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 31 

Abstract: The advanced cognitive abilities of birds rival those of mammals and have been 32 
attributed to evolutionary innovations in the pallium. However, a comprehensive cellular 33 
characterization of this brain region in birds has been lacking. We scrutinized the structures, cell 34 
types and evolutionary origins of the avian pallium based on single-cell and spatial 35 
transcriptomics atlases for the adult and developing chicken, and comparisons to corresponding 36 
data from mammals and non-avian reptiles. We found that the avian pallium shares most 37 
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inhibitory neuron types with other amniotes. While excitatory neuron repertoires in the (medial) 1 
hippocampal formation show high conservation, they substantially diverged in other pallial 2 
regions during avian evolution, defining novel structures like the avian-specific (dorsal) 3 
hyperpallium, whose neuronal gene expression identities partly converge during late 4 
development with those of the (ventral) nidopallium. Our work also unveils the evolutionary 5 
relationships of pallial structures across amniotes, like the previously unknown homology 6 
between avian (lateral) mesopallial and mammalian deep layer cortical neurons. 7 

One-Sentence Summary: An avian neural cell type atlas illuminates the developmental origins 8 
and evolution of the amniote pallium. 9 

 10 

Some bird species rival non-human primates in their intelligence (1). This observation has been 11 
attributed to an increase in relative brain size and cell density, and the presence of circuitries in 12 
the avian pallium akin to those of the mammalian isocortex (traditionally called neocortex) (2, 13 
3). The pallium, the equivalent of the dorsal telencephalon, is thought to be the brain region that 14 
has undergone the most dramatic morphological changes during the evolution of amniotes (i.e., 15 
mammals, birds, and non-avian reptiles) since their last common ancestor ~320 million years ago 16 
(4). While in mammals the pallium mainly consists of layered structures, among them the 17 
isocortex, which is mostly derived from the dorsal pallium during development, the pallium of 18 
birds/reptiles mainly comprises the dorsal ventricular ridge (DVR), which is nuclear in 19 
organization and derives from the ventral and lateral pallia (Fig. 1A). 20 

The DVR is especially prominent in archosaurs (crocodilians and birds), and in contrast to non-21 
avian reptiles, birds completely lack a layered cortex; instead, birds possess another nuclear 22 
structure, called the hyperpallium (encompassing the Wulst and a small caudal region), in its 23 
place (Fig. 1A). This anatomical dissimilarity has elicited the emergence of two major opposing 24 
views on the evolution of the amniote pallium. One focuses on circuitry and assumes homology 25 
for cell types carrying out comparable roles in the conserved circuit (5). The other postulates that 26 
homologous progenitor domains during development give rise to homologous adult structures, 27 
implying that shared circuitry across different pallial domains arose convergently during 28 
evolution (6). Recent pioneering single-cell molecular studies of the reptilian pallium (7) and of 29 
small regions in the pallium of songbirds (8) lend support to the latter hypothesis. However, cell 30 
type level characterizations of the complete avian pallium, and cross-amniote comparisons of 31 
this brain region using comparable data, have been lacking. 32 

In this study, we generated a spatially resolved cell type atlases of the entire chicken pallium in 33 
adults and across in ovo development based on extensive single-nucleus RNA sequencing 34 
(snRNA-seq) and spatial transcriptomics datasets, as well as targeted epigenomic data (snATAc-35 
seq). By comparing this atlas to corresponding data from mammals and non-avian reptiles, we 36 
trace the structures, cell types and development of the avian pallium as well as its evolutionary 37 
relationships with the pallia of the other two amniote lineages. 38 
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 1 

A comparative cell type atlas of the adult chicken pallium 2 

To establish a cell type atlas of the adult chicken pallium (excluding olfactory bulb, OB), we 3 
profiled broad rostral to caudal sections of this brain region from four individuals, and the 4 
complete pallium of one individual, which we specifically dissected into four anatomical regions 5 
(DVR excluding arcopallium, arcopallium, Wulst, avian hippocampal region), using snRNA-seq 6 
(Methods) (fig. S1 and 2). We obtained high-quality nuclear transcriptomes for 91,829 cells, 7 
with a median of 4,808 RNA molecules (unique molecular identifiers, UMIs) and a median of 8 
2,057 transcribed genes detected per cell (fig. S1). To enable the examination of the spatial 9 
distribution of cell types in the chicken pallium, we generated in situ sequencing (ISS (9)) data 10 
for 50 selected marker genes from the complete dataset (Methods). Given that not all supertypes 11 
are represented with specific marker genes in these data, we utilized Tangram (10) to infer 12 
positions based on the collective profile of all 50 mapped genes (Table S5). To complement 13 
these targeted spatial data, we additionally generated spatial transcriptomics data using the 14 
Visium (10x Genomics) technology (Methods). We then used these data to classify cells into 15 
groups at four hierarchical levels: classes, subclasses, supertypes, and clusters. Cells were first 16 
assigned to one of three major cell type classes according to the expression of well-established 17 
marker genes (Methods): inhibitory (GABAergic, γ-aminobutyric acid-producing) neurons, 18 
excitatory (glutamatergic) neurons, and non-neuronal cells (Fig. 1, B and C).  19 

The non-neuronal class included cells belonging to the oligodendrocyte lineage, like 20 
oligodendrocyte progenitor cells (SOX6, PDGFRA), and mature oligodendrocytes (PLP1); 21 
astrocytes (SLC1A3,GFAP); immune cells (TMEM119)); and a heterogeneous population of cells 22 
associated with vasculature (VWF )(Fig. 1B). 23 

Neurons were identified based on the expression of pan-neuronal markers, as well as class-24 
specific genes (Fig. 1B, Table S2). We iteratively clustered inhibitory and excitatory neurons 25 
(23,848 cells and 45,425 cells, respectively), thus identifying 109 inhibitory and 120 excitatory 26 
cell type ‘clusters’. We then constructed dendrograms for each neuronal class and grouped 27 
clusters into ‘subclasses’ and ‘supertypes’ based on their position in the dendrogram and their 28 
identities in low resolution Louvain communities (Methods). Overall, we annotated 11 29 
subclasses of differentiated and immature neurons, which were split into 46 supertypes (Fig. 1, B 30 
and C) (Table S2). In a common dendrogram, non-neuronal cells, inhibitory, and excitatory 31 
neurons mainly cluster separately, except for immature neurons (SOX4) and a small subclass 32 
(TCF7L2), which likely represents cells inadvertently co-dissected from the thalamus (11) (Fig. 33 
1B). 34 

To discern potentially homologous cell types across amniotes, it is crucial to survey all pallial 35 
regions in each species, ideally employing similar methodology. We thus generated snRNA-seq 36 
data for the complete pallium of the green anole lizard (excluding OB), in which the DVR and 37 
cortex were profiled separately. The resulting dataset (21,424 cells, median UMIs/genes: 38 
2,269/1,447) was iteratively clustered, as detailed for the chicken data above, and clusters were 39 
annotated mainly based on single-cell transcriptomics datasets for another lizard (12, 13) and a 40 
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turtle (7) (Fig. 1D; fig. S3 and 4). To obtain a dataset covering the whole murine pallium for our 1 
comparative work, we generated snRNA-seq data (22,505 cells, median UMIs/genes: 2 
6,035,/2,883) for parts of the mouse isocortex and structures deriving from the lateral and ventral 3 
pallial sectors (Fig. 1E; fig. S5), which complemented available single-cell RNA-seq data of the 4 
murine isocortex and hippocampal formation (14). Cell populations unique to our mouse dataset 5 
were annotated based on the expression of marker genes identified in single-cell datasets 6 
covering smaller regions (15, 16) and the Allen Mouse Brain Atlas data (17) (fig. S6). 7 
Altogether, we compiled a comprehensive comparative dataset of the amniote pallium, spanning 8 
representatives from all three major amniote branches. 9 

