inter- and intraspecific

differences in the expression of muscarinic AChR subunits (mAChRs)

in the song pathways (Asogwa et al., 2018). In contrast to mAChRs,

only a limited number of nAChR subunits have been reported to be

expressed in the songbird brain (Lovell et al., 2008, 2018;Watson et al.,

1988). ZEBrA, the online public repository of gene expression in the

zebra finch brain (http://www.zebrafinchatlas.org/), currently provides

in situ hybridization information for nAChR subunits ChrnA3−5,

A7, B2, and B3 (Lovell et al., 2020). However, the precise number of

nAChR subunits involved and their expression levels and patterns,

particularly in the song nuclei, during song development have not been

fully investigated.

Here, we cloned 15 nAChR subunits from the zebra finch brain;

however, no detectable signal was obtained in the brain sections by

in situ hybridization for four subunits. The remaining 11 subunits

were expressed to varying levels in at least one brain subdivision

http://www.zebrafinchatlas.org/
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F IGURE 1 Phylogram of nicotinic acetylcholine receptor subunits and brain diagram of the neural circuits for song learning and production. (a)
Phylogenetic relationship of nicotinic acetylcholine receptor (nAChR) subunits in the zebra finch, chicken, and human, generated with full-length
protein-coding sequences usingMolecular Evolutionary Genetics Analysis software (https://www.megasoftware.net/). Local bootstrap
probabilities from themaximum-likelihood analysis are shown for branches below the terminals. All subunit types show closer homologies to each
other across species than they do to different receptor types within species. (b) The vocal motor circuit and the anterior forebrain pathway
(pallial–basal ganglia–thalamic loop circuit) are represented as solid and dotted black lines, respectively. A, arcopallium; Area X, Area X of the
striatum; aDLM, anterior dorsal lateral nucleus of themedial thalamus; H, hyperpallium; Hp, hippocampus; HVC (proper name); L, field L; LMAN,
lateral magnocellular nucleus of the anterior nidopallium;M, mesopallium; N, nidopallium; nXIIts, the tracheosyringeal part of the 12th cranial
nerve nuclei; RA, robust nucleus of the arcopallium; P, pallidum; St, Striatum

(pallium, hippocampus, subpallium, midbrain, or cerebellum). Specifi-

cally, the expression of ChrnA3−5, A7, and B2 revealed unique spe-

cializations in one or more song nuclei. In addition, the single-cell

transcriptional analysis revealed the potential existence of ChrnA7-

homomeric and ChrnB2-heteromeric nAChRs in the vocal motor

nuclei.

2 MATERIALS AND METHODS

2.1 Animals

Male zebra finches (Taeniopygia guttata) were used for this study at the

three stages of song development: subsong (30−45 posthatching day

https://www.megasoftware.net/


ASOGWA ET AL. 1969

[phd], n = 6), plastic song (50−65 phd, n = 6), and the crystallized song

(>120 phd, n = 6). Because of the limited number of brain sections

available in one of six brains, only five birds at the subsong stage were

utilized for in situ hybridization with ChrnA4, A5, and A10 probes. For

that same reason, in situ hybridization for ChrnA4 andA10 probeswas

performedwith five birds at the plastic song stage. The birdswere used

from our breeding colonies at Hokkaido University, Sapporo, Japan.

Photoperiod was maintained at 13 h light/11 h dark cycle with free

access to food and water. Song developmental stages were confirmed

by the probability density distribution of syllable duration in songs

(Aronov et al., 2011). All animal-based procedures complied with the

regulations of theCommittee onAnimal Experiments ofHokkaidoUni-

versity. These regulations are requirements of the National Regula-

tions for AnimalWelfare in Japan (Law for the Humane Treatment and

Management of Animals, partial amendment number No. 105, 2011).

2.2 Reverse transcription PCR and cloning of
nAChR subunits

Attempts weremade to clone, from the zebra finch brain, all 15 nAChR

subunits identified or predicted in birds (Pedersen et al., 2019; Sargent,

1993). The ChrnA7-like subunit in the National Centre for Biotech-

nology Information (NCBI, accession no. XM_002187662) was labeled

as ChrnA8. Reverse transcription PCR (RT-PCR) was performed on

total RNA collected from adult male zebra finch brains before light-on

in the morning. Total RNA was extracted by TRIzol Reagent (Thermo

Fisher, Waltham, MA, USA), treated with DNaseI to digest contam-

ination from genome DNA, and transcribed to complementary DNA

(cDNA) using Superscript Reverse Transcriptase (Thermo Fisher) with

oligo(dT) primers. In the first attempt to clone the targeted subunits,

we designed PCR oligo-primers to target protein regions that are con-

served between mammals, birds, reptiles, and amphibians (Table 1).

When the initial cloning failed, we used putativemRNA sequences pre-

dicted by the NCBI for primer design. Partial DNA fragment of each

targeted nAChR subunit was amplified by PCR (Ex Taq polymerase,

Takara Bio, Shiga, Japan) using the synthesized cDNA template and

cloned into pGEM-T easy plasmids (Promega) based on a previous

method (Asogwaet al., 2018;Wadaet al., 2004). The cloned cDNA frag-

ments were verified by DNA sequencing. The sequence identities of

cloned cDNA fragments and their predicted amino acids were authen-

ticated by comparison with the transcripts of nAChR subunits in the

zebra finch, chicken, and human in theNCBI, usingNucleotide and Pro-

tein BLASTs. The cloned partial cDNA sequences of 15 nAChR sub-

units were assigned in GenBank with accession numbers OL679454–

OL679467 andOM201170 (Table 1).

2.3 Radioisotope in situ hybridization and
quantification of mRNA expression

Brain tissues were sampled from birds in dark, silent, and nonsinging

conditions. To ensure that mRNA expression was not due to singing

or hearing songs, the birds were kept in a sound-attenuation box

under these conditions for at least 10 h prior to euthanasia and sac-

rifice. Brain tissues were put in plastic molds with tissue-compounding

medium (Tissue-Tek; Sakura Finetek, Torrance, CA, USA) and immedi-

ately transferred onto crushed dry ice. Subsequently, they were stored

at −80◦C until sectioning. The brain tissues were sectioned at 12 μm
thickness on the sagittal plane and mounted on silane-coated slides.

