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SUMMARY 
Within the clade of amniotes (including mammals, birds, and non-avian reptiles), two 
lineages—birds and mammals—are renowned for their remarkable cognitive abilities. These 
capabilities likely evolved through innovations in the forebrain, particularly in the dorsal 
telencephalon, or pallium. Since the last common ancestor of amniotes approximately 320 
million years ago, the pallium has undergone extensive morphological diversification. In 
mammals, the pallium is dominated by layered structures like the isocortex, whereas birds 
and reptiles primarily feature nuclear-organized regions, such as the dorsal ventricular ridge 
(DVR). While non-avian reptiles possess a small layered cortex, birds lack a layered cortex 
entirely and instead possess the hyperpallium, a unique nuclear-organized dorsal structure. 
These profound differences have sparked debates about pallial evolution, leading to 
competing hypotheses—some emphasizing homology of cell types performing analogous 
roles in a conserved neural microcircuit, while others focus on shared developmental origins 
in distinct pallial domains. 

In my dissertation, I addressed these debates by investigating the cellular composition, 
development, and evolution of the pallium across amniotes. To this end, I generated spatially 
resolved cell type atlases of the entire adult chicken pallium and its developmental stages 
using single-nucleus RNA sequencing and spatial transcriptomics. I compared these data to 
equivalent datasets from mammals and reptiles, including those I generated, as well as 
publicly available datasets, to reconstruct the evolutionary history of pallial structures and 
cell types. 

Within chickens, I found remarkable similarity between neurons in the hyperpallium and the 
nidopallium (ventral DVR), despite their topologically distinct locations. This similarity likely 
arises from extensive gene expression convergence during late development, suggesting that 
embryonic topological location does not always dictate the gene expression programs 
underlying adult functional properties in birds. 

Across species, my findings confirm conserved gene expression patterns in inhibitory neurons, 
but reveal an expansion of a cell type predominantly found in the mammalian amygdala that 
is distributed throughout the avian pallium. I also identified conserved excitatory neuron 
types in the hippocampal regions of birds, non-avian reptiles, and mammals, as well as 
homologous populations of claustrum-like neurons in the mesopallium (anterior DVR) of 
birds. Additionally, certain cell types in the avian mesopallium resemble neurons in the deep 
layers of the mammalian isocortex. In contrast, some populations in the hyperpallium and 
nidopallium show substantial divergence. Developmental analyses suggest these neurons 
evolved distinct identities in birds, diverging significantly from their mammalian counterparts. 

These findings challenge previous circuitry-based models, which propose homologies largely 
unsupported by my observations. Although my results align more closely with development-
based homology hypotheses, they also argue against the notion of simple one-to-one 
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correspondences between pallial regions. Instead, they reveal a mosaic pattern of evolution: 
some excitatory cell types are conserved across species, even when located in different pallial 
domains, whereas others have diverged significantly. 

This dissertation also includes an investigation into the cellular evolution of the mammalian 
isocortex across major mammalian lineages. For example, I highlight the conservation of the 
principal claustral cell type across mammals, setting the stage for future studies on pan-
mammalian cellular features of the pallium. 

Overall, this work provides critical insights into the anatomy, development, and evolution of 
the amniote pallium—particularly the avian pallium. It confirms previously suggested 
homologies, such as those among inhibitory or hippocampal excitatory neurons, while 
uncovering novel relationships, such as those between avian mesopallial excitatory neurons 
and mammalian deep-layer isocortical neurons. My findings underscore the importance of 
developmental data in testing evolutionary models and challenge longstanding assumptions 
about regional homology in the amniote pallium. By highlighting conserved, divergent, and 
convergent aspects of pallial evolution, this dissertation lays the foundation for 
understanding the molecular mechanisms underlying advanced cognitive abilities in birds. 
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ZUSAMMENFASSUNG 
Innerhalb der Gruppe der Amnioten – zu der Säugetiere, Vögel und nicht-avische Reptilien 
gehören – zeichnen sich insbesondere Vögel und Säugetiere durch ihre bemerkenswerten 
kognitiven Fähigkeiten aus. Diese Fähigkeiten haben sich wahrscheinlich durch evolutionäre 
Innovationen im Vorderhirn, insbesondere im dorsalen Telencephalon oder Pallium, 
entwickelt. Seit dem letzten gemeinsamen Vorfahren der Amnioten vor etwa 320 Millionen 
Jahren hat das Pallium eine beeindruckende morphologische Vielfalt hervorgebracht. 
Während bei Säugetieren das Pallium durch geschichtete Strukturen wie den Isocortex 
dominiert wird, findet man bei Vögeln und Reptilien vor allem clusterartig aufgebaute 
Regionen wie den dorsalen ventrikulären Kamm (DVR). Nicht-avische Reptilien besitzen zwar 
einen kleinen geschichteten Kortex, doch Vögeln fehlt dieser vollständig; stattdessen haben 
sie das Hyperpallium, eine einzigartige clusterartig aufgebaute dorsale Struktur. Diese 
grundlegenden Unterschiede haben große Debatten über die Evolution des Palliums 
ausgelöst, die zu unterschiedlichen Hypothesen geführt haben. Einige Theorien betonen die 
Homologie von Zelltypen, die ähnliche Funktionen in einem konservierten neuronalen 
Mikroschaltkreis erfüllen, während andere den Fokus auf gemeinsame 
Entwicklungsursprünge in verschiedenen Regionen des Palliums legen. 

In meiner Dissertation habe ich verschiedene Theorien evaluiert, indem ich die zelluläre 
Zusammensetzung, Entwicklung und Evolution des Palliums bei Amnioten untersucht habe. 
Dafür habe ich räumlich aufgelöste Atlanten der Zelltypen im adulten Hühnerpallium und 
seiner Entwicklungsstadien mithilfe von Einzelkern-RNA-Sequenzierung und räumlicher 
Transkriptomik erstellt. Diese Daten habe ich mit entsprechenden Datensätzen von 
Säugetieren und Reptilien verglichen – einschließlich meiner eigenen Ergebnisse sowie 
öffentlich zugänglicher Daten –, um die Evolutionsgeschichte der Strukturen und Zelltypen 
des Palliums nachzuvollziehen. 

Im Hühnerpallium fand ich eine bemerkenswerte Ähnlichkeit zwischen den Neuronen des 
Hyperpalliums und des Nidopalliums (ventraler DVR), obwohl diese topologisch getrennt sind. 
Diese Ähnlichkeit ist wahrscheinlich auf eine weitgehende Konvergenz der Genexpression 
während der späten Entwicklung zurückzuführen. Das deutet darauf hin, dass die Position der 
Neuronen und ihrer Vorläuferzellen im Embryo nicht immer die Genexpressionsprogramme 
vorgibt, die letztlich die funktionellen Eigenschaften im adulten Tier bestimmen. 

Artübergreifend zeigen meine Ergebnisse konservierte Genexpressionsmuster bei 
inhibitorischen Neuronen, aber auch die Ausbreitung eines inhibitorischen Zelltyps, der bei 
Säugetieren nur in der Amygdala vorkommt, bei Vögeln jedoch über das gesamte Pallium 
verteilt ist. Außerdem habe ich konservierte glutamaterge Neuronentypen in den 
Hippocampus-Regionen von Vögeln, nicht-avischen Reptilien und Säugetieren identifiziert 
sowie homologe Populationen von claustrum-ähnlichen Neuronen im Mesopallium 
(anteriores DVR) der Vögel. Interessanterweise ähneln einige Zelltypen des Mesopalliums von 
Vögeln den Neuronen in den tiefen Schichten des Isocortex bei Säugetieren. Im Gegensatz 
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dazu zeigen Populationen im Hyperpallium und Nidopallium erhebliche Unterschiede, die 
darauf hindeuten, dass diese Neuronen bei Vögeln einzigartige Genexpressionsmuster 
entwickelt haben, die sich stark von denen der potentiell korrespondierenden Zelltypen in 
Säugetieren unterscheiden. 

Diese Ergebnisse stellen bisherige Hypothesen in Frage, die Homologien auf Grundlage von 
Schaltkreisfunktionen vorgeschlagen, da sie von meinen Beobachtungen weitgehend nicht 
gestützt werden. Während meine Ergebnisse entwicklungsbasierte Homologiehypothesen 
eher unterstützen, widersprechen sie auch der Idee einer einfachen Eins-zu-eins-
Entsprechung zwischen verschiedenen Regionen des Palliums. Stattdessen zeigt sich ein 
mosaikartiges Muster der Evolution: Einige glutamaterge Zelltypen sind über Arten hinweg 
konserviert, auch wenn sie in unterschiedlichen Regionen des Palliums lokalisiert sind, 
während andere deutliche Divergenz aufweisen. 

Zusätzlich habe ich in meiner Dissertation die zelluläre Evolution des Isokortex der Säugetiere 
über verschiedene Säugetiergruppen hinweg untersucht. Dabei konnte ich beispielsweise die 
Konservierung eines claustralen Zelltyps bei Säugetieren nachweisen und eine Grundlage für 
zukünftige Studien zu säugetierübergreifenden zellulären Merkmalen des Palliums schaffen. 