 10 

GABAergic inhibitory neurons are mostly conserved across amniotes 11 

Most GABAergic neurons in the amniote pallium originate in the ganglionic eminences in the 12 
subpallium (18, 19), a developmental process best described in mammals. To compare inhibitory 13 
neurons between birds and mammals, we first sought to characterize and spatially map these 14 
neurons in the chicken pallium. Hierarchical clustering of all GABAergic clusters in the chicken 15 
pallium revealed three distinct groups, characterized by the expression of known marker genes 16 
(Fig. 2A) (Table S2) and likely reflecting their developmental origin the lateral, medial, and 17 
caudal ganglionic eminences (LGE, MGE, and CGE) (8, 14). Most GABAergic neurons had 18 
either an LGE- or MGE-like identity, and only ~6% showed a CGE-like profile (Table S2), 19 
which is in stark contrast to mammals, where CGE-derived neurons are numerous in the pallium 20 
(14). Overall, we annotated six LGE-like, eight MGE-like, and three CGE-like supertypes (Fig. 21 
2, A and B; Table S2). 22 

Most inhibitory supertypes with MGE- and CGE-like identities were confidently mapped to 23 
sections of the telencephalon based on the ISS and Visium data, revealing an interspersed 24 
distribution across all regions of the pallium (Fig. 2, D and E; fig. S7). Conversely, most LGE-25 
like supertypes display more restricted localizations. Two small cell populations 26 
(Inh_OB_CPA6, Inh_OB_FGFRL1) are predicted to be located in or migrating to the olfactory 27 
bulb (fig. S7D). The remaining LGE-like supertypes could be divided into two distinct groups 28 
based on the expression of FOXP1 and FOXP2. The FOXP2+ group featured one very abundant, 29 
seemingly homogeneous supertype (Inh_LGE_like_FOXP2), alongside a smaller supertype of 30 
neuroblasts (Inh_LGE_like_Pre, SOX4+). Inh_LGE_like_FOXP2 represents the only LGE-31 
derived supertype with a widespread distribution across the pallium and subpallium, 32 
corresponding to a population previously observed in finches (8) (Fig 2, D and E). 33 

The FOXP1+ group segregated into two supertypes, distinguished by the expression of SGCG 34 
and DGKH, both mapping to the subpallium (Fig. 2F), parts of which were inadvertently co-35 
dissected with the pallium. However, only the DGKH+ supertype also showed robust signals in 36 
parts of the caudal pallium, which comprises regions considered to correspond to different nuclei 37 
of the mammalian amygdala (Fig. 2, A, B and F; fig. S7C). Both FOXP1+ supertypes contain 38 
clusters expressing markers of mammalian medium spiny neurons (MSNs) of the striatum and 39 
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transcriptomically similar neurons of the central amygdala (e.g., MEIS2, PRKCD, PENK) (15, 1 
16) (Fig. 2A). This observation is in agreement with a recent study, which indicates the existence 2 
of a central amygdala (CA)-like nucleus in chicken (20) and suggests that MSNs of the striatum 3 
are shared across amniotes. 4 
 5 
In order to more comprehensively compare inhibitory neurons across amniotes, we employed 6 
three different methods (gene specificity index correlation (7), label transfer based on canonical 7 
correlation analysis (21) and SAMap (22)) , which afford assessments of cell population 8 
similarities across species based on different gene sets (one-to-one orthologs or all orthologs) 9 
and algorithms, to overcome potential limitations of each individual approach (Methods). 10 
Moreover, to mitigate potential biases in these comparisons (i.e., differences in matching power), 11 
we downsampled cells to similar numbers across cell type populations within each species 12 
(Methods).  13 
 14 
Our analyses revealed that nearly all chicken inhibitory supertypes exhibited clear 15 
correspondences to murine GABAergic populations, with high similarity scores and agreements 16 
between all three methods (Fig. 2G). In line with our observations based on marker expression 17 
patterns and spatial mapping , the two supertypes Inh_LGE_like_FOXP1_SGCG and 18 
Inh_LGE_like_FOXP1_DGKH harbor clusters that match either the murine MSN D1 or D2 19 
type, but Inh_LGE_like_FOXP1_DGKH also contains two clusters that best match cells of the 20 
murine central amygdala-like nucleus (fig. S8). Notably, the widespread Inh_LGE_like_FOXP2 21 
supertype clearly resembles cells in the murine intercalated amygdala nucleus, in accordance 22 
with their shared transcription factor markers (Fig. 2G; fig. S6). Consistently, both populations 23 
also best match a population of GABAergic cells in the lizard (fig. S9 and 10A) that is likely 24 
located in a specific region within the amygdala-like area of the lizard (7). We could, however, 25 
find no indication of Inh_LGE_like_FOXP2 being enriched in any specific region of the chicken 26 
pallium (Fig. 2, D and E; fig. S7F). These examples highlight that, while inhibitory neurons have 27 
retained conserved transcriptomic identities across amniote species, the spatial organization of 28 
certain groups has diversified during evolution. 29 
 30 

Conserved glutamatergic cell types in hippocampal and retro-hippocampal areas 31 

Next, we sought to characterize the diversity of glutamatergic neurons in the avian pallium, a cell 32 
class that in mammals includes both evolutionarily novel and amniote-shared types (7). We 33 
identified 7 glutamatergic subclasses in the chicken pallium, which further split into 28 34 
supertypes (Fig. 3, A and B). The most distinct subclass (Ex_Pre, SOX4+) represents 35 
glutamatergic neuroblasts and harbors at least two distinct supertypes (Ex_Pre_SATB2, 36 
Ex_Pre_KCNH7). This finding corroborates that adult neurogenesis is prevalent in birds (23) 37 
and indicates that different glutamatergic lineages can be generated in the adult avian brain. 38 

Among mature glutamatergic subclasses, the most distinct subclass (Ex_CACNA1H) specifically 39 
expresses LHX2 (Fig. 3A), a transcription factor that in mammals is crucial for the formation of 40 
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the isocortex and hippocampus (24). Consistently, two supertypes (Ex_CACNA1H_PROX1, 1 
Ex_CACNA1H_CPA6) additionally express the mammalian pan-hippocampal marker ZBTB20. 2 
While different hippocampal subfields (dentate gyrus, DG; Cornu ammonis regions: CA3 and 3 
CA1) have been identified in non-avian reptiles (7), it has previously remained unclear whether 4 
these subfields are present in birds. We find that the supertype Ex_CACNA1H_PROX1 5 
expresses the known DG marker PROX1 and localizes to the most medial region of the putative 6 
chicken hippocampus equivalent, thus matching the DG’s topological position in mammals (Fig. 7 
3D). Moreover, in our transcriptomic comparisons to glutamatergic cell type populations of the 8 
murine and lizard pallium using three different methods (see above; Methods), 9 
Ex_CACNA1H_PROX1 matches the murine DG and the lizard medial cortex neuronal types 10 
(Fig. 3E; fig. fig. S11). The second supertype, Ex_CACNA1H_CPA6 maps dorsally adjacent to 11 
Ex_CACNA1H_PROX1 and corresponds best to murine CA3 and the lizard dorso-medial cortex 12 
clusters (Fig. 3, D and E; fig. S11). Together, our observations strongly suggest that the DG and 13 
at least CA3 subfields and their cell types are also present in birds and have hence been 14 
conserved across amniotes during their evolution. 15 

Whether further CA subdivisions (CA1, CA2) are present in the chicken medial pallium is less 16 
clear. We identified one other supertype, Ex_CACNA1H_KIT, partially expressing ZBTB20, 17 
which also exhibits transcriptomic resemblance to the murine CA1 (Fig. 3, A and E). However, 18 
this supertype is transcriptomically most similar to cells found in the murine amygdala, and cells 19 
from this supertype localize not only to the medial pallium (Fig. 3D), but also within the 20 
arcopallium (fig. S12B). Given these discrepant observations and the relatively low cell numbers 21 
for the Ex_CACNA1H subclass, more extensive sampling of the hippocampal region might 22 
unveil additional heterogeneity and, potentially, other hippocampal subfields in the chicken. 23 