The radioisotope in situ hybridization and quantification of expressed

mRNA levels were conducted according to previous studies (Asogwa

et al., 2018). Using specific T7 or SP6 RNA polymerases (Roche, Basel,

Switzerland) to the inserted sense-/antisense direction of nAChR sub-

units, 35S-labeled riboprobes were synthesized from the T7 or SP6

promoter sites of pGEM-T. Fresh frozen brain sections were fixed in

3% paraformaldehyde/1× phosphate-buffered saline (PBS, pH 7.0),

washed three times in 1× PBS, acetylated, washed three times in

2× SSPE, dehydrated in ascending ethanol concentrations (50%, 70%,

90%, and 100%), and then air-dried. Each Riboprobe (106 cpm) was

mixed with 150 μl of hybridization buffer (50% formamide; 10% dex-

tran sulfate; 1× Denhart’s solution; 12 mM EDTA, pH 8.0; 10 mM

Tris–HCl, pH 8.0; 30 mM NaCl; 0.5 μg/μl yeast tRNA; and 10 mM

dithiothreitol. Hybridization was performed in an oil bath for 14 h at

65◦C. Slides were next washed stepwise in two changes of chloro-

form, in 2× SSPE/0.1% 2β-mercaptoethanol for 30 min, in 50% for-

mamide/0.1% 2β-mercaptoethanol for 60 min, twice in 2× SSPE/0.1%

2β-mercaptoethanol for 30 min each, and twice in 0.1× SSPE/0.1% 2β-
mercaptoethanol for 15 min each. For ChrnA2, because of the high

%GC contents (65% GC) of its probe, hybridization and washing tem-

peratures were set at 68.5◦C. The slides were dehydrated in ascend-

ing ethanol concentrations (50%, 70%, 90%, and 100%), air-dried, and

exposed toBioMaxMRFilms (Kodak,Waltham,MA,USA) for 4−5days

before development. mRNA signals were quantified from X-ray films

by digitally scanning them under amicroscope (Z16Apo; Leica, Buffalo

Grove, IL, USA) that was connected to a CCD camera (DFC490; Leica),

with LeicaApplication Suite, version3.3.0 (Leica). Light and camera set-

tings were maintained constant for all images to avoid biased compar-

isons. Images were converted to a 256-gray scale. mRNA expression

levels were quantified as mean pixel intensities using Adobe Photo-

shop (CS2, Adobe Systems, San Jose, CA, RRID: SCR_014199). After

X-ray film exposure, brain slides were Nissl-stained with Cresyl violet

acetate solution (Sigma, St Louis, MO, USA) to aid visual evaluation of

anatomical subregions. For the figure presenting mRNA expression in

the brain, images of in situ hybridization taken in sagittal sections were

oriented with the rostral side to the right and the dorsal side upward,

and the black-and-white negatives were inverted, so that white repre-

sents mRNA signal. Based on careful comparison of in situ hybridiza-

tion images taken from 10 birds, we were able to distinguish real sig-

nals fromartifacts. Apparent artifacts from in situ hybridization images

were identified as shown in Figures 2–4, and were removed in Photo-

shop using The Spot Healing Brush Tool function.

2.4 Single-cell RNA sequencing

The brain of an adult male zebra finch was used for single-cell

RNA sequencing (scRNA-seq) experiment. The bird was placed in a
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F IGURE 2 Expression of nicotinic acetylcholine receptor A subunits (ChrnA1−5) in themale zebra finch brain. Expression images for each
subunit are in a different row, andwithin rows, images of parasagittal brain sections are organized bymedial (left) to lateral (right) progression.
Sections are oriented with rostral side to the right, and dorsal side up. Levels of brightness represents levels of themRNA signal. A camera lucida
drawing at the top of each column identifies the brain areas represented in the sections in the column below. Scale bar= 1mm

sound-attenuating box overnight under silent and dark conditions. The

next morning before light onset, the bird under deep anesthesia was

perfused with ice-cold cutting buffer (Saunders et al., 2018). Then,

the telencephalon was removed and kept in ice-cold cutting buffer

until sectioning. Brain sections were cut at 400 μm in the sagittal

plane in ice-cold cutting buffer with a microslicer (DTK-1000; Dosaka

EM, Kyoto, Japan). HVC and RA tissues were punched out with Miltex

BiopsyPunch (1mmdiameter; Ted-pella Inc., Redding, CA,USA), frozen

in sample storage buffer with 0.2 U/ml RNase inhibitor (Takara Bio),

and 10% DMSO in 1× PBS and stored at −80◦C until nuclei isolation.

Punched tissues were homogenized in 750 μl of ice-cold Nuclei PURE

Lysis Buffer using a glass Dounce tissue grinder (DWKLIFE SCIENCES,

Mainz, Germany) (40 times with tight pestle), centrifuged at 500× g

for 10 min at 4◦C, washed with 1 ml of nuclei wash and resuspension

buffers. After centrifugation, the supernatant was removed, while

the nuclei were suspended in 120 μl of nuclei wash and resuspension

buffers with DAPI and filtered with 40 μm cell strainers. Isolated cell

nucleiwerepurifiedwith a cell sorter (SH800; Sony, Tokyo, Japan) using

DAPI fluorescence. The 10× Chromium libraries were prepared using

Chromium Single Cell Library Kit v3 (PN-1000092, 10× Genomics)

according to the manufacturer’s protocol. cDNA along with cell bar-

code identifiers were PCR-amplified, while sequencing libraries were

prepared. The constructed library was sequenced on MGI DNBSEQ-

G400 (150 bp Paired-end) platform. The Cell Ranger Software Suite

(v4.0.0) was used to perform sample de-multiplexing, barcode pro-

cessing, and single-cell 3′ unique molecular identifier (UMI) counting.
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F IGURE 3 Expression of nicotinic acetylcholine receptor A subunits (ChrnA6−10) in themale zebra finch brain. Expression images are
arranged as in Figure 2. Scale bar= 1mm

Splicing-aware aligner STAR was used in FASTQs alignment with a

zebra finch reference genome (bTaeGut1_v1.p, GCF_003957565.1

based custom reference genome). Cell barcodes were determined

based on the distribution of UMI counts automatically.

2.5 Cell cluster analysis

The R package Seurat v.3 was used for the following data filtering and

analyses (Stuart et al., 2019). Filtering criteria applied to the data, using

“CreateSeuratObject,” included min.cells = 3, and min.features = 200.

After filtering, a total of 6510 and 6977 cells in HVC and RA,

respectively, were left for further analysis. The filtered gene-barcode

matrix was first normalized using “LogNormalize” methods with

default parameters. The top 2000 variable genes were then identi-

fied using the “vst” method in Seurat FindVariableFeatures function.