Insgesamt liefert diese Arbeit wichtige Einblicke in die Anatomie, Entwicklung und Evolution 
des Palliums bei Amnioten, insbesondere bei Vögeln. Sie bestätigt bereits vermutete 
Homologien, etwa bei inhibitorischen Neuronen oder glutamatergen Hippocampus-
Zelltypen, und deckt zugleich neue Verbindungen auf, etwa zwischen Neuronen im 
Mesopallium von Vögeln und Neuronen in tiefen Schichten des Säugetierkortex. Meine 
Ergebnisse unterstreichen die Bedeutung von Daten zur zellulären Entwicklung für die 
Überprüfung evolutionärer Modelle und stellen etablierte Annahmen über die regionale 
Homologie im Pallium der Amnioten infrage. Indem sie konservierte, divergente und 
konvergente Aspekte der Evolution des Palliums beleuchtet, legt diese Dissertation einen 
wichtigen Grundstein für das Verständnis der molekularen Mechanismen, die den 
fortgeschrittenen kognitiven Fähigkeiten von Vögeln zugrunde liegen. 
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1 INTRODUCTION 
Neuroscientists have spent centuries investigating the biological foundation for complex 
animal behaviors and intelligence. Several metrics have been suggested to reflect 
cognitive capacity, such as the brain-to-body mass ratio, relative brain size (2), and more 
recently relative neuron numbers and density across different brain structures (3). Among 
all species examined to date, two taxa stand out regarding most of these metrics - 
mammals and birds (2, 4, 5), separated by 320 million years of independent evolution 
since their last common ancestor (6). The massive increase in neuron numbers observed 
in these two lineages compared to the third major group within amniotes, non-avian 
reptiles, is mostly accounted for by the expansion of two specific brain structures, the 
cerebellum and the telencephalon (4). The telencephalon, the most anterior part of the 
brain, in particular the dorsal telencephalon, is considered to be central to advanced 
cognition. Consistently, birds and mammals demonstrate complex behaviors, such as 
intricate vocalizations (7) and sophisticated social structures (8), with certain avian clades, 
like corvids, exhibiting cognitive abilities comparable to those of primates and even great 
apes (9–12). Understanding the molecular mechanisms driving the likely independent 
brain expansion and evolution of advanced cognitive abilities in birds (13) can offer 
insights into how different brains have evolved to solve similar cognitive challenges. 
Convergent evolution of neurons, circuits and brain regions—meaning the independent 
evolution of similar traits in distinct lineages—may reflect developmental, genetic, and 
functional constraints, as well as potential positive selection shaping these structures, 
while evolutionary conservation can point to essential functions. Thus, a comparative 
analysis of the dorsal telencephalon across amniotes has the potential to uncover the 
fundamental principles governing the organization and function of this key brain region. 

1.1 ANATOMY, FUNCTION AND CONNECTIVITY OF THE ADULT AMNIOTE PALLIUM 
The telencephalon comprises two main territories, the ventrally-located subpallium and 
the dorsally-located pallium, which both arise from the anterior neural tube in all 
vertebrates (14). While the structure, cellular composition and development of the 
subpallium are largely conserved across vertebrates (15, 16), the pallium has undergone 
dramatic morphological and molecular changes. For example, the amphibian pallium is 
relatively simple and comparatively small while in mammals, it is organized into various 
nuclei and layers and for instance in humans covers almost the entire surface of the brain 
(17–19). 

1.1.1 THE MAMMALIAN PALLIUM 
In mammals, the pallium encompasses diverse structures that can be classified using two 
systems: one based on laminar structure and the other based on functional roles.  

The first classification system organizes pallial regions according to their laminar 
structure, specifically the number and appearance of cortical layers. Pallial structures are 
broadly divided into the isocortex (traditionally also called neocortex; Fig. 1A), 
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characterised by its hallmark six-layered organization, and the allocortex, which exhibits 
a simpler architecture with three to six layers (20). The allocortex includes regions such as 
the archicortex (e.g., hippocampus (21)), the paleocortex (e.g., olfactory bulb and piriform 
cortex (22)), and transitional areas collectively referred to as periallocortex (e.g., 
entorhinal and parts of insular the cortices (23)). These differences in laminar structure 
not only highlight architectural diversity but also reflect evolutionary trajectories, as 
allocortical regions are believed to predate the isocortex due to shared characteristics 
with reptilian cortices (22, 24). 

The second system classifies pallial structures based on their functional roles. For 
instance, the hippocampal formation —which includes the cornu ammonis, dentate gyrus, 
subiculum, and entorhinal cortex— is central to learning and memory (25, 26). The 
claustrum and endopiriform nucleus though less well-studied, are implicated in diverse 
functions such as modulating cortical information processing to support attention and 
controlling the sleep-wake cycle (27). The olfactory bulb and olfactory (or piriform) cortex 
receive and process olfactory input (22), while the pallial nuclei of the amygdala regulate 
emotion and social behavior (28) (Fig. 1A). 

The isocortex, in contrast, plays a pivotal role in sensory perception, cognition, motor 
command generation, and other higher-order processes (29). In the tangential dimension, 
it consists of primary sensory areas, unimodal sensory association areas (dedicated to a 
single sensory modality), multimodal association areas, and motor areas. Primary sensory 
areas receive direct input from first-order nuclei of the thalamus and are reciprocally 
connected with unimodal sensory association areas. These, in turn, connect to multimodal 
association areas, which project to other multimodal areas and/or the motor cortex (30). 
Radially, pyramidal excitatory neurons within each of the six layers, numbered from the 
outermost to the innermost layer, share many characteristics, including their descending 
and ascending connections. Neurons in layer two and three exclusively send axons to 
neighboring and distant cortical areas, whereas certain types of pyramidal neurons in 
deep layers project to subcortical targets, such as the striatum, thalamus, midbrain or 
brain stem. Neurons in layer four receive primary sensory input from the thalamus (31) 
(Fig. 1B).  

All of the aforementioned pallial structures can be identified in all mammalian lineages, 
including eutherians (‘placental’ mammals), metatherians (marsupials), and egg-laying 
monotremes, with the exception of the claustrum and endopiriform nucleus, whose 
existence in monotremes is debated (32, 33). The isocortex’s unique six-layered 
organization, as well as the relative position of primary sensory areas, are also shared 
among these lineages. However, there is considerable variation in the relative size of the 
isocortex, of isocortical areas and of molecular layers, as well as in the degree of folding 
(34, 35).  
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1.1.2 THE SAUROPSID PALLIUM 
While the dorsal areas of the pallium largely occupied by the isocortex are relatively 
expanded in mammals, the pallium in sauropsids (including birds and non-avian reptiles) 
is dominated by a ventro-lateral structure called the dorsal ventricular ridge (DVR). In 
contrast to the mammalian cortex, the DVR does not have a laminar structure, but is 
organized in a nuclear fashion, meaning neurons aggregate into clusters (36) (Fig. 1A). 
Still, DVR neurons were found to be arranged in functional columns meaning neurons in 
different areas receive and process distinct sensory inputs in a topographically discrete 
manner, analogous to mammalian isocortical areas and layers (37–39) (Fig. 1B).  

In non-avian reptiles the DVR is traditionally considered to consist of two main parts, the 
anterior predominantly sensory recipient DVR, which is the major target of ascending 
thalamic projections, and the posterior mainly associative DVR, which receives extensive 
projections from the anterior DVR but also projects to extra-telencephalic targets (36, 40). 
Further important subdivisions have been described, such as the claustrum-like anterior 
medial DVR in lizards and the corresponding pallial thickening in turtles, or an amygdala-
like region in the posterior DVR in lizards and turtles (41, 42). However due to limited data 
and discourse about the reptilian brain, there is no consensus neuroanatomical atlas 
defining a structural hierarchy, as in mammals. 

The DVR is especially prominent in archosaurs (including crocodilians and birds; Fig. S1), 
where it is subdivided into three major regions, the mesopallium, nidopallium and 
arcopallium (43, 44) (Fig. 1A). The mesopallium is an associative region forming 
predominantly intra-telencephalic connections (45), whereas the nidopallium harbors 
heterogeneous regions in terms of connectivity, i.e., primary sensory areas as well as 
highly associative areas, such as the nidopallium caudolaterale (Fig. 1B) (36). Several 
pallial and subpallial regions in the caudal telencephalon have been grouped into the 
arcopallium and/or avian amygdala, but the nomenclature and grouping vary across 
sources (43, 44). In this thesis, I will refer to all pallial regions in this collection as 
‘arcopallium’ in order to avoid confusion with the mammalian amygdala. The arcopallium 
represents the major output and motor-associated structure of the avian DVR as it 
projects to subpallial (e.g., striatum, pallidum) and various extra-telencephalic targets 
(e.g., optic tectum; Fig. 1B) (36, 38).  

Dorsally to the DVR, non-avian reptiles possess a three-layered cortex, organized in a 
similar manner as mammalian three-layered cortices. The reptilian cortex is traditionally 
subdivided into a medial, dorsal and lateral part, where lateral cortex receives input from 
the olfactory bulb similar to the piriform cortex in mammals, the dorsal cortex receives 
multimodal input (e.g., visual in turtles), and the medial cortex integrates information 
from both regions and is involved in spatial memory and learning akin to the mammalian 
hippocampal formation (24). 
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Figure 1 Anatomy and functional organization of the amniote pallium. (A) Schematic representation of 
coronal sections of the telencephalon in (left to right) frog, lizard, chicken and mouse. Molecular structure 
(layered or nuclear) is depicted within red circles. (B) Schematic representation of sagittal brain sections in 
birds (left) and mice (right). Sensory-motor circuits, formed by neurons in distinct brain regions and their 
axonal projections, are organized into functional columns processing various sensory modalities in both 
lineages. While projections across columns are broadly similar, only some simplified examples are shown. 
Analogous circuits to those in the mammalian isocortex are present in the avian hyperpallium (HyperP) and 
DVR. MYA, million years ago; MC, medial cortex; DC, dorsal cortex; LC, lateral cortex; DVR, dorsal ventricular 
ridge; Hc, hippocampal area (chicken) / hippocampus (mouse); HyperP, hyperpallium; HA, apical 
hyperpallium; IHA, interstitial apical hyperpallium; HD/HI, densocellular hyperpallium and intercalated 
hyperpallium; MesoP; mesopallium; NidoP, nidopallium; PS, primary sensory areas of the nidopallium; 
ArcoP, arcopallium; Pir, piriform cortex; Cl, claustrum; Ep, endopiriform nucleus; PA, pallial amygdala; Th, 
thalamus; Hy, hypothalamus. Aud, auditory; Vis, visual; Ss, somatosensory; Mo, motor; Cb, cerebellum; BS, 
brain stem; Mb, midbrain; Th, thalamus; Hy, hypothalamus; Sp, subpallium; OB, olfactory bulbs; Pir, piriform 
cortex; Cl, claustrum; Ep, endopiriform nucleus. 