Despite the notable similarity of the Ex_CACAN1H subclass to the murine Slc17a7+ amygdala, 24 
only one supertype in this subclass, Ex_CACNA1H_LHX9, is exclusively located in the 25 
arcopallium (Fig. 3E and F). The arcopallium comprises pallial, mostly glutamatergic areas in 26 
the avian caudal pallium, which are suggested to be homologous to certain nuclei of the 27 
mammalian amygdala (25). Consistently, Ex_CACNA1H_LHX9 matches both murine Slc17a7+ 28 
and lizard amygdala clusters (Fig. 3E; fig. S11), which suggests that SLC17A7+ cell populations 29 
of the amygdala are conserved across amniotes. We did not find extensive similarity between the 30 
murine Slc17a6+ amygdala or nucleus of the lateral olfactory tract (NLOT) and any chicken 31 
supertype. However, one cluster belonging to Ex_CACNA1H_LHX9 supertype expresses ZIC2 32 
(Fig. 3A), a known marker of cells in the NLOT in mammals (26), arguing that deeper sampling 33 
of this subclass might reveal further heterogeneity. Interestingly, Ex_CACNA1H_LHX9 also 34 
exhibits transcriptomic similarity to murine cortical layer 5 pyramidal tract (L5 PT) neurons (Fig. 35 
3E), suggesting that this supertype represents the primary output populations of the DVR circuit 36 
known to reside in the arcopallium (27). 37 

Closely related to the Ex_CACNA1H subclass, is a small supertype, Ex_BCL6, selectively 38 
expressing BCL6 and RELN. It is located in the putative entorhinal and/or piriform area of the 39 
chicken pallium, and corresponds to the murine piriform cortex and lizard lateral cortex neurons 40 
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(Fig. 3, A and F; fig. S11). Despite an incongruity in the comparison across all three species - in 1 
our comparisons the lizard lateral cortex matches best a murine population in the entorhinal 2 
cortex, not in piriform cortex (fig. S10B) - this supertype likely corresponds to a conserved 3 
olfactory-related population located in either or both piriform or entorhinal regions (28). 4 

The small Ex_TSHZ2_NR4A2 supertype does not cluster with the Ex_CACNA1H subclass in 5 
the glutamatergic dendrogram, but in addition to the very specific expression of NR4A2 and 6 
TSHZ2, it exhibits moderate expression of LHX2 and ER81, markers of the Ex_CACNA1H 7 
subclass (Fig. 3A). Spatial analysis reveals its sparse distribution across the apical hyperpallium 8 
(HA), the region of the hyperpallium directly bordering the hippocampal areas (Fig. 3F; fig. 9 
S12C). Intriguingly, this supertype demonstrates high similarity to the murine subiculum, which 10 
represents the major output structure of the hippocampus (29), as well as low similarity to 11 
exratelencephalic-projecting neurons of the isocortex and retrohippocampal area (L5_PT_CTX, 12 
L5_PPP) (Fig. 3E). This supertype might therefore represent the outward projecting neurons of 13 
the hyperpallium, known to reside in the HA (30), and raises the possibility that at least this 14 
subregion of the hyperpallium is more closely related to the mammalian retrohippocampal region 15 
than to the isocortex, despite previous models suggesting homology of the complete 16 
hyperpallium to the isocortex (6). This notion is in agreement with observations in our 17 
comparison to the lizard, in which Ex_TSHZ2_NR4A2 is most similar to clusters of the 18 
(posterior) dorsal cortex, which in turn match best the mammalian subiculum (fig. S10B and 19 
S11). 20 

In sum, many of the glutamatergic supertypes in the hippocampal formation, including the 21 
subiculum and retrohippocampal areas, represent amniote-shared cell types.  22 

 23 

Excitatory neurons in the mesopallium (lateral pallium) resemble mammalian deep layer 24 
structures 25 

Structures arising from the lateral and ventral areas of the pallium have greatly expanded 26 
proportionately in birds compared to mammals (31). The lateral pallium has been suggested to 27 
give rise to the claustrum, dorsal endopiriform nucleus and insular cortex in mammals, whereas 28 
in birds it develops into the anterior dorsal DVR, the so-called mesopallium (32). SATB2 has 29 
been reported to represent a mesopallial marker (33), and, consistently, we identify two 30 
subclasses, Ex_SATB2 and Ex_KIAA1217, which strongly express SATB2 and are both mostly 31 
located in the mesopallium (Fig. 3A and Fig. 4B; fig. S12D-F).  32 

Ex_SATB2 subclass was split into four supertypes (Fig. 3, A and B) of which only one 33 
(Ex_SATB2_OVOA) showed a clear signal outside of the mesopallium (fig. S12D). Despite 34 
sharing clear similarities with other supertypes within the Ex_SATB2 subclass (SATB2+, 35 
DACH2-), Ex_SATB2_OVOA clustered with SATB2-negative supertypes from other subclasses 36 
in the correlation dendrogram (Fig. 3A). Other Ex_SATB2 supertypes are rather homogeneously 37 
distributed across the mesopallium (Fig. 4, B and C; fig. S12E). The other SATB2+ subclass, 38 
Ex_KIAA1217, includes one more abundant supertype, Ex_KIAA1217, and one very small 39 
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supertype Ex_KIAA1217_BCL6, of which the former also displays a rather homogeneous 1 
distribution across the mesopallium and the latter is enriched in an area in the center of the 2 
mesopallium (Fig. 4B) 3 

The exact border between the mesopallium and hyperpallium, which represents the putative 4 
dorsal pallial derived structure in birds, has been debated (32, 34). We find that cells with 5 
Ex_SATB2 and Ex_KIAA1217 subclass identity clearly extend dorsally beyond a groove 6 
previously used as an anatomical landmark to discern hyperpallium and mesopallium (35), and 7 
border a region strongly expressing TAC1 (Fig. 4C; fig. S12F), which represents the intercalated 8 
hyperpallium (IHA;  discussed further below). These results indicate that the regions currently 9 
annotated as densocellular hyperpallium (HD) and intermediate hyperpallium (HI) contain 10 
mesopallial cell types, which raises the question whether this region truly develops from a 11 
distinct dorsal pallial sector as has previously been implied (6). Additionally, we did not find any 12 
obvious evidence for the division of the mesopallium into a dorsal and a ventral region in terms 13 
of cell type composition, because all Ex_SATB2 and Ex_KIAA1217 supertypes mapped to both 14 
regions. These findings agree with previous observations made at the bulk RNA-seq level in 15 
zebra finch (34). 16 

In our cross-species analyses, supertype Ex_SATB2_ZNF385B exhibited especially high 17 
similarity to cells in the lizard anterior medial DVR (amDVR) and mouse Car3 population (Fig. 18 
4G; fig. S11). The latter is found in deep layers of the murine cortex and especially the claustrum 19 
(36) and the lizard amDVR represents the claustrum homologue in reptiles (13). Our work thus 20 
unveils clear correspondences of the claustrum across the three representative amniote species 21 
and a high conservation of its major constituent cell type during amniote evolution.  22 

Ex_SATB2_SOX6 and Ex_SATB2_FOXP2 supertypes exhibit slightly weaker transcriptome 23 
similarities to any lizard and mouse cell type populations (Fig. 4G; fig. S11). While their closest 24 
match in the lizard is also the amDVR, these supertypes mainly match corticothalamic (CT) 25 
projecting neurons from various areas in mouse (Fig. 4G), thus resulting in ambiguous 26 
correspondences between the three species. Should the similarities to murine CT populations 27 
reflect homology, this would be unexpected, given that neurons in the mesopallium 28 
predominantly form intra-telencephalic connections (32), whereas CT neurons project to the 29 
thalamus. Moreover, according to current models, these populations are born from different 30 
developmental pallial sectors, as avian mesopallial cell types arise from the lateral pallium, 31 
whereas murine CT neurons are mainly derived from the dorsal and medial pallia (6). 32 
Alternatively, if the similarities to cells in the lizard amDVR reflect homology, our observations 33 
suggest a possible origin of the Ex_SATB2_SOX6 and Ex_SATB2_FOXP2 supertypes by 34 
diversification of an overall claustrum-like identity in the avian lineage. However, this seems 35 
unlikely, given that it would in turn suggest that similarities to murine CT neurons arose 36 
convergently during evolution despite the lack of a shared function. 37 