Principal component analysis (PCA) was performed using the top

2000 variable genes. UniformManifold Approximation and Projection

(UMAP) was performed on 27 to 31 principal components for visual-

izing the cells. Meanwhile, graph-based clustering was performed on

the PCA-reduced data for clustering analysis with Seurat v.3. Clus-

ters were determined using “FindNeighbors” (with 27 to 31 principal

components) and “FindClusters” (resolution = 1). The expression of

establishedmarker geneswas used to assign identities for each cluster:

SLC17A6 for glutamatergic neurons; GAD1 and GAD2 for GABAer-

gic neurons; SOX4 and SOX11 for neuronal progenitors; SLC15A2,

SLC1A2, and ASPA for astrocytes; PDGFRA and NKX2.2 for oligoden-

drocyte precursor cells (OPCs); PLP1 and ST18 for oligodendrocytes;

and CSF1R and IKZF1 for microglia (Saunders et al., 2018; Tasic et al.,

2016, 2018; Zhang et al., 2014). Subclusters in glutamatergic neurons
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F IGURE 4 Expression of nicotinic acetylcholine receptor B (ChrnB2−4), D, and G subunits in themale zebra finch brain. Expression images are
arranged as in Figure 2. Scale bar= 1mm

in HVC were identified based on a previous report (Colquitt et al.,

2021) and in situ hybridization database, ZEBrA (Lovell et al., 2020):

GFRA1 and UTS2B were used as marker genes for HVC(RA) neurons

projecting to RA (Bell et al., 2019); NTS and SCUBE1 for HVC(X) neu-

rons projecting from HVC to Area X and RA neurons projecting to the

nucleus of cranial nerve XII; GRIA4, GRM1, and CACNA2D1 for sur-

rounding caudal nidopallium (cN) neurons; and CACNA1H, MGAT4C,

and ADYAP1 for RA surrounding arcopallial neurons. Three unknown

clusters with no specific marker gene and several small clusters (less

than 60 cells in each) were filtered out. Each neural cell-type was iso-

lated and re-clustered based on the expression of ChrnA3−5, A7, and

B2 and two to four other genes specifically expressed in each using

PCA implemented in the “RunPCA” function of Seurat. Subtype spe-

cific genes includedKCNH1andROBO2 forHVC(RA) neurons; SRD5A2

and SLIT3 for HVC(X) neurons; SRD5A2 and SLC4A11 for RA projec-

tion neurons; GPC6, FOXP2, MAF, and VSTM2A for interneurons; and

CELF2, DACH2, LOC115498355, and SDCCAG8 for HVC progenitor

neurons. Then, UMAP was performed on all principal components in

each cell-type for visualizing cell clusters formation based on CHRN

family gene expression patterns.

2.6 Statistical analyses

Data obtained on the developmental regulation of different

AChR subunits were analyzed with statistical software SPSS (IBM

Statistics, Armonk, NY, USA). Differences in mRNA expression levels

of ChrnA3−5, A7, and B2 in the song nuclei were analyzed after a
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test for homogeneity of variance, using one-way analyses of variance

(ANOVA) followed, when appropriate, by Scheffe’s F tests.

3 RESULTS

3.1 nAChR subunits expressed in zebra finches

Using cDNAs synthesized from the brain tissues of an adult male zebra

finchandoligo-primers specific toprotein-coding regionsof nAChR,we

cloned partial cDNA fragments of all 15 nAChR subunits (ChrnA1−10,

B2−4, D, and G) predicted in avian species using RT-PCR (Table 1). The

partial cDNAs and the corresponding translated amino acid sequences

of the 15 cloned nAChRs were verified by comparing each nAChR sub-

unit transcript predicted for the zebra finchwith those previously iden-

tified in chicken and human. We confirmed that the match between

each cloned partial nAChR subunit and the predicted full-lengthmRNA

of the targeted subunits in the zebra finch was ≥98.6% at nucleotide

level and ≥99.3% at protein level (Tables 1 and 2). This result was con-

sistent with the NCBI database prediction of nAChR transcripts from

the zebra finch genome and indicated that 15 nAChR subunits were

expressed in the zebra finch brain.

To evaluate the confounding cross-hybridization potential of in

situ hybridization probes, we calculated the fraction (as a per-

centage) of sequence identities between each cloned subunit frag-

ment and all nontargeted nAChR subunit protein-coding regions

(Table 2). This analysis revealed that while the cloned partial cDNAs

had near perfect match (≥98.6% similarity highlighted in red on

the diagonal) with their targeted subunit sequences (as described

above), the match with any nontargeted cross-nAChR subsequence

was ≤76.8% (off-diagonal similarity values). Only 21 (10%) of the 210

off-diagonal values were greater that 50% (entries in various shades

of pink). We speculated that this level of mismatch was sufficient to

avoid confounds from cross-hybridization with nontargeted nAChR

subunits.

The cloned partial fragments of ChrnA1−10, B2−4, D, and G

were used in in situ hybridization experiments to reveal the distribu-

tion of nAChR subunit expression in the brain tissues of adult male

zebra finches. Eleven (ChrnA2−5, A7, A8, B2−4, D, and G) of the

15 cloned subunits were expressed in unique patterns in at least

one of the following brain regions: pallium, thalamus, midbrain, and

cerebellum (Figures 2–4). In contrast, the four remaining receptor

subunits, ChrnA1, A6, A9, and A10, exhibited few or no detectable

mRNA signals throughout the whole brain. Therefore, no further

investigations into mRNA expression were conducted for these four

subunits.

3.2 Expression of nAChR subunits in
telencephalic subregions

The pattern of mRNA expression and amount of each nAChR sub-

unit available were evaluated in the following five major pallial telen-

cephalic brain subdivisions: hyperpallium, mesopallium, nidopallium,

arcopallium, and hippocampus. ChrnA4 and A7 were highly expressed

in the mesopallium, arcopallium, and hippocampus compared with the

other pallial subdivisions (Figures 2, 3, and 5). In contrast, ChrnA2, A5,

and B2 showed consistent but relatively low-level expression within

all telencephalic subdivisions. As distinct exceptions, ChrnA3 and B4

showed similar expression patterns, strictly restricted to the mesopal-

lium. Taken together, the mRNA for ChrnA3, A4, A7, and B4 exhibited

a higher level of expression in the mesopallium than in the other pallial

subdivisions (Figure 5).

Consistent with the pattern of nAChR subunit expression in the

nidopallium,mRNAsofChrnA2,A7, andB2wereuniformly throughout

the caudomedial nidopallium (NCM), which is known as the avian sec-

ondary auditory area (Figure 6). Conversely, ChrnA5 expression was

more restricted to the rostral portion of NCM, where its expression

was higher than in the anterior nidopallium. ChrnA3, A4, and B4 were

expressed at very low or undetectable levels in NCM as in most of the

other nidopallial regions.

Subunits ChrnA4 and ChrnA7 showed differential expression in

the subdomains (Mello et al., 2019) of the arcopallium (Figure 7a).