In birds, the majority of this three-layered cortex likely diversified into another nuclear 
structure known as the Wulst (German for ‘bulge’) or hyperpallium (36). The avian 
hyperpallium is subdivided into several mediolateral regions: the apical hyperpallium 
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(HA), interstitial apical hyperpallium (IHA), intercalated hyperpallium (HI), and 
densocellular hyperpallium (HD) (44) (Fig. 1A). These substructures are prominent and 
easily distinguishable in species with large hyperpallia, such as owls (46). However, in 
species with smaller hyperpallia, such as finches and chickens, the reduced size and 
absence of clear anatomical boundaries have led to debates regarding the molecular 
identity of HI and HD. Some studies propose that these regions belong to the neighboring 
mesopallium rather than the hyperpallium (47, 48). Additionally, some authors have 
suggested to redefine the caudal border of the hyperpallium, based on the in situ 
expression of selected genes, to include the “caudal hyperpallium” (HC), which was 
previously categorized as a distinct region located between the hyperpallium and 
hippocampal areas (44). 

Similar to the DVR, neurons within the hyperpallial substructures are arranged in 
functional columns, forming sensory-motor circuits independent of those in the DVR. In 
these circuits, neurons in the IHA receive sensory input relayed by the thalamus (e.g., 
visual or somato-sensory), while neurons in HA project to subpallial and extra-
telencephalic targets (e.g., thalamus, brainstem). The HD and HI areas have associative 
functions and project mainly within the telencephalon, similar to the neighboring 
mesopallium (37, 38, 49) (Fig. 1B). The connectivity of the newly defined HC remains 
unclear (44). 

In addition to the DVR and the hyperpallium, the avian pallium also contains a 
comparatively small medial hippocampal area that extends caudally where it borders the 
arcopallium, and an even smaller piriform cortex, the only truly cortical structure in the 
avian brain (36, 44). 

1.1.3 THE PALLIUM OF AMNIOTE LAST COMMON ANCESTOR 
Paleontological evidence suggests that early amniotes had smaller brain-to-body mass 
ratios and relatively smaller telencephala compared to modern mammals or birds, 
indicating that the telencephalic expansion observed in these lineages occurred 
independently (13). To reconstruct the internal anatomical organization of the 
telencephalon in the amniote last common ancestor, comparative analyses of 
telencephalic structures across extant species are essential. The major subdivisions of the 
subpallium, including the striatum and pallidum, can be identified across vertebrates (15, 
16), indicating their likely presence in the ventral telencephalon of stem amniotes. 
Furthermore, the existence of a cortical structure in the dorsal pallium of both mammals 
and non-avian reptiles suggests that this feature may be ancestral to the amniote lineage. 
However, the organization and structure of the remaining pallial regions in these early 
amniotes remain speculative. 
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1.2 CELL TYPES IN THE ADULT AMNIOTE PALLIUM 
The adult amniote pallium contains three major classes of cells, neurons, glia, and immune 
cells. Neurons and glia arise from local neuroepithelial stem cells (50) whereas microglia, 
the brain parenchyma’s resident macrophages, invade the central nervous system (CNS) 
during development in mammals (51). Little is known about the ontogeny and functions 
of microglia outside mammals, but they have been identified in various vertebrate and 
invertebrate species (52), arguing for a certain degree of conservation of this cell type 
across all vertebrates. In addition to these primary cell populations, other cell types, such 
as fibroblasts, endothelial cells, and mural cells, which are associated with the meninges 
or the brain’s vasculature (53), are frequently identified in single-cell datasets. However, 
these will not be discussed here in more detail.  

1.2.1 GLIA 
Glial cells encompass a diverse range of differentiated, as well as prenatal and adult 
stem/progenitor cell types which have been mostly studied in eutherians. Stem and 
progenitor glial cells are discussed in chapter 1.3. Key differentiated glial cell types include 
ependymal cells, oligodendrocytes, and astrocytes.  

Ependymal cells are often ciliated and form an epithelial layer that lines the brain’s 
ventricular system, playing a critical role in cerebrospinal fluid homeostasis (54, 55). The 
presence of ependymal cells across various vertebrate and invertebrate species suggests 
that this cell type emerged before the origin of vertebrates, however a one-to-one 
homology of this cell type across species has not been definitely established (56).  

Oligodendrocytes, derived from fate-restricted oligodendrocyte progenitor cells (OPCs), 
are responsible for the production of myelin sheaths around axons, thereby enabling 
saltatory conduction of action potentials (57, 58). This cell type likely originated within the 
jawed vertebrate lineage from the diversification of an ancestral glial cell type, which 
transcriptomically resembles mammalian astrocytes (16).  

Astrocytes, named for their often stellate morphology in mammals, represent a 
morphologically diverse group of glial cells involved in water and ion homeostasis, 
nutrient exchange across the blood-brain barrier, and the development and regulation of 
neural connectivity (59). Stellate astrocytes are also prevalent in the avian brain (56), and 
a glial cell type closely resembling mammalian astrocytes in morphology and function has 
been identified in zebrafish (60), suggesting that astrocytes may have already been 
present in the last common ancestor of extant bony vertebrates (Osteichthyes) (Fig. S1).  

However, astrocytes share substantial similarities with radial glia, the primary embryonic 
neural stem cell type in vertebrates, and may retain some neurogenic potential in 
mammals (61, 62). Furthermore, mammals possess astrocyte-like cells with more radial 
morphologies, Müller glia and Bergmann glia, that fulfil analogous roles in specific brain 
regions (63, 64). In some other vertebrate species, for instance some amphibian species, 
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where bona fide astrocytes have so far not been identified, other glial cells likely perform 
functions analogous to those of mammalian astrocytes and ependymal cells and are 
therefore often called “astroglia” or “ependymoglia” (56), blurring the distinction 
between these cell types. This overlap in morphology and function between radial glia 
and astrocytes suggests an intertwined evolutionary relationship and further work is 
needed to trace their evolutionary origin and diversification across species. 

1.2.2 NEURONS 
Unexpected transcriptomic heterogeneity has been observed in some glial cell types 
across different brain regions in eutherians (65, 66). However, neurons exhibit a much 
more pronounced regional diversity (67, 68) and their numbers, in contrast to glial cell 
numbers, vary significantly across amniote lineages (4). These observations suggest that 
neurons are likely the primary drivers of the advanced cognitive abilities observed in 
mammals and birds and, consequently, this thesis primarily focuses on the study of 
neurons. 

Neurons are excitable, post-mitotic cells that can be broadly classified into two groups 
based on their projection identity: interneurons and projection neurons. Interneurons 
have originally been defined as neurons interposed between sensory and motor neurons. 
However, this definition applies to an overwhelming majority of neurons in the vertebrate 
brain, thus ‘interneuron’ is also often used as a synonym for local circuit neurons that 
participate in local aspects of neural circuits by modulating only nearby neurons. In this 
thesis, the term "interneuron" is used in the sense of "local circuit neuron" only. In 
contrast to local circuit neurons, projection neurons possess axons extending between 
regions of the CNS, or from the CNS to receptors and effector organs, including sensory 
and motor neurons. Projection neurons thus form the backbone of neural circuits across 
the body and brain (described in chapter 1.1.1.) (20). 

Based on neurotransmitter identity, three major neuron populations can be distinguished 
in the amniote telencephalon: glutamatergic, GABAergic (gamma-aminobutyric acid 
releasing) and cholinergic neurons (acetylcholine releasing) (41, 67). Cholinergic neurons 
are rare in the mammalian and lizard telencephalon and their heterogeneity is best 
characterized in rodents, where cholinergic interneurons and projection neurons are 
mostly found in the subpallium, with some cholinergic interneurons also present in the 
pallium (69).  

GABAergic neurons in the adult telencephalon function as inhibitory cells, typically 
inducing hyperpolarization in post-synaptic neurons. They can be classified into major 
transcriptomic groups based on their developmental origin from distinct germinal zones 
in the mammalian subpallium: the medial (MGE), lateral (LGE), and caudal ganglionic 
eminence (CGE), the embryonic septum and embryonic preoptic area (70, 71) (Fig. 2). A 
significant number of GABAergic neurons migrate from these zones along well-defined 
routes, eventually populating the whole telencephalon, with the ganglionic eminences 
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being the primary source of GABAergic neurons in the pallium (41, 67, 72). Although 
corresponding structures are morphologically not easily discernible in non-mammalian 
embryos (15), GABAergic interneurons with an MGE and LGE-like transcriptomic profile 
were identified in the lamprey, arguing for conservation of these structures across 
vertebrates (16). CGE-like neurons were detected in the salamander (19) but not in teleost 
(73, 74), where certain populations of GABAergic neurons displayed mixed MGE- and CGE-
like gene expression profiles, suggesting that populations with a distinct CGE identity 
originated within the sarcopterygian lineage (including tetrapods, lungfishes and 
coelacanths; Fig. S1). In amniotes, the majority of GABAergic neurons in the pallium are 
interneurons, whereas the subpallium contains both GABAergic projection and 
interneurons. The MGE and LGE give rise to both types across amniotes, while the CGE 
likely gives rise to interneurons exclusively (15). However, the proportions of GABAergic 
interneurons and projection neurons derived from different ganglionic eminences vary 
across different amniote lineages (41, 75, 76). 

