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Abstract

Birds display advanced behaviors, including vocal learning and problem-solving, yet lack a
layered neocortex, a structure associated with complex behavior in mammals. To determine
whether these behavioral similarities result from shared or distinct neural circuits, we used single-
cell RNA sequencing to characterize the neuronal repertoire of the songbird song motor pathway.
Glutamatergic vocal neurons had considerable transcriptional similarity to neocortical projection
neurons; however, they displayed regulatory gene expression patterns more closely related to
neurons in the ventral pallium. Moreover, while y-aminobutyric acid—releasing neurons in this
pathway appeared homologous to those in mammals and other amniotes, the most abundant avian
class is largely absent in the neocortex. These data suggest that songbird vocal circuits and the
mammalian neocortex have distinct developmental origins yet contain transcriptionally similar
neurons.
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Songbirds are one of the few animal groups that have specialized brain regions for the
learning and production of vocalizations (1). Multiple components of the song-control
system have well-established homologs in the mammalian brain (2). However, it has been
challenging to identify homologs of song regions in the avian pallium, which has a markedly
different structure compared to the mammalian pallium (3, 4). The two pallial regions of the
song motor pathway, HVC (proper name) and RA (robust nucleus of the arcopallium), have
been functionally compared to the mammalian neocortex (Fig. 1, A and B) (5), but it is not
clear to what extent these similarities reflect conservation of shared elements from common
ancestors (homologies) versus convergent evolution of non-homologous neural circuits.

Both HVC and RA reside in a large non-layered structure called the dorsal ventricular ridge
(DVR), which is present in all sauropsids (birds and non-avian reptiles) but has no obvious
corresponding region in mammals. Despite these anatomical differences, the DVR has
functional, connectivity, and molecular properties similar to those of the neocortex (6, 7).
One influential hypothesis proposes that nuclei within the DVR are homologous to layers of
the neocortex (7-11). Alternatively, neurons in the DVR could exhibit similarities to
neocortical neurons not because of homology between these two regions but through the
evolution of similar functional cell types. For example, an alternative framework based on
developmental gene expression patterns and topological organization argues that the DVR is
an expansion of the ventral pallium, which in mammals includes olfactory areas, such as the
piriform cortex, and the pallial amygdala (6, 12). Most comparative analyses to date have
focused on gene expression in neuroanatomical regions (7, 11, 13-16), potentially masking
insights that would arise from comparisons of individual cell types. To investigate these
alternative hypotheses and directly compare the cell types of songbirds and other amniotes,
we carried out large-scale single-cell RNA sequencing (RNA-seq) of neurons from the
songbird song motor pathway and compared their gene expression profiles and regional
distribution with those of neurons from mouse and turtle datasets.

Cell classes and neuronal diversity in song motor regions

We microdissected HVC and RA from adult males of two closely related species, zebra
finches ( 7Taeniopygia guttatd) and Bengalese finches (Lonchura striata domestica) (Fig. 1A).
Samples from each species were prepared independently, with single-nuclei sequencing
performed on zebra finches and single-cell sequencing performed on Bengalese finches (fig.
S1A and table S1). Each species dataset contained the same cellular classes with similar
relative abundances (fig. S1, B to D, and table S2), and subsequent analyses were performed
on combined data. Each region contained several major populations that could be classified
by the expression of specific marker genes. These classes included neurons; neuroepithelial
glia, including astrocytes (SLC15A2), ependymal cells (SPEF2), oligodendrocytes (PLPI),
and oligodendrocyte precursor cells (PDGFRA); and non-neural cell types, including
microglia (CSF1R), vascular endothelial cells (FL/Z), mural cells (RGS5), vascular and
leptomeningeal cells (LUM), and red blood cells (HBAD) (Fig. 1, C and D, and fig. S1E).
Whereas most non-neuronal populations were highly similar between HVC and RA,
glutamatergic neurons and neurogenic cell types were largely nonoverlapping, and y-
aminobutyric acid-releasing (GABAergic) neurons and astrocytes were similar between
regions but displayed greater heterogeneity than non-neuronal types (Fig. 1D and fig. S1F).

Science. Author manuscript; available in PMC 2021 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Colquitt et al.

Page 3

Among neuronal types, we identified eight populations of glutamatergic cells (SLC17A6),
with five specific to HVC (HVC_Glut-1 through HVC_Glut-5) and three specific to RA
(RA_Glut-1 through RA_Glut-3); and eight GABAergic populations (GAD1), each seen
jointly in HVC and RA (GABA-1 through GABA-8) (Fig. 1, D to F, and fig. S1, Eand I to
L). Two of the GABAergic clusters could be further subclustered (GABA-1-1, GABA-1-2,
GABA-5-1, GABA-5-2, and GABA-5-3) (Fig. 1F). A glutamatergic neurogenic lineage
was present in the HVC dataset (Pre-1 through Pre-4) that progressed from adult neural stem
cells (MR2EI) through intermediate neural precursors (SOX4) to migrating neuroblasts
(DCX), consistent with well-characterized adult neurogenesis in this region (Fig. 1, D and E,
and fig. S1, E, G, and H) (17-20). This lineage expressed several factors known to regulate
neurogenesis in mammals, including NOTCHZ, FABP7, TBR1, and NECTINS3 (fig. S1H)
(21-23). Lastly, we identified a GABAergic neuroblast cluster (GABA-Pre) in both HVC
and RA that likely represents a relatively uncharacterized inhibitory adult neurogenic
population (Fig. 1, D and F, and fig. S1E) (24).