Among the Ex_KIAA1217 sublcass cells, the Ex_KIAA1217 supertype is very similar to murine 38 
Layer 6b (L6b) cells and near-projecting neurons of the subiculum (NP PPP) (Fig. 4G), whereas 39 
Ex_KIAA1217_BCL6 did not show high similarity to any mammalian cell population. Given 40 
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that the similarity between Ex_KIAA1217 and murine L6b cells was one of the highest overall in 1 
the comparison of chicken to mammalian glutamatergic neurons, but Ex_KIAA1217 only 2 
exhibited very low similarity to any lizard cluster (fig. S11), we additionally compared our data 3 
to an available dataset for the turtle pallium (7). Specifically neurons from the anterior dorsal 4 
cortex were sampled more deeply in this dataset, as this region is larger in turtles compared to 5 
lizards (7). In this comparison, we identified a robust three-way correspondence between 6 
Ex_KIAA1217, murine L6b, and a turtle cluster situated in layer 2a of the turtle anterior dorsal 7 
cortex (e08) (fig. S13 and S14). L6b represents the deepest layer in the mammalian cortex and is 8 
derived from the subplate, a mostly transient structure located beneath the developing cortical 9 
plate in mammals (38). Although a subplate structure likely does not exist in reptiles (39), our 10 
observations suggest that subplate-like cells were present in the last common ancestor of all 11 
amniotes. 12 

 13 

Shared cell types in the avian hyperpallium and nidopallium 14 

The evolutionary relationships of the avian nidopallium and hyperpallium have been especially 15 
intensely debated (5, 6, 34). The nidopallium is derived from the ventral pallium and represents 16 
the majority of the avian DVR (35) (Fig. 1A). Parts of the nidopallium receive sensory input 17 
relayed by the thalamus, and together with the mesopallium and arcopallium, they constitute the 18 
DVR sensory circuit (31). The hyperpallium is thought to arise from the dorsal pallium (6), and 19 
has been divided into several anatomical substructures, which are arranged in a columnar fashion 20 
and – as seen from the dorso-medial to ventro-lateral level –  are called apical hyperpallium 21 

(HA), intercalated hyperpallium (IHA), intermediate hyperpallium (HI) and densocellular 22 
hyperpallium (HD) (35). These substructures constitute a second pallial sensory circuit, with 23 
IHA being the main input structure, HI and HD mostly forming tangential connections within the 24 
hyperpallium, and HA projecting to targets outside of the hyperpallium (3). 25 

The majority of cells in the nido- and hyperpallium belong to two glutamatergic subclasses, 26 
Ex_DACH2_CALCR and Ex_DACH2_SV2C (Fig. 3A). Ex_DACH2_CALCR was split into six 27 
supertypes (Fig. 3, A and B; Table S2), of which several seem to be directly associated with 28 
receiving and processing sensory input according to their spatial location in specific nidopallial 29 
or hyperpallial regions. For instance, Ex_DACH2_RORB supertype maps to the primary sensory 30 
input areas of the nidopallium (Fig. 4D), whereas Ex_DACH2_TAC1 supertype is located in the 31 
primary input region of the hyperpallium (IHA) (Fig. 4D; fig. S12F and H). Surprisingly, one 32 
supertype, Ex_DACH2_ZMAT4, exhibited strong signals in both regions, in the nidopallium 33 
(around primary sensory input areas) and in the hyperpallium (within and surrounding the IHA) 34 
(Fig. 4D). We observed an even more pronounced intermixing of regional identities in the largest 35 
subclass, Ex_DACH2_SV2C, comprising six supertypes. The most abundant supertypes of this 36 
subclass showed strong, widespread signals in both regions (Fig. 4E), the nido- and the 37 
hyperpallium. And notably, clusters belonging to supertypes Ex_DACH2_NR4A3, 38 
Ex_DACH2_GRIK4, and Ex_DACH2_ADAMTS5 were of entirely mixed origin based on the 39 
dissection information (fig. S2D). These strikingly mixed regional identities of supertypes within 40 
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one subclass or even within supertypes and clusters, indicate a high degree of similarity between 1 
the nidopallium and hyperpallium. Tangential migration between the nidopallium and 2 
hyperpallium was shown to be absent (19). Consequently, the observed regional similarity 3 
suggests that potentially shared functions within different sensory circuits result in notable 4 
similarities between these regions with distinct developmental origins. Supertype 5 
Ex_DACH2_NR4A3, belonging to the Ex_DACH2_SV2C subclass, specifically expresses 6 
activity-related genes (Table S2). This further raises the possibility that the similarity between 7 
cell populations from the two regions may not only arise from shared function, but also from 8 
shared cell states. 9 

To investigate this striking similarity further at the transcriptional and regulatory level, we used 10 
dissections from a second individual, profiling the Wulst (encompassing the majority of the 11 
hyperpallium) and the DVR (encompassing nido- and mesopallium) separately using single-12 
nucleus multiome ATAC and RNA sequencing (Methods). We recovered high-quality nuclei for 13 
8,119 cells, of which 4,801 were glutamatergic and were confidently assigned to the previously 14 
defined supertypes (fig. S17). In agreement with our previous observations above, the correlation 15 
of transcriptome pseudobulks per supertype and region indicates that cell type populations in the 16 
nido- and hyperpallium are more similar between the two distinct regions than to any other cell 17 
type population within the same region (Fig. 4F), which suggests that adult cell type signals 18 
override potential developmental differences between the dorsal or ventral pallium. 19 

We next sought to identify differentially expressed genes between these two regions within each 20 
shared supertype (Methods). As pointed out above, within the putatively sensory-related subclass 21 
Ex_DACH2_CALCR, only supertype Ex_DACH2_ZMAT4 showed strong signals of being 22 
present in both the nidopallium and hyperpallium (Fig. 4D). We found 24 significantly 23 
differentially expressed genes between Wulst (encompassing the majority of the hyperpallium)  24 
and DVR dissections for this supertype (Table S4), including the known DVR-specific 25 
transcription factor gene NR2F2 and the GABA receptor gene GABRG3 as the top Wulst-26 
specific gene, despite comparably low cell numbers per dissection for this supertype in the 27 
second replicate (Fig. 4F; Table S2). This indicates that with deeper coverage, one might be able 28 
to differentiate the hyper- and nidopallium more clearly within the Ex_DACH2_ZMAT4 29 
supertype. For the supertypes belonging to Ex_DACH2_SV2C that have contributions from both 30 
regions (Fig. 4, E and F), only the most abundant supertype Ex_DACH2_MGAT4C showed 31 
significant differential expression between Wulst and DVR dissections of 15 DVR specific genes 32 
(Table S4). Thus, despite much higher cell numbers compared to Ex_DACH2_ZMAT4 being 33 
available for supertypes in the Ex_DACH2_SV2C subclass (Fig. 4F; Table S2), fewer or, in 34 
most supertypes, no significantly differentially expressed genes could be identified within this 35 
subclass (Table S4).  36 

Subsequently, we sought to investigate whether the distinct developmental origins of supertypes, 37 
which are shared between the hyper- and nidopallium in the adult, would still be detectable in 38 
their chromatin accessibility profiles. However, we could not identify robust differences between 39 
DVR- and Wulst-derived cells of the same supertype identity. Correlation of pseudobulks per 40 
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supertype and region showed again that supertypes shared between dissections were most often 1 
similar to each other, rather than to other supertypes from the same dissection (fig. S17G). 2 
Moreover, although we detected 12,595 differentially accessible regions across all cell types, and 3 
3,932 across excitatory neuron supertypes, at FDR <5%, we were unable to detect any significant 4 
differentially accessible regions when comparing matching supertypes between Wulst and DVR. 5 
Taken together, our results indicate that the gene regulatory programs and transcriptional profiles 6 
determining the identity of the supertypes shared between the hyper- and nidopallium, especially 7 
the ones belonging to the Ex_DACH2_SV2C subclass, fully override any profiles reflecting their 8 
different developmental origins. 9 

In our comparisons to the lizard, despite the mixed regional origin of several supertypes, the 10 
Ex_DACH2_CALCR and Ex_DACH2_SV2C subclasses overall showed highest similarity to 11 
the DVR and not the dorsal (nor medial) cortex (fig. S11). Most supertypes belonging to the 12 
Ex_DVR_CALCR subclass are most similar to the sensory-recipient anterior lizard DVR 13 
(aDVR). The most mixed supertype within this subclass (Ex_DACH2_ZMAT4) also shows 14 
predominant similarity to the aDVR. However, in the comparison to turtle, in which the anterior 15 
dorsal cortex (aDC) is larger than in lizards (see above), we find that the predominantly 16 
hyperpallial supertypes (Ex_DACH2_TAC1,Ex_DACH2_ITGA9) are most similar to clusters of 17 
the aDC (fig. S13). Consistently, the mixed supertype Ex_DACH2_ZMAT4 shows similarity to 18 
both regions in the turtle, the aDVR and aDC.  19 

When we compare Ex_DACH2_CALCR to mouse, we mostly observe low similarities to L4 and 20 
L5 of the murine isocortex (Fig. 4G). Cell types in primary sensory input areas of the DVR had 21 
been suggested to be homologous to L4 of the mammalian isocortex (33, 40). However, 22 
specifically the supertype located within these sensory regions (Ex_DACH2_RORB) is the only 23 
supertype within the subclass that does not resemble isocortical cell types. Instead, it is highly 24 
similar to cells in L2a of the murine piriform cortex (Fig. 4G). Cells in L2a of the piriform cortex 25 
arise from the ventral pallium and are one of the main recipient neurons of olfactory bulb input 26 
in mice (41). This suggests that sensory processing neuron populations in the DVR employ 27 
similar sets of genes as neurons in the mammalian isocortex, but that their ancestry may lie in 28 
more ancient olfactory input processing neurons.  29 

Supertypes belonging to the Ex_DACH2_SV2C subclass correspond best to clusters from the 30 
(posterior) DVR in lizard, despite their mixed regional origin in the chicken (Fig. 4E; fig. S11). 31 
Also, in contrast to the Ex_DACH2_CALCR subclass, even the most mixed supertypes are 32 
rather similar to the turtle DVR and not the dorsal cortex, although similarities are overall low 33 
(Fig. 4E; fig. S13). In comparison to mouse, Ex_DACH2_SV2C exhibits mostly very low 34 
similarity to retrohippocampal areas and the entorhinal cortex (Fig. 4G). Ex_DACH2_GRIK4 is 35 
the only chicken supertype, which displays some similarity to mammalian neurons in isocortical 36 
layers 2/3. However, all supertypes of the Ex_DACH2_SV2C subclass are most similar to lizard 37 
clusters, which, in turn, match the murine piriform cortex or amygdala, suggesting that the low 38 
similarity scores in these comparisons do not reflect homology. Thus, the evolutionary origins of 39 
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Ex_DACH2_CALCR and especially Ex_DACH2_SV2C as well as the mixed regional cellular 1 
identities between the hyper- and nidopallium remain elusive. 2 

 3 

Developmental and evolutionary origins of avian excitatory cell types 4 

Notably, the striking transcriptional similarity we observed between the nidopallium and 5 
hyperpallium for major cell types had been previously suggested based on bulk-tissue data and 6 
was interpreted to reflect a developmental origin, wherein cell populations surrounding the 7 
ventricle give rise to analogous populations above and below it (34). However, this hypothesis 8 
conflicts with other developmental studies that show a confinement of neuronal lineages to each 9 
portion of the pallium (19, 42).  10 

We therefore generated snRNA-seq data for the chicken pallium across eight developmental 11 
stages, from early-mid neurogenesis (embryonic day 6, E6) to late in ovo development (E19) 12 
(chicks hatch at around days 20/21 (43)) (Methods). From stage E8 onwards, the pallium of at 13 
least one individual was dissected into its dorsal and ventral halves, splitting the prospective 14 
mesopallium in the middle (Fig. 5A), at the proposed axis of dorso-ventral symmetry (34); 15 
dissections were then profiled separately. We obtained high-quality snRNA-seq data for a total 16 
of 142,429 cells, which we assigned to 14 major cell classes (Fig. 5B and C; fig. S16). 17 

We also profiled three sections of the E19 pallium using the Visium approach. Populations of 18 
mature neurons from this last profiled developmental stage were highly similar to supertypes 19 
defined in the adult (fig. S17), which indicates that most supertypes are already present at this 20 
stage. We therefore used these data to corroborate and refine our pallium cell type atlas. Overall, 21 
E19 mapping confirmed our observations in the adult but offered a clearer mapping in some 22 
cases (Fig. 5D; fig. S18). For instance, Ex_BCL6, which in the adult seemed to be located in the 23 
piriform and/or entorhinal area, clearly maps to an area separated from the nidopallium by the 24 
ventricle, arguing for its medial pallial origin and, therefore, rather for an entorhinal identity of 25 
this supertype (fig. S18F). Especially mesopallial supertypes exhibited a more refined spatial 26 
location (Fig. 5D; S19 B and C) compared to the adult pallium, indicating that the mesopallium 27 
is less homogeneous in its cell type composition than inferred from our adult spatial analyses 28 
(Fig. 4A). The E19 data also uncovered additional heterogeneity within the thalamic input 29 
receiving populations of the DVR (Fig. 5D).  30 

To trace the developmental origins of the transcriptional similarity between glutamatergic cell 31 
populations in the adult nido- and hyperpallium (see above), we focused on the glutamatergic 32 
lineage, including radial glia, intermediate progenitors/differentiating cells, and excitatory 33 
neurons (Fig. 6A). We converted the developmental trajectory, clearly identifiable from the 34 
integration of sampled stages, into a continuous pseudotime progression (44) (Methods) (Fig. 35 
6B). To assign early neurons to sublineages, we adapted a previous approach (45), which 36 
uncovered four major lineages of early neurons, corresponding to the medial/arco- , meso-, 37 
hyper- and nidopallial lineages, respectively (Fig. 6F; fig. S19).  38 
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When transferring adult subclass labels, cells in the hyperpallial and nidopallial lineage were 1 
predominantly predicted to belong to the two subclasses, which comprise cell types from both 2 
regions in the adult (Ex_DACH2_CALCR, Ex_DACH2_SV2C) (Fig. 6, D and E; Fig. 4, D and 3 
E). However, contrary to the adult data, there is only minimal mixing of cells from dorsal and 4 
ventral dissections between these two lineages (Fig. 6C). Moreover, when we transferred adult 5 
supertype labels, cells in the nidopallial and hyperpallial lineage were mostly predicted to belong 6 
to supertypes that are also exclusive to the respective regions in the adult (Fig. 6G). By contrast, 7 
the most extensively mixed supertypes from the adult Ex_DACH2_SV2C subclass showed only 8 
limited presence in the developmental dataset (Fig. 6G). Together, our observations suggest that 9 
the hyperpallium and nidopallium have distinct developmental origins despite their extensive 10 
similarities in the adult; and, until E19, both structures comprise mostly transcriptomically 11 
different cell types. 12 

Nevertheless, there are indications of the adult similarities in late developmental stages. A small 13 
population of mature hyperpallial TAC1+ nuclei clusters with mature neurons of the nidopallial 14 
lineage in low-resolution Louvain clustering (fig. S19C). Furthermore, a correlation analysis of 15 
the different lineages along pseudotime reveals that the correlation between the hyperpallial and 16 
nidopallial lineage increases during development (Fig. 6H). Together, these observations indicate 17 
that the similarity between the hyperpallial and nidopallial lineage increases progressively during 18 
development but is not yet extensive at E19. Notably, in two parallel studies, Rueda-Alaña et al. 19 
independently observe some cell type populations distributed across the hyper- and nidopallium 20 
at E15, and Hecker et al. (https://doi.org/10.1101/2024.04.17.589795) detect a strong similarity 21 
between the hyper- and nidopallium at post-hatch day 15, suggesting that the trend we see in late 22 
stages of in ovo development continues after hatching and is completed by day 15 of ex ovo 23 
development at the latest. 24 

Given the clear differences between glutamatergic lineages originating from distinct territories in 25 
our developmental data, and considering the generally higher conservation of gene expression 26 
across species during development compared to adults (46), we reasoned that our data may 27 
facilitate the identification of broader regional homologies between avian and mammalian pallial 28 
structures. We thus compared our chicken developmental data to a subset of an available dataset 29 
of the developing mouse brain (47) in which we annotated the pallial glutamatergic lineage in 30 
more detail (Methods) (fig. S20).  31 

We found that the two different types of progenitor cells (radial glia, RG; intermediate 32 
progenitor cells, IPCs) are the cell types with the highest similarity between the two species (Fig. 33 
6I). It has previously been debated if IPCs exist in chicken (48), but we find a clear 34 
correspondence of potential IPCs in the chicken to mouse IPCs (Fig. 6I). Moreover, we also 35 
identified a sizable cluster of IPCs in the chicken that are likely to be cycling (fig. S19B), which 36 
indicates that IPCs do proliferate in birds. However, judging by the numbers of cycling IPCs 37 
relative to cycling RGs, IPCs in chicken are likely not proliferating to the same extent as in 38 
mammals, in accord with previous work (48, 49) and findings in a related study by Rueda-Alaña 39 
et al.  40 
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The comparison of early neuronal lineages between both species largely corroborates our 1 
findings in the adult, while also unveiling relationships that were not discernible in the adult 2 
stage. The conservation of the hippocampus is evident during development as well, but in 3 
contrast to the adult we observe very little similarity to the mammalian amygdala (Fig. 6I). 4 
Interestingly, the hyperpallial lineage, that is the lineage likely forming the IHA and potentially 5 
HA, is most similar to upper and deep layer cortical neurons during development (Fig. 6I), in 6 
line with adults, where we observed low similarity to neurons in L4/5 (Fig. 4G). The mesopallial 7 
lineage matches best early and more mature deep layer cortical neurons. We observed a similar 8 
trend in the adult for most supertypes located in the mesopallium, except for one 9 
(Ex_SATB2_ZNF385D) that is homologous to the claustrum in the adult (Fig. 4G). Given the 10 
structure’s small size, we could not identify any claustral population in the developing mouse 11 
brain dataset to confirm this match in development. Interestingly, the nidopallial lineage 12 
exhibited the strongest similarity to the developing amygdala, piriform and entorhinal cortex, 13 
which was not evident in adults. 14 

Taken together these results indicate that not only pallial radial glia, but also intermediate 15 
progenitor cells were already present in the last common ancestor of amniotes. Furthermore, 16 
early neurons in the avian pallium still exhibit clear transcriptomic signatures related to their 17 
origins in different developmental territories, which were only partially detectable in adults. 18 
These early regional identities allow the identification of broad homologies between mammals 19 
and birds. 20 

 21 

Discussion 22 

In this study, we generated the first spatially resolved cell type atlas of the chicken pallium in 23 
adults and across development. Through comprehensive comparisons of this atlas to 24 
corresponding data from mouse and non-avian reptiles, we trace the origins and evolution of cell 25 
types in the amniote pallium. We confirm previous observations that inhibitory neurons are 26 
overall transcriptomically conserved across amniotes (7, 8), although one LGE-derived 27 
population that resides in the small intercalated amygdala in mammals has become very 28 
abundant across the avian pallium. By contrast, excitatory neuron repertoires have diverged 29 
substantially during evolution, with some showing extraordinary convergences of gene 30 
expression programs during development in birds. 31 

Our analyses revealed that homologs of excitatory neurons in the mammalian hippocampus are 32 
also present in corresponding regions of the chicken pallium. This finding, together with 33 
previous data for non-avian reptiles (7) and tetrapods (50), suggests that key hippocampal 34 
regions and constituent excitatory cell types were already present in the common tetrapod 35 
ancestor and have been preserved across amniotes during evolution. Notably, however, 36 
glutamatergic cell types of the hippocampal region in chicken seem to be closely related to the 37 
major glutamatergic cell type population (Ex_CACNA1H_LHX9) of the arcopallium, a region 38 
that has previously been suggested to be homologous to certain nuclei of the mammalian 39 
amygdala (25). In agreement with this suggestion, this arcopallial cell type exhibits strong 40 
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similarities to cells from the mammalian amygdala in our comparisons. However, the avian 1 
arcopallium, as well as the mammalian amygdala, have been suggested to arise from the ventral 2 
pallium, whereas the hippocampal areas arise from the distinct medial pallial sector (6). By 3 
contrast, our findings indicate that the ventral and medial pallium do not represent strictly 4 
distinctive germinative zones in birds, but form one contiguous region around the caudal pole of 5 
the telencephalon. This notion is consistent with shared expression of selected genes in early 6 
chick development (51), as well as the close proximity of these two zones in early mammalian 7 
development (52) and alternative models of pallial evolution in amniotes (53). 8 

We also uncover that neurons within distinct subregions of the avian hyperpallium, previously 9 
hypothesized to be homologous to the mammalian isocortex (6, 54), do not exhibit a singular 10 
hyperpallial identity. Instead, populations in some subregions closely resemble cells in 11 
neighboring pallial structures. Specifically, our findings indicate that the densocellular 12 
hyperpallium forms one homogeneous territory together with the neighboring mesopallium in 13 
terms of its cell type composition, in accord with previous bulk transcriptome work (34), and 14 
arises from the same lineage as the rest of the mesopallium during development. In the apical 15 
hyperpallium, adjacent to the medial pallium, we identify a cell type (Ex_TSHZ2_NR4A2) 16 
characterized by the expression of marker genes of both, medial and hyperpallial lineages. In 17 
support of a rather medial identity, this cell type matches cell types of medial pallial structures in 18 
mammals and other reptiles; that is, the subiculum and the posterior dorsal cortex. The only 19 
hyperpallial subregion that clearly originates from a distinct lineage during development is the 20 
intercalated hyperpallium – the main input structure of the hyperpallium (3, 55, 56). 21 

Intriguingly, we observe a remarkable transcriptomic and gene regulatory similarity between cell 22 
populations in the avian (dorsal) intercalated/apical hyperpallium and the (ventral) nidopallium. 23 
This similarity, which is also observed by Hecker et al. 24 
(https://doi.org/10.1101/2024.04.17.589795) in chicks at day 15, is so pronounced in the adult 25 
that several cell populations are essentially indistinguishable between the two regions. Gedman 26 
et al. (34), who inferred a similar pattern from bulk transcriptome analyses of the adult zebra 27 
finch pallium, suggested that the hyper- and nidopallium arise from one continuous embryonic 28 
region. However, in stark contrast to the patterns observed in all three studies in chicks/adults, 29 
we identify distinct cellular lineages for these two regions during in ovo development that exhibit 30 
only limited similarity at mid-neurogenesis stages. This is in line with the observation that some 31 
of the extensively shared cell type populations found in the adult seem to be mostly absent at 32 
embryonic day 19 (Fig. 6G; fig. S17). Tangential migration could explain our observations, as 33 
regions would contain similar cells due to a shared developmental origin and “new” populations 34 
could form from migrated cells being exposed to their new environment. However, previous 35 
lineage tracing studies covering development until E14 (i.e., several days after neurogenesis is 36 
complete) found no evidence for tangential migration between the hyperpallium and nidopallium 37 
(19). Our developmental dataset, which includes data for specific dissections of the dorsal and 38 
ventral pallium until late development (E19), does also not provide any indication of tangential 39 
cell migrations. Notably, however, the hyper- and nidopallial lineages exhibit progressively 40 
increasing similarities during development, although some of the populations that are shared 41 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 30, 2024. ; https://doi.org/10.1101/2024.04.30.591857doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.30.591857
http://creativecommons.org/licenses/by-nc/4.0/


 

16 
 

between both structures in adults cannot be traced during in ovo development. We therefore 1 
hypothesize that the remarkable gene expression similarity between the hyper/nidopallial cell 2 
populations, which carry out analogous functions in different sensory circuits, is fully established 3 
soon after hatching due to the massively increased sensory input. 4 

The evolutionary relationships of pallial regions across amniotes have long been a subject of 5 
debate (32–34). Leveraging our extensive adult and developmental datasets, we validated 6 
previously suspected relationships (as for the hippocampus, see above) and uncovered 7 
unexpected homologies. Specifically, our findings indicate a notable divergence between the 8 
avian nidopallium, constituting the ventral DVR and arising from the ventral pallium during 9 
development, and its mammalian counterpart. In adult comparisons, we predominantly observe 10 
low cell type similarities in the avian nidopallium to neurons in layers 4/5 of the mammalian 11 
isocortex, as well as cells in the entorhinal cortex, suggesting an overall diverged profile. 12 
However, a distinct cell type within the main thalamic input receiving areas of the nidopallium 13 
exhibits strong similarity to cells in the mammalian piriform cortex. In agreement with this 14 
correspondence, developmental data indicate clear cellular similarities between the avian 15 
nidopallial lineage and the mammalian amygdala, piriform cortex, and/or entorhinal cortex – 16 
structures largely derived from the putative ventral pallium in mammals as well. We thus 17 
conclude that the avian nidopallium is overall homologous to the aforementioned mammalian 18 
structures, but their constituent cell types have substantially diverged during evolution. Further 19 
developmental investigations are warranted to ascertain whether the nidopallium is homologous 20 
to all or only a subset of these structures or constituent cell types. 21 

Despite the striking similarity between cell populations in the nidopallium and hyperpallium, our 22 
cross-species analyses suggest that only cells in the intercalated hyperpallium are homologous to 23 
cell type populations in layers 4/5 of the mammalian isocortex. This notion is in agreement with 24 
previous models indicating homology between the hyperpallium and mammalian isocortex (6), 25 
and with the cell types’ respective roles in the sensory circuit as input neurons (55–57). 26 

Interestingly, we observe a strong similarity of the adult avian mesopallium – which seems to 27 
include an area previously defined as part of the hyperpallium (see above) – with the mammalian 28 
claustrum but also, unexpectedly, to neurons in deep layers (L6b, L6 CT) of the isocortex and 29 
retrohippocampal areas. One mesopallial population (Ex_SATB2_ZNF385B) exhibits clear 30 
similarity to the main murine claustral population and cells in the anterior medial DVR in lizards, 31 
a structure, which was in turn shown to correspond to the murine claustrum in terms of gene 32 
expression, connectivity, and function (13). Thus, this specific cell type has been strongly 33 
conserved across all major lineages of amniotes since their emergence. This finding is also in 34 
agreement with previous models based on developmental data, given that both the claustrum and 35 
the mesopallium are thought to emerge from the lateral pallium (32).  36 

However, our findings regarding other mesopallial cell types challenge this model. First, we 37 
identify a population in the avian mesopallium and turtle anterior dorsal cortex strongly 38 
resembling neurons in mammalian L6b. Neurons in L6b are a remnant of the largely transient 39 
subplate, which is present across different pallial sectors in mammals (58). While a subplate 40 
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structure likely does not form in the developing reptilian pallium (39), our observations therefore 1 
suggest that subplate-like cells were present in the last common ancestor of all amniotes. Second, 2 
other mesopallial cell types are most similar to mammalian cortico-thalamic (CT) projecting 3 
neurons in isocortical L6 and retrohippocampal areas, instead of any population derived from the 4 
mammalian lateral pallium. This similarity is particularly surprising, because cortico-thalamic 5 
neurons project to the thalamus, whereas the mesopallium predominantly projects within the 6 
telencephalon (37) and works as an integrating structure, rather akin to mammalian layer 2/3 7 
intra-telencephalic neurons. However, in line with our findings in the adult, the overall similarity 8 
of the mesopallial lineage to deep layers of the isocortex and hippocampal formation is further 9 
supported by our developmental comparisons, and Hecker et al. 10 
(https://doi.org/10.1101/2024.04.17.589795) confirm this correspondence based on analyses of 11 
enhancer codes. 12 

Despite the different projection patterns of mammalian cell types matching the avian 13 
mesopallium (claustral Car3, L6b and (L6) CT), all of these populations represent some of the 14 
earliest born neurons in the cortical neuroepithelium (58). The close association of these cell type 15 
populations is also reflected in their transcriptome profiles, as the claustrum and L6b share the 16 
expression of many marker genes during development (59), although the mammalian claustral 17 
population exhibits a quite distinct transcriptomic profile in the adult (14). Neurons in L6b, in 18 
turn, are closely related to L6 CT neurons based on single-cell RNA-seq data (14). These results 19 
suggest that the avian mesopallium might overall be homologous to early-born neurons of the 20 
mammalian lateral, dorsal, and medial pallium.  21 

Altogether, our findings reveal a classification of glutamatergic cell types into four major 22 
developmental lineages in birds that have clearly distinct ontogenetic origins, partly consistent 23 
with the existence of a tetrapartite pallium in birds (6) (Fig. 1; fig. S21). However, our work also 24 
unveils a striking convergence of specific gene expression programs for the ventral and dorsal 25 
lineages that eventually completely override developmental signatures (fig. S21). This process 26 
leads to the emergence of major cell types in the nido- and hyperpallium that are essentially 27 
indistinguishable between these two spatially distant brain regions. Our cross-amniote analyses 28 
uncover general correspondences of cell populations in medial and ventral regions, of which the 29 
latter is only clearly evident during development (Fig. 6I). However, while certain cell 30 
populations are shared across amniotes within putative dorsal and lateral pallial regions, not all 31 
cell populations in these regions are homologous across amniotes (fig. S22). Thus, our work 32 
highlights the limitations of current models of pallial evolution in amniotes (53) and motivates 33 
further deep investigations of the evolutionary dynamics of neural development across species, 34 
including mammals. 35 
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Main figures 1 

 2 
 3 
Fig. 1. Cell type atlases of the pallium in amniotes 4 
(A) Current models of amniote pallium evolution. (Top) Schematic representation of coronal sections of the telencephalon in 5 
lizard (left), chicken (middle), and mouse (right). Brightly colored areas represent the pallium divided into developmental, 6 
homologous sectors according to the tetrapartite pallium model (6). Mya, million years ago; DVR, dorsal ventricular ridge; Hc, 7 
hippocampus; Cla, claustrum; I, insular cortex; Pir, piriform cortex; PA, pallial amygdala. (Bottom) Schematic representation of 8 
regions constituting sensory circuits in the pallium of birds (left) and mammals (right), colored according to their role in the 9 
canonical circuit (illustrated on the far right). Colored areas indicate regions that are homologous according to the equivalent 10 
circuit hypothesis, given their comparable circuit functions across birds and mammals. HyperP, hyperpallium; HA, apical 11 
hyperpallium; IHA, intercalated hyperpallium; HD/HI, densocellular hyperpallium/intermediate hyperpallium; MesoP; 12 
mesopallium; NidoP, nidopallium; ArcoP, arcopallium; IT, intra-telencephalic. (B) Heatmap of selected marker gene expression 13 
across 237 clusters in snRNA-seq-based chicken pallium atlas, ordered by independently constructed cluster dendrogram. 14 
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Barplots of cell numbers per cluster on the right are coloured by supertype annotation. (C) Uniform manifold approximation and 1 
projection (UMAP) of chicken pallium snRNA-seq atlas colored by supertype annotation. Dotted lines and text labels represent 2 
subclass annotations. (D) UMAP of snRNA-seq based green anole pallium atlas coloured by and labelled with subclass 3 
annotation. (E) UMAP of snRNA-seq and single-cell RNA sequencing-based mouse pallium atlas, colored by and labelled with 4 
subclass annotation (left), or colored according to underlying dataset (right). 5 
  6 
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 1 

 2 
  3 
Fig. 2. GABAergic inhibitory neurons in the chicken pallium 4 
(A) Heatmap of selected marker gene expression across 109 clusters of inhibitory neurons in the chicken pallium ordered 5 
according to cluster dendrogram. Color bar and text labels on the right indicate supertype annotation. LGE, lateral ganglionic 6 
eminence; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence. (B) UMAP of inhibitory cells colored by and 7 
labelled with supertype annotation. (C) Schematics of the top view (left) and a midsagittal section (right) of the chicken brain, 8 
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illustrating positions of tissue sections shown in (D-F). Dotted lines represent borders between pallial brain regions. (D) Spatial 1 
location of most abundant supertypes from each major inhibitory subclass according to in situ sequencing (ISS). Only segmented 2 
cells with confidently assigned identity are shown. Hc, hippocampal area; M, mesopallium; N, nidopallium; Sp, subpallium; D, 3 
dorsal; l, lateral (E) Spatial location of same supertypes as shown in (D) according to Visium data. High prediction (Pred.) scores 4 
indicate high probability that cells with the respective identity were present within the spot’s area. R, rostral. (F) Spatial location 5 
probabilities of both FOXP1+ LGE-derived supertypes according to ISS. (G) Comparison between chicken supertypes and 6 
mouse inhibitory subclasses based on three different methods. Scores were scaled between 0 and 1 per method and summed 7 
across all methods to represent the similarity score. White dots in tiles are shown when populations are among the top reciprocal 8 
matches according to two or all three methods. Amy, amygdala; MSN; medium spiny neuron; CP, caudate putamen; OB, 9 
olfactory bulb; CeA, central amygdala; MeA, medial amygdala; IA, intercalated amygdala. 10 
  11 
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 3 
Fig. 3. Glutamatergic excitatory neurons in the chicken (medial) pallium 4 
(A) Heatmap of selected marker gene expression across 120 clusters of excitatory neurons in the chicken pallium ordered 5 
according to cluster dendrogram. Color bar and text labels on the right indicate supertype annotation. (B) UMAP of pallial 6 
excitatory cells colored by supertype annotation. Text labels represent subclass annotation. (C) Schematics of the top view (left) 7 
and a midsagittal section (right) of the chicken brain, illustrating positions of tissue sections shown in (D) and (F). Dotted lines 8 
represent borders between pallial brain regions. (D) Spatial location of hippocampal supertypes according to in situ sequencing 9 
(ISS). Only segmented cells with confidently assigned identity are shown. D, dorsal; L, lateral. (E) Comparison between chicken 10 
supertypes of the Ex_CACNA1H subclass and mouse excitatory subclasses based on three different methods. Color bar on the 11 
right represents broader neighbourhood labels for mouse populations taken from (14). Scores were scaled between 0 and 1 per 12 
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method and summed across all methods to represent the similarity score. White dots in tiles are shown when populations are 1 
among the top reciprocal matches according to two or all three methods. For abbreviations in mouse annotations see Table S3. 2 
(F) Spatial location of other selected supertypes of the Ex_CACNA1H subclass according to Visium data. High prediction 3 
(Pred.) scores indicate high probability that cells with the respective identity were present within the spot’s area. AHi, amygdalo-4 
hippocampal region; ACo arcopallial core nuclei; ENT, entorhinal area; PIR, piriform area; H, hyperpallium; M, mesopallium; N, 5 
nidopallium; Sp, subpallium; D, dorsal; Med, medial; R, rostral.  6 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 30, 2024. ; https://doi.org/10.1101/2024.04.30.591857doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.30.591857
http://creativecommons.org/licenses/by-nc/4.0/


 

24 
 

  1 

 2 
 3 
Fig. 4. Excitatory neurons in the chicken mesopallium and nidopallium 4 
(A) Schematics of chicken brain from the top (left) and in a sagittal section (right) to illustrate positions of tissue sections shown 5 
in (B - E). Dotted lines: borders between pallial brain regions. (B) Spatial location of mesopallial supertypes. In Visium sections 6 
(top) high prediction (Pred.) scores indicate high probability that cells with the respective identity were present within the spot’s 7 
area. In ISS sections (bottom) only segmented cells with confidently assigned identity are shown. H, hyperpallium; M, 8 
mesopallium; N, nidopallium; Sp, subpallium; D, dorsal; R, rostral; L, lateral. (C) Border between mesopallium and 9 
hyperpallium. Left: expression of three representative marker genes as profiled by ISS, marking the apical hyperpallium (HA) 10 
and nidopallium (N), the intercalated hyperpallium (IHA) and the densocellular hyperpallium, intermediate hyperpallium (HI), 11 
and mesopallium (HD+M). Right: area populated by mesopallial cell populations as predicted based on joint ISS profile. Vam, 12 
medial vallecula. (D) Spatial location of supertypes of the Ex_DACH2_CALCR subclass mostly in and around thalamic input 13 
receiving areas in the hyperpallium/nidopallium based on ISS. Vis, visual nidopallial nucleus (also often called entopallium); 14 
Aud, auditory L2 field; BS, basal somatosensory nucleus. (E) Localization of the most abundant supertypes of the 15 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 30, 2024. ; https://doi.org/10.1101/2024.04.30.591857doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.30.591857
http://creativecommons.org/licenses/by-nc/4.0/


 

25 
 

EX_DACH2_SV2C subclass in the hyperpallium/nidopallium according to Visium (top) and ISS (bottom). (F) Correlation 1 
dendrogram of pseudobulk expression profiles per supertype and dissection (at least 20 cells each). Bootstrap support (n = 1000) 2 
was above 80% for all nodes. Schematic top right: illustration of borders between dissections. (G) Comparison between 3 
hyperpallial, mesopallial, and nidopallial chicken supertypes and mouse excitatory subclasses based on three different methods. 4 
Color bar on the right represents broader neighbourhood labels for mouse populations taken from (14). Scores were scaled 5 
between 0 and 1 per method and summed across all methods to represent the similarity score. White dots in tiles are shown when 6 
populations are among the top reciprocal matches according to two or all three methods. For abbreviations in mouse annotations 7 
see Table S3.  8 
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 3 
Fig. 5. Cellular development of the chicken pallium 4 
(A) Illustration of sampling strategy across pallial development in the chick. Samples were taken on seven different days of 5 
embryonic (E) development. At E6 the pallium (P) was collected as a whole, from E8 onwards the pallium was dissected into two 6 
halves for at least one individual per stage. SP, subpallium; MP, medial pallium; DP, dorsal pallium; LP, lateral pallium; VP, 7 
ventral pallium. (B) UMAP of pallial cells colored by and labelled with class annotation and (C) colored by developmental stage. 8 
Ex_neurons, excitatory neurons; OPCs, oligodendrocyte progenitor cells; Olig, oligodendrocytes; Ex_diff_ipc, excitatory 9 
intermediate progenitors and differentiating cells; In_PCs, inhibitory progenitors; In_diff, inhibitory differentiating neurons; 10 
In_neurons, inhibitory neurons; Glial_PCs_Astro, late radial glia (gliogenic) and astrocytes; Ex_PCs, radial glia (neurogenic); 11 
Ependymal_PCs, ependymal progenitor cells; Misc, miscellaneous. (D) Spatial location of selected excitatory supertypes in E19 12 
Visium sections. E19 snRNA-seq data was integrated with adult data to predict supertypes labels. High prediction (Pred.) scores 13 
indicate high probability that cells with the respective identity were present within the spot’s area. Schematic of brain from top 14 
view (bottom left) illustrates position of the section.  15 
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 3 
 4 
Fig. 6. Developing excitatory neurons in the chicken pallium 5 
UMAPs of excitatory neuron lineage colored by and labelled with (A) class annotation (Ex_PCs, radial glia (neurogenic); 6 
Ex_diff_ipc, excitatory intermediate progenitors and differentiating cells; Ex_neurons, excitatory neurons), (B) colored by 7 
diffusion pseudotime, (C) colored by dissection origin and (D) colored by maximal prediction (Max pred.) score for any adult 8 
excitatory subclass after CCA label transfer  (E) Zoom into UMAP shown in (A – D) to show only early neurons colored by adult 9 
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subclass prediction if prediction score (D) was above 0.5. (F) UMAP of excitatory neuron lineage colored by and labelled with 1 
sublineage annotation . NidoP, nidopallial lineage; medialP/ArcoP, medial and arcopallial lineage; HyperP, hyperpallial lineage; 2 
MesoP, mesopallial lineage; medialP/HyperP, between medial and hyperpallial lineage; MesoP/HyperP_diff, early differentiating 3 
cells of mesopallial or hyperpallial lineage. (G) UMAPs of early neurons as shown in (E), colored by most abundant supertypes 4 
in hyper- and nidopallial lineage as predicted by label transfer from adult data. (H) Heatmap of Pearson correlation between the 5 
hyperpallial and other early neuron sublineages. Sublineages were split into six bins according to pseudotime, each represented 6 
by one tile in the correlation heatmap. Values in tiles represent correlation values. (I) Comparison between chicken pallial 7 
lineages as shown in (F) and populations in the developing murine pallium (subset of (47), embryonic day 9 - 17). Lineages 8 
comprising many cells in chick were split into early and late (pseudotime (B) > 0.89). Comparison is based on two methods. 9 
Scores were scaled between 0 and 1 per method and summed across both methods to represent the similarity score. White dots in 10 
tiles are shown when populations are among the top reciprocal matches according to both methods. IPCs, intermediate progenitor 11 
cells; cyc, cycling; HPF, hippocampal formation; DG, dentate gyrus; CA, Cornu Ammonis; SUB, subiculum; UL, upper cortical 12 
layers; CTX, cortex; IT, intra-telencephalic; DL, deep cortical layers; PT, pyramidal-tract-projecting; NP, near-projecting; CT, 13 
corticothalamic-projecting; Amy, amygdala; PIR, piriform cortex; ENT, entorhinal cortex; OB_MT, olfactory bulb mitral tufted 14 
cells. 15 
  16 
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