In eutherians, a remarkable morphological, functional and transcriptomic diversity of 
GABAergic neurons has been described, extending much beyond the classification based 
on developmental origins (77). While some of these populations have been identified in 
other amniote lineages (41, 72, 75), the extent of conservation or diversification of 
GABAergic neuron populations within amniotes remains uncertain. This uncertainty 
largely stems from the limited morphological and functional data available for sauropsids 
and the lack of common criteria and methods for classifying distinct cell types within and 
across species. 

Glutamatergic neurons, which are excitatory, comprise the majority of neurons in the 
amniote pallium and serve as the main group of projection neurons (41, 67, 76). The 
classification of glutamatergic neuron types is well established in the mammalian 
isocortex, where layer-specific types can be distinguished by their morphology, 
developmental time of origin, specific gene expression profiles, and connectivity patterns 
(described in chapter 1.1.1) (31, 78, 79). However, unlike GABAergic neuron types, which 
are largely shared across pallial regions, glutamatergic neuron types exhibit significant 
regional variability. Although single-cell transcriptomic data are available for the entire 
mouse and human brain (67, 68, 76, 80, 81), the diversity of glutamatergic neuron types 
in pallial structures outside the isocortex, as well as their variation across regions, has not 
yet been comprehensively characterized. According to my knowledge only one study 
investigated the variation across pallial regions in the context of the murine isocortex and 
hippocampal formation, revealing a parallel spatial and projection-identity-related 
transcriptomic variation of distinct, yet broadly similar glutamatergic types (82). 

Recent single-cell studies of the non-avian reptile pallium (41, 72) and specific regions of 
the bird pallium (75, 83) provided insights into the organization of glutamatergic neurons 
in other amniote lineages. These studies reveal distinct transcriptomic and functional 
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neuron types within anatomically defined regions, broadly resembling the organization of 
glutamatergic neurons in the mammalian pallium. However, the relationship between 
glutamatergic neuron types identified in other amniote lineages and those in the 
mammalian pallium remains a subject of ongoing debate (further discussed in chapter 
1.2).  

1.3 DEVELOPMENT OF THE AMNIOTE PALLIUM 
The telencephalon originates from a sheet of neuroepithelial cells in the anterior neural 
tube during early vertebrate development (84, 85). The neural tube’s inner or apical 
surface, adjacent to the prospective ventricles, represents the brain’s germinative zone, 
also called ventricular zone in later development. As development progresses, the 
telencephalic neuroepithelium undergoes patterning into distinct progenitor regions, 
such as the pallium and subpallium, which are further divided into various subregions, 
later giving rise to specific cell populations. This patterning is directed by morphogen 
gradients inducing a sequence of gene regulatory networks. This process is best studied 
in the mouse, but seems to be conserved to various degrees across vertebrates i.e., the 
division into pallium and subpallium occurs in all vertebrates, while many of the 
subsequent steps are suggested to be conserved across tetrapods (17, 86). In amniotes, 
slight variations of these shared patterns likely arise from quantitative differences in 
expression levels of signaling molecules and lead to early telencephalic subdomains 
differing in size across lineages. For example, the mammalian telencephalon contains an 
expanded dorsal pallial domain compared to an expanded ventral pallial domain observed 
in sauropsids (87). 

While broad patterning of the telencephalic neuroepithelium seems to be largely 
conserved across amniotes, clear differences between species manifest during 
neurogenesis. At the onset of neurogenesis (embryonic day 10.5 in mouse (88), or 
embryonic day 4 in chicken (89)) neuroepithelial cells differentiate into radial glia (RG), 
considered to be the primary neural progenitor cells in many regions of the developing 
brain in various vertebrate species. However, several types of RG and other RG-derived 
neural progenitors have been identified in the amniote telencephalon (90). In eutherian 
mammals, the first type of RG to form in the telencephalon are apical RG characterized by 
their apical position, their bipolar morphology - one process of the cell contacts the apical 
surface, and the second process extends towards or contacts the basal pial meninges - 
and their specific gene expression profile. During mid-neurogenesis, these cells mainly 
undergo asymmetric divisions to self-renew and give rise to other types of neural 
progenitors, thus most of neuro- and gliogenesis occurs indirectly (91) (Fig. 2). Other types 
of neural progenitors include for example several types of outer/basal radial glia or 
intermediate progenitor cells, with varying morphology, proliferative capacity and fate 
restriction. Most of these secondary types of progenitors accumulate in an area basal to 
the ventricular zone, called the subventricular zone, and the extent of this zone varies 
across mammalian species (91). The expansion of secondary progenitor pools likely 
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enabled the expansion of the primate cortex (92, 93). Although neurogenesis has not been 
studied to the same extent in other mammalian or amniote lineages, indirect 
neurogenesis is thought be much less prevalent in sauropsids compared to mammals (90, 
94) (Fig. 2). Some potential secondary neural progenitor cells have been identified in the 
pallium of birds (95) and turtles (96), however their transcriptomic identity and 
relationship to mammalian progenitors was largely unexplored prior to this study.  

Glutamatergic neurons in the amniote telencephalon are predominantly derived from 
progenitors in the pallium. In the mammalian isocortex, these migrate along radial fibers 
towards the pial surface in an “inside-out” pattern, meaning early-born neurons populate 
deep layers whereas late-born neurons populate upper layers. This migration is guided by 
a largely transient type of cells, Cajal-Retzius cells, located in the prospective layer one of 
the isocortex (97, 98). Glutamatergic migrations in other mammalian pallial structures 
besides the isocortex follow different complex patterns (99, 100). Cajal-Retzius cells have 
been suggested to be ancestral to amniotes or even tetrapods, although the regional 
origin and distribution of potentially corresponding cell populations in sauropsids and 
amphibians differ from those in mammals (101–104). Consistently, migration of 
glutamatergic neurons in other amniote lineages predominantly occurs in a radial 
“outside-in” pattern, meaning early-born neurons are located closer to the pial surface 
while late-born neurons are located close to the ventricles, within a limited tangential 
range of their origin (89, 104). 

GABAergic and cholinergic neurons mostly originate from subpallial progenitors (Fig. 2), 
though it has been suggested that few GABAergic neurons derive from pallial progenitors 
in the human isocortex (105, 106). From the subpallium they populate subpallial 
structures or migrate into the pallium along tangential migratory routes assumed to be 
largely conserved across amniotes (15), although this has not been studied 
comprehensively. 
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Figure 2 Development of cell types in the amniote pallium. (Left) Schematic representation of a coronal 
brain section from an amniote embryo, illustrating the developmental origin of GABAergic and 
glutamatergic neurons. (Right) Schemes depicting pallial germinal layers, progenitor cell types and modes 
of neurogenesis across different amniote lineages. Arrow-thickness represents relative frequency of 
different neurogenesis modes. Different mammalian species exhibit diverse secondary neural progenitor 
cell types (not shown) with varying proliferative capacity. Gliogenesis, shown only for mouse, occurs later 
in development, involving both direct and indirect generation of glial cell types. M/C/L GE, 
medial/caudal/lateral ganglionic eminence; VZ, ventricular zone; SVZ, subventricular zone; RGCs, radial glial 
cells; aRGCs, apical radial glial cells; PC, progenitor cell. 

Like neurons, mature glial cells originate from radial glia, but gliogenesis has mostly been 
studied in eutherians. Specific subpopulations of progenitors are likely committed to an 
ependymal cell fate early in development (54, 107), while oligodendrocyte progenitor 
cells (OPCs) and astrocytes are generated from previously neurogenic progenitors after 
the switch from neurogenesis to gliogenesis (Fig. 2). OPCs emerge from radial glia in 
distinct brain regions in a spatiotemporal gradient (108) and then migrate to their final 
locations where they continue to self-renew and differentiate into myelinating 
oligodendrocytes (109). Astrocytes are generated in two waves throughout the CNS and 
migrate primarily radially. The first wave is derived from proliferative glioblasts while the 
second is generated by direct differentiation of radial glia (110) (Fig. 2). In other amniotes, 
progenitors likely also switch to gliogenesis in later development (107), although this 
process is poorly understood, and given that parenchymal astrocytes are absent in most 
non-avian reptiles, gliogenesis has likely diverged across amniote lineages. 

As development progresses, some radial glial cells transition into neural stem cells that 
persist into adulthood and retain the ability to generate new neurons throughout life. 
Adult neurogenesis is a well-studied process in amniotes, though its prevalence and 
functional significance vary across species. In mammals, adult neurogenesis is limited and 
predominantly occurs in two regions, the subventricular zone of the lateral ventricles, 
giving rise to neurons migrating into the olfactory bulb, and the dentate gyrus of the 
hippocampus (111). Among birds, songbirds exhibit an especially high rate of adult 
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neurogenesis compared to mammals, particularly in brain regions associated with vocal 
learning and memory (112, 113), and considerable numbers of neural progenitor cells 
have also been described in the adult lizard and turtle pallium (41). These high levels of 
adult neurogenesis in sauropsids, as well as amphibians (114), indicate that adult 
neurogenesis is ancestral to tetrapods but was mostly lost in the mammalian lineage.  

1.3.1 DEVELOPMENT AND ORGANIZATION OF THE AVIAN PALLIUM 
The development of the avian pallium has been a subject of intense debate, particularly 
regarding the mechanisms that shape its regional organization. While multiple studies 
indicate that glutamatergic neuron migration in the avian pallium occurs predominantly 
in a radial fashion, with little to no evidence of tangential migration (89, 104, 115–117), 
the continuum hypothesis offers a contrasting view (Fig. 3). Based on the spatial 
expression of select marker genes and bulk RNA expression profiles from adult brains, this 
hypothesis proposes that the adult avian pallium exhibits a mirror-image arrangement of 
subdivisions (37, 48). In this model, subdivisions with similar transcriptomic profiles and 
functions are situated above and below the lamina, which forms during development as 
the ventricle collapses due to the expansion of the brain parenchyma. 