ChrnA4was intensely expressed inmost arcopallial subdomains except

in the dorsal part of AI (AId), where it was almost fully suppressed.

ChrnA7distinctly showedhigher expression in the caudal areas, includ-

ing AD and the ventral part of AP, than in all other subdomains.

ChrnA2, A5, and B2 were expressed with nearly uniform intensi-

ties at low-to-moderate levels throughout the subdomains of the

arcopallium. ChrnA3 and B4 expressions were undetectable. Quite

uniquely, ChrnA8 mRNA expression was well-defined and confined in

the intermediate part of the medial ventral arcopallium (AMVi), so-

called nucleus taenia (TnA) (Figure 7b).

The primary sensory input regions located within the nidopallium,

including field L (auditory), entopallium (visual), and nucleus basoros-

tralis (somatosensory/trigeminal), are anatomically defined in Nissl-

stained tissue by a higher cell density relative to the surrounding

nidopallium.While ChnrA2mRNAwas lightly expressedwith near uni-

form intensity in each surrounding region of the nidopallium, expres-

sion of all other nAChR subunits was apparently absent in the pri-

mary sensory input regions (Figures 2–4). Similarly, ChrnA3,A5, andB4

expressions were suppressed in the subpallial striatum and globus pal-

lidus. In contrast, ChrnA4was uniquely expressed in the striatal region,

with small dots, suggesting its selective expression in a specific cell type

(Figure 2). The cells labeled for ChrnA4 expression, shown as intense

isolated small dots, were clearly identified as a sparse cell population in

the striatum by the zebra finch expression brain (ZEBrA) atlas based

on digoxigenin-based labeling in situ hybridization method. Similarly,

ChrnB3 mRNA expression was observed specifically in the lateral pal-

lium (Figure4). In contrast, ChrnA2,A7, andB2expressions in the stria-

tum and pallidumwere similar to those in pallial regions.

In the hippocampus, we observed a unique form of nAChR subunit

specialization that was further portrayed according to the delineation

of the hippocampus into dorsal and ventral subdivisions (Figure 8)

with ChrnA3 expression occurring dorsally and ChrnA4 and A7 ven-

trally, suggesting a potential distinction of ACh function between the

proximal and distal parts. Furthermore, ChrnA4 and A7 were even

more expressed in the mesopallium, exhibiting seamless expression
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F IGURE 5 Expression of nicotinic acetylcholine
receptor (nAChR) subunits in subdivisions of the anterior
pallial regions. In situ hybridization images for ChrnA2−5,
A7, B2, and B4. Camera lucida drawing (bottom right
panel) shows boundaries of themajor subdivisions (H,
hyperpallium;M, mesopallium; N, nidopallium; Str,
Striatum) of these brain regions in exact correspondence
to the orange dotted lines in the ChrnB4 image, and
approximately for all others. Scale bar= 3mm for all
images

F IGURE 6 Expression of nicotinic acetylcholine receptor (nAChR) subunits in subdivisions of the posterior medial pallial regions. In situ
hybridization images for ChrnA2−5, A7, B2, and B4. Bottom right: camera lucida drawing showingmajor subdivisions (Hp, hippocampus; NCM,
caudomedial nidopallium; CMM, caudomedial mesopallium of the brain) of these brain regions. Scale bar= 3mm

from themesopallium to the ventral hippocampus.Notably, the expres-

sion of ChrnA3 was also confined to the medial caudal part of the

hippocampus (Figure 2). In contrast to these selective expressions of

ChrnA3, A4, and A7 subunits, ChrnA2 and B2 were expressed equally

in the dorsal and ventral hippocampus. However, ChrnA5 and B4

expression levels were nearly undetectable in the hippocampus.

3.3 Expression of nAChR subunits in the midbrain
and cerebellum

Further investigation revealedmore specializations for ChrnA2−5, A7,

A8, and B2–B4 in the nuclei/parts of the midbrain (Figure 9). Specif-

ically, the nucleus pretectalis (Pt) and spiriform lateralis (Spl) were

strongly labeled by ChrnA2, A4, A5, A7, and B2. While ChrnA4 and

A5 were more intensely expressed both in Pt and Spl than in other

midbrain nuclei, ChrnA7 was selectively expressed only in Pt. Con-

versely, ChrnA2 and B2 mRNA expressions were higher in Spl than

in Pt. However, the expression of these subunits was almost com-

pletely suppressed below signal detection in the nucleus rotundus (Rt).

There were exceptions, suggesting a selective cell type expression in

Rt: ChrnA2 and B2 were observed with low-to-moderate expression,

and ChrnA8, with sporadic expression. ChrnA2, A5, and B2 showed

low-level expression in the dorsomedial nucleus of the midbrain (DM),

namely, the midbrain vocal center, and the nucleus mesencephalicus
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F IGURE 7 Expression of nicotinic acetylcholine receptor (nAChR) subunits in subdivisions of the arcopallium. (a) In situ hybridization images
for ChrnA2−5, A7, B2, and B4 in the lateral arcopallial regions. Camera lucida drawing (lower right) showsmajor subdivisions of this region of the
brain. Orange dotted lines represent the borders of brain subdivisions: the anterior, posterior, dorsal, and intermediate arcopallium denoted by AA,
AP, AD, and AI, respectively. AId and AIv: dorsal and ventral subdivisions of AI, respectively. cN: caudal nidopallium. (b) Specific expression of
ChrnA8 in the intermediate part of themedial ventral arcopallium (AMVi), also called nucleus taenia (TnA)

F IGURE 8 Expression of nicotinic acetylcholine
receptor (nAChR) subunits in subdivisions of the
hippocampus. In situ hybridization images for ChrnA2−5,
A7, B2, and B4. Camera lucida drawing (lower right panel)
shows the dorsal (Hpd) and ventral (Hpv) subdivisions of
the hippocampus. cN: caudal nidopallium. Scale
bar= 3mm

lateralis pars dorsalis (MLd), which forms the avian homologue of the

central nucleus of the mammalian inferior colliculus (Boord, 1968;

Woolley & Portfors, 2013). In addition, ChrnA7 mRNA was selec-

tively expressed in the ventral part of MLd (near the 3rd ventricle).

However, most nAChR subunits were undetected in these regions.

The nuclei subpretectalis (SP) and isthmi pars parvocellularis (IPc)

play crucial roles in the regulation of visual figure-ground discrimi-

nation (Schryver & Mysore, 2019; Scully et al., 2014). Here, ChrnB4

showed clear and specific expression in SP, while in contrast, IPc

was labeled with high levels of ChrnA4, A5, and B3 expression (but

ChrnA4 expression was suppressed in the lateral part of IPc; Figure 2).