Glutamatergic neuron diversity in the song motor pathway

Prior work has extensively characterized the classes of glutamatergic neurons in the song
motor pathway and their afferent and efferent connectivity patterns (Fig. 2A) (25). There are
three known glutamatergic projection populations in HVC (25): one targeting RA (HVC,,),
one targeting the striatal song nucleus Area X (HVCy), and one targeting the mesopallial
auditory nucleus Avalanche (HVCp,) (Fig. 2A). Our clustering of HVC glutamatergic
neurons suggests that there are five distinct groups of neurons in the region, which could
indicate that the three principal classes contain distinct transcriptional subclasses or that
there are previously unreported glutamatergic subtypes in HVC. To first validate the HVC
glutamatergic clusters (Fig. 2B), we identified genes with high cluster specificity (Fig. 2C,
fig. S2A, and table S3; see supplementary methods) and carried out in situ hybridization
assays using probes for the pan-glutamatergic marker SLC17A6 and for markers exhibiting
high specificity for each of the five HVC clusters (Fig. 2, D and E, and fig. S2, B to D).
These data confirm that each cluster is present in HVC, and that, in combination, these
marker genes recover the five main single-cell glutamatergic clusters (Fig. 2, D and E).

We additionally sought to determine which glutamatergic clusters correspond to neuron
types that have previously been defined by their projection targets. We injected retrograde
tracers into RA and Area X separately to label the cell bodies of the corresponding HVC
projection populations (fig. S2E) and then used in situ hybridization probes to examine the
co-localization of marker genes with labeled cells. The HVC_Glut-1 and HVC_Glut-4
marker gene GFRAI was elevated in retrogradely identified HVCgra neurons (fig. S2, F and
G), and these clusters express relatively high levels of the previously identified HVCra
marker UTS2B (26) (fig. S2, A and H). The expression of several activity-dependent genes
(BDNF, HOMERI1, and FOSL2) suggests that HVC_Glut-4 may represent an active
population of HYC_Glut-1 neurons (Fig. 2C and fig. S2, A and I). However,
electrophysiology and morphological characterizations of HVC projection neurons have
described two groups of HVCRra neurons (27, 28). Consistent with the presence of two
HVC,, subclasses, HVC_Glut-1 and HVC_Glut-4 differentially express a moderate number
of genes (7= 91) (fig. S2J and table S3), and the removal of previously defined singingand
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activity-related genes (29, 30) did not cause the HVC_Glut-4 cluster to collapse into
HVC_Glut-1 (fig. S2K). The HVC_Glut-3 marker SCUBEI was elevated in retrogradely
labeled HVCx neurons (fig. S2, F and G), and HVC_Glut-3 was enriched for the known
HVCyx marker NTS (31) (fig. S2, A and H). Although marker genes for HVCa, have not yet
been reported, the abundance of cells in HVC_Glut-5 (~2% of projection neurons) is
comparable to that seen in a previous retrograde tracing analysis of HVCpy, neurons (25)
(fig. S1J). HVC_Glut-2 lies at the terminus of the neurogenic lineage (Fig. 1E) and is
enriched for genes involved in dendritogenesis and synaptogenesis (fig. S1G) and therefore
may constitute an immature population of HYCgra neurons, which are known to undergo
replacement in adult songbirds (17-20). However, it is also possible that this cluster
represents a previously undescribed mature glutamatergic population whose projection
targets have not been defined or that does not project outside of HVC. In keeping with these
interpretations, retrogradely labeled HVCgra and HVCyx neurons do not show enriched
expression of the HVC_Glut-2 marker gene GR/A4 relative to unlabeled neurons (fig. S2F).

Anatomical tract-tracing experiments have shown that glutamatergic neuron projections
from RA are largely subcerebral, targeting motoneurons and premotor neurons in the
medulla that control song production as well as the midbrain and thalamus (32-35) (Fig.
2A). Prior neurophysiological approaches have suggested the presence of one glutamatergic
population (36-39), whereas morphology analysis has suggested the presence of three
projection neuron classes in RA (40), consistent with the number of clusters in our single-
cell analysis. As done for the HVC cluster validation, we identified genes with highly
specific expression across the three RA glutamatergic clusters and performed in situ
hybridization assays to validate their presence in RA (Fig. 2, F to H, and fig. S3, A to C).
Expression of marker genes for RA_Glut-2 (ADAMTS518) and RA_Glut-3 (NFATC1) were
ventrally biased, similar to populations that project to brainstem syringeal motoneurons,
while cells expressing a marker gene for RA_Glut-1 (COL6AS3) but not the RA_Glut-2 and
RA_GIlut-3 markers were dorsally biased, consistent with the distribution of neurons
projecting to the mid-brain, respiratory premotor neurons in the medulla, and reciprocally
back to HVC (32, 35, 41) (Fig. 2, F to H). Each glutamatergic cluster in both HVC and RA
displayed different expression patterns of axon guidance-related genes, further supporting
the mapping of each cluster onto distinct projection populations (fig. S3D). Together, these
glutamatergic clusters represent three broad classes of connectivity patterns (Fig. 2A): two
intratelencephalic groups [pallio-pallial (HVC_Glut-1/2/4/5) and pallio-striatal
(HVC_Glut-3)] and one subcerebral (RA_Glut-1/2/3).