 

Figure 3 The continuum hypothesis of avian pallial regionalisation. Schematic representation of 
developmental regions in the avian embryo giving rise to adult structures above and below the Lamina 
mesopallialis intermediate (LMI) (dashed line) according to the continuum hypothesis colored according to 
their functional roles (1° pallium receives thalamic input, 2° and 3° process input, 4° sends output 
projections to brainstem). Under the continuum hypothesis, hyperpallial terminology differs slightly from 
the terminology used by other authors. H, hyperpallium; IH, intercalated hyperpallium; HD/HI, densocellular 
hyperpallium and intercalated hyperpallium; MesoPd/v; dorsal/ventral mesopallium; Sp, subpallium; Hc, 
hippocampal areas; NidoP, nidopallium; ArcoP, arcopallium; EP, entopallium. Adapted from (1). 

In support of this model, the authors further identified “continuities” in spatial gene 
expression patterns of few selected marker genes during development, which they 
interpreted as linking mirrored subdivisions across the lamina (47). Based on these 
continuities they proposed a shared developmental origin of similar subdivisions above 
and below the mirror line, implying either massive tangential migration or an alternative, 
as-yet-unknown developmental mechanism that generates highly similar cell populations 
from progenitor pools in distinct topological locations. This interpretation challenges the 
traditional Cartesian-defined model of pallial organization. 

Although the continuum hypothesis stimulates valuable discussion and encourages new 
investigations into avian brain development, it contradicts a substantial body of evidence 
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indicating that radial migration is the predominant mechanism in the avian pallium (89, 
104, 115–117). Furthermore, it challenges the well-established role of signalling from 
early patterning centres in mediating medial-to-lateral and anterior-to-posterior 
morphogen gradients, which are thought to be critical for establishing distinct progenitor 
identities in the developing pallium (17). 

1.4 MODELS OF AMNIOTE PALLIUM EVOLUTION 
The evolution of the pallium has historically been studied through neuroanatomical 
comparisons, or in situ expression profiles of few chosen markers, which provided clear 
insights in mammals, e.g., the expansion of the isocortex and upper isocortical layers in 
primates (118), but led to substantial debates when extended to other amniote lineages 
with diverse pallial morphology. However, recent advances in single-cell multiomics have 
revolutionized our understanding of brain evolution, revealing both novel features within 
mammals, and allowing for more detailed and systematic identification of homologies in 
pallial structures and cell types across amniotes (41, 75, 119, 120). 

Especially the eutherian pallium has been extensively characterized, particularly in 
primates and rodents. These studies identified largely homologous cell types in the 
primate and mouse isocortex with only a few instances of potentially novel cell (sub-)types 
(120–123). Despite the general correspondences, these cell types exhibit varying degrees 
of conservation in their proportions, gene expression, DNA methylation, and chromatin 
states (79, 119). GABAergic interneurons in the isocortex show a higher degree of 
conservation across species (119), although a human-specific cortical GABAergic 
interneuron subtype have been identified (122). In contrast, glutamatergic cell types 
display less conservation, particularly in the upper cortical layers, which are notably more 
divergent in primate-to-mouse comparisons, correlating with the expansion of these 
layers in primates (79, 119, 124). 

Before the emergence of single-cell studies, the discourse on evolution of the amniote 
pallium was primarily shaped by two competing frameworks – the equivalent circuit 
hypothesis and development-based models (Fig. 4). The equivalent circuit hypothesis 
proposes homology for cell types with similar roles in an ancestral sensory-motor circuit, 
suggesting that neurons in the mammalian isocortex are homologous to those in the 
cortex or hyperpallium and DVR of sauropsids (Fig. 4B). This hypothesis is mostly based 
on similarities in axonal projections and physiological functions in the adult amniote 
pallium (115, 125, 126). In contrast, other models emphasize comparative embryonic 
development and topology and suggest that homologous developmental territories give 
rise to homologous adult structures (127–129) (Fig. 4A). This framework aligns with the 
well-established concept that developmental stages are more conserved across 
vertebrates than adult stages, due to stronger evolutionary constraints imposed by 
widespread pleiotropy during development (130–132). The most widely discussed 
development-based evolutionary model is the ‘tetrapartite pallium’ model (Fig. 4A), 
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suggesting the existence of four distinct pallial domains homologous across amniotes 
(128, 129). However, alternative views propose varying numbers and positions of distinct 
progenitor domains, leading to diverse proposed homologies between mammals and 
sauropsids (47, 133). Nevertheless, most of these development-based models agree that 
the sauropsid DVR and mammalian isocortex are not homologous, given that they arise 
from different embryonic domains, and thus suggest that the shared circuitry and 
functions (Fig. 1B) of these regions arose convergently during amniote evolution. 

 

Figure 4 Theories of pallial evolution. (A) Schematic representation of coronal sections of the telencephalon 
in lizard (left), chicken (middle), and mouse (right) or amniote embryo (bottom). Brightly colored areas 
represent the pallium divided into developmental, homologous sectors according to the tetrapartite pallium 
model (128). (B) Schematic representation of regions constituting sensory-motor circuits in the pallium of 
birds (left) and mammals (right), colored according to their role in the canonical circuit (illustrated on the 
far right). Colored areas indicate regions that are homologous according to the equivalent circuit hypothesis, 
given their comparable circuit functions across birds and mammals. DVR, dorsal ventricular ridge; amDVR; 
anterior medial DVR; Hc, hippocampal area (chicken) / hippocampus (mouse); HyperP, hyperpallium; 
MesoP, mesopallium; NidoP, nidopallium; PS, primary sensory; ArcoP, arcopallium; Cl, claustrum; Ep, 
endopiriform nucleus; I, insular cortex; Pir, piriform cortex; PA, pallial amygdala; HA, apical hyperpallium; 
IHA, interstitial apical hyperpallium; HD/HI, densocellular and intercalated hyperpallium; IT, intra-
telencephalic. Adapted from (1). 

A limited number of single-cell studies on non-mammalian pallia has provided valuable 
insights into the evolution of the amniote pallium (41, 42, 72, 75, 83). These studies 
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revealed that at the gene expression level GABAergic neurons are more conserved across 
amniotes compared to glutamatergic neurons. Consequently, the investigation of 
glutamatergic neurons is especially crucial for evaluating contentious regional pallial 
homologies. This finding also aligns with the fact that GABAergic neurons originate in the 
more evolutionarily conserved subpallium, while glutamatergic neurons are generated 
locally in the morphologically less conserved pallium. 

Despite the high conservation of gene expression in GABAergic neurons, a notable 
difference was observed in the distribution of LGE-derived neurons, which are widespread 
throughout the finch pallium but are mainly restricted to the olfactory bulb and specific 
amygdalar nuclei in the eutherian pallium (75, 123). Comparative analyses of 
glutamatergic neurons across species indicate that cell types in the medial cortex of non-
avian reptiles are homologous to eutherian hippocampal cell types (41). This supports the 
idea of embryonic regional homology, as both structures originate from medial pallial 
areas. 

In these same comparisons, based on all expressed genes, neurons in the sauropsid DVR 
exhibit high similarity to neurons in the mammalian isocortex, seemingly supporting 
circuit-based homology models. However, when the analysis is restricted to transcription 
factors, whose cell type specificity has been suggested to be more conserved across 
species compared to function-related “effector” genes (134), DVR neurons show greater 
similarity to mammalian ventral pallial structures, such as the amygdala and piriform 
cortex, thus reinforcing development-based homology models. The only region suggested 
to be homologous to the mammalian isocortex, based on transcription factor expression 
profiles, is the anterior dorsal cortex in turtles. In this region, two populations of neurons 
were identified that share similarities with either deep layer or upper layer isocortical 
neurons, suggesting a diversification of these potentially ancestral neuron identities in the 
mammalian isocortex (41). 

1.5 AIMS 
While these recent studies have significantly advanced our understanding of pallial 
evolution in amniotes, several critical gaps remain. Until recently, there was no single-cell 
data available for ventral pallial structures in mammals, like the amygdala or piriform 
cortex, forcing researchers to rely on other data types such as microarray or in situ 
hybridization data (41, 75). The reliance on these disparate types of data introduces the 
potential for technical artifacts, and, even within single-cell studies, there is considerable 
variability in techniques and datasets, which complicates direct comparisons. Moreover, 
most studies have focused on two lineages of amniotes at a time, although evaluating a 
broader range of species across different lineages can facilitate the identification of robust 
cell type homologies and is crucial to distinguish ancestral from lineage-specific traits. 
Additionally, prior to this study, data for large portions of the avian pallium, including the 
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hyperpallium—suggested to be homologous to the reptilian dorsal cortex and mammalian 
isocortex according to developmental models (Fig. 4A)—were not available.  

Additionally, although much is known about the eutherian pallium, the conservation of its 
features across all mammalian lineages remains largely unexamined. A comprehensive 
evaluation of cell types in the non-eutherian mammalian pallium could provide critical 
insights into which traits are conserved across mammals, thereby facilitating broader 
comparisons across amniotes. 

Finally, despite the acknowledged significance of development for evolutionary 
comparisons, single-cell resolution studies of pallial development have been limited, even 
in eutherians. Many studies have focused on the isocortex (71, 135–137) or the entire 
brain (80), leading to insufficient coverage of other pallial structures. In sauropsids, pallial 
development had not been explored at single-cell resolution at all prior to this study, 
leaving a substantial gap in our understanding of how diverse cell types and structures 
develop and evolve across amniotes. 

This dissertation thus aims to advance our understanding of the evolution of the amniote 
pallium through the following specific objectives: 

• Systematically identify and classify cell types within the pallium of selected species 
representing major amniote lineages. 
 