Overall, these results indicated that nAChR subunits are expressed
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F IGURE 9 Expression of nicotinic acetylcholine receptor
(nAChR) subunits in themidbrain. In situ hybridization images
for ChrnA2−5, A7, A8, and B2−4. Orange dotted lines show the
borders of nuclei/parts in themidbrain. Right bottom:
Nissl-stained brain image showingmidbrain nuclei: Pt, nucleus
pretectalis; Spl, nucleus spiriform lateralis; Rt, nucleus rotundus;
DM, nucleus dorsomedialis of themidbrain; MLd, nucleus
mesencephalicus lateralis, pars dorsalis; SP, nucleus; IPc, nucleus
isthmi pars parvocellularis. Arabic numerals represent clearly
identified layers of the tectum opticum. Scale bar= 3mm

differently in various combinations in the subnuclei/parts of the

midbrain.

The layers of tectum opticum (TeO) also revealed distinct patterns

of nAChR subunit distribution. According to Cajal’s definition (Ramon

y Cajal, 1911), there are about 15 histologically identifiable layers

in the avian TeO (Wylie et al., 2009). In this study, five layers (lay-

ers 4, 6, 8, 10, and 13) were clearly differentiated according to the

labeling patterns/intensities of ChrnA2, A4, A5, A7, A8, B2, and B3

mRNAs (Figure 9). Unlike ChrnA3 and B4, whose expression is clear

in the mesopallium, these subunits were completely downregulated

in all identified layers and subnuclei of TeO. ChrnA4, A7, A8, and B3

were more highly expressed in the deeper layers (layers 8−13) than in

themore peripheral layers (layers 4−6), although their downregulation

was not as great as that of ChrnA3 and B4. However, ChrnA2, A5, and

B2 showedmoderate-to-high levels of expression in all of the identified

tectal layers.

We further examined the expression patterns of ChrnA2−5, A7,

B2−4, D, and G in four anatomical layers of the cerebellum (the molec-

ular, Purkinje cell, granular, and white matter layers). However, even

though ChrnA2, D, and G were expressed in the granular layer, their

mRNA signals were very weak (Figure 10), and those for ChrnA3 and

B4 mRNA were almost undetectable. Moreover, whereas ChrnA4 and

B2were clearly expressed in the granular layer, ChrnA7was selectively

expressed in Purkinje cell layer. The expression of ChrnA5 was intense
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F IGURE 10 Expression of nicotinic acetylcholine receptor (nAChR) subunits in the cerebellum. In situ hybridization images for ChrnA2−5, A7,
B2−4, D, and G. Camera lucida showing sublayers of the cerebellum; p= Purkinje layer, m=molecular layer, g= granular layer, w=whitematter,
dn= deep nucleus. Scale bar= 3mm

in both the granular and Purkinje cell layers, while ChrnB3 showed

selective stronger expression at the top and bottom parts of the granu-

lar layer than in other parts of the cerebellum.

Overall, the expressions of four of the 15 cloned AChR subunits

(ChrnA1, A6, A9, and A10) were very low or below detectable lev-

els throughout the entire brain. However, expression of 11 subunits

(ChrnA2−5, A7, A8, B2−4, D, and G) showed unique combinations of

spatial patterns and intensities in at least one subregion of the pallium,

thalamus, midbrain, and cerebellum (Figure 11).

3.4 Differential expression of nAChR subunits in
song nuclei

Of the 15 nAChR subunits cloned from the male zebra finch, six

(ChrnA2−5, A7, and B2) were expressed in the following song nuclei at

the adult stage: HVCandRA in theVMP; and LMAN,AreaX, and aDLM

in the AFP (Figures 2–4). Expression of ChrnA2 in these song nuclei

was not differentially regulated against the surrounding regions, but

the five other subunits showed differential expression in one or more

song nuclei comparedwith their surrounding regions.

Four of these differentially regulated subunits, ChrnA3, A5, A7,

and B2, were expressed at higher levels in the premotor song nucleus

HVC than the surrounding caudal nidopallium (Figure 12). In particular,

ChrnA3 mRNA was expressed in limited HVC cells, whereas the other

subunits showed a uniform expression pattern throughout HVC. In

addition, the expression of ChrnA5 and B2was clearly higher in LMAN

relative to the surrounding rostral nidopallium. Although ChrnA7 was

certainly expressed in LMAN, its expressionwasnot specialized in com-

parison with that in the surrounding area (Figure 12a). In addition,

ChrnA5,B2, andother subunitswerenot differentially expressed in the

shell subregion of LMAN (Bottjer & Altenau, 2010) relative to the sur-

rounding nidopallium.

Conversely, the expression of ChrnA4 was lower in RA than in

the surrounding arcopallium. Although none of the nAChR subunits

exhibited higher levels of expression in RA and Area X relative to the

surrounding arcopallium and striatum, respectively, low-to-moderate

expression was observed in RA (for ChrnA7 and B2) and Area X

(for ChrnA4 and B2) compared with the respective surrounding brain

areas. In aDLM, only ChrnA5 showed a higher differential expression

level than the surrounding DLM.

Although differences in the expression of glutamate receptors are

observed between the lateral and the medial parts of the AFP song

nuclei (Wada et al., 2004), two nAChR subunits that were expressed

with higher levels in LMAN (ChrnA5 and B2) and in aDLM (ChrnA5)

relative to their respective surrounding area did not show differential

expressions in the medial MAN and dorsomedial nucleus of the poste-

rior thalamus.
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F IGURE 11 Heatmap summarizing the expression of nicotinic acetylcholine receptor (nAChR) subunits in subregions of the zebra finch brain.
Levels of expression weremeasured by image pixel intensity and represented in the heatmap by five-grading colors (color bar)

3.5 Developmental regulation of nAChR subunits
during the critical period of song learning

To examine a potential developmental change in the expression of

nAChR subunits in the song nuclei (HVC, RA, LMAN, Area X, and

aDLM) through the critical period of song learning, we quantified the

mRNA expression levels of ChrnA3−5, A7, and B2. Male zebra finches

at the subsong (35−45 phd), plastic song (50−65 phd), and crystal-

lized song (120−140 phd) stages were used. Although nAChR sub-

units were expressed to varying degrees among the song nuclei, only

ChrnA5 showed significantly different regulation in the song nucleus

LMAN, with its expression level increased from subsong to crystal-

lized stages (one-way ANOVA followed by Scheffe’s F tests, *p = .031)

(Figure 12b). However, even though the shell subregion of LMAN

is implicated in song learning in juvenile zebra finches (Bottjer &

Altenau, 2010), the expressions of ChrnA5 and other subunits were

not differentially regulated through the critical period of song learn-

ing. In addition, although the expression levels of ChrnA5 in Area X

increased gradually from the subsong to crystallized song stage, the

difference was not statistically significant due to individual variabil-

ity in the mRNA expression level at the plastic and crystallized song

stages. These results indicate that the expression of most nAChR sub-

units was consistently regulated in the song nuclei throughout song

development.