Pallial identities of vocal circuit neurons

The diversity of glutamatergic populations in HVC and RA offers an opportunity to examine
current models of DVR homology at cellular resolution. The “nucleus-to-layer” model (Fig.
3A, “layer”) argues that neurons in the avian nidopallium, which contains HVC, are
homologous to neocortical layer 2/3, and neurons in the arcopallium, which contains RA,
are homologous to neurons in layer 5 (10, 15, 42). To assess cell-type similarities to the
neocortex, we evaluated the transcriptional similarity of HVC and RA glutamatergic neurons
to previously described mouse neocortical glutamatergic neurons (43) (Fig. 3B and fig. S4,
A to C). All three RA glutamatergic neuron classes were similar to layer 5 subcerebral
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projection neurons (L5 pyramidal tract) and showed elevated levels of deep-layer markers
(fig. S4D), in agreement with previous analyses of marker gene expression data that reported
similarities between RA and layer 5 (11). However, HVC glutamatergic neurons did not map
exclusively to layer 2/3 cortical neurons. Instead, they exhibited substantial diversity, with
significant similarities between HVC neurons and intratelencephalic neurons from each of
mouse cortical layers 2/3, 4, 5, and 6. Whereas HVC_Glut-1/4/2 exhibited greatest similarity
to layer 2/3 cortical neurons, HVC_Glut-3 and HVC_GIlut-5 had equal or greater similarity
to deep-layer neurons, with the pallio-striatal cluster HVC_Glut3 (HVCy) showing no
significant similarity to neurons in layer 2/3 (Fig. 3B and fig. S4A).

To assess the robustness of these findings, we compared songbird glutamatergic clusters
with neocortical glutamatergic neurons in two other mouse datasets (44, 45) (fig. S4, E and
F). These analyses supported the broad conclusions from our original comparison.
HVC_Glut-1/4/2 generally had greatest similarities to layer 2/3 neocortical neurons but also
shared similarity with neurons in layers 4, 5, and 6. In contrast, HVC_GIlut-5 and
HVC_Glut-3 had the greatest similarities to neurons in deep layers, with the pallio-striatal
cluster HVC_Glut-3 showing little or no similarity to layer 2/3. These comparisons argue
against the nucleus-to-layer model in which HVC corresponds specifically to mammalian
neocortical layer 2/3, and they instead indicate that HVC contains a diversity of
glutamatergic neurons that have similarities to mammalian neurons across both upper and
deep cortical layers. Furthermore, we examined whether song motor pathway glutamatergic
neurons showed an association with particular neocortical regions, but we observed no
differential similarities to primary motor cortex versus primary visual cortex (fig. S4C).
Overall, these analyses show that neurons in the song motor pathway display stronger
transcriptional similarity to neocortical neurons at the level of neuronal projection class—
intratelencephalic for HVC and subcerebral for RA—than at the level of individual layers or
specific cortical regions.

An alternative “pallial field homology” model (Fig. 3A, “field”) holds that the DVR is an
expansion of the ventral pallium—a distinct developmental region of the pallium, which in
mammals generates olfactory areas, the endopiriform nucleus, and the pallial amygdala (6,
12, 46). This sector is topologically distinct from the dorsal pallium, which gives rise to the
neocortex in mammals. To assess this model, we broadened our analysis to include
mammalian neurons from non-neocortical regions by comparing HVC and RA
glutamatergic neuron gene expression to in situ hybridization data from anatomically
defined regions of the adult mouse brain [Allen Adult Mouse Brain Atlas (47)] (Fig. 3, C to
E, and fig. S5A) and two mouse single-cell RNA-seq datasets that contain non-neocortical
pallial regions such as the piriform cortex, claustrum, and pallial amygdala in addition to the
neocortex (44, 45) (figs. S4, E and F, and S5B). For both HVC and RA, these comparisons
revealed different mappings, depending on which genes were used for analysis. We divided a
list of orthologous genes between each species into transcription factors (TFs), whose
expression may reflect regulatory networks that underlie conserved regional or cellular
identity programs, and non-transcription factors (non-TFs), whose regulation may be more
pliable over evolution and may more directly relate to neuronal function (48). Comparisons
using non-TF expression profiles showed a bias toward dorsal pallial regions, including
greatest similarities to different upper and deep-layer pyramidal neurons (Fig. 3, C and D,
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“non-transcription factors,” and fig. S5B), in agreement with the neocortex-only analysis
described above. In contrast, comparisons using only TF expression showed a bias away
from the dorsal pallium and toward the ventral pallium, including olfactory areas and the
pallial amygdala (Fig. 3, C and D, “transcription factors”; fig. S5B; and table S4). In contrast
to these findings indicating increased similarity of song system neurons to dorsal pallial
neurons at the level of non-TF expression, similar comparisons between mouse forebrain
glutamatergic neurons (44) and mouse pallial regions showed no dissociation between TF
and non-TF expression patterns (Fig. 3D). We also found no association between song motor
pathway neurons and the claustrum, which argues against early models that describe the
nidopallium as homologous to this mammalian region in mammals (6) (fig. S4F). However,
we did find similarities between several song system projection neurons and glutamatergic
neurons in other non-neocortical regions, including the hippocampus (HVC_Glut-3 and
RA_Glut-1/2/3) and cingulate deep-layer neurons (RA_Glut-1/2/3) (figs. S4, E and F, and
S5, A and B). These songbird neurons show the strongest similarity to deep-layer
neocortical neurons, which could indicate that deep-layer transcriptional signatures exist in
neurons across multiple pallial regions.