• Characterize the cellular composition of distinct pallial structures across different 
amniote species. 
 

• Investigate the developmental origins of cell types, particularly glutamatergic 
neurons, and their associated structures within the avian pallium. 
 

• Identify and characterize conserved and divergent gene expression patterns in 
pallial cell types across amniote lineages to understand their evolutionary 
trajectories. 
 

• Elucidate the evolutionary history of pallial structures by examining the evolution 
of their constituent cell types across amniotes 
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2 RESULTS 

2.1 CELLULAR EVOLUTION OF THE MAMMALIAN ISOCORTEX 
To elucidate the evolution of cell types in the amniote pallium, it is essential to study 
multiple representatives from all amniote lineages, enabling the distinction between 
species-specific and lineage-shared characteristics. While the current understanding of 
cell types in the sauropsid pallium is limited, extensive research has been conducted on 
the mammalian pallium. However, most of this knowledge is derived from studies on 
eutherians, with relatively little attention given to other mammalian lineages, marsupials 
and monotremes, although these lineages underwent ~160 and ~180 million years of 
independent evolution, respectively (Fig. S1) (6). In this first part of my thesis, I aimed to 
identify pan-mammalian and lineage-specific features of the mammalian pallium by 
investigating cell types in the isocortex of representatives from all three major 
mammalian lineages. Using single-nucleus RNA sequencing (snRNA-seq), I profiled the 
isocortex of the adult gray short-tailed opossum (Monodelphis domestica), a marsupial, 
and the adult short-beaked echidna (Tachyglossus aculeatus), a monotreme, and 
compared this data to a neuron-enriched external single-cell RNA-seq dataset covering 
the whole mouse brain (76), which became available only recently. Single-nucleus RNA-
sequencing has been shown to yield comparable results to single-cell RNA sequencing 
(138, 139), while enabling the analysis of frozen tissues, thus making it a valuable method 
to study cell types in non-model species. The following results are still preliminary, as 
these mammalian analyses were not the primary focus of my PhD work. 

2.1.1 CELL TYPE ATLAS OF THE OPOSSUM FRONTAL ISOCORTEX 
The resulting dataset covering the opossum frontal isocortex comprises 12,830 high-
quality nuclear transcriptomes (median UMIs/genes: 3222/1768) from two adult 
individuals, one male and one female (Fig. 5A). We initially focused on the frontal cortex, 
as it has been proposed to play a key role in the evolution of advanced cognitive abilities 
in mammals (140). However, with the growing body of literature on eutherian isocortical 
cell types in early stages of this project, we shifted our focus to the broader amniote 
pallium, as described in the introduction. Although this dataset only covers the frontal 
isocortex, which limits a comprehensive comparison of all isocortical cell types across 
mammalian lineages, we believe it still provides valuable insights. Transcriptomic 
variability between cell types in different isocortical layers was shown to be greater than 
the variability between neurons within the same layer across isocortical regions in mice 
(82). At the evolutionary distances being examined, such regional differences are likely 
less significant than in comparisons within eutherians. 

In this dataset I identified all major pallial cell types according to the expression of known 
marker genes i.e., glutamatergic excitatory neurons (SYT1+, SLC17A7+, SLC17A6+), 
GABAergic inhibitory neurons (SYT1+, GAD1+, GAD2+), immune cells likely corresponding 
to microglia (SALL3+), vasculature-associated cell types (VWF+), astrocytes (GFAP+), 
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oligodendrocyte progenitor cells (OPCs, PDGFRA+), and oligodendrocytes (PLP1+; Fig. 5B-
C). Glutamatergic neurons, oligodendrocytes and GABAergic neurons represent the most 
abundant populations, in line with previous observations in the murine cortex (141). 
However, cell type proportions in single-cell or single-nucleus RNA-seq data may not 
accurately represent true tissue composition, as particularly cell-isolation protocols were 
shown to introduce biases (142, 143).  

 

Figure 5 Cell type atlas of the adult opossum frontal isocortex. Uniform manifold approximation and 
projection (UMAP) of opossum frontal isocortex snRNA-seq atlas colored by sampled individual (A) and cell 
class (B). (C) Heatmap of selected marker gene expression across non-neuronal cell populations and 
neuronal clusters. Exp., expression. UMAP of GABAergic inhibitory neurons (D) and glutamatergic excitatory 
neurons (E) colored by and labelled with cluster annotation. 
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In order to identify potential different neuronal cell types, I analyzed and clustered 
inhibitory and excitatory neurons separately, identifying 12 inhibitory and 20 excitatory 
clusters. Groups of inhibitory clusters exhibited specific expression of marker genes 
known to reflect embryonic origins in different ganglionic eminences in eutherians (SOX6, 
LHX6 – MGE; NR2F2, ADARB2 – CGE; MEIS2 – LGE (71)), in line with the suggested 
conservation of gene expression in pallial inhibitory neurons across tetrapods (19, 41). 

Some excitatory clusters showed distinct expression of marker genes associated with 
neurons from specific isocortical layers (L1-L6) and their characteristic projections in 
eutherians, such as CUX2 (L2-3; (144)), RORB (L4-5; (145)), or FEZF2 (extra-telencephalic 
projecting neurons in L5/6; (146)). I also identified one excitatory neuron cluster (Ex_14) 
specifically expressing SOX4, likely representing immature neurons and indicating ongoing 
adult neurogenesis. Adult neurogenesis in mice predominantly occurs in the dentate gyrus 
of the hippocampus (111), thus this observation suggests that parts of the hippocampus 
were unintentionally co-dissected, which seems unlikely given its distinctive morphology 
and the fact that no other clusters specifically expressed hippocampal marker ZBTB20 
(147) or the post-mitotic dentate gyrus marker PROX1 (Fig. 5C) (148). Alternatively, it 
suggests that adult neurogenesis is more widespread in the opossum compared to mouse. 

2.1.2 CELL TYPE ATLAS OF THE ECHIDNA ISOCORTEX 
Extant monotremes include the platypus and four species of echidna. To generate the first 
single-cell resolution data for the monotreme brain, I profiled samples from multiple 
regions of the short-beaked echidna cortex, using three adult male individuals (Fig. 6A-B). 
Although coverage of the entire cortex was not feasible due to limited sample availability, 
this dataset provides valuable insights into the cellular composition of the monotreme 
cortex. It comprises 58,217 high-quality nuclear transcriptomes (median UMIs/genes: 
2154/1430) from four anatomically distinct cortical regions. In the absence of a detailed 
echidna brain atlas at the time of sampling, these regions were labelled using human 
cortical terminology—frontal, parietal, occipital, and temporal—although functional 
areas located in these topological regions likely differ between humans and echidnas (35). 

As in the opossum dataset, I identified major pallial cell types in the echidna cortex based 
on the expression of established marker genes. These include glutamatergic excitatory 
neurons (SYT1+, RBFOX3+, SLC17A7+, SLC17A6+), GABAergic inhibitory neurons (SYT1+, 
GAD1+, GAD2+), microglia-like immune cells (TMEM119+), vasculature-associated cells 
(FLT1+), astrocytes (SLC1A3+, AQP4+), oligodendrocyte progenitor cells (OPCs, PDGFRA+), 
and oligodendrocytes (PLP1+; Fig. 6C-D). While histological studies had hypothesized the 
existence of distinct glial types in monotremes compared to eutherians and marsupials 
(149), no obvious transcriptomic differences were observed in this dataset. 
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Figure 6 Cell type atlas of the adult echidna cortex. (A) Barplots of cell numbers per sampled region colored 
by sampled individual. (B) UMAP of echidna cortex snRNA-seq atlas colored by sampled region. (C) Heatmap 
of selected marker gene expression across non-neuronal cell populations and neuronal clusters. (D) UMAP 
of echidna cortex snRNA-seq atlas colored by cell class. UMAP of glutamatergic excitatory neurons (E) 
colored by dissected region and (F) colored by and labeled with major excitatory population annotation. 
Ctx, cortex; D, dorsal; R, rostral; Exp., expression. 



Results 

 21 

To investigate neuronal diversity, I clustered inhibitory (4,877 cells) and excitatory 
neurons (18,188 cells) separately, resulting in the identification of 19 inhibitory and 31 
excitatory clusters. Inhibitory neuron clusters expressed markers consistent with 
embryonic origins in various ganglionic eminences (Fig. 6C). Unlike in the opossum 
isocortex, I detected several clusters likely originating from the LGE (MEIS2+, FOXP2+), 
likely due to the broader regional sampling in the echidna cortex. 

Excitatory neuron clusters were grouped into nine major populations based on their 
distinct marker genes. Although excitatory neurons show greater regional transcriptomic 
and projection variability in the pallium compared to inhibitory neurons (82), samples 
from different cortical regions contributed to all or most of these major populations. This 
suggests that the sampled regions may not correspond to distinct functional areas, and/or 
that regional heterogeneity could only be detected at finer resolution. While some 
populations were characterized by eutherian markers of specific isocortical layers 
(Ex_RORB, RORB+ (145)), projection identities (Ex_FEZF2, FEZF2+; (146)), or other pallial 
regions (Ex_NR4A2, NR4A2+, marker of subplate and claustral neurons (150)) several 
populations could not be readily annotated using known eutherian marker genes alone. 

2.1.3 COMPARISON OF ISOCORTICAL GLUTAMATERGIC NEURONS ACROSS MAMMALIAN 

LINEAGES 
To identify potentially homologous or lineage-specific excitatory cell types in the 
mammalian cortex, I compared the datasets covering the opossum frontal isocortex and 
different regions of the echidna cortex to a subset of a single-cell RNA-seq dataset for the 
entire mouse brain (76). This comparison was performed using an established integration 
method (151) based on all expressed one-to-one orthologous genes. These comparisons 
identify transcriptomic similarities, which can result from either shared ancestry 
(homology) or convergent evolution of cell types. Given the well-documented 
morphological conservation of the cortex across mammals, it is likely that the observed 
transcriptomic similarities primarily reflect homology. However, convergent evolution 
cannot be entirely ruled out without further functional and developmental validation. 