3.6 Cell type-specific expression of nAChR
subunit in the song nuclei

To elucidate the expression of nAChR subunits in different cell types

of the vocal motor nuclei HVC and RA, in which the ACh content and

related enzyme activity change markedly during the critical period

for song learning (Sakaguchi & Saito, 1989), we performed scRNA-seq

with the two song nuclei from an adult male zebra finch. Based on

the data obtained, we analyzed the expression of ChrnA1−10, B2−4,

and D, and G mRNAs in different cell types, including glutamatergic

excitatory neurons (including HVC(X), HVC(RA), and RA projecting neu-

rons), GABAergic neurons, progenitor neurons, astrocytes, microglia,

oligodendrocytes, OPC, and surrounding excitatory neurons in the

nidopallium and arcopallium (Figures 13–16). Consistent with earlier

in situ hybridization results, the scRNA-seq data revealed that ChrnA1,

A9, B3, B4, and D were expressed only in a few cells in both HVC and

RA,whileChrnA6mRNAwasnot detected. Anexceptional discrepancy

in mRNA detection was observed between in situ hybridization and

snRNA-seq for ChrnA2 and ChrnA10. Although in situ hybridization

revealed adequate expression of ChrnA2mRNA throughout the entire

brain, including HVC and RA, scRNA-seq showed no ChnrA2 (+) cells

in bothHVC and RA. Conversely, ChrnA10 expression level was almost

undetectable by in situ hybridization, whereas snRNA-seq showed

several excitatory and inhibitory neurons and astrocytes labeled as
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F IGURE 12 Expression of nicotinic acetylcholine receptor (nAChR) subunits in the song nuclei of adult male zebra finches. (a) ChrnA3−5, A7,
and B2 expression in song nuclei, HVC, RA, LMAN, Area X, and aDLM. Brains are sagittal, white color represents mRNA signal. Right panels:
Camera lucida drawings depicting each song nucleus. Dotted dark lines show the borders of the song nuclei. (b) nAChR subunit expression in the
song nuclei during song development. ChrnA3−5, A7, and B2 expression in HVC, RA, LMAN, Area X, and aDLMduring the subsong (35−45 phd,
orange), plastic song (50−65 phd, blue), and crystallized song (120−140 phd, red) stages of song development. Bars: mean± SEM. n= 6 birds/each
stage. One-way analysis of variance (ANOVA) *p< .05

expressing ChnrA10. Despite our best effort to carefully evaluate

the specificity of the in situ hybridization probe and gene annotation

information used for scRNA-seq analysis, the inconsistent detection of

ChrnA2 and A10mRNAs remains unclear.

In contrast to those subunits with low or undetectable expression

levels, ChrnA3−5, A7, A8, B2, and G were expressed in at least one

cell type in these song nuclei at varying levels and in different num-

bers of cells (Figures 14 and 16). In particular, ChrnA7 and B2 were

expressed in most cell types of HVC and RA. As for the results from

in situ hybridization (Figure 12a), ChrnA3 expression was biased in

selective cell populations of HVC(RA) and HVC(X) projecting neurons

and in a few RA projecting neurons. Although very few glutamatergic

projecting neurons in HVC and RA expressed ChrnA4, progenitor neu-

rons for HVC and OPC in both HVC and RA showed clear and intense

expression of this subunit. ChrnA8 was selectively expressed in a sub-

type of astrocytes in HVC but not in RA, while ChrnG was selectively

expressed in a few oligodendrocyte populations in these song nuclei.

In addition, in situ hybridization signals for ChnrA8 and GmRNAwere

very subtle. Taken together, the scRNA-seq analysis revealed both non-

specific expressions of ChrnA7 and B2 among various cell types and

much selective expression ofChrnA3−5, A8, andG in limited cell types,

suggesting that there are potentially unique nAChR subunit combina-

tions at the single-cell level in the vocal motor song nuclei HVC andRA.

Since nAChR subunits form heteromeric or homomeric pentamers,

which possess different physiological and pharmacological properties

(Albuquerque et al., 2009; Gotti et al., 2009; M. Zoli et al., 2015), we

further investigated the potential combinations of nAChR subunits

coexpressed in neuronal cell types of HVC and RA by focusing on

ChrnA3−5, A7, and B2 (Figure 17), which were detected in the song

nuclei by in situ hybridization. The results revealed that limited popula-

tions of each neuron type expressed only specific nAChR subunits. For

instance, although ChrnA3, A5, A7, and B2 were expressed in HVC(RA)

neurons, 55%ofHVC(RA) neurons showednoexpressionof nAChRsub-

units. In addition, most of the remaining HVC(RA) neurons expressed

only a single type of nAChR subunit. The selective expression of nAChR

subunits was similarly observed in other neuron types in HVC and
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F IGURE 13 Expression of marker genes at each cell-type in HVC. Violin (left side panel) and UniformManifold Approximation and Projection
(UMAP; right side panel) plots of cell clusters expressingmajor cell typemarker genes (a) and subtypemarker of glutamatergic neuron (b)

RA: HVC(X) neurons, interneurons, and progenitor neurons in HVC

and projecting neurons and interneurons in RA. ChrnA7 subunits are

known to formhomomeric nAChRs,while otherα subunits (ChrnA2−6)
combine with β subunits to form heteromeric receptors (Gotti et al.,

2009; M. Zoli et al., 2015). Indeed, we found that ChrnA7 was

expressed in some populations of all neuron types in HVC and RA

(29% of HVC(RA), 62% of HVC(X), 12% of HVC interneurons, 5% of

HVC progenitor neurons, 32% of RA projecting neurons, and 10%

of RA interneurons), suggesting the potential existence of ChrnA7-

homomeric receptors in these neural cell types. Because the expres-

sions of ChrnB3 and B4 were detected only in a few cells in HVC and

RA (Figures 4, 14, and 16), ChrnB2 must be the main β subunit of het-
eromeric nAChRs in the songnuclei.Our snRNA-seqdata revealed that

10%−22% of the neural cell types in HVC and RA expressed ChrnB2

(Figure 17a,b). It is necessary to recognize potential technical limita-

tions of scRNA-seq in detecting the transcribed mRNAs at low lev-

els; even though we counted at least 1 UMI of the scRNA-seq reads

as a positive expression of each nAChR subunit, cells coexpressing

ChnB2 and other α subunits comprised only a 2%−20% fraction of

each neural cell type in HVC and RA. When we focused especially on
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F IGURE 14 Expression of nicotinic acetylcholine receptor (nAChR) subunits in various cell types in HVC. UniformManifold Approximation
and Projection (UMAP) plots of cells expressing ChrnA1−5, A7−10, B2−4, D, and G in HVC (n= 6510 cells). Red dots in each panel represent cells
expressing the subunit indicated at the top left. The color gradation represents the intensity of expression. In the reference UMAP panel at the top,
each color represents a class of cell types

ChrnB2-expressing cells, ChrnA7 was the main α subunit coexpressed
withChrnB2 in 31%, 66%, and33%ofChrnB2(+)-HVC(RA), ChrnB2(+)-

HVC(X), and ChrnB2(+)-RA projecting neurons, respectively (arrow-

heads in Figure 17a–c). This information on coexpression suggests the

presence of a ChrnA7/B2 heteromeric receptor, which was recently

found in rodent and human brains (Liu et al., 2012, 2009; Thomsen

et al., 2015). These findings demonstrated that nAChR subunits were

expressed in a limited cell population of each cell type in the vocal

motor nuclei HVC and RA. Furthermore, nAChR may form ChrnA7-

homomeric or ChrnB2-containing heteromeric receptors in these cell

populations. However, compared with the more abundant expression

of ChrnA7-homomeric receptors, far fewer neuronal cells expressed

ChrnB2-containing receptors.

4 DISCUSSION

To comprehensively investigate the expression of nAChR subunits in

an oscine songbird brain, including the neural circuits for acquiring

and producing birdsong, we cloned 15 nAChR subunits, ChrnA1−10,

B2−4, D, and G, from the zebra finch brain and highlighted their

unique expression patterns in the telencephalon, thalamus, midbrain,

and cerebellum. Whether the developmental origin of the hyperpal-

lium is distinct or similar to regions below it remains an unsolved

problem in avian pallial organization (Jarvis et al., 2005; Medina &

Reiner, 2000; Reiner et al., 2004). The results of this study have shown

that all six nAChR subunits expressed in the telencephalon were sim-

ilarly expressed in both the hyperpallium and nidopallium across the

mesopallium. The concordant expressionof thesenAChRsbetween the

hyperpallium and nidopallium is consistent with the hypothesis that

these two pallium subdivisions have a common origin (Gedman et al.,

2021; Jarvis et al., 2013).

Five of the subunits (ChrnA3−5, A7, and B2) were expressed at

varying levels in one or more song nuclei in the zebra finch brain.

Of these, only ChrnA5 mRNA was differently regulated in the AFP

song nucleus LMAN throughout the critical period of song develop-

ment. These findings indicated that, in contrast to the change in ACh

concentration and the activity of ChAT and AChE in the song nuclei

through the critical period of song learning (Sakaguchi & Saito, 1989,

1991), the expression of most nAChR subunits was consistently main-

tained in the song nuclei during song acquisition. Furthermore, scRNA-

seq analysis revealed the potential expression of ChrnA7-homomeric

and ChrnB2-containing heteromeric nAChRs in limited cell popula-

tions of most neuronal cell types in the vocal premotor nuclei HVC

and RA.

4.1 Comparison of nAChR subunit expression
between avian and mammalian species

A similar number of nAChR subunits are expressed in the CNS of avian

and mammalian species (Han et al., 2000; Nicolas Le Novere et al.,



1984 ASOGWA ET AL.

F IGURE 15 Expression of marker genes at each cell-type in RA. Violin (left side panel) and UniformManifold Approximation and Projection
(UMAP) (right side panel) plots of cell clusters expressingmajor cell typemarker genes (a) and subtypemarker of glutamatergic neuron (b)

1996; Lein et al., 2007; Lovell et al., 2018; Morris et al., 1990). How-

ever, the expression patterns and levels of nAChRs in the brain are not

conserved between them. For example, the pattern of expression

of four nAChR subunits (ChrnA1−3, A5) was apparently differ-

ent in the pallium of zebra finches and the cortex of the mouse

(Figures 2–4 and 18). Specifically, ChrnA3 andChrnA5were expressed

in the mesopallium and entire pallial subregions of the zebra finch,

respectively (Figures 2 and 5). In contrast, there was no detectable

expression of the mRNAs of these subunits in the mouse cortex

(Figure 18). Conversely, ChrnA1 and ChrnA2 were consistently

expressed throughout the entire mouse brain, the expression levels

of these two α subunits were undetectable in the zebra finch brain.

Furthermore, some of the nAChR subunits, such as ChnrA2 and A4,

were differentially expressed in the cortical layers of the mice and

marmoset (Figure 19), suggesting that nAChRs expression in the

telencephalic regions is species-specifically diversified. The discrep-

ancies thus identified in the pattern of expression of nAChR subunits

are in sharp contrast to highly conserved expression patterns of the

glutamate and dopamine receptor subunits between the avian pallium

and mammalian cortical regions (Kubikova et al., 2010; Wada et al.,

2004).

4.2 The potential functional contribution of
nAChR subunits in the vocal motor nuclei

Multiple lines of studies in songbirds have suggested potential con-

tributions of the cholinergic system to vocal learning and production.
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F IGURE 16 Expression of nicotinic acetylcholine receptor (nAChR) subunits in various cell types in RA. UniformManifold Approximation and
Projection (UMAP) plots of cells expressing ChrnA1−5, A7−10, B2−4, D, and G in RA (n= 6977 cells). Red dots in each panel represent cells
expressing the subunit indicated at the top left. The color gradation represents the intensity of expression. In the reference UMAP panels (upper),
each color represents a class of cell types

For example, stimulating the cholinergic basal forebrain, a region

homologous to the nucleus basalis of Meynert in mammals (R. Li &

Sakaguchi, 1997; Reiner et al., 2004), suppresses auditory responses

to the bird’s own song in HVC and RA neurons in anesthetized zebra

finches (Shea & Margoliash, 2003). Furthermore, the direct injection

of nicotine into HVC produces a strong and consistent suppression of

auditory responses in HVC neurons. Arousal state-dependent changes

in auditory responses in HVC are an essential modulator of auditory

input to the vocalmotor region during song learning (Cardin&Schmidt,

2003; Schmidt &Konishi, 1998; Shea &Margoliash, 2003, 2010). How-

ever, the precise HVC neuron type responsible for nicotine-induced

auditory suppression has not been determined physiologically.

Our scRNA-seq analysis revealed that in HVC, ChrnA3, A5, A7, and

B2 were expressed in three neuron types in HVC: HVC(RA) neurons,

HVC(X) neurons, and interneurons (Figure 14). However, the popula-

tions of cells that expressed these nAChR subunits differed among the

neural cell-type classes inHVC.We found that 45%ofHVC(RA) neurons

and 30% of HVC interneurons expressed at least one type of nAChR

subunits, mainly ChrnA7 or B2. In contrast, 77% of HVC(X) neurons

expressed one or more of the ChrnA3, A5, A7, and B2 subunits. In

particular, 63% of HVC(x) neurons expressed ChrnA7 subunits, which

can form functional homomeric receptors. Thus, ChrnA7 subunits may

play an important role in modulating the activity of HVC(X) neurons

in an arousal state-dependent manner. Further gene manipulation

studies of these nAChR subunits at the cell-type level will be crucial

to investigate the direct functional contribution of nAChRs in HVC to

song learning and production.

In RA, the chronic infusion of amixture ofmAChRandnAChRantag-

onists during the critical period of song learning induces abnormal

song development, characterized by the absence of stereotyped sylla-

ble sequences (Puzerey et al., 2018). Acute infusion of the AChR antag-

onist mixture into RA of juvenile zebra finches does not affect the syl-

lable acoustics or the timing of early plastic songs, suggesting that not

cholinergicmodulation of fast synaptic transmission but rather cell sig-

naling in RA is crucial for normal song learning (Puzerey et al., 2018).

In addition, tetanic stimulation of LMAN to RA axon fibers induces

long-term potentiation (LTP) in RA in the presence of nicotine; how-

ever, without nicotine it does not produce LTP (Salgado-Commissariat

et al., 2004). This nicotine-mediated LTP in RA is blocked by selec-

tive antagonists to ChrnA7-homomeric and ChrnA4/B2-heteromeric

nAChRs. Our scRNA-seq findings revealed that ChrnA7 was identi-

fied in approximately 30% of RA projecting neurons, which could be

a sensitive site to ChrnA7 homomeric receptor-specific antagonists

in RA. However, although 15% of RA projecting neurons expressed

ChrnB2, cells coexpressing ChrnB2 and other α subunits including

ChrnA4 accounted for only 0.1%−1.2% of RA projecting neurons.

These expression data are contrary to the observed pharmacological

effect of ChrnA4/B2 heteromeric nAChR antagonists in RA. Although

ChrnA4/B2 coexpression in RA was sparse, we found that 5% of RA

projecting neurons coexpressed ChrnA7 and B2. Thus, instead of a
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F IGURE 17 Expression of nicotinic acetylcholine receptor (nAChR) subunits in various neuron types in HVC and RA. UniformManifold
Approximation and Projection (UMAP) plots of neuronal cell types (organized by row) expressing each of the ChrnA3−5, A7, and B2 subunits
(organized by column) in HVC (a) and RA (b). Each colored dot represents one neuron expressing the corresponding subunit gene. The color
gradation represents the intensity of expression. HVC(RA) and HVC(X) are projecting neurons fromHVC to RA and Area X, respectively. HVC(RA),
HVC(X), and RA projecting neurons are glutamatergic excitatory neurons. HVC(RA) = 1715 cells; HVC(X) = 326 cells; interneurons in HVC and
RA= 896 and 959 cells, respectively; HVC progenitor cells= 275 cells; and RA projecting neurons= 892 cells. Arrowheads indicate cells
coexpressing ChrnA7 and B2 subunits. Percentage at the bottom of each UMAP plot is the fraction of the total cell population expressing the
corresponding nAChR subunit in the corresponding neural cell type. (c) Coexpression rates of ChrnB2 (+) neurons with ChrnA3 (green), A4 (light
blue), A5 (cream-yellow), and A7 (pink). Gray represents negatives (no expression of any of the ChrnA3−5, and A7 subunits

ChrnA4/B2 combination, ChrnA7/B2 heteromeric receptors may con-

tribute to the induction of nicotine-mediated LTP. Notably, approx-

imately half of RA projecting neurons did not express any nAChR

subunits. Thus, concerning nAChRs, RA projecting neurons are com-

posed of heterogeneous populations, which may elicit differential

responses to nAChR activation by nicotine (Meng et al., 2017; Salgado-

Commissariat et al., 2004).

4.3 The potential functional contribution of
nAChR subunits in the AFP nuclei

Similar to the VMP song nuclei, we found that limited nAChR subunits

were expressed in the AFP song nuclei, Area X (ChrnA2−5, A7, and

B2), aDLM (ChrnA2, A4, A5, A7, and B2), and LMAN (ChrnA2, A5,

A7, and B2). Particularly, the expressions of ChrnA5 and B2 were
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F IGURE 18 Nicotinic acetylcholine receptors (nAChRs) mRNA expression in themouse brain. All images are adapted fromAllen Brain Atlas
mouse in situ hybridization data (https://mouse.brain-map.org/search/index)

higher in LMAN than in the surrounding nidopallium. Furthermore,

ChrnA5 was the only subunit that showed a significant difference

in expression during the critical period of song learning. Although

physiological and pharmacological analyses of these subunits have

not been performed in the AFP nuclei, our findings suggest that

ChrnA7-homomeric and ChrnB2-containing heteromeric nAChRs

exist in the AFP song nuclei, as speculated for HVC and RA. The

AFP is a crucial neural circuit in the regulation of song learning

and maintenance by generating vocal variability (Andalman & Fee,

2009; Aronov et al., 2008; Brainard & Doupe, 2000; Kao et al., 2005;

Ölveczky et al., 2005). The concentration of ACh and the activity of

ChAT and AChE are increased and maintained in LMAN during the

critical period of song learning (Sakaguchi & Saito, 1989, 1991). Thus,

specific agonists/antagonists of ChrnA7-homomeric and ChrnB2-

containing heteromeric nAChRs could be used to examine whether

vocal variability can be modulated during song development. Further

studies focusing on particular cell types and nAChR subtype combi-

nations in the song nuclei will be crucial to elucidating cholinergic

contributions via the nAChRs involved in neural plasticity and song

learning.

https://mouse.brain-map.org/search/index
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F IGURE 19 Differential expressions of ChrnA2 and A4 betweenmouse andmarmoset cortices. (a) ChrnA2 expression in themouse (left) and
marmoset (right) cortices. (b) ChrnA4 expression in themouse (left) andmarmoset (right) cortices. Panels below are enlarged from enclosed
dotted square parts in the above panels. In situ hybridization images are adapted fromAllen Brain Atlas mouse ISH data
(https://mouse.brain-map.org/search/index) and theMarmoset Gene Atlas (https://gene-atlas.brainminds.riken.jp/)
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