To better understand how avian DVR neurons relate to what is known about the sauropsid
pallium, we compared avian DVR data to previously published single-cell transcriptomic
data from the DVR of the red-eared slider turtle ( 7rachemys scripta elegans), a non-avian
reptile whose pallium has been extensively compared with the mammalian pallium (49). In
general, we found that glutamatergic neurons of the song motor pathway were more similar
to neurons of the reptilian DVR (Fig. 3F and fig. S5C) than to the anterior dorsal cortex, the
pallial region in reptiles thought to be homologous to the neocortex (49).

The finding that glutamatergic neurons in the avian DVR show TF similarities to non-
neocortical regions but effector gene expression similarities to neocortical neurons suggests
that ventral pallial regulatory networks engage neocortical cell type-associated
transcriptional programs (50). To examine this possibility in more detail, we used gene
regulatory network inference to identify putative TF-target gene relationships in HVC and
RA (fig. S6 and table S5). Correlations between TF-target gene associations revealed distinct
modules of co-regulation that mapped onto the different song motor pathway projection
neuron classes. Consistent with conclusions based on Allen Brain Atlas in situ expression
patterns (Fig. 3, C to E, and fig. S5A), these modules were enriched for TFs with expression
patterns biased toward the ventral pallium and away from the neocortex. However, several
TFs associated with neocortical layer identity were embedded in each module, with upper-
layer markers such as CUX1/2and SATB1 (51) enriched in HVC_Glut-1/2/4/5 and deep-
layer markers enriched in RA_Glut-1/2/3 and HVC_Glut-3. The thalamorecipient layer 4
TFs RORA and RORB were enriched in HVC_Glut-3/5, which could relate to inputs from
the thalamic nucleus uvaeformis (Fig. 1B). Combined, these data show that glutamatergic
neurons in the avian DVR engage regional-patterning TF networks characteristic of the
ventral pallium as well as elements of dorsal pallial gene regulatory networks that likely
contribute to neocortical-like effector gene expression.
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Conserved classes of GABAergic neurons across amniotes

To validate the presence of the eight main GABAergic subtypes in the song motor pathway,
we performed nine-channel in situ hybridizations for a pan-GABAergic marker (GADI) and
marker genes for each subtype that were selected from a list of genes with high cluster
specificity (fig. S7A). In situ signal for each marker gene was present in HVC and RA and,
in combination, labeled distinct GADI-positive neurons (Fig. 4, A and B, and fig. S7, A to
G). Unlike glutamatergic neuron classes, which differed transcriptionally between HVC and
RA, GABAergic neuron classes were similar between regions (Fig. 1D and fig. S1, C, I, and
J). The small number of genes that did show differential expression between regions (35 to
102 genes per cluster) were enriched for genes associated with synaptic transmission and
neuron migration (fig. S8, A and B, and table S6). Hierarchical clustering of all subtypes
together produced three main groupings, which, when mapped to the expression of
mammalian GABAergic marker genes, aligned with the classification scheme used to
organize mammalian GABAergic lineages by region of developmental origin: medial
ganglionic eminence (MGE; GABA-2/3/4/6/7), caudal ganglionic eminence (CGE;
GABA-5/8), and lateral ganglionic eminence (LGE; GABA-1/Pre) (52, 53) (Fig. 4C and fig.
S7A). To more fully compare mammalian and songbird interneuron subtypes, we correlated
the average expression levels of GABAergic clusters in songbirds with those in the mouse
neocortex (43) (Fig. 4D and fig. S9A). We found strong similarities between bird and mouse
GABAergic subtypes for both MGE class interneurons [songbird GABA-2/3/4/6 versus
mouse somatostatin (Sst), parv-albumin (Pvalb), and lysosome-associated membrane family
protein member 5 (Lamp5) class neurons] and CGE class interneurons [GABA-5 versus
vasoactive intestinal peptide (Vip) and synuclein-y (Sncg) class neurons], suggesting that
the major interneuron classes are conserved and group by developmental origin across
species. Despite these core similarities, two canonical interneuron marker genes were
differentially expressed in songbird versus mouse neurons (fig. S8, C to F): SS7was
expressed not only in GABA-2 (which is comparable to mammalian Sst class) but also in
GABA-3 and GABA-4 (which are otherwise comparable to Pvalb class), while V/Pwas not
expressed in GABA-5 (otherwise comparable to mammalian Vip class) but instead in
GABA-3 (otherwise comparable to mammalian Pvalb class).

Furthermore, several song motor pathway GABAergic classes—GABA-1, GABA-7,
GABA-8, and GABA-Pre—did not directly map onto mouse neocortical interneuron classes.
To determine whether these neurons show similarity to GABAergic neurons outside of the
neocortex, we compared songbird neurons with two single-cell datasets that sampled a
greater diversity of brain regions, one from the mouse forebrain (44) and one from the turtle
pallium (49) (Fig. 5). As with the neocortical comparisons, songbird MGE and CGE clusters
matched well with corresponding mouse and turtle GABAergic neuron types (Fig. 5, C and
D, and fig. S9, B to D). However, GABA-1 showed the greatest similarity to non-neocortical
LGE-class neurons, including striatal medium spiny neurons (MSNs), olfactory bulb granule
cells (OBINHZ2), and turtle interneurons similar to amygdalar intercalated cells (i05 and i06)
(49). Similarly, GABA-Pre showed strong similarity to olfactory bulb neuroblasts, which are
precursors to adult-born granule cells (54). Likewise, GABA-7 and GABA-8 showed
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greatest similarity to two other non-neocortical interneuron types, olfactory bulb glomerular
layer neurons and pallidal cholinergic neurons, respectively.

The strong molecular similarity of interneurons reported here to those in other species
presents an opportunity to update models of song system function. For instance, a fast-
spiking cortical interneuron that provides local inhibition between projection neurons has
been characterized previously in songbirds (37, 39, 55) and likely corresponds to GABA-3
and/or GABA-4 owing to their transcriptional similarity to mammalian Pvalb-class
interneurons (Fig. 4D and fig. S9A). More broadly, the known function of mammalian cell
types suggests possible functions of each of their avian counterparts. In mammals, Sst-class
interneurons (here corresponding to GABA-2) are implicated in circuit plasticity during
reward-based tasks and motor learning (56). VIP-like neurons (here GABA-5) play a
prominent disinhibitory role in regulating neocortical activity (57), raising the possibility
that there is an analogous disinhibitory motif present in avian microcircuits. Cholinergic
interneurons (here GABA-8) provide a local source of acetylcholine, a neuromodulator
known to influence song properties (58). LGE-class interneurons (here GABA-1) establish
sparsely active ensembles of odorant-driven neural activity in the olfactory bulb through
feedforward and lateral inhibition (59, 60) and could potentially contribute similarly to
sparsely patterned activity that is a hallmark of HVC projection neurons (61, 62).
Additionally, LGE-class intercalated cells in the mammalian pallial amygdala form a
disinhibitory circuit that is strongly modulated by dopamine (63), suggesting that this class
could play a role in dopamine-dependent aspects of song learning (64).

Broad pallial distribution of LGE-class neurons in songbirds

Our comparative analysis indicates that the GABA-1 population is similar to LGE-class
GABAergic neurons (Figs. 4C and 5, A to D, and fig. S9, B to D), which in mammals are
mostly restricted to the subpallium, namely as MSNs of the striatum (65), and to ventral
pallial structures such as the olfactory bulb (66) and pallial amygdala (67). To assess
whether GABA-1 neurons are similar to other LGE-class neurons in birds, we combined the
HVC and RA single-cell and single-nucleus data with a single-nucleus RNA-seq dataset
from the striatal song system region Area X (68) (Fig. 6A and fig. S10, A and B). GABA-1
neurons clustered strongly with Area X LGE-class neurons (Fig. 6B and fig. S10, C and D),
including MSNs and a neuron class that may be similar to arkypallidal neurons in mammals
(69) (Fig. 6, B and C; fig. S10, C to E; and table S7). Consistent with LGE classification,
GABA-1 neurons express several TFs associated with MSN identity, including FOXPJ,
FOXPZ, and MEIS2 (70) (Fig. 6C and fig. S10E). In the mammalian neocortex, FOXPZ2is
expressed in deep-layer glutamatergic projection neurons (71, 72), but in the song motor
pathway it is strongly enriched in GABA-1 neurons, such that the large majority of FOXP2-
positive cells are GABAergic (98 to 100%) (fig. S11, A to D). Morphology analysis showed
that GABA-1 neurons had similar spine densities and soma sizes to striatal LGE-class
neurons (fig. S11, E and F).

The differential localization of songbird pallial GABA-1 neurons and subpallial MSNs
suggests that each class engages distinct neuronal migration mechanisms. Indeed, ~50 axon
guidance and neuronal migration genes are differentially expressed across songbird LGE-
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class neurons, including several with known roles in neocortical and olfactory bulb
interneuron migration in mammals (e.g., ERBB4 and the ephrin, ROBO/SLIT, and
semaphorin signaling systems) (73) (Fig. 6D). Finally, we analyzed the distribution of LGE-
class neurons (FOXP2, MEISZ, and GAD1-positive) in several regions of the songbird
pallium—including the arcopallium outside of RA, nidopallium ventral to HVC,
mesopallium, and hyperpallium—and found that LGE-class neurons comprise a substantial
fraction of the total number of GABAergic neurons in each region (Fig. 6, E and F).

Discussion

The evolutionary origin of the DVR, and the song motor pathway that is embedded within it,
has long been unclear because of their structural differences with the mammalian neocortex.
Our analysis supports the notion that the avian DVR is regionally homologous not to the
neocortex but to non-neocortical structures of the ventral pallium (12). Yet we find that
individual HVC and RA glutamatergic neurons show transcriptional similarities to
neocortical projection neurons in multiple layers. In effect, the neural circuits across
amniotes that enable complex behaviors engage overlapping yet distinct molecular and
cellular elements, suggesting that diverse pallial architectures have evolved to support
advanced behavioral repertoires.

Field-based models of pallial evolution describe a common set of gene regulatory
mechanisms that specify a shared topological framework across amniotes (6, 12). Yet we
demonstrate that field positioning across species is not the exclusive determinant of cellular
identity. Different regions may generate similar neurons through evolutionary processes that
integrate regional patterning programs with those specifying functional identity (48, 74). In
both birds and mammals, pallial and neocortical circuits contain distinct classes of neurons
characterized by thalamic input, intratelencephalic connectivity, and subcerebral output (50).
We show that glutamatergic neurons in the song motor pathway exhibit greatest similarity to
glutamatergic neurons in the mammalian neocortex at the level of projection class and by the
division between superficial and deep-layer signatures, as has similarly been reported in
turtles (49, 75). Alternatively, homologous regions, such as the anterior dorsal cortex of
reptiles and the neocortex of mammals, may contain glutamatergic neurons that show
divergent gene expression profiles between species (49). Thus, observed similarities in
glutamatergic neurons could have arisen either through the retention of features from cell
types present in the amniote pallium ancestral to birds and mammals (50, 76) or through
convergent evolution (49, 75). An important step in clarifying these models will come
through characterizing the extent to which similar functional cell types may have been
distributed within ancestral regionalized pallia (77). The associations we report here between
neurons in the avian DVR and neurons in multiple fields of the mammalian pallium suggest
that neurons characterized by certain properties are not necessarily exclusive of a single
pallial domain. A future challenge will be to identify the gene regulatory events at the
interface between regional positioning and cellular identity that lead to the innovation of
novel neural circuits and the behaviors that they support.

Beyond neuronal classes, evolution clearly has allowed for flexibility in pallial organization
(76), in contrast to the subpallium, for which features have remained largely conserved in
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vertebrates for more than 500 million years (78). The correspondence of the sauropsid DVR
with a homologous domain in mammals has eluded easy identification partly because its size
and structure differ so markedly from anything present in the mammalian brain (3).
However, it has recently been reported that sensory portions of the avian DVR contain an
iterative layer-like arrangement of fibers that is reminiscent of cortical layer and column
architectures (79). In contrast, the posterior DVR, in which HVC and RA are located, lacks
such a clear structuring. These differences in anatomical structure across amniotes and
within the avian brain, along with the presence of similar connectivity classes in the song
motor pathway and the neocortex, suggest that neuronal connectivity rules can operate in
diverse physical arrangements. The neocortex has a uniform, multilayered organization,
whereas the DVR contains multiple distinct interconnected clusters of neurons. The DVR
therefore represents an alternative system in which neural circuits have evolved to
orchestrate behavior and integrate sensory information (80, 81).

We also report that such organizational flexibility extends to the migration and localization
of GABAergic neurons in the pallium. The similarity of GABA-1 neurons to LGE-class
neurons and their broad distribution in the songbird pallium suggest that the migration of
LGE-class GABAergic neurons is more extensive in birds than in mammals (Fig. 6G). In
both chickens and turtles, LGE-class neurons tangentially migrate into the DVR and dorsal
pallium (82-85). However, transplantation of embryonic turtle LGE into mouse embryonic
slices results in the migration of GABAergic cells into the piriform cortex and amygdala but
not into the neocortex (84). Together, these results suggest that the avian DVR and
mammalian ventral pallium express signaling factors that regulate the migration and
retention of LGE-class neurons. Relatedly, avian MGE neurons implanted into the MGE of
developing mouse embryos do not migrate into the cortical plate (which forms the
neocortex) but instead remain in subcortical areas such as the piriform cortex and pallial
amygdala (86). However, these neurons can integrate into the neocortex if implanted into the
cortical plate directly, suggesting that mammalian-specific signals regulate their spatial
distribution. Interneurons strongly influence information processing in neuronal
microcircuits, and such differential control of GABAergic composition across phylogeny
may confer species-specific computational properties.

Since its discovery in 1976 (87), the song motor pathway in songbirds has proven to be a
powerful model for the neural control of complex, learned behaviors in vertebrates. This
pathway often has been likened to components of the mammalian neocortex. Our cellular-
level analysis provides further clarification of this relationship by showing that HVC and RA
are not homologous as a field to layers or regions of neocortex, but rather that their identities
are most closely aligned with the non-neocortical ventral pallium. Nevertheless, we find
similarities at the level of individual cell types with neurons from each of the mammalian
neocortical layers, and the song motor pathway also exhibits connectivity patterns that
mirror features of neocortex, including thalamic inputs, subcortical and striatal projections,
and interconnections with other telencephalic regions. Together, these cortical features of the
song motor pathway suggest that this circuit, despite its regional similarity to the ventral
pallium, may have evolved to perform computations in a manner that is functionally
analogous to the neocortex. Integrating this cellular-resolution analysis of birdsong control
circuitry with similar studies in other species will provide a framework for understanding the
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molecular and cellular innovations that underlie the development and evolution of behavioral
diversity.

Materials and methods summary

Animal use

All Bengalese and zebra finches were from our breeding colonies at the University of
California-San Francisco (UCSF) and the University of Texas Southwestern Medical Center
(UTSW) or were purchased from approved vendors. Experiments were conducted in
accordance with National Institutes of Health (NIH), UCSF, and UTSW policies governing
animal use and welfare.

Single-cell and single-nucleus RNA sequencing library preparation and sequencing

HVC and RA were dissected from either adult male Bengalese finches or adult male zebra
finches and prepared for single-cell or single-nucleus RNA sequencing, respectively, using
library kits from 10X Genomics. Libraries were sequenced and then aligned to either the
Bengalese or zebra finch genomes and associated gene annotations.

Data integration and clustering

Datasets from the two species were integrated using Seurat anchor-based mutual nearest
neighbor integration and clustered using the Louvain algorithm with multilevel refinement.
A low-resolution parameter (0.1 to 0.4) was first chosen to conservatively identify major
clusters without oversplitting. The data was then subsetted for each major cell cluster, e.g.,
glutamatergic neurons, astrocytes, endothelial cells, etc., and the clustering procedure
repeated to identify within-class subclusters, again selecting resolution parameters that
favored well-separated clusters without oversplitting. Identities were assigned to each cluster
on the basis of the expression of established marker genes.

Comparison with non-songbird datasets

Four single-cell datasets were downloaded for interspecies comparison: mouse neocortex
(43), two datasets containing broader samplings of the mouse pallium (44, 45), and turtle
forebrain (49). We used two approaches to compare the expression profiles of neurons
between species: (i) correlations between mean expression profiles within clusters and (ii)
integration of single-cell datasets (see supplementary methods for details).

Songbird single-cell cluster and mouse in situ hybridization comparison

In situ hybridization data for the Allen Adult Mouse Brain Atlas (47) was downloaded and
filtered to retain only genes that were highly variable in the songbird dataset. Correlations
were then performed as described above (see supplementary methods for details).

Fluorescent in situ hybridization (FISH)

FISH was performed using the RNAscope HiPlex system from ACDBIo or the hairpin chain
reaction system from Molecular Instruments (see supplementary methods for details).
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Fig. 1. Cell classes and neuronal diversity in songbird pallial premotor regions.
(A) Schematic highlighting the two forebrain nuclei of the song motor pathway: HVC

(orange) and RA (blue). Each nucleus is a specialized substructure located in two large
neuroanatomical domains: the nidopallium for HVC, and the arcopallium for RA. D, dorsal;
P, posterior. (B) Schematic of the principal known projection classes in HVC and RA and
their afferent and efferent connections. (C) UMAP (Uniform Manifold Approximation and
Projection) plot of cells combined across species and regions colored by cell-type class.
OPC, oligodendrocyte precursor cell. (D) Hierarchical clustering of average cluster
expression profiles (see supplementary methods). Blocks correspond to HVC (orange) and
RA (blue) and indicate the relative percentage of each cluster in each region. Values were
rounded up to allow visualization of rare (<0.5%) but well-defined populations. GABA,
GABAergic; Pre, neuronal precursor; Micro, microglia; Endo, endothelial; VLMC, vascular
and leptomeningeal cells; Oligo, oligodendrocyte; Epen, ependymal; Astro, astrocyte; Glut,
glutamatergic; RBC, red blood cell. (E and F) UMAP plots of (E) glutamatergic neurons
(HVC_Glut-1 through HVC_Glut-5 and RA_Glut-1 through RA_Glut-3) and neurogenic
lineage (Pre-1 through Pre-4) and (F) GABAergic neurons (GABA-1 through GABA-8) and
GABAergic neurogenic lineage (GABA-Pre). Inset in (E) shows three distinct subclusters

within RA.
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Fig. 2. Diversity of songbird glutamatergic neurons.
(A) Schematic of HVC and RA glutamatergic neuron classes with single-cell cluster

assignments. These mappings were made using retrograde tracing combined with in situ
hybridization (HVC_Glut-1 to HVCgra and HVC_Glut-3 to HVCy), transcriptional
similarity to other classes (HVC_Glut-4 as a putative HVCra subclass and HVC_Glut-2 as
a putative immature neuron class), or relative abundance in the tissue (HVC_Glut-5 to
HVCay). (B) UMAP plot of HVC glutamatergic clusters and mappings to known
glutamatergic projection classes. (C) UMAP plots of the expression of five marker genes
GFRA1 (HVC_Glut-1/4), BDNF (HVC_Glut-4), GRIA4 (HVC_Glut-2), SCUBE1
(HVC_Glut-3), CACNAIG (HVC_Glut-5). (D) Example sagittal section of HVC (outlined)
and signal from a six-channel in situ hybridization assay for HVC glutamatergic marker
genes. Scale bar, 50 um. Boxed region is enlarged at right and is split into single-channel
images. (E) Quantification of in situ hybridization signal in SLC17A6-positive cells (n=
243) scaled by the maximum and minimum intensities for each gene. Heatmap columns are
organized by hierarchical clustering. Labels below the heatmap indicate assignment of
single-cell sequencing clusters to clusters derived from in situ hybridization data. For
comparison, grayscale heatmap at right shows mean expression levels for each marker and
cell type derived from sequencing. (F) Expression of SLC17A6 and marker genes in
sequencing data for neurons from the three RA glutamatergic clusters. (G) Locations of RA
glutamatergic clusters within RA, identified using in situ hybridizations against markers
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genes for each cluster: COL6A3 (RA_Glut-1), ADAMTS18 (RA_Glut-2), and NFATC1
(RA_Glut-3). A, anterior. (H) (Left) Overlaps of individual cell locations, colored by marker
genes. (Right) Percentage of positive cells in each marker gene combination.
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Fig. 3. Songbird glutamater gic neurons exhibit features of both ventral pallial and neocortical
classes.

(A) Alternative models of homology between song motor pathway (SMP) regions in the
nidopallium (orange) and arcopallium (blue) and the mammalian pallium. A “nucleus-to-
layer” hypothesis (“layer”) argues that these regions are homologous to specific cell types or
layers of the mammalian neocortex, while a “pallial field” hypothesis (“field”) proposes that
these regions are homologous to derivatives of the mammalian ventral pallium. (B)
Spearman correlations between scaled average expression profiles of SMP glutamatergic
neurons and mouse neocortical glutamatergic neurons grouped by class (43). IT,
intratelencephalic; CT, corticothalamic; PT, pyramidal tract. Negative correlations set to
zero. Asterisk indicates shuffled £< 0.05. (C) Correlation analysis between transcription
factor (top) and non-transcription factor (bottom) expression profiles in SMP glutamatergic
neurons and regional in situ hybridization data across mouse pallial regions (ABA, Allen
Brain Atlas). Lines represent Spearman correlations with shuffled £ < 0.05. Mouse pallial
organization as defined in (88). (D) Fraction of significant correlations (shuffled £< 0.05)
between mouse pallial regions and (left) SMP glutamatergic neurons or (right) mouse
forebrain glutamatergic neurons (44). Arrowheads indicate the pallial region with the highest
similarity for each comparison. (E) Spearman correlations between SMP glutamatergic
neurons (HVC_Glut-1 and RA_Glut-1) and adult mouse pallium mapped onto coronal
sections from the Adult Mouse ABA. MP/DP/LP/VP, medial/dorsal/lateral/ventral pallium.
(F) Hypothesized homologies between subregions of the DVR in turtles and songbirds (12).
Schematic is a coronal section from the turtle forebrain [adapted from (49)]. Spearman
correlations between scaled average transcription factor expression profiles of SMP
glutamatergic neurons and glutamatergic neurons from the turtle pallium, grouped by brain
region (49). a/pDC, anterior/posterior dorsal cortex; PT, pallial thickening; (D)MC, (dorsal)
medial cortex; a/pLC, anterior/posterior lateral cortex; a/pDVR, anterior/posterior dorsal
ventricular ridge. Negative correlations set to zero. Asterisk indicates shuffled £< 0.05.
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Fig. 4. Diversity and organization of song motor pathway GABAergic neurons.
(A) In situ hybridization analysis of GADI and eight GABAergic subtype marker genes,

FOXP2 (GABA-1), NPY (GABA-2), NXPHI1 (GABA-3/4), TTLL5(GABA-4), PENK
(GABA-5), LAMP5 (GABA-6), CALB2 (GABA-T), and LHX8(GABA-8). Shown is a
sagittal Bengalese finch brain section with enlargements of HVC and RA. Each song motor
pathway region is outlined in the enlarged images. Scale bar, 1 mm. Arrowheads in
enlargements indicate examples of FOXPZ2- positive cells. (B) (Top) Average expression of
GABAergic marker genes in single-cell clusters. (Bottom) Quantification of marker gene
expression in GADI-positive neurons from in situ hybridization in HVC and RA (= 154),
scaled by the maximum and minimum intensity values for each gene. Heatmap rows are
organized by hierarchical clustering. Labels to the right of the heatmap indicate assignment
of single-cell sequencing clusters to clusters derived from in situ hybridization data. (C)
Hierarchical clustering and dotplot of songbird GABAergic neuron expression (sequencing
data) shows organization by subpallial embryonic domain [markers from (49)]. Shade of dot
represents mean expression within cluster, and size of dot represents percentage of cells
within cluster expressing a given gene. LGE (lateral ganglionic eminence), green; MGE
(medial ganglionic eminence), red; CGE (caudal ganglionic eminence), blue. (D)
Correlation analysis between expression profiles of mouse neocortical (43) and song motor
pathway GABAergic neurons. Lines represent Spearman correlations, with thickness scaled
by correlation strength. Shown are the top four correlations for each comparison that are
significant (shuffled £< 0.05) and are greater than 0.2. Labels correspond to the

classification scheme used in the original publication.
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Fig. 5. Conserved GABAergic neuron identity across amniotes.
(A and B) Seurat anchor-based integration of mouse forebrain (44), turtle forebrain (49), and

songbird motor pathway GABAergic neurons. UMAP plots of integrated datasets colored by
(A) species and (B) cluster. For clarity, labels are shown only for mouse and finch datasets.
OB, olfactory bulb; NGC, neurogliaform cells; MSNs, medium spiny neurons. Labels
correspond to the classification schemes used in the original publications. (C and D)
Predicted cross-species cluster similarities of songbird GABAergic neurons based on
pairwise integration with (C) mouse and (D) turtle GABAergic neuron datasets. SST,
somatostatin; Cck, cholecystokinin; PV, parvalbumin; HTR3A, serotonin receptor 3a; VIP,

vasoactive intestinal peptide.
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Fig. 6. Broad distribution of LGE-derived interneuronsin the songbird brain.
(A) Schematic illustrating the location of Area X within the avian striatum (green) in

relation to the nidopallium (orange) and arcopallium (blue). (B) Hierarchical clustering of
HVC, RA, and Area X GABAergic neuron expression profiles, divided by LGE-class and
non-LGE-class neurons. PN, pallidal-like neuron. (C) Expression of top differentially
expressed genes in LGE-derived GABAergic classes and three genes associated with striatal
GABAergic neurons (FOXPI1, FOXPZ, and MEISZ2). Shade of dot represents mean
expression within cluster, and size of dot represents percentage of cells within the cluster
expressing that gene. (D) Scaled expression of top differentially expressed axon guidance
and neuron migration related genes across avian LGE-class neurons. (E) Three-color in situ
hybridization of LGE-marker genes FOXPZ2and ME/ISZ2and GABAergic marker gene
GADI1. Shown is a coronal section from the anterior Bengalese finch brain. Major
anatomical divisions: hyper, hyperpallium; mesog, dorsal mesopallium; meso,, ventral
mesopallium; nido, nidopallium; Lamina: Imd, dorsal mesopallial lamina; Imi, intermediate
mesopallial lamina; Imv, ventral mesopallial lamina. Nomenclature is as defined in (13).
Scale bar, 200 pm. (Insets) Magnifications of three regions indicated in the main panel.
Arrowheads indicate triple-positive cells. Scale bar, 50 pm. (F) Quantification of FOXP2/
MEISZ/GADI in situ hybridization data, shown as percentage GAD1-positive cells in four
pallial domains that coexpress FOXP2and MEISZ. (G) Comparison of LGE-class
GABAergic migration in mammals and songbirds. In mammals, the LGE contributes
neurons in the pallial amygdala (intercalated cells), the olfactory bulb (granule and
periglomerular interneurons), and subpallial structures such as the striatum (MSNs). Amyg,
pallial amygdala.
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