Although the mouse-opossum comparison is based on fewer genes than the mouse-
echidna comparison —likely due to the smaller size of the opossum dataset resulting in 
detection of fewer expressed genes— similarities between murine and opossum 
excitatory neuron types are overall higher than between mouse and echidna cell 
populations (Fig. 7). This observation aligns with the shorter evolutionary divergence time 
between eutherians and marsupials than between eutherians and monotremes. 

All opossum excitatory clusters show predominant similarity to one murine excitatory 
subclass, suggesting a likely spatial location and projection identity for each cluster (Fig. 
7A). High similarities are observed between deep-layer populations with distinct 
projection identities, such as L6 cortico-thalamic neurons (L6 CT CTX), L5 extra-
telencephalic projecting neurons (L5 ET CTX), and L5 near-projecting neurons (L5 NP CTX). 
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In contrast, similarities among L2-5 intra-telencephalic (IT) neurons are lower, except for 
neurons in L2/3 of the retrosplenial area (L2/3 IT RSP). This could indicate greater 
transcriptomic divergence among these cell types or may be due to technical factors such 
as differences in clustering resolution between species, as multiple opossum clusters 
correspond to L2-5 IT neurons, while single clusters represent other types. 

Some opossum clusters show greatest similarity to largely non-isocortical murine 
neurons. For instance, cluster Ex_18 corresponds to murine Car3 neurons, which are 
predominantly found in the claustrum, dorsal endopiriform nucleus, and in layer 6 of 
lateral cortical areas (78). Given the close anatomical proximity of the claustrum and 
endopiriform nucleus to the lateral isocortex, it is likely that portions of these regions 
were unintentionally co-dissected, accounting for the proportionately high abundance of 
Car3-like neurons in the opossum dataset. Cluster Ex_14, likely representing immature 
neurons, is most similar to murine immature neurons in the dentate gyrus (DG) and 
piriform cortex (DG-Pir Ex IMN). Accidental co-dissection of the hippocampus or piriform 
regions is unlikely given the distinctive morphology of the hippocampus, the likely 
absence of other hippocampal populations, and the absence of similarities to other 
murine piriform-related populations (IT AON-TT-DP, OB Eomes Ms4a15, L2/3 IT PIR-ENTl). 
Thus, this similarity suggests that adult neurogenesis may be more widespread in 
opossum compared to mouse, though further validation is needed. 

 

Figure 7 Comparison of adult excitatory neurons across mammalian lineages. (A) Comparison of opossum 
isocortical excitatory neuron clusters to mouse excitatory subclasses from (76) based on the expression of 
11714 expressed one-to-one orthologous genes. (B) Comparison of echidna cortical excitatory neuron 
clusters to mouse excitatory subclasses from (76) based on the expression of 12955 expressed one-to-one 
orthologous genes. Color bar on the right represents major population labels shown in Fig. 6F. IT, intra-
telencephalic projecting; CTX, isocortex; PIR, piriform cortex; ENT(l), (lateral) entorhinal cortex; RSP, 
retrosplenial area; CLA, claustrum; EP(d), (dorsal) endopiriform nucleus; CT, cortico-thalamic projecting; 
ACA, anterior cingulate area; AON, anterior olfactory nucleus; TT, taenia tecta; DP, dorsal peduncular area; 
Ob, olfactory bulb; ET, extra-telencephalic projecting; TPE, temporal association and perirhinal and 
ectorhinal area; NP, near-projecting; DG, dentate gyrus; IMN, immature neurons. 



Results 

 23 

No opossum clusters show significant similarity to murine L6 IT or L6b neurons, indicating 
that these populations are either rare in the opossum frontal isocortex or exhibit greater 
similarity to other murine cell types. 

Of the nine major excitatory neuron populations identified in the echidna cortex, only four 
show predominant similarity to specific murine excitatory subclasses (Fig. 7B). As seen in 
the opossum comparison, one of the greatest similarities is observed between murine 
Car3 neurons—found in the claustrum, endopiriform nucleus, and layer 6 of lateral 
isocortical areas—and two echidna populations expressing NR4A2 (Fig. 6C). However, 
unlike the opossum, other echidna populations most similar to murine neurons primarily 
match L2-5 IT neurons. The remaining echidna populations display mixed similarities, with 
some clusters resembling multiple murine subclasses. For instance, the Ex_FEZF2 
population in echidna resembles various L6 populations in both the isocortex and 
entorhinal cortex, also suggesting that the sampled regions encompass not only 
isocortical areas but also other cortical regions. Similarly, Ex_GLIS3_TFAP2D corresponds 
best to an olfactory-related population (IT AON-TT-DP), indicating that parts of these 
olfactory structures were also likely sampled. No echidna populations show significant 
similarities to isocortical L5 ET or NP neurons, although these were clearly distinguishable 
in the opossum, indicating that L5 ET or NP neurons may have been missed in the echidna. 

Interestingly, two large echidna populations, specifically expressing INHBB and GPC5, 
exhibit only low levels of similarity to murine subclasses, though they most closely 
resemble L2-5 IT and L2-6 IT neurons, respectively. However, they are distinct from other 
echidna populations that also correspond to these murine neuron types, such as Ex_GPC6 
and Ex_RORB. Notably, Ex_GPC5 is the only echidna population exhibiting some degree 
of similarity to murine L6 IT neurons, suggesting that it may represent a population of L6 
IT neurons that has undergone divergence between monotremes and eutherians. In 
contrast, the identity of Ex_INHBB remains uncertain. Its similarity to various murine IT 
neuron types raises the possibility that it may represent an uncharacterized cell state 
rather than a distinct cell type. Alternatively, it could correspond to a unique IT neuron 
type specific to echidna or monotremes. This hypothesis aligns with monotremes' 
capacity for electroreception (152, 153), a sensory modality that might require specialized 
neural circuits or cell types absent in most other mammals. However, further investigation 
is needed to validate the presence of Ex_INHBB in situ and elucidate its potential function. 

In sum, my analyses of mammalian glutamatergic neurons revealed several key patterns 
of conservation and divergence. Car3(-like) neuron populations are highly similar across 
all mammalian lineages, highlighting a likely shared ancestral trait. Deep-layer neuron 
types, particularly those involved in corticofugal projections, show high similarity between 
mouse and opossum, indicating transcriptomic conservation among therians. In contrast, 
upper-layer IT neuron types seem to have diverged more significantly. Comparisons 
between eutherians and monotremes suggest greater similarity in upper-layer neurons 



 

 24 
 

compared to deep layer types, although this may be due to limited sampling in the 
echidna. Additionally, I identified a potential monotreme-specific IT neuron type, 
suggesting lineage-specific adaptations. 

2.2 EVOLUTION OF CELL TYPES AND STRUCTURES IN THE AMNIOTE PALLIUM 
To elucidate the evolution of cell types in the amniote pallium, I generated and analyzed 
snRNA-seq and spatial transcriptomics data for the pallium of three species representing 
all major amniote lineages: the mouse (Mus musculus), the green anole lizard (Anolis 
carolinensis), and the chicken (Gallus gallus). I focused on the chicken, as no single cell 
data was available for the avian pallium prior to the start of this work. Additionally, the 
avian pallium is of special interest due to the advanced cognitive abilities of birds and the 
presence of neural circuits analogous to the ones in the mammalian isocortex, as 
described in the introduction. While external datasets for the murine (67) and sauropsid 
pallium (specifically turtle and lizard (41)) were available, differences in covered regions 
and single-cell profiling techniques, as well as low cell numbers, limited their direct 
comparability. Nevertheless, I used some of these and newly available external datasets 
(72, 76) to validate and strengthen my findings. The following results constitute the main 
part of my PhD work and were published a preprint (1). 

2.2.1 CELL TYPE ATLAS OF THE MURINE PALLIUM 
2.2.1.1 Cell type atlas of the adult murine pallium 
To construct a comprehensive eutherian cell type atlas covering all regions of the pallium 
I generated snRNA-seq data for the murine frontal isocortex (including the anterior 
cingulate, prelimbic, orbital, infralimbic, primary and secondary motor, and frontal 
agranular insular areas) and ventral and lateral regions of the pallium (VLP; including 
insular cortex, claustrum, endopiriform nucleus, piriform cortex and amygdala; Fig. 8A). 
The resulting dataset comprises 22,505 high-quality nuclear transcriptomes (median 
UMIs/genes: 6,035/2,883; Fig. S2), including major pallial cell classes according to the 
expression of known marker genes, i.e., glutamatergic neurons (Rbfox3+, Slc17a7+, 
Slc17a6+), GABAergic neurons (Rbfox3+, Gad1+, Gad2+), microglia (Tmem119+), 
vasculature-associated cell types (Flt1+) and different types of glia, including astrocytes 
(Gfap+), OPCs (Pdgfra+) and oligodendrocytes (Plp1+) (Fig. 8B-C).  

Non-neuronal cell types were only broadly annotated without further sub-clustering, as 
the focus of this project was on neuronal populations. Neuronal classes were isolated, re-
clustered at higher resolution, and annotated in detail using various publicly available 
single-cell datasets and in situ hybridization data for specific pallial regions (82, 154, 155). 
I categorized neuronal populations into subclasses and supertypes, following a previously 
established grouping and naming scheme (Fig. 8D) (82). Both dissections contributed to 
all major neuronal and non-neuronal cell classes (Fig. 8C, Fig. S2B-C), though several 
neuron types were predominantly derived from one dissection, such as excitatory 
neurons from the piriform cortex (Ex_Pir) or isocortical IT neurons (Ex_CTX_IT; Fig. 8C-D). 
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This is consistent with the regional restriction of specific neuronal types, particularly 
excitatory neurons, to distinct pallial regions.  

To ensure comprehensive coverage of murine pallial cell types, I supplemented this 
dataset with existing single-cell RNA-seq data encompassing neurons from the entire 
murine isocortex and hippocampal formation (Fig. 8E-F) (82). Both datasets contributed 
to neuronal types derived from shared dissected regions, such as Ex_CTX_IT in the 
isocortex, while certain cell types, like excitatory neurons in the piriform cortex or 
amygdala, were unique to our dataset. Conversely, hippocampal neurons were only 
present in the external dataset (Fig. 8E-F, Fig. S2B-C).  

Together, these datasets provide comprehensive coverage of neuronal types across all 
pallial regions in mouse, establishing a solid foundation for comparative analyses of 
neuronal populations across amniotes. 
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Figure 8 Cell type atlas of the adult murine pallium. (A) Schematic illustration of sampled regions in an 
exemplary sagittal (top) and coronal (bottom) section according to the Allen Mouse Brain Atlas. (B) Heatmap 
of selected marker gene expression across murine cell subclasses. Coloured bar and text on the right 
represent broad “neighbourhood” labels adapted from (82). UMAP of murine dataset generated for this 
study (C) coloured by dissection and (D) broad neighbourhood labels as annotated in (B). UMAP of final 
murine pallium dataset used for cross-species comparisons including data from this study and (82), (E) 
coloured by data origin and (F) coloured by and labelled with broad neighbourhood labels. D, dorsal; R, 
rostral; L, lateral; Exp, expression; VLP, ventro-lateral pallium; Fr ctx, frontal isocortex. For abbreviations of 
murine cell populations and brain regions see List of abbreviations. Partially adapted from (1). 

2.2.1.2 Refined annotation of cell types in the developing murine pallium 
In order to enable comparisons of excitatory cell types across developing amniote pallia 
(see chapter 2.2.5.2.2) I refined the annotation of a subset from existing single-cell RNA-
seq data that captures mouse brain development from embryonic day 7 (e7) to e18 (80).  

To ensure a robust representation of all pallial lineages, I used data from embryonic day 
9 through 17 (e09-e17), with the onset of neurogenesis around e10 (88). This 
developmental window was chosen because pre-neurogenesis stages are not covered in 
the chicken dataset (see chapter 2.2.4), and by later stages, murine forebrain samples 
predominantly consist of cells from the isocortex and non-pallial structures, with very 
limited representation of other pallial regions. Focusing on the e09–e17 period thus 
allowed for the most balanced sampling of pallial cell types, while maintaining 
comparability to the developmental timeframe of the chicken dataset (132). From the 
profiled forebrain dissections, I isolated pallial progenitors and excitatory neurons (Fig. 
9A-B), which I identified based on specific marker gene expression (Fig. 8D). I further 
subclustered and annotated the 21,221 neurons in the subset to define distinct excitatory 
neuronal subtypes (Fig. 9C-D), using known marker genes largely derived from adult 
single-cell studies (67, 76, 82) and available in situ hybridization data of identified marker 
genes (155). This approach enabled a high-resolution annotation of excitatory neuronal 
types, while radial glia and intermediate progenitor cells (IPCs) were left at a broader 
classification level, as the primary focus was to resolve excitatory neuronal lineages.  

Nevertheless, cells in certain pallial structures, such as the piriform and entorhinal 
cortices, could not be confidently separated into distinct populations, likely due to limited 
cell counts and the lack of marker genes distinguishing cells in these structures reported 
in literature, underscoring the need for further cellular lineage validation across non-
isocortical regions in eutherians. Despite these limitations, this analysis provides the most 
refined view of early excitatory neuron development in the mouse pallium achievable 
with the current data, creating a solid framework for cross-species comparisons with cell 
populations in the developing avian pallium. 
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Figure 9 Annotation of cell populations in the developing murine pallium. UMAP of the pallial excitatory 
cell lineage taken from (80) (A) coloured by developmental age and (B) cell class. (C) UMAP of only 
excitatory neurons coloured by and labelled with more detailed cell population labels. (D) Gene 
expression dot plot of selected marker genes across cell populations shown in (C). Adapted from (1). 

2.2.2 CELL TYPE ATLAS OF THE ADULT LIZARD PALLIUM 
To survey cell types in the pallium of non-avian reptiles, I generated snRNA-seq data for 
the complete pallium of the green anole lizard (Anolis carolinensis; excluding olfactory 
bulbs). The green anole lizard belongs to the clade of squamates, including snakes and 
lizards, which represents a major clade within sauropsids and split from the lineage giving 
rise to extant turtles, crocodilians and birds ~ 280 million years ago (6). The resulting 
dataset comprises 21,424 cells (median UMIs/genes: 2,269/1,447; Fig. 10B, Fig. S3A-B) 
from distinct dissections of the DVR and cortex, which were profiled separately. 

As in mammals, major cell classes in the lizard pallium were identified by the expression 
of known marker genes, including excitatory neurons (SLC17A7+), inhibitory neurons 
(GAD1+, GAD2+), astroglia (GFAP+), oligodendrocyte precursor cells (PDGFRA+), and 
oligodendrocytes (PLP1+) (Fig. 10A). Notably, I could not detect any immune cell 
populations, despite their identification in previous studies of other lizard species (41, 72), 
suggesting that these cells may have been missed in our sampling. 

Following a similar approach to the mouse dataset, I only broadly annotated non-neuronal 
populations, while neuronal populations were iteratively clustered to capture neuronal 
diversity (Fig. S3C-D). Inhibitory neuron clusters were grouped into five major categories 
based on the expression of known marker genes (Fig. 10A), reflecting their developmental 
origins in different ganglionic eminences (SOX6, LHX6 – MGE; NR2E1, ADARB2 – CGE; 
MEIS2 – LGE; (71)), likely location in different pallial regions (FOXP2, TSHZ1 – lizard 
amygdala-equivalent; (41, 156), or neurotransmitter identities (LHX8 – cholinergic 
neurons; (157). MGE- and CGE-derived neurons were found in both the DVR and cortex 
dissections, whereas LGE-derived neurons, including those from the putative lizard 
amygdala-equivalent region (Inh_Amy), mostly came from DVR dissections (Fig. 10B-C, 
Fig. S3B). This spatial distribution is similar to the organization seen in mammals, where 
MGE- and CGE-derived neurons are distributed across the pallium, but LGE-derived 
neurons are predominantly found in the olfactory bulbs and certain amygdalar nuclei (67, 
154). 
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Figure 10 Cell type atlas of the adult lizard pallium. (A) Heatmap of selected marker gene expression across 
86 clusters in snRNA-seq-based lizard pallium atlas. Barplots of cell numbers per cluster on the right are 
coloured by broader regional annotation as indicated by text labels. (B) UMAP of all cells (bottom) coloured 
by dissection, as illustrated in exemplary coronal section (top), and (C) coloured by and labelled with broad 
regional annotation. (D) Comparison between Anolis carolinensis excitatory clusters and Pogona vitticeps 
single cell data from (72) as annotated by (19) using three methods. Scores were scaled between 0 and 1 
per method and summed across all methods to represent the similarity score. White dots in tiles are shown 
when populations are among the top reciprocal matches according to two or all three methods. D, dorsal; 
L, lateral; P, pallium; Sp, subpallium; MC, medial cortex; DMC, dorsal medial cortex; DC, dorsal cortex; LC, 
lateral cortex; amDVR, anterior medial DVR; aDVR, anterior DVR; pDVR, posterior DVR; Int, interneurons; 
Amy, amygdala; Sep, septum; Chol, cholinergic; Oligo, Oligodendrocytes; MCtx, medial cortex; aDCtx, 
anterior dorsal cortex; pDCtx, posterior dorsal cortex; LCtx, lateral cortex; DLA, dorsal lateral amygdala; 
Sept, septum; pThE, pre-thalamic eminence. Adapted from (1). 

Among excitatory neurons, two clusters of immature neurons (SOX11+; Fig. 10A), mostly 
from the cortex dissections (Fig. S3B), expressed the mammalian hippocampal 
transcription factor ZBTB20 (147), indicating ongoing neurogenesis in the hippocampal-
like lizard medial cortex (41). Some DVR-derived cells also contributed to these clusters, 
suggesting either imprecise dissections or the presence of additional immature neuron 
populations in the DVR which might be uncovered with deeper sampling. Additionally, I 
identified a distinct excitatory cluster (Ex_EBF3, EBF3+, ZIC1+) likely originating from the 
prethalamic eminence, which is known to generate Cajal-Retzius cells in mammals (97), 
implying that either parts of this structure were unintentionally sampled, or that 
prethalamic neurons migrate into the pallium in lizards as observed in mammals. 

Mature excitatory neurons were annotated using reference single-cell transcriptomics 
data from another lizard (41, 72) and turtle species (41) (Fig. 10D; fig. S4). For this 
comparison, and for all other following cell type comparisons among adult amniotes, I 
employed three complementary comparative methods to investigate cell population 
similarities across species based on different gene sets (one-to-one orthologous genes or 
all orthologous genes) and algorithms, further discussed in chapter 2.2.5. Excitatory 
neurons from different dissected regions (i.e., DVR and cortex) mostly segregated into 
distinct populations (Fig. 10B-C, Fig. S3B-C), confirming the regional specificity of 
excitatory neurons in the lizard pallium as seen in mammals (82). Most excitatory clusters 
from the cortex dissections were mapped to likely spatial locations within the medial, 
dorsomedial, dorsal, or lateral cortex, based on the comparison to reference data (Fig. 
10D). However, I could not unambiguously identify clusters from the anterior dorsal 
cortex, a region suggested to contain neurons homologous to mammