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In brief

Nevue et al. define cell types in the vocal
robust arcopallial nucleus (RA) and
adjacent areas of zebra finches based on
snRNA-seq. They demonstrate neuronal
and astrocyte types unique to RA and
how cell-defining markers arise during
vocal development. Cell type and
developmental transcriptomics datasets
can be easily mined with interactive
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SUMMARY

Identifying molecular specializations in cortical circuitry supporting complex behaviors, like learned vocali-
zations, requires understanding of the neuroanatomical context from which these circuits arise. In songbirds,
the robust arcopallial nucleus (RA) provides descending cortical projections for fine vocal-motor control. Us-
ing single-nuclei transcriptomics and spatial gene expression mapping in zebra finches, we have defined cell
types and molecular specializations that distinguish RA from adjacent regions involved in non-vocal motor

and sensory processing.

We describe an RA-specific projection neuron,

differential inhibitory subtypes,

and glia specializations and have probed predicted GABAergic interneuron subtypes electrophysiologically
within RA. Several cell-specific markers arise developmentally in a sex-dependent manner. Our interactive
apps integrate cellular data with developmental and spatial distribution data from the gene expression brain
atlas ZEBrA. Users can explore molecular specializations of vocal-motor neurons and support cells that likely
reflect adaptations key to the physiology and evolution of vocal control circuits and refined motor skills.

INTRODUCTION

Understanding how complex behaviors are subserved by
specialized circuits requires thorough analyses of the cell types
and molecular specializations that  constitute those circuits. '+
Investigating organisms with a well-characterized behavior and
associated brain circuitry facilitates the identification of circuitry
specializations when contrasted with the broader areas from
which they evolved.

Vocal learning birds provide robust examples of a specialized
brain circuit that supports a lineage-specific behavior. ° In song-
birds, parrots, and hummingbirds, a dedicated forebrain circuit
enables the acquisition and production of learned vocalizations.
The architecture of avian vocal circuits contrasts with the cortical
layered organization in mammals but shares important connec-
tivity features of cortical microcircuits. “° The robust arcopallial
nucleus (RA) in songbirds, an analog of the laryngeal motor cor-
tex (LMC) in humans>® integrates inputs from premotor and cor-
ticobasal ganglia pathways of the forebrain vocal circuit (Fig-
ure 1A) and provides this circuit’s sole and direct output onto
vocal-motor and respiratory neurons in the midbrain and brain-
stem.”® RA is required for singing® and plays key roles in modu-
lating acoustic features of song. "®'%'? RA’s roles are in several
ways analogous to those that corticospinal pyramidal neurons in
the primate motor cortex play in the control of fine motor skills. '
RA projection neurons are capable of firing ultrathin spikes at
very high frequencies '>'>'* due to ion channel  specializa-
tions, "> some of which are similar to those of the specialized
Betz cells in the primate motor cortex,'” and RA’s adult firing pat-

L))

Gheck for
Updaios.

terns result from extensive changes during the period of song
learning.'*'5® Despite RA’s  distinct physiological features
and role in producing learned song, its most basic features
related to cell type composition and related molecular speciali-
zations have yet to be fully defined.

RA expresses numerous molecular markers thought to reflect
specialized roles in the production of learned vocalizations. %2
Many RA markers are convergently evolved specializations
shared with other avian vocal learners (e.g., hummingbirds) and
LMC in humans, '° and a recent transcriptomics effort provided
insights into molecularly defined cell types within RA. ?* For the
most part, however, these studies did not examine whether the
identified markers or cell type definitions might reflect broader
features of cortical motor circuits. For example, roughly half of
the markers shared between RA and LMC have been found in
adjacent non-vocal somatic motor areas, rendering them not
true RA-specific markers. ?* Considering the hypothesis that
vocal-motor areas arose as specializations of more ancestral
cortical motor circuits, 2° identifying differences between vocal
and non-vocal motor circuitry is critical  in understanding how
vocal learners execute this evolutionarily rare and complex
behavior.

RA is located in the intermediate arcopallium (Al), a brain re-
gion that has descending somatic projections and contains neu-
rons considered analogous to deep-layer pyramidal cells of the
mammalian motor cortex. "?®%” Dorsal Al (Ald) is considered a
motor cortical analog involved in somatic motor function 2°2%:2°
and broadly present in vocal learner and non-learner birds.?*
The proximity and similar involvement of RA and Ald in motor
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function, their shared gene expression profiles, and the molecu-
lar similarities of Ald between songbirds and suboscines all sup-
port the hypothesis that RA may have evolved as a songbird
specialization of a more ancestral Ald.>?>?° Veentral Al (Alv), in
contrast, while also broadly present in birds, is thought to be
involved in auditory processing ?°~*' and has a molecular profile
different from that of Ald. 2" A close comparison of RA, Ald, and
Alv offers an excellent opportunity to identify cellular and molec-
ular features truly unique to RA.

To define the molecular and cellular architecture of a key vocal
area while considering its neuroanatomical context, we performed
single-nucleus RNA sequencing (snRNA-seq) of the intermediate
arcopallium, including RA, Ald, and Alv, combined with in situ
hybridization to assess the spatial distribution of the identified
cell type markers. The results provide a comprehensive character-
ization of genes selectively enriched in RA excitatory neurons in
addition to a multitude of molecular and cellular specializations
unique to RA and absent in the adjacent Al. We were also able to
probe the sparse GABAergic cell subtypes composition within
RA using virally targeted electrophysiological recordings. To in-
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extent, astrocytes (ASS1 ™) and microglia (RGS10 *), compared
to the rest of the Al (Figures 1E, 1F, and S1D).

Excitatory neurons in the Al

The Al has diverse molecular properties and connectiv-
ity> 123242938 including distinct electrophysiological properties of
RA excitatory cells."”"® It is considered analogous to deep layers
of the mammalian cortex, which has a large diversity of pyramidal
cell types.>® Accordingly, we detected several molecularly defined
excitatory cells in zebra finch Al. Excit_1 exhibited unique markers
(Figure 2A), some known to be expressed in RA only and not in
other arcopallial domains.?>?*%* In situ hybridization for genes
with high specificity to this cluster showed expression restricted

to RA (e.g., SRD5A2 in Figure 2B), supporting it as an excitatory
cell type unique to RA. In contrast, genes associated with Ex-
cit_2-3 (e.g., ADCYAP1 in Figure 2D) had low to no expression in
RA compared to outside the RA (Figure 2E; see also Figure S2B),
noting that markers linked to Excit_3 had higher expression in

Alv (e.g., CERKL in Figure S2A). Furthermore, several known nega-
tive markers of adult male RAX? where expression in RA is lower or

crease the utility of our datasets, we developed interactive software lacking compared to the surrounds, were unique to or enriched in
applications that allow integration of the cellular data with develop- Excit_2-3 (Figure S2C). We conclude that Excit_1 is an RA-unique

mental transcriptome datasets®” and with the spatial mapping ofn
situ hybridization data in the ZEBrA brain gene expression atlas?
These integrated resources will facilitate data mining as well as

cluster and corresponds to the vast majority of RA excitatory neu-
rons, commonly referred to as RA projection neurons, or RAPNS,
whereas Excit_2-3 correspond to excitatory cell types prevalent in

exploration of the molecular genetic basis of learned vocal behavior Al but rare or absent in RA.

and the evolution of brain circuits for refined motor skills.
RESULTS

Cell type composition of the intermediate arcopallium

To determine the cell type composition of the Al in adult male
zebra finches, we microdissected an area encompassing RA
as well as the Ald and Alv, analogous to deep-layer motor and
sensory (auditory) cortices, “?">® respectively (Figure S1A), and
isolated nuclei for snRNA-seq>* (Figure 1A). To avoid confounds
of sensory stimulation or singing behavior, we studied quiet un-
stimulated birds. We identified 13 clusters representing eight
classes of neurons, two classes of astrocytes (Astrocytes_1-2),
and one cluster each of oligodendrocytes, microglia, and endo-
thelial cells (Figures 1B and 1C, details in Figures S1B and S1C;
full marker lists in Table S1), based on the expression of estab-
lished cell type markers. > Among neuronal clusters, four
were identified as excitatory (Excit_1-3, and Excit_4, which
was mixed) and four as inhibitory (Inhib_1-4). There was a near
50:50 ratio in the numbers of neuronal vs. non-neuronal cells,
with astrocytes being the most  prevalent non-neuronal class
and excitatory neurons more prevalent than inhibitory neurons
(Figure 1D). Astrocytes and oligodendrocytes representing a ma-
jority of non-neuronal cells are consistent with estimations from
human cortex. *’

Because these cell clusters derived from tissue containing
multiple Al subregions and spatial information is lost in sSnRNA-
seq, we performed in situ hybridization for proxy genes to deter-
mine the spatial distribution of major cell classes and their pro-
portions across Al domains. While both excitatory (SLC17A6 *)
and inhibitory (GAD2") neurons were sparser in RA, RA exhibited
higher proportions of oligodendrocytes (PLP1 *) and, to a lesser
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Excit_1 markers represent the first comprehensive character-
ization of genes selectively expressed or  highly enriched in
RAPNs. SRD5A2 encodes a reductase that  converts testos-
terone into dihydrotestosterone and plays significant roles in
the masculinization of RA and singing behavior. “°*? We show
that SRD5A2 expression within the arcopallium is specific to
excitatory neurons in RA. Bioinformatics of the 100 most signif-
icant genes in the Excit_1 cluster  found enrichment for Wnt
signaling (Figure S2D), a pathway involved in brain development,
neuronal maturation, and synaptogenesis.*® Other genes encod-
ing components of the Wnt:SFRP complex (FRZB, WNT7B, and
WNT5B) were also unique to Excit_1 (Figure S2E), and RSPO3,
also enriched in Excit_1, has been implicated in Wnt signaling
and specification of motor neuron phenotypes.  “**° Thus, Wnt
signaling features unique to RAPNs may contribute to their differ-
entiation from other Al excitatory neurons or to modulation of
synaptic plasticity in these cells. “® The enrichment for dopami-
nergic signaling was consistent with the differential expression
of some dopaminergic receptors “” and the modulatory effects
of dopamine“® in RA. Extracellular matrix receptor interaction
is also of potential interest, given the involvement of the extracel-
lular matrix in synaptic plasticity.  “° Notably, some Excit_1
markers were also markers of song nucleus HVC (abbreviation
used as a proper name) (Figures S2F—S2H), a premotor input
source into RA, suggesting a co-evolution of molecular markers
within the vocal-motor pathway of the song circuitry.

RA undergoes major changes in morphology and gene expres-
sion during the developmental period of song learning, before
reaching the sex dimorphism characteristic of adults, *%#%#1:°0-56
In males, RA volume as well as neuronal soma and dendritic ar-
borizations increase in size, whereas female RA undergoes atro-
phy, with decreases in volume and neuronal size and number. To
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Figure 1. Cell classes of the intermediate arcopallium (Al)

(A) Workflow to generate single-nuclei transcriptomes (snRNA-seq) of Al from adult male zebra finches. Nucleus RA receives input from LMAN and HVC and
projects to vocal and respiratory centers in the brainstem. Sections of the caudal telencephalon were prepared and the Al region (green) containing RA, Ald, and
Alv was microdissected, followed by nuclei isolation, droplet-based 103 Genomics profiling, and lllumina sequencing.

(B) Uniform manifold approximation and projection plot visualization of Al cell

classes (n = 2 animals; nuclei = 1,504).

(C) Dot plot for cell type-defining genes used for cluster identity. SNAP25, neuronal; SLC17A6, excitatory; GAD2, inhibitory; FGFR3, astrocyte; PLP1, oligo-

dendrocyte; CSF1R, microglia; CFD, endothelial. On this and similar plots in all

centage of labeled cells

(D) Proportions of Al cell types from snRNA-seq: astrocytes (33.2%), oligodendrocytes (9.6%), microglia (3.2%), endothelial

(33.6%), and inhibitory neurons (17.8%).

figures, color indicates normalized expression levels and size indicates per-

cells (2.5%), excitatory neurons

(E) Nissl staining (upper left) anid situhybridization images for cell type-defining genes: excitatory (SLC17A8), inhibitory (GAD2), astrocytes (ASS1), oligodendrocytes
(PLP1), and microglia (RGS10). Unless otherwise indicatedn situimages in all other figures are from this same region of frontal sections. Scale bars, 400 mm.

(F) Proportion of each cell class across Al subdivisions from images in (E).

AA, anterior arcopallium; AD, dorsal arcopallium; AM, medial arcopallium; Ald, dorsal Al; nAld, neck of the Al; DM, dorsomedial

nucleus of the intercollicular

complex; HVC, proper name; LMAN, lateral magnocellular nucleus of the anterior nidopallium; nXllts, tracheosyringeal division of the hypoglossal nucleus; RA,
robust nucleus of the arcopallium; Alv, ventral Al. See also Figure S1 and Table S1.

explore whether markers of the RA-unique excitatory cells (Ex-
cit_1) might be regulated during this period, we analyzed their
expression within a bulk RNA-seq dataset (GEO: GSE191296)
that profiled the developmental emergence of sex differences
in RA gene expression. *> Many of the genes unique to Excit_1
that are positive markers of RA in adult males increased during
the period of song learning in males only (Figure 2C). This sug-
gests that this RA-specific cell type emerges in development,
concomitant with RA’s sexual differentiation. In contrast, genes
that define other excitatory clusters (Excit_2-3) and that are
negative markers of adult male RA decreased in male RA during
the period of song learning (Figure 2F), suggesting a develop-

mental regression and/or possible loss of these cell typesin
males.

Given the developmental sex differences in RA growth and tran-
scriptome, *? it was important to examine the cell type expression
of growth factor genes. Notably, the top growth-factor-related
genes in the bulk RNA-seq dataset that are developmentally upre-
gulated in male RA only were highly specific to Excit_1 (Figure 2G).
The top gene in this set (ENSTGUG00000013568), an apparent
LRRC32 paralog (which we refer to as LRRC32-2) and the second
most enriched gene in Excit_1 (Figure 2A), results from a songbird-
specific duplication of LRRC32 (Figure 2H). Whereas LRRC32-1
shares the upstream synteny with the parent gene (Figure 2H),

Cell Reports 42, 113344, November 28, 2023 3
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Figure 2. Molecular specializations of Al excitatory neurons

(A) Dot plot of top defining markers of cluster Excit_1.

(B) In situ hybridization shows that SRD5A2, a highly differential Excit_1 marker, is exclusively expressed in RA. Scale bar, 400 mm.

(C) Age and sex differences in Excit_1 marker expression; bulk RNA-seq plots show that many defining markers of this RA-specific cell type increase in males only
during the period of song learning.

(D) Dot plot of the top defining markers of clusters Excit_2-3.

(E)In situhybridization shows that ADCYAP1, one of the most differential markers of clusters Excit_2-3, is highly expressed in the Al but not in RA. Scale bar, 400 mm.
(F) Age and sex differences in Excit_2-3 marker expression; bulk RNA-seq plots show that many defining markers of Excit_2-3 that are low or absent in adult male
RA decrease in males only during the period of song learning.

(G) Dot plot shows that growth factor genes developmentally upregulated in male RA are markers of the RA-specific Excit_1 cluster.

(H) Genomic maps of chromosome 1 in chicken and zebra finch, exhibiting the LRRC32 duplication in the latter.

(I) Age and sex differences in LRRC32 genes; bulk RNA-seq plots show that only LRRC32-2 is developmentally regulated in male RA.

Bulk RNA-seq plots in (C), (F), and () represent values of transcript abundance and are false discovery rate (FDR) < 0.01 for the male 20-50 comparison and

FDR > 0.01 for the female 20-50 comparison, with the exception of LRRC32-1, which is FDR > 0.01 for both comparisons. Age values in (C), (F), and () are in days
post hatch (dph). See also Figures S2 and S3.

LRRC32-2 preserves the downstream synteny and likely gained  with diverse distributions in the Al as well as markers specific to
different upstream elements. Only LRRC32-2 is specific to Excit_1 RAPNs, many of which are developmentally  regulated and
and developmentally upregulated in male RA (Figure 21), indicating possibly critical for this cell type differentiation and function.

that it is under different transcriptional regulation than LRRC32-1, a  RA is reported to have a caudodorsal (Cd) to rostroventral (Rv)
clear example of how two paralogs from a lineage-specific dupli-  topography, with the Cd projecting to the midbrain dorsomedial
cation differentiate, with one paralog taking on novel functions.  nucleus and/or to HVC, and the Rv projecting to medullary nuclei
Other growth factor genes developmentally upregulated in male nXIlts/RAm in a partially myotopic fashion. 758 \While known
RA and unique to Excit_1 are NDNF, IGF2, and GDNF (Figure 2G). markers of RA show mostly a homogeneous pattern, #"** recent
IGF2 has a known distribution consistent with expression selective evidence suggests possible molecular differences along the Cd-
to RAPNs,”” possibly supporting a growth role specific to this cell  to-Rv axis. ** To further examine a molecular topography within
type. Overall, our strategy identified distinct excitatory cell types RA, we performed bulk RNA-seq of Cd and Rv domains

4 Cell Reports 42, 113344, November 28, 2023
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microdissected from parasagittal sections through the core of RA
(Figures S3A and S3B). The two regions were remarkably similar
in gene expression, with very few differences (Figures S3C and
S3D). RA cells that project to either of its major known targets
may be too sparse or not well  represented in our dissections,
but it is also possible that these populations are not as spatially
segregated as suggested by tract  tracing, noting that the full
extent of these projections may not have been described. The mi-
crodissections were performed without guidance of retrogradely
labeled projection neurons, which might aid in subdividing RA.
While gene expression profiling of projection neurons is needed,
our data suggest that RA may be more spatially homogeneous
than previously suspected.

Inhibitory neurons and excitability properties in the Al
Inhibitory cells are thought to play important roles in RA physi-
ology and in encoding acoustic features of song, °° but little is
known about their molecular properties. The four inhibitory cell
types identified by GAD2 expression (Inhib_1-4; Figure 1C)
differed by numerous markers selectively enriched in each sub-
type (Figures 3A and S4A)in situhybridization of cluster-specific
markers revealed differences in spatial distribution (Figures 3B,
3C, and S4B). VWC2" cells (Inhib_1) had high densities in Ald
and Alv but were sparse in RA, possibly contributing to the lower
overall density of GABAergic cells in RA. Furthermore, based on
differential expression of markers related to embryonic gangli-
onic eminence subdivisions, Inhib_1-4 likely have different
developmental origins, °° with Inhib_1-2 derived from the medial
(MGE), Inhib_3 from the caudal (CGE), and Inhib_4 from the
lateral (LGE) ganglionic eminences (Figure S4C),  consistent
with the data in Colquitt et al.>* The Inhib_1 marker VWC2,
sparsely expressed in adult RA (Figure 3B), showed a male-spe-
cific developmental decrease, whereas the Inhib_4 marker SLIT2
showed female-biased expression at 50 days post hatch (dph)
(Figure S4D). Inhib_1-4 could also be distinguished by markers
of cortical inhibitory neuron subtypes in mammals®’ (Figure S4E).
Markers more highly expressed in superficial cortical layers
(LAMP5 and SNCG) ®? had very low expression in Inhib_1-4
and thus seem sparsely represented in Al, whereas markers
that are more evenly distributed across cortical layers (PVALB,
SST, and VIP) or deep-layer biased (MEIS2) were more highly ex-
pressed in Al, with levels differing across clusters (Figures S4E
and S4F). This is consistent with the notion that the avian Al, or
at least some of its neuronal populations, is analogous to deep
cortical layers in mammals.?' Parvalbumin (PVALB), a calcium-
binding protein and classical marker of cortical inhibitory neu-
rons in mammals, was expressed in both excitatory and inhibi-
tory neurons (Figures S4G and S4H), consistent with the high
density of PVALB" cells in RA (and other  song nuclei) from
mRNA and protein profiling. 2'~%**"5° PVALB is thought to facil-
itate fast spiking in mammalian interneurons and may subserve a
similar function in RAPNs, which have high spiking capabilities.'®
Based on GAD2 in situ hybridization of adult male RA and
consistent with previous reports, **°® we observed GABAergic
cells with large and small somata, the latter being more prevalent
(Figure 3D, right). Both morphotypes were also observed in other
pallial song nuclei, the large somata appearing larger than any
GAD2" cells outside of song nuclei (Figures S41 and S4J). In
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contrast to adults, GAD2* somata in RA appeared uniformly
small in 20-dph males (Figure 3D, left; quantifications in
Figures 3E and 3F). Importantly, NPY * cells (Inhib_2) inside RA
but not in the adjacent Ald included both large and small soma
subtypes (Figures 3G and 3H), whereas cells labeled for markers
of all other inhibitory clusters were uniformly small. These find-
ings suggest that the large soma GABAergic cells in RA corre-
spond to a subtype of NPY* cells and that the soma size of
this NPY™ cell subset in RA increases during the developmental
vocal learning period.

RA inhibitory neurons have been described as fast-spiking in-
terneurons (FSIs) with narrow action potential (AP) half-width and
small soma, ®”:%® but due to their sparseness they remain poorly
characterized. Given the molecular and morphological diversity
we observed in RA, we sought to determine whether their electro-
physiological profiles were also diverse or conformed to the FSI
categorization. To make targeted recordings, we injected AAV-
mDIx-eGFP,°° which selectively labels forebrain inhibitory neu-
rons, into RA of adult male zebra finches. As with in situ hybridi-
zation, GFP-labeled cells had both large and small somata
(Figure 4A). We then measured passive properties of GFP" neu-
rons (n = 24) using sequential negative current injections in the
whole-cell current-clamp configuration. We observed that cells
with high input resistance displayed larger spontaneous postsyn-
aptic potentials (PSPs) compared to cells with low input resis-
tance (black and red traces in Figure 4B, respectively). To elimi-
nate contamination from spontaneous APs, we measured PSP
amplitudes during current injections of 150 pA. Small cells pro-
duced significantly  larger-amplitude PSPs than large cells
(mean + SE: 2.57 £ 0.15 mV, n =94 PSPs for small cells and
1.42 +0.09 mV, n=31PSPsfor large cells; Mann-Whitney
Utest, p=3.9310 ', U =447.5). The membrane potentials
from which the PSPs were measured were statistically indistin-
guishable between the two cell types, with averages of
94.75 £ 5.87 mV and 87.43 + 5.87 mV (mean * SE) for small
and large cells, respectively. We additionally observed a broad
range of input resistance values and a more limited range of
membrane time constant values (Figure 4C). Upon calculating
the membrane capacitance (C ), a proxy for surface area, we
observed cells with low and high G, values (black to red gradient
in Figure 4C). When plotting G,, values in a frequency histogram,
we observed two distinct peaks that could be fitted with a double
Gaussian, with a greater proportion of cells exhibiting low C
(Figure 4D). We interpret the low and high C |, peaks as corre-
sponding respectively to the small and large soma GABAergic
cells observed by in situ hybridization for GAD2 (Figure 3D, right)
and confocal imaging of GFP * cells (Figure 4A).

We next measured spontaneous and evoked APs and per-
formed a principal component analysis of passive and active
membrane property measurements of RA GABAergic cells.
The large soma/high C,, cells clustered tightly together, whereas
the small soma/low C , cells were more diverse and spread out
(Figure 4E, red and black dots, respectively). This difference
likely reflects our identification of a single large soma subtype
compared to multiple small  soma subtypes. Small soma/low
C cells were more often spontaneously active than large
soma’/high C, cells (Figure 4F). When superposing all AP wave-
forms and derived phase plots of  those waveforms recorded

Cell Reports 42, 113344, November 28, 2023 5
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(A) Markers that differentiate the four GABAergic neuron subtypes.
(B) Spatial distribution of inhibitory subtypes based on mapping of
hib_4); corresponding images in Figure S4B.

in situ hybridizations for VWC2 (Inhib_1), NPY (Inhib_2), COLEC12 (Inhib_3), and SLIT2 (In-

(C) Quantification of spatial distribution of inhibitory subtypes; plotted are the proportions of cells from each subtype per Al subdivision.
(D) GAD2in situ hybridization of RA (white border) in juveniles (20 dph) and adult males. Open arrow denotes example of large soma GAD2 morphotype; closed

arrow denotes example of small soma GAD2" morphotype. Scale bar, 400 mm.

(E) Quantification of GAD2"* soma size in RA and in the caudal arcopallium outside of RA (arco) in juvenile (20 dph) and adult males. Adult RA vs. 20 dph RA,
p < 0.0001; adult RA vs. adult arco, p < 0.0001; 20 dph RA vs. 20 dph arco, p = 0.9596.
(F) Counts of GADZ" cells of different soma sizes in juvenile (20 dph) and adult male RA. The larger somata are notably absent in juveniles. Adult vs. 20 dph RA,

p < 0.0001.

(G) In situ hybridization for NPY reveals two morphotypes in RA but not in Ald. Scale bar, 100 mm.
(H) Quantification of soma size of inhibitory subtypes in RA and Ald. VWC2 RA vs. Ald, p = 0.8679; NPY RA vs. Ald, p = 0.0814; COLEC12 RA vs. Ald, p = 0.9804;

SLIT2 RA vs. Ald, p = 0.9804.

Shown in (E) and (H) are the median, 25th and 75th percentiles (box), and maximum and minimum values; shown in (F) are average values.
***p < 0.0001, *p < 0.1 following one-way ANOVA multiple comparisons. n = 3-4 animals per condition. See also Figure S4.

during a +100 pA current injection, there was considerable vari-
ability and no consistent differences among inhibitory subtypes
(Figure 4G). Importantly, the AP waveforms in all recorded neu-
rons, regardless of C , values, were highly reminiscent of those
previously described in RA interneurons, '>°7%%7% with narrow
half-widths and sharp slopes of the rising phase following the
peak of the afterhyperpolarization (Figure 4H). While there was
a trend for a higher instantaneous firing frequency between the
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first two spikes of an evoked AP train in small compared to large
cells (Figure S5A), when pooling data from all spikes throughout
the current injection small cells showed significantly higher firing
frequencies than large cells (Figure 41). Of note, we observed
highly variable firing rates during spontaneous and evoked firing
among interneurons of both subtypes (Figures S5B and S5C)
compared to the regular,  periodic firing typical ~ of RAPNs'®
(Figure S5D).
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Figure 4. Electrophysiological characterization of GABAergic interneurons in RA of adult males

(A) GABAergic cells in RA slices. AAV-mDIx-eGFP was injected into RA (top left); after adequate survival, targeted recordings of GFP * cells (n = 24 total) were
performed (top right). Image of slice from injected brain (bottom) shows representative examples of small soma (open arrowhead) and large soma (closed
arrowhead) neurons in RA. Scale bar, 20 mm.

(B) Representative recordings of responses to negative current injections (top) in cells with high (black traces, bottom) or low (red traces, middle) input resistance.
Shown are five overlaid example traces with different levels of current injected used to calculate capacitance (C ). Insets of highlighted (yellow) regions in the
traces show that larger mini PSPs are detected during current injections in cells with high (black traces) vs. low (red traces) input resistance.

(C) Graph plotting the input resistance vs. the time constant of recorded GFP * cells; dot color indicates the C ,, values of the individual neurons.

(D) Frequency distribution histogram of calculated C , for all GFP* cells recorded; bins = 10 pF. Histogram was fit by two Gaussian curves revealing distinct
populations of neurons as determined by the calculated C .

(E) Principal component (PC) analysis of passive and active membrane properties of recorded cells. PC1 accounted for 31.7% of the variance, PC2 accounted for
23.0%, and PC3 accounted for 13.1%.

(F) Proportions of large vs. small cells that were spontaneously active.

(G) Overlays of average action potential waveforms (left) and phase plots (right) for all large and small GFPcells recorded during a 1 s +100 pA current injection;
solid red and black traces are the average waveforms and phase plots for each cell subtype.

(H) Overlay of recordings in large (red trace) and small (black trace) neurons during the first 24 ms of a +100 pA current injection.

(I) Cumulative distributions of firing frequencies from large (red) and small (black) cells. Kolmogorov-Smirnov test, D = 0.4126, n = 289 large cell events and 1,044
small cell events.

In (E)—(1), large soma/high G,, cells are labeled in red, and small soma/low C , cells are labeled in black. See also Figure S5.
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Having obtained detailed electrophysiological  recordings of
inhibitory interneurons, we next examined whether any molecular
correlates of excitability might help explain differences between
the recorded properties of  inhibitory vs. excitatory cells, or
among inhibitory subtypes. We found marked differences for
low-threshold voltage-gated potassium channels, with the
almost exclusive expression of KCND2 (Kv4.2) subunits in inhib-
itory neurons (Figure S5E) contrasting with excitatory neurons as
a group expressing more KCNB1 and KCNB2 (Kv2.1 and Kv2.2)
subunits. The difference in the inactivation properties of these
channels, with Kv4.2 exhibiting profound inactivation compared
to Kv2.1 and Kv2.2, """? may in part explain the contrast in the
slope of the afterhyperpolarization of APs between Al inhibitory
vs. excitatory neurons.'®"%57:7% Other ion channel subunit genes
(Figures S5E and S5F) with expression unique to or enriched in
inhibitory cells (e.g., CACNA1I, KCNK2/9) contrast markedly
with those enriched in excitatory cells generally (e.g., KCNA10,
CACNA2D4, SCN4B), in RAPNs (Excit_1) alone (e.g., KCNJ5) or
in other Al excitatory cells (e.g., CACNA1H, KCNG1/3, KCNH4),
but possible links to differences in Al cell excitability remain to
be defined. As for inhibitory subtypes, expression of KCNN3,
which encodes a small-conductance calcium-dependent potas-
sium channel (SK3), was almost exclusive to a small proportion of
cells in the Inhib_2 cluster (NPY'; Figure S5F), which contains the
large-diameter interneurons. SK channels have been shown to
prolong interspike periods in numerous cell types through
increasing the potassium conductance during those periods. ">
The differential expression of this channel may therefore help
explain the lower firing frequency in large vs. small interneurons.
Furthermore, given that the APs recorded from all interneurons
taken together were highly variable (Figure 4G), it is noteworthy
that many ion channel genes that can directly affect membrane
excitability differed considerably in expression across inhibitory
subtypes (Figure S5G). Several others were found to be enriched
in specific subtypes, for instance KCNIP4 and KCNK16 in In-
hib_1, KCNS3 in Inhib_2, KCNJ4 and CACNGS5 in Inhib_3, and
KCNH5 and SCN3B in Inhib_4 (Figures S5E and S5F).  While
direct links to cell type differences in excitable properties require
pharmacological or genetic manipulations, these findings (sum-
mary in Figure 7F) highlight the utility of our molecular dataset
in identifying molecular targets and testable predictions for how
excitability is shaped within the Al.

Non-neuronal cells

Non-neuronal cells also exhibited specializations in RA.  In situ
hybridization for  the oligodendrocyte marker ~ PLP1 showed
marked enrichment in RA (Figure 1E). Other known oligodendro-
cyte markers in mammals were unique to the PLP1-defined clus-
ter (Figure 5A), and UGT8 and other candidate oligodendrocyte
markers in ZEBrA?? with a similar enriched expression in RA as
PLP1 were also highly specific to this cluster (Figure 5A).
UGTS8" cells inside RA were small, with scant strongly labeled
cytoplasm (Figure 5B, bottom), similar to the UGT8 * cells seen
at high densities in occipitomesencephalic fiber  bundles and
tract (Figure 5C, bottom right). UGT8 * cells were also prevalent
along the fiber tract connecting song nuclei HVC and RA (Fig-
ure 5C, bottom left), consistent with the heavily myelinated
song system projections, "“ and in avian analogs of thalamo-
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recipient layer 4 of mammalian sensory cortices (Figure S6),
which are also heavily myelinated.”® A preponderance of labeled
cells for UGT8 and other genes unique to or enriched in the
PLP1-defined cluster was also seen in the other  pallial song
nuclei compared to adjacent areas (Figure 5C, top). These find-
ings strongly support this cluster as representing oligodendro-
cytes, indicate that oligodendrocytes are enriched in pallial
song nuclei, and define highly enriched molecular markers for
this cell type in songbirds.

Of the markers that defined astrocytes, many were shared be-
tween Astrocytes_1-2, including classical markers (e.g., EGF,
FGFRL1), whereas Astrocytes_2 exhibited additional ~ markers
absent in Astrocytes_1 (Figure 5D). Expression of a shared As-
trocytes_1-2 marker (ASS1) was broadly distributed throughout
the Al (Figure 1E), whereas expression of CRISPLD1, a highly dif-
ferential gene in the Astrocytes_2 cluster, was restricted to RA
and absent in Ald (Figure 5E). This distribution suggests that As-
trocytes_1 is broadly distributed in the Al, whereas Astrocytes_2
is largely restricted to RA. Cells expressing CLIC4, a gene highly
enriched in the endothelial cell cluster (Figure 5F), were also at a
higher proportion in RA (Figure 5G).

Examination of the developmental RNA-seq dataset > re-
vealed that most of the genes upregulated in both male and fe-
male RA during the period of  song learning were associated
with the oligodendrocyte cluster (Figures 6A and 6B). This sug-
gests that oligodendrocyte-related functions are an intrinsic
feature of RA development, regardless of sex and vocal develop-
ment. This is surprising, given that female zebra finches do not
sing and female RA shows developmental decreases in volume
as well as neuron size and number. °*°? In situ hybridization for
PLP1 confirmed this finding,  with a developmental increase
in both male and female RA indicating increased density of
oligodendrocytes in both sexes (Figure 6C). A developmental
increase in myelination within and across song nuclei has previ-
ously been described in males,”* but the present results suggest
this increase is not specific to males. Lastly, genes associated
with the endothelial cell cluster increased in expression during
development only in male RA (Figures 6D and 6E). Besides as-
signing an endothelial identity to these developmentally regu-
lated genes, our findings support the notion that a higher capil-
lary density to meet the metabolic demands of high-frequency
firing distinguishes RA neurons in adult males compared to juve-
niles and females, as previously suggested. °7¢

Insights into RA physiology gene expression:
Neurotransmission, connectivity, and transcriptional

regulation

To gain further insight into physiological specializations of Al cell
types, we examined the expression of genes involved in funda-
mental neuronal processes such as synaptic transmission/mod-
ulation, connectivity, molecular transport systems, and transcrip-
tional regulation (Figure S7).  Excitatory cells predominantly
expressed various GABAergic and serotonergic receptor classes
and primarily expressed some dopaminergic (DRD3) and cholin-
ergic (CHRMS5) receptors, with RA-specific Excit_1 primarily ex-
pressing GABRE, whereas inhibitory cells primarily expressed
other GABAergic subunits, with Inhib_2 primarily expressing
GABRG1, CHRM2, and DRD2 (Figure S7A). These findings
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Figure 5. Non-neuronal specializations in song nuclei of adult male zebra finches

(A) Dot plot with top differentially expressed genes in the oligodendrocyte cluster and putative oligodendrocyte markers on ZEBrA based on expression patterns.
(B) Top: drawing of parasagittal section with forebrain song nuclei and fiber tracts (adapted from ZEBrA: www.zebrafinchatlas.ord? and from’®); areas in colored
rectangles are shown in (C). Bottom: in situ hybridization for UGT8 (from ZEBrA) shows cellular expression pattern in RA consistent with oligodendrocytes.

(C) In situ hybridization for UGT8 (from ZEBrA) shows oligodendrocyte enrichment in pallial

song nuclei HVC (red), LMAN (green), and RA (blue) compared to

surrounds. Bottom panels show views of the fiber tract from HVC to RA (black) and the occipitomesencephalic tract (OM) (gray); rectangle locations shown in (B).

(D) Dot plot with top differentially expressed genes in the astrocyte clusters.

(E)In situ hybridization for CRISPLD1, an Astrocyte_2 enriched gene, shows higher density of labeled cells in RA (top) compared to Ald (bottom).

(F) Dot plot for CLIC4, a gene enriched in endothelial cells.

(G) In situ hybridization image for CLIC4 in frontal section shows higher density of labeled cells in RA than elsewhere in the Al.
Arrowheads indicate expression in ventricle. Scale bars, 100 mm in (B) (bottom left); 400 mm in (C), (E), and (G). See also Figure S6.

indicate different synaptic specializations of
and provide a cellular basis for the differential expression of
various neuromodulatory receptors in RA, 2°7789 insights into
likely cellular target of action of related drugs known to affect
RA physiology,*®7881-%* and predictions for cell type-specific ef-
fects for future pharmacological studies. As for axonal guidance
and connectivity, several genes were differential in excitatory
(e.g., ADCYAP1, SEMA3F, CDH17, DCN) vs. inhibitory (e.g.,
SLIT2, RELN, SEMA3A/C/E, UNC5C) cells (Figure S7B). We
note the selective expression of  DCN in RA-specific Excit_1
and of RELN in Inhib_1-2, consistent with these genes being
robust positive and negative markers of RA, respectively ( in situ
patterns in ZEBrA; see also®®).

For transcription factors, we focused on those with defined
DNA-binding motifs and that are developmentally regulated in
RA during the period of song learning®” Several transcription fac-
tors were differential across cell types (Figures S7C and S7D),
noting the selective expression of NKX2-8 in RA-specific Excit_1,
ZBTB7C and ETV4 in Inhib_3, HEY2 and PAX6 in astrocytes,
NKX6-8 in oligodendrocytes, and LEF1 in endothelial  cells.
Intriguingly, the speech-linked FOXP2 gene, expressed at low
levels in RA,%° was primarily associated with inhibitory neurons
and endothelial cells, not principal excitatory cells. Immediate-
early genes (EGR1, CFOS, and CJUN) were mostly expressed
in non-neuronal cells, consistent with the birds being quiet and
unstimulated around sacrifice and supporting this dataset as

various cell types

constitutive rather than reflecting activity-inducible expression.
Lastly, several transporter genes (SLCs) showed expression
restricted to neurons vs.  astrocytes (the latter for metabolites
such as succinate, citrate, or bicarbonate) or in excitatory
(SLC17A6) vs. inhibitory (SLC32A1) cells (Figures STE—ST7F).
We note the selective expression of a glycine transporter
(SLC6A9) in Excit_4, which could be associated with local glyci-
nergic transmission, ¢” and of the glucose transporter (SLC2A1)
in endothelial cells, consistent with a brain sugar transport role
of this cell type® The identified cell types thus exhibit specialized
molecular features associated with fundamental aspects of
neuronal physiology, connectivity, and transcriptional regulation.
These findings provide an important basis for future studies using
neurophysiology, pharmacology, and molecular genetics to
assess gene function.

Interactive applications for data exploration

To enable further exploration of RA cell properties, we have devel-
oped data visualization applications that allow rapid assessment

of cell type and sex/developmental gene expression data from

RA snRNA-seq and bulk transcriptome datasets and have inte-
grated them with in situ hybridization data from ZEBrA (www.
zebrafinchatlas.org) for assessment of spatial gene expression
patterns (Figures 7A-7D). This allows one to examine the brain dis-
tribution of genes selectively expressed in specific cell types or
developmentally regulated in one or both sexes or, conversely,
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Figure 6. Developmental changes in non-neuronal composition in RA

(A) Most genes that increase in RA in both males and females ** are highly enriched in the oligodendrocyte cluster.

(B) Developmental gene expression plots for four highly specific oligodendrocyte markers from (A).

(C) In situ hybridization for PLP1 showed increased developmental expression in RA in both sexes; labels represent age in dph. Scale bar, 250 mm.
(D) Endothelial cell markers show a male-specific developmental increase in expression.
(

E) Dot plot for endothelial cell markers shown in (D).

Bulk RNA-seq plots in (B) and (D) are FDR < 0.01 for the male 20-50 comparison and FDR > 0.01 for the female 20-50 comparison.

the RA cell type specificity or developmental profiles of RA marker
genes in ZEBrA. As examples, genes expressed in Excit_1-4
(GABRAS5) or in all neuronal cell types (FLRT2) show expression
and/or enrichment in RA, but those specific to Excit_2-3
(CACNA1H) or Inhib_1-3 (RELN)are restricted to the Al outside
of RA (Figure 7A), consistent with Excit_1 being RA specific but
Excit_2-3 and Inhib_1 being largely absent in RA.

We also plotted how the most differentially expressed cell-clus-
ter-defining markers are regulated in the sex and age contrasts of
the developmental dataset. Numerous markers of GABAergic sub-
types and of excitatory neurons that are sparse or absent in adult
male RA (Excit_2-3) were developmentally downregulated in
young males, their expression becoming female biased by 50
dph (Figure 7B, bottom, middle, and right panels), whereas several
markers of the RA-specific Excit_1 showed a developmental in-
crease, mostly in males, and were male biased at 50 dph (Fig-
ure 7B, bottom, red color). Markers of the RA-specific Astro-
cytes_2 and of endothelial cells increased primarily in males
(Figure 7B, top, middle, and right panels), whereas oligodendro-
cyte markers were markedly upregulated in both males and fe-
males (Figure 7B, top, left, and middle panels), in agreement with
PLP1 expression (Figures 6B and 6C).

These examples illustrate how the incorporation of our interac-
tive applications to the ZEBrA atlas (Figures 7C and 7D) allows

10 Cell Reports 42, 113344, November 28, 2023

the rapid examination of  cell type specificity, developmental
regulation, sex differences, and brain distribution of molecular
markers of a major song nucleus. These integrated resources
thus enhance the opportunities for data mining and formulation
of testable hypotheses on gene regulation and function within
the zebra finch vocal circuitry.

DISCUSSION

We presented here a characterization of molecularly defined Al
cell classes and their distribution in zebra finches and identified
molecular specializations linked to basic functions such as excit-
ability, connectivity, and transcriptional regulation of these cell
classes. The Al is a complex region that includes song nucleus
RA, whose projection neurons are analogous to pyramidal cells
in human LMC, and the adjacent Ald and Alv, considered analo-
gous to deep layers of mammalian somatic motor and auditory
cortices, respectively.>*®° While several cell classes were
broadly distributed, our spatial analysis provides support for
the existence of specialized cell types within RA (Figure 7E).
This includes an excitatory neuron, a large inhibitory subtype,
and an astrocyte unique to RA,  as well as evidence of high
enrichment of oligodendrocytes in RA, noting that RAPNs proj-
ect to brainstem via heavily myelinated axons that support
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Figure 7. Integration of spatial distribution and cell expression data and summary of RA cell types

(A) Cell type expression data provide insights into gene expression patterns seen byin situ hybridization; in the examples shown, cell class distributions (left) help
explain differential expression of positive and negative RA markers (right; in situ hybridization data from ZEBrA: www.zebrafinchatlas.org).

(B) Integration of cell type and developmental datasets reveals sex- and age-dependent regulation of specific RA cell type markers. Plotted is the logold change
for the top cluster-defining genes in each comparison; for age comparison, 20:50 dph ratios; for sex comparison, male/female at 50 dph ratios. Scale bar, 500 mm.
(C) R Shiny applications to interact with the datasets presented in this study are linked on the homepage of ZEBrA; image adapted from 22,

(D) Examples of using the applications depicted in (C) for assessment of cell type (top) and sex/age developmental (bottom) profiles in RA.

(legend continued on next page)
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fast-propagating spikes.  These findings reflect  fundamental
properties of the song circuitry and the specialized physiology
of RA at the single-cell level, noting that the data provide evi-
dence of cell type specificity for numerous genes. More broadly,
the findings bring insights into the organization and evolution of
specialized brain regions for complex learned behaviors.

By including multiple Al regions, our study provided neuroan-
atomical context to the cellular transcriptome analysis of  RA.
This approach, previously used in an extensive in situ hybridiza-
tion study of RA markers, ?® allowed the identification of special-
izations truly unique to RA, i.e., not shared by neighboring Al re-
gions. While the study by Colquitt et al. >* had a goal of defining
cell subtypes exclusively within RA, the assessment of anatom-
ical context, as done here, allows for both a confirmation of the
spatial location of specific cell types and the identification of fea-
tures unique to RA. Based on our data, we note that markers of
putative RA excitatory neuron subtypes identified by Colquitt
et al.?* are also highly expressed outside of RA (e.g., CRHR2,
NFATC1) or in non-excitatory neuron populations (e.g.,
ADAMTS18, RUNX1) (Figure S7G). These findings illustrate the
critical need for regional comparisons, a concept which we refer
to as molecular context and which will be key in the rapidly devel-
oping spatial genomics landscape. %°

Our data clearly show that the major projection neurons in RA
(Excit_1) express markers not expressed in other Al regions.
Their identification addresses an important gap, as the majority
of known markers specific to RA were negative ones.’”**> Genes
selective to RA projection neurons likely reflect proteins that are
active within these cells and thus poised to affect their growth,
differentiation, and firing behavior. This includes mediation of
spectral features of song through patterned burst-pause type
firing,'*'? a function possibly modulated by GABAergic inter-
neurons®® and by regulators of intrinsic excitability '>'® and
synaptic transmission in RA. The identified molecular features
of RA-specific projection neurons and the diverse interneuron
subtypes provide a solid basis for hypothesis-driven mecha-
nistic studies of gene function in the context of vocal circuits.

Zebra finch RA is highly dimorphic, its large projection neurons
subserving song production in males, whereas in females, which
do not sing, RA undergoes marked developmental reductions in
volume and in neuron number and size. “%°52°% |ntegration of
our single-cell data with bulk developmental = RNA-seq data-
sets® revealed that many cell type markers of adult RA are
developmentally regulated during the period of song learning in
a sex-specific manner. In particular, many markers of the RA-
specific Excit_1 are developmentally upregulated in males
only, whereas markers of cell types absent in adult male RA
are downregulated in males and/or upregulated in females dur-
ing this same period. These findings provide an indication that
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excitatory cells differentiate during the developmental period of
song learning in a sex-specific manner, with implications for un-
derstanding the ontogenesis of RA as a specialized song nucleus
that differs in morphology and firing patterns between males and
females.’®®? Notably, adult male RAPNs express a set of ion
channel genes that allows them to exhibit  narrow APs with
high-frequency firing, including KCNC1/2 (Kv3.1/3.2), SCN8A
(Nav1.6), and the modulatory subunits SCN1B (Navb1) and
SCN4B (Navb4), the latter promoting resurgent Na * currents in
RAPNs."15°" These genes are also consistently found in the
axon initial segment and/or nodes of Ranvier of central nervous
system fast-spiking neurons and axons including those of audi-
tory®? and vestibular neurons, ° and have been suggested to be
part of a “fast-spiking gene module” that enables rapid and resil-
ient spiking. **

The developmental growth of RA in males is largely dependent
on the actions of sex steroids, particularly estradiol. *' We found
that many cell type markers of adult RA undergo changes during
RA’s developmental growth period (summarized in Figure 7H).
Notably, the enzyme encoded by SRD5A2, one of the most dif-
ferential markers of Excit_1, converts testosterone into 5-a-dihy-
drotestosterone (5a-DHT), which potentiates the actions of
estradiol and is required for the full masculinization of RA and
the full expression of male singing behavior. °*°> SRD5A2 is
one of the most specific RA markers to date by in situ hybridiza-
tion, and it is developmentally upregulated in males only. Its cell
specificity indicates that RA projection neurons are the site of
local 5a-DHT production,  which then can act directly on
androgen receptors in RA.  °° Other genes related to growth
and differentiation and selectively expressed in Excit_1 are
developmentally upregulatedin  male RAonly and could
contribute to the growth and differentiation of RA. This includes
a novel paralog of a growth factor gene (LRRC32) that is a key
regulator of the transforming growth factor b pathway, °° a tran-
scription factor linked to early development of the nervous sys-
tem (NKX2-8),°” and several genes linked to Wnt signaling.

During development, the axons of RA projection neurons are
likely guided by a combination of attractive and/or repulsive guid-
ance molecules to establish their connections. "¢ Identifying the
cell specificity of axonal guidance genes provides well-informed
hypotheses on the connectivity regulation of projection neuron in
RA and other Al regions. Furthermore, while parts of the zebra
finch pallium and mammalian cortex may be divergent in origin®*
their convergent expression of markers can give clues to the
function of  specific populations of  arcopallial neurons. For
instance, KLHL14, highly enriched in Excit_1 cells, was recently
identified as expressed in a specific population of mouse primary
motor cortex neurons, its deletion causing axons to extend into
the spinal cord past their brainstem targets. °® KLHL14 could

(E) RA excitatory neurons had a specialized gene expression profile that differed from those in Ald. Similar GABAergic subtypes were present in RA and Ald, but in
RA Inhib_1 had a lower density, and a subset of Inhib_2 had large soma. Non-neuronal differences included greater numbers of oligodendrocytes in RA and an

RA-specific astrocyte subtype.

(F) Summary of major cell types and subtypes found in RA and Ald, and respective sets of genes linked to cell

excitability.

(G) RA is hypothesized to have evolved as a specialization of preexisting Ald, RA projection neurons (RAPNSs) arising via specialization of existing AIdPNs.
(H) Changes in RA cell type markers during vocal development. With an enlargement of RA in males, we observe increases in some RA excitatory markers and
non-neuronal markers and a decrease in GABAergic markers. These specializations may contribute to the physiology of producing learned vocalizations.

Note that schematics are not to scale.
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thus be an important  determinant of specific connections of
Excit_1 to the brainstem. ADCYAP1, in contrast, enriched in Al
excitatory clusters that predominate outside of RA and a robust
negative RA marker, is a marker of deep-layer corticopontine/
corticospinal neurons in the mouse,®° consistent with the projec-
tions and function of the Al, particularly Ald. *° SLIT2 was exclu-
sively expressed in inhibitory neurons in the Al, whereas SLIT1
and the SLIT receptors ROBO1 and ROBO2 were found predom-
inantly in RA inhibitory cells as well as in excitatory cells that are
sparse in RA. These findings are inconsistent with the suggested
involvement of SLIT-ROBO signaling in establishing the long-
range connections between RA and nXIlts/RAm. 99 Instead, our
data suggest that SLIT-ROBO mechanisms are more likely
involved in establishing local inhibitory networks in RA.

There is solid evidence that GABAergic neurons may regulate
RA projection neuron spiking behavior, °97:68190 byt our study
considerably expands the limited knowledge of interneuron
properties and diversity within RA. Even though the proportions
and molecular identities of inhibitory neuron types may be largely
conserved across brain regions,”* the lower density of
GABAergic neurons in RA compared to the rest of the Al seems
largely due to the lack of Inhib_1 cells in RA. Furthermore, while
we found small FSls, as previously described, ©” we also found
sparser, larger GABAergic cells that do not conform to the canon-
ical small FSI classification. These large cells seem to originate as
a subset of NPY ™ cells that undergo marked growth during the
vocal learning period and are also present in other pallial vocal
nuclei (Figures S41 and S4J), and thus may be a fundamental
feature shared by songbird vocal learning circuits. The smaller
PSPs of the larger GABAergic cells compared to the smaller cells
(Figure 4B) suggests that excitatory input to small cells may have
a larger impact on spiking probability, as also observed in human
cortex GABAergic interneurons. '°"

Mammalian neocortical GABAergic interneurons can be clas-
sified into parvalbumin (PVALB; Basket and Chandelier cells),
somatostatin (SST; Martinotti and non-Martinotti cells), and ion-
otropic serotonin receptor (5HT3aR; VIP and non-VIP) interneu-
rons."%? While PVALB and SST labeled respectively Inhib_1 and
Inhib_2, we show that a large proportion of PVALB ~ cells in RA
are excitatory (Figures S4G and S4H), providing a cellular
context for a unique feature of pallial vocal nuclei. Notably,
PVALB is also a selective marker of Betz cells among layer 5 py-
ramidal neurons of human and macaque motor  cortex, '*°
strengthening our recently described similarity between RAPNs
and primate Betz cells. '® The few VIP-labeled neurons per se
did not define an inhibitory cell type, although they may be a sub-
type of PVALB® Inhib_1 cells. NPY" cells (Inhib_2) inside RA
included both large and small soma subtypes (Figure 3G), and
both display striking rebound spikes after a hyperpolarizing
pulse (Figure 4B). Interestingly, this is a hallmark of large cortical
Martinotti cells.'®* Neocortical interneurons are also often con-
nected by gap junctions that stabilize circuits and promote oscil-
lations, and likewise GABAergic neurons in RA have extensive
expression of the connexin-36 gene, GJD2. '%°

Inhibition plays a critical role in HVC, which exhibits sparse
firing, '%1941% whereas RA fires continuously at 30-40 Hz and
thus may require fewer interneurons, as we find here. However,
during singing RA exhibits burst-pause firing driven by HVC in-
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puts to RAPN and perhaps directly to RA interneurons.  In this
context, the large postsynaptic potentials we show in the

GABAergic interneurons could reflect  strong synapses from

HVC or from RAPN-to-RA-interneuron connections, and they
may produce fast and strong inhibitory inputs onto RAPNSs,
10,59,68

which may be required for rapid pauses in RAPN firing.
The sparse population of GABAergic interneurons in RA con-
trasts with their higher abundance in other telencephalic areas
such as auditory field L2 or the caudomedial nidopallium, where
abundant GABAergic synaptic currents can be recorded. 1o7
Tonic inhibition and a balanced excitation/inhibition ratio are crit-
ical to stabilizing microcircuits against runaway excitation. Inter-
estingly, RAPNs do not appear to be highly interconnected, °® so
they may be less prone to runaway excitation. In agreement with
our findings, in vivo RA recordings reveal rather few single units
from interneurons. ' This reduced number of interneurons may
represent a specialized feature of cortical vocal microcircuits,
although the large size and unique properties of some inhibitory
subtypes may compensate for the sparsity of GABAergic cells

in RA.

With exceptions like radial glia in the context of adult neuro-
genesis'%>""% or the astrocytic expression of  aromatase in
response to brain injury, "' non-neuronal cells in the songbird
brain have been largely understudied. Our extensive expression
profiles and spatial distribution data of non-neuronal Al cell clas-
ses include an astrocyte specific to RA. Astrocytes have known
roles that impact synaptic function, suggesting that an astrocytic
specialization in RA may impact local transmission' '? and poten-
tially impact vocal production. Another striking feature is the
large proportion of astrocytes among total RA cells (Figure 1G).
Given that RAPNs spontaneously fire spikes at high rates (30—
40 Hz) except during their song burst-pause mode, these neu-
rons will be releasing large concentrations of potassium ions to
the extracellular space. An abundance of astrocytes, with their
high density of  Kir4.1 (KCNJ10) inward rectifying potassium
channels, will thus be needed to mop up these extracellular
ions and maintain cellular ionic gradient homeostasis. '"*

Like in mammals, oligodendrocytes are most commonly found
in fiber tracts of the zebra finch brain.?? Highly myelinated axons
allow faster spike propagation and less jitter in spike timing to
downstream neurons. ''* The oligodendrocyte enrichment  we
observed within RA and other pallial song nuclei compared to
their surrounds suggests that some local projections intrinsic
to these nuclei are myelinated. Surprisingly, oligodendrocyte
markers increased in both males and females during develop-
ment. There is evidence that females retain some song nuclei
connectivity, ''® even though they donot  sing and their RA
shows marked developmental regressions in volume as well as
neuronal size and number. °°*? Our findings suggest that RA
connections may be myelinated in females, possibly subserving
functions unrelated to singing. Also noteworthy is the male-spe-
cific developmental increase in markers of endothelial cells, sug-
gesting a possible expansion of the capillary bed to meet the
high metabolic demands of RA. '>7°

RA has been hypothesized to have evolved in songbirds as a
vocal specialization of a more primordial motor-subserving Ald
previously present in a non-vocal learning avian ancestor (Fig-
ure 7G).?° We recently supported this hypothesis by showing
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that RA and Ald share molecular specializations compared to the
rest of the arcopallium, 2> but we now provide a cellular context
for those specializations. In a recently proposed duplication
and specialization model of cerebellar evolution,'® when a cere-
bellar nucleus is duplicated the excitatory neurons diverge in
their gene expression and projection targets,  while inhibitory
neurons are conserved. By analogy, and based on the hypothe-
sis that RA evolved as a specialization of Ald:>?° RA’s excitatory
cells have connections distinct from those of the rest of the Al
and are molecularly divergent from other Al excitatory cell types.
RA’s excitatory neurons may thus have evolved through differen-
tiation of an ancestral Al excitatory neuron, adapting expression
profiles to enable vocal production via its projections. In compar-
ison, inhibitory neurons are more molecularly conserved
throughout the Al, with Inhib_2—4 uniformly distributed, noting,
however, that Inhib_1 is largely absent from RA whereas large In-
hib_2 cells and an astrocyte subtype are unique to RA.

In sum, by characterizing molecularly defined cell types in RA
and other Al subdivisions, our study has identified cellular fea-
tures that are characteristic of a key vocal-motor cortical nucleus
in adult male zebra finches, distinguishing them from those in
more general somatic motor and sensory circuits. We present ev-
idence that these features, including RA-unique cell types and
lack of some cell types present in other parts of the Al, emerge
developmentally during the vocal learning period. We hypothe-
size that cellular specializations of RA may have originated in evo-
lution from the differentiation of primordial cell types present in an
ancestral Al. Our extensive dataset of molecular features of RA
cell types provides a rich basis for mechanistic studies aimed
at understanding the roles of specific genes in the context  of
vocal control circuits. Lastly, our data visualization applications
allow for easy integration of molecular cellular profiling and devel-
opmental transcriptomics with spatial  distribution data in the
finch arcopallium. Besides facilitating exploration of these rich
datasets in songbirds, these resources point to approaches
that could be broadly applied to understanding circuits that un-
derlie complex learned behaviors and fine motor control.

Limitations of the study

While the snRNA-seq and bioinformatics analyses suggest
specialized roles for a large set of differentially expressed genes
and pathways in the identified cell types, the data do not estab-
lish direct causal links to the regulation of  RA physiology or
singing behavior. Mechanistic manipulations of gene expression
and/or molecular functions are needed to establish causal links,
including those between several recorded electrophysiological
features and ion channel gene specializations of RA cell types.
We also did not use retrograde tracing to directly assess
possible transcriptome differences among neurons that project
to vocal and/or respiratory brainstem centers. Our single identi-
fied RAPN cluster might thus be non-homogeneous with regard
to projection targets, and the lack of regional  molecular diver-
gence among RA domains should be taken with caution.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Digoxigenin-AP, Fab fragments Roche Cat# 11093274910; RRID:AB_514497
Anti-Digoxigenin-POD, Fab fragments Roche Cat# 11207733910; RRID:AB_514500

Bacterial and virus strains

pAAV-mDIx-GFP-Fishell-1

Dimidschstein et al. ®°

Addgene Plasmid #83900

Chemicals, peptides, and recombinant proteins

Platinum Taq DNA Polymerase Invitrogen Cat#10966018
2-mercaptoethanol Sigma-Aldrich Cat#M3148
DIG RNA Labeling Mix Roche Cat#11277073910
Triethanolamine Fisher Cat#T350
Formamide Fisher Cat#F84
BCIP/NBT Perkin-Elmer Cat#NEL937
Acetic Anhydride Sigma Cat#A6404
Triton X-100 Sigma Cat#T18787
BSSHII NEB Cat#R0199S
T3 RNA Polymerase Promega Cat#P208C
Tyramide conjugates Invitrogen Cat#B40952; B40953
CUBIC reagent Lee etal.'” N/A

Critical commercial assays

Chromium Single Cell 3°Library 10x Genomics N/A

& Gel Bead Kit v3

SmartSeq v4 PLUS kit Takara Bio USA Cat#R400752
RNeasy Micro Kit Qiagen Cat#74004
Deposited data

Cell type specializations of the vocal-motor Gene Expression Omnibus (GEO) GSE233643
cortex in songbirds

Emergence of sex-specific transcriptomes Gene Expression Omnibus (GEO) GSE191296

in a sexually-dimorphic brain nucleus

ZEBFrA interactive applications to examine
processed single nuclei and bulk
RNAseq datasets

bTaeGut1_v1.p Taeniopygia guttata assembly
Taeniopygia guttata Annotation Release 104

ZEBrA (Zebra Finch
Expression Brain Atlas)

NCBI
NCBI

www.zebrafinchatlas.org

GCF_003957565.1
https://www.ncbi.nlm.nih.gov/
genome/annotation_euk/
Taeniopygia_guttata/104/

Experimental models: Organisms/strains

Zebra finch (Taeniopygia guttata) Mello lab (OHSU) and Magnolia N/A
Bird Farm (Riverside, CA)

Oligonucleotides

SRD5A2-Forward: This study N/A

GAGAGGTGGGAGGGTCTCAT

SRD5A2-Reverse: This study N/A

TCCATGTGTGCAGTGTGGTC

Recombinant DNA

ESTIMA collection of zebra finch brain cDNA Replogle et al.'® N/A

clones used for riboprobe synthesis for
in situ hybridizations

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Seurat (v3) Stuart et al.”"® https://satijalab.org/seurat/

trimmomatic (v0.36) Bogler et al.'?° http://www.usadellab.org/cms/
?page=trimmomatic

FastQC (v0.11.9) Andrews %’ https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/

STAR (v2.6.1) Dobin et al.'#? https://github.com/alexdobin/STAR

DESeq2 (v1.30.1) Love etal.’®® https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

Custom code for generating Shiny Apps This paper https://doi.org/10.5281/zenod0.8394120

https://doi.org/10.5281/zenodo.8394118

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Claudio V.
Mello (melloc@ohsu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Raw and processed data that were generated and analyzed in this study have been deposited at NCBI's Gene Expression Omnibus
(GEO: GSE233643 and GEO: GSE191296) and are publicly available as of the date of publication. Data visualization applications to
interact with the single nuclei and bulk RNAseq datasets used in this study were developed using the Shiny R package. The codes
used to develop these applications are available at doi.org/10.5281/zenodo.8394120 and doi.org/10.5281/zenodo.8394118. The ap-
plications themselves are hosted and deployed using shinyapps.io, and can be accessed for examination and mining of processed
data on the homepage of our spatial gene expression atlas ZEBrA at www.zebrafinchatlas.org. Any additional information is available
upon request and will be fulfilled by the lead contact Claudio V. Mello (melloc@ohsu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures involving live animals were approved by OHSU’s IACUC (TR02_IP00000146) and are in accordance with NIH guide-
lines. Adult male zebra finches ( Taeniopygia guttata) were isolated in a sound dampening chamber overnight and sacrificed by
decapitation the next morning prior to lights on to minimize auditory, vocal, and movement-related activity dependent changes in
gene expression. Juvenile zebra finch brains were prepared as previously described. 1522

METHOD DETAILS

Single nuclei isolation and sequencing

Frontal slices (400 mm thick, one slice per hemisphere) containing RA, Ald, and Alv were cut on a Leica VT1200S vibratome in an ice-
cold cutting solution containing 119 mM NaCl, 2.5 mM KCI, 8 mM MgSO 4, 16.2 mM NaHCO 3, 10 mM HEPES, 1 mM NaH ,POy,,
0.5 mM CaCl 5, 11 mM D-Glucose, 35 mM sucrose with a pH of 7.3-7.4 when bubbled with carbogen (95% O 2, 5% CO ,; 330-
340 mOsm). Slices were then transferred to an incubation chamber containing artificial cerebral spinal fluid with 119 mM NaCl,
2.5 mM KCl, 1.3 mM MgSO 4, 26.2 mM NaHCO 3, 1 mM NaH,PO,, 1.5 mM CaCl,, 11 mM D-Glucose, 35 mM sucrose with a pH of
7.3-7.4 when bubbled with carbogen (95% O 5, 5% CO ,; 330-340 mOsm) at 37 C. Microbiopsies containing RA, Ald, and Alv
were dissected using a scalpel and angled forceps and flash frozen in a dry ice/isopropyl alcohol slurry. Tissue was homogenized

in 300 mL of nuclei lysis buffer (10 mM Tris pH 8.0, 250 mM sucrose, 25 mM KCI, 5 mM MgCl ,, 0.1% Triton X-100, 0.5% RNasin,
and 0.1 mM DTT). 700 mL of lysis buffer was added to the homogenate and the sample was incubated on ice for 5 min. The sample
was transferred to a 15 mL conical tube and centrifuged at 500 x g for 5 min at 4 C. The supernatant was discarded, 1 mL of ice-cold
lysis buffer was added, and the mix was incubated on ice for 5 min. The sample then was centrifuged at 500 x g for 5 min at 4C. The
pellet was resuspended in 1 mL of nuclei suspension buffer (1x PBS, 0.01% BSA, and 0.1% RNasin), and filtered through an FLOWMI
40 mm tip strainer (Bel-Art) and centrifuged at 500 x g for 5 min at 4 C. The pelleted nuclei were resuspended in nuclei suspension
buffer. Libraries were prepared using the Chromium Single Cell 30 Library & Gel Bead Kit v3 (10x Genomics) according to the
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manufacturer’s instructions. Libraries were sequenced using an lllumina NovaSeq 6000 at the Massively Parallel Sequencing Shared
Resource at OHSU. Reads were aligned to the zebra finch genome available at Ensembl.org (Taegut1) using CellRanger with include-
introns. SnNRNA-seq data was processed using a standard Seurat workflow. ''®

Bulk RNA-sequencing

The caudodorsal and rostroventral portions of RA (each an estimated 1/3 area of RA in a slice) were microdissected from a 400 mm
thick sagittal vibratome slice (n = 4 animals), prepared as described above for snRNA-seq. The dorsal/ventral axis was defined as
orthogonal to the descending occipito-mesencephalic tract (OM), and subregions dissected based on the pattern of retrogradely
labeled cells in RA from previous studies. "®°® RNA from these samples were isolated using a Qiagen RNeasy Micro Kit and
cDNA libraries were generated using Takara Bio SmartSeq v4 PLUS kit. Paired-end sequencing (2 x 100 bp) was performed on
an lllumina NovaSeq 6000 with a target depth of 50M reads per sample. Trimming was performed with trimmomatic (v0.36) and qual-
ity control with FastQC (v0.11.9) with no issues detected. STAR (v2.6.1) was used to align sequencing reads and generate read
counts per gene using bTaeGut1_v1.p assembly (GCF_003957565.1) and associated genome features from the NCBI annotation
release 104 for zebra finch. '%*

In situ hybridization

In situhybridizations were carried out as previously described”>'?° All cDNA probes were derived from clones from the ESTIMA collec-
tion'"® and had been previously described? except for PLP1 (FE722130), RGS10 (CK312091), NPY (CK310313), COLEC12 (DV954836),
VWC?2 (DV959856), CRISPLD1 (FE712375), CERKL (DV945272), and ADCYAP1 (FE717884). To maximize specificity, we chose clones
that aligned to the 3 Quntranslated sequence and to a single locus in the zebra finch genome. We cloned the 3 °region of one gene
(SRD5A2), for which there was no cDNA clone available, from genomic DNA using PCR (F: GAGAGGTGGGAGGGTCTCAT, R: TCC
ATGTGTGCAGTGTGGTC), followed by a second round of PCR with a primer containing the T3 polymerase promoter. Briefly, plasmids
containing cDNA of the gene of interest were isolated and restriction enzyme digested with BSSHII to release the insert. The insert was
purified using a QlAquick PCR purification kit (Qiagen). Antisense digoxygenin(DIG)-tagged riboprobes were synthesizedibyitrotran-
scription using T3 polymerase (Promega) and purified using a Sephadex G-50 column. Probes were hybridized to sections overnight at
65 C followed by a series of high stringency washes. Sections were blocked and incubated in an alkaline phosphatase(AP)-tagged anti-
DIG-antibody (1:600; Roche) for 2 h and incubated in BCIP/NBT chromogen (PerkinElmer) overnight. For fluorescent situ hybridiza-
tions, following the high stringency washes, sections blocked and incubated in an peroxidase-tagged anti-DIG-antibody (1:600; Roche)
for 2 h. Slices were then washed and incubated in Alexa 350 or 488-conjugated tyramide (1:100; Invitrogen) for 2 h. Positive control probes
with known expression patterns and no probe negative controls were regularly included in hybridizations.

Electrophysiological characterization of GABAergic neurons

To virally target GABAergic interneurons in the arcopallium, we used AAV9-mDIx-GFP (Addgene #83900§°; Stereotaxic injections of
500 nL of AAV were made bilaterally into RA of adult male zebra finches anesthetized with isoflurane. Coordinates used for RA were
AP: 0.5mm, ML: 2.2-2.7mm, DV: 2.5mm. Birds were allowed to recover for 2-3 weeks before being sacrificed. Vibratome slices
(200 mm) were cut on a vibratome (VT1000, Leica) in an ice-cold cutting solution containing (in mM): 119 NaCl, 2.5 KCI, 8 MgSO 4,
16.2 NaHCO3, 10 HEPES, 1 NaH ,PO,, 0.5 CaCl ,, 11 d-Glucose, 35 sucrose, pH 7.3-7.4 that was bubbled with carbogen (95%

05, 5% CO,; osmolarity 330-340 mOsm). Slices were then transferred to an incubation chamber containing artificial cerebral spinal
fluid (aCSF) with (in mM): 119 NaCl, 2.5 KCI, 1.3 MgSQ) 26.2 NaHCO;3, 1 NaH,POy4, 1.5 CaCb, 11 d-Glucose, 35 sucrose, pH 7.3-7.4
when bubbled with carbogen (95% O 5, 5% CO5; osmolarity 330-340 mOsm) for 10 min at 37  C, followed by a room temperature
incubation for 30 min prior to start of electrophysiology experiments.

RA was visualized using differential interference contrast microscopy and transduced cells in RA were visualized using a 488 nm
filter. Whole-cell current-clamp recordings were made using a HEKA EPC-10/2 amplifier controlled by Patchmaster software (HEKA,
Ludwigshafen/Rhein, Germany). Data were acquired at 100 kHz and low-pass filtered at 2.9 kHz. Patch pipettes were pulled from
standard borosilicate capillary glass (WPI, Sarasota, FL, USA) with a P97 puller (Sutter Instruments, Novato, CA). All  recording pi-
pettes had a 3.0 to 6.0 MU open-tip resistance in the bath solution. Electrophysiology data were analyzed offline using custom written
routines in IGOR Pro (WaveMetrics, Lake Oswego, OR, USA). Intracellular solutions contained (in mM): 142.5 K-Gluconate, 21.9 KCI,
5.5 Na,-phosphocreatine, 10.9 HEPES, 5.5 EGTA, 4.2 Mg-ATP and 0.545 GTP, pH adjusted to 7.3 with KOH, 330-340 mOsm. To
initiate current clamp recordings, we first established a giga-ohm seal in the voltage-clamp configuration, set the pipette capacitance
compensation (C-fast), and then set the voltage command to 70 mV. We then applied negative pressure to break into the cell. Once
stable, we switched to the current-clamp configuration. Whole-cell current-clamp recordings were performed at room temperature
as described in. '° We note that recordings were not corrected for a liquid junction potential of +9 mV. Capacitance was calculated
from the measured membrane time constant, as measured with a single exponential, and input resistance (t ., = Ri,, C ). Principal
component analysis was performed using scikit-learn in a Jupyter Python environment. Inputs to the principal component analysis
were the spontaneous number of action potentials, threshold, amplitude, half-width, max depolarization rate, max repolarization rate,
peak and afterhyperpolarization, and the number of action potentials, threshold, amplitude, half-width after a 100pA current injection.
For the principal component analysis, any missing values were imputed by using the average value of the measurement based on the
size classification.
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In separate birds, following the 2-week recovery time we perfused the bird with 0.9% saline followed by 3% paraformaldehyde.
Brains were dissected and post-fixed in 3% PFA overnightat4  C before being transferred to PBS. 200 mm thick slices were cut
on a vibratome and transferred to a well plate containing CUBIC reagent overnight."'"'?° Slices were then mounted on slides, cover-
slipped, and imaged on a ZEISS LSM 980 confocal microscope for GFP visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

snRNA-seq differential gene expression

Clusters were resolved using FindClusters() with a resolution of 0.25 and visualized with a UMAP projection. Differential gene expres-
sion was defined using FindMarkers() with min.pct of 0.25. One cluster exhibited differential markers with low percent of cells (<50%)
exhibiting the defining marker and with a majority of markers having a negative average logFC, suggesting low quality nuclei and was
excluded from further analysis.

Bulk RNA-seq

We also analyzed an existing bulk RNA-seq dataset (GEO: GSE191296)° This dataset is comprised of microdissections of RA from
20 dph to 50 dph male and female zebra finches. Count tables were downloaded from the NCBI GEO repository and transcript abun-
dances were plotted using custom code. 2 As described in Friedrich et al., ** a binomial generalized linear model was fit to the data
with sex and age as main factors with a sex + age interaction. Wald tests were performed on specific contrasts using independent
filtering, and genes with a Benjamini-Hochberg-based false discovery rate (FDR) < 0.01 were considered significant.

Gene ontology

To manually curate unannotated Ensembl models among the top 25 markers for the identified clusters, we retrieved the respective
sequences from Ensembl.org, BLAST aligned them to zebra finch refseq_rna and refseq_genome databases, and verified the human
orthology of the top BLAST hits by further cross-alignments and synteny examination. The complete curated lists of markers for all
identified clusters are presented in Table S1, using HUGO terms, except for loci  identified as coding long non-coding transcripts
(Incs) or still of undefined identify (RefSeq LOC terms). ConsensusPathDB '?” was used for pathway enrichment analysis. All path-
ways were selected with a minimum overlap of 2 and p value cutoff of 0.05. Protein complex-based gene sets were also selected
with the same criteria.

Analysis of in situ hybridization images

Images of in situ hybridizations were captured on a Nikon Eclipse E600 microscope, yoked to a PC. Proportion of cell types in each
arcopallial subdivision was determined by quantifying an 200 3 200 mm square window in each subdivision, using Neurolucida (Mi-
crobrightfield). Cell soma sizes were quantified using Imaged. Images were converted into 8-bit, thresholded to remove background
and subjected to two binary processes (close- and open) to generate particles. For the images from ZEBrA, 22 optical density mea-
surements were taken in ImageJ in RA and HVC as well as the shelf of HVC (ventral to HVC) and the cup of RA (located rostro-ventral
to RA). Statistical tests were performed using GraphPad Prism.

22 Cell Reports 42, 113344, November 28, 2023
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Figure S1: Defining cell types of the intermediate arcopallium (Al) of adult male zebra finches.
Related to Figure 1.

(A) Schematic of comparison between descending somatic motor and sensory projections in the
mammalian neocortex and the zebra finch Al.

(B) Expanded dot plot for cell type markers used for cell type annotation and in situ
hybridization spatial investigation.

(C) UMAP plots for select markers that identify major cell types.

(D) High magnification images of cell type-defining markers shown in Figure 1E.
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Figure S2: Excitatory neurons in RA and in the Al outside of RA. Related to Figure 2.

(A) An Excit_3 enriched gene (CERKL) has low expression in RA and Ald, but higher expression in
Alv, suggesting this cluster is Alv-biased. Scale bar is 400 um.

(B) An Excit_2 marker (ADCYAP1) has low expression in RA but high expression in Ald and Alyv,
suggesting this cluster identifies Al excitatory neurons that are absent or rare in RA. Scale bar is

400 pm.

(C) Dot plot of negative RA markers (listed on the ZEBrA website at www.zebrafinchatlas.org) *
shows specificity for clusters Excit_2-3.

(D) ConsensusPathDB pathway analysis for cluster Excit_1 markers highlighting potential
specialized pathways in RA.

(E) Dot plot of RA-specific gene (SRD5A2) and genes found in the Wnt:SFRP complex from the
ConsensusPathDB analysis.

(F) Dot plot for four Excit_1 enriched genes with similar expression in RA and HVC.

(G) In situ hybridization for Excit_1 enriched genes that are shared markers of RA and HVC
(shown are images from the ZEBrA website at www.zebrafinchatlas.org) ®. Scale bar is 400 pm.

(H) Optical density measurements for the four RA/HVC markers showing enrichment compared
to adjacent regions. Optical density measurements are normalized to background expression.
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Figure S3: Molecular homogeneity of RA. Related to Figure 2.

(A) Schematic dorsal view of zebra finch brain (left) representing the location of the parasagittal
slice (right; drawing adapted from the ZEBrA website at www.zebrafinchatlas.org * and from ?)
used for microdissections; the area defined by the rectangle is shown in B.

(B) Location of the microdissections representing the Caudodorsal (Cd) and Rostroventral (Rv)
divisions of RA used for bulk RNA-seq.

(C) Differential MA plot from bulk RNA-seq of Cd and Rv. Grey points indicate non-differential
genes and blue points indicate significantly differential genes (FDR<0.05).

(D) Plots of transcript abundance in the caudodorsal and rostroventral regions for the 15
differential genes at FDR<0.05.
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Figure S4: GABAergic cell subtypes in the Al. Related to Figure 3.
(A) Dot plot of the top 10 markers for each of the four Al inhibitory subtypes.

(B) In situ hybridization for proxy markers representing the four Al inhibitory subtypes: VWC2
(Inhib_1), NPY (Inhib_2), COLEC12 (Inhib_3), SLIT2 (Inhib_4). Scale bar is 400 um.

(C) Dot plot of markers of medial, lateral, and caudal ganglionic eminence (MGE, LGE and CGE)
suggests differential developmental origins of inhibitory subtypes.

(D) Age and sex effects on expression of inhibitory subtype proxy markers; bulk RNA-seq plots
show a developmental decrease of VWC2 in males (log2FC of -0.57608 in M20-50) and SLIT2
was female biased at 50 dph.

(E) Dot plot shows differential expression of classical markers of mammalian cortical inhibitory
subtypes across Al clusters.

(F) In situ hybridization for cortical inhibitory subtypes (images from the Allen Institute’s Mouse
Brain Atlas 3); shown are screenshots of frontal sections, with the primary motor cortex
expanded in the black rectangles. Scale bar is 1000 um.

(G) Dot plot comparing the expression of PVALB with inhibitory (GAD2) and excitatory
(SLC17A6) markers across Al clusters.

(H) Double fluorescence in situ hybridization of PVALB and GAD2 showing co-labeled cells
(example denoted with *), as well as PVALB+/GAD2- (magenta, example denoted with #) and
PVALB-/GAD2+ (green) cells in RA. Scale bar is 20 um.

(1) Drawing of parasagittal section from adult male zebra finch (adapted from the ZEBrA website
at www.zebrafinchatlas.org * and from 2) highlighting the three pallial song nuclei. Scale bars
are 400 um (top) and 100 um (bottom).

(J) GAD2 in situ hybridization images of RA, HVC, and LMAN (top); location of the images is
indicated in I, according to color. Insets (bottom) show sparser, larger GAD2+ cells in RA and
HVC compared to the adjacent areas. GAD2+ LMAN cells are of similar density compared to the
surrounding nidopallium, with a subset being larger.



Figure S5
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Figure S5: Recordings of mDIx+ neurons in RA and expression of intrinsic excitability genes in
Al cell types. Related to Figure 4.

(A) Comparison of instantaneous firing frequencies of large (red) and small (black) cells; plotted
are means +/- SEM, and individual values. Mann-Whitney U test, U = 13.

(B) Three large neurons with different spiking behaviors at 0 pA, +100 pA, and +200 pA current
injections.

(C) Three small neurons with different spiking behaviors at 0 pA, +100 pA, and +200 pA current
injections.

(D) Three examples of spiking behavior of RAPNs at 0 pA, +100 pA, and +200 pA current
injection.

(E) lon channel genes with high expression, across all Al cell types. Here and in panels (B-C) dot
plots depict cell cluster distributions; shown are only genes with enriched expression in distinct
clusters.

(F) lon channel genes with high expression in few cells, across all Al cell types.

(G) Voltage-gated potassium channel subunits, voltage-gated sodium channel alpha subunits,
and L-, N-, R-, and T-type calcium alpha subunits across inhibitory cell subtypes.
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Figure S6
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Figure Sé6. Oligodendrocyte enrichment in avian analogs of mammalian layer 4 sensory
cortices. Related to Figure 5.

(A) Drawings of serial parasagittal brain sections of adult male zebra finch (adapted from the
ZEBrA website at www.zebrafinchatlas.org ! and from 2).

(B) Detailed views of in situ hybridization for PLP1 (from areas indicated by the colored
rectangles in (A) show enrichment of oligodendrocytes in field L2a, entopallium and nucleus

basorostralis. Scale bar is 800 um.

(C) Views of myelin stain (images from the ZEBrA website at www.zebrafinchatlas.org * and

from 2) of the regions with high oligodendrocyte enrichment shown in A and B. Scale bar is 800

um.
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Figure S7
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Figure S7: Molecular analysis of physiologically relevant gene families in Al cell types. Related
to Table S1.

(A) Neurotransmitter and neuromodulator receptor genes. Here and in all other panels dot
plots depict cell cluster distributions; shown here and in panels (B-F) are only genes with
enriched expression in distinct clusters.

(B) Axon guidance related genes.

(C) Transcription factor genes with high expression.

(D) Transcription factor genes with high expression in few cells.

(E) Solute carrier genes with high expression.

(F) Solute carrier genes with genes with high expression in few cells.

(G) Mapping genes linked to the three molecularly distinct excitatory clusters (RA_Glut1-3)
defined in Colquitt et al. # onto clusters from our dataset. Most are not specific to RA (i.e.
markers not unique to Excit_1, which is unique to RA - see “this study” markers - and/or also
present or enriched in Excit_2/3, which are sparse or absent in RA) or not specific to RA

excitatory cells (i.e. also present in inhibitory neurons and/or non-neuronal cells). Red asterisks
denote qualitatively unique expression in RA excitatory neurons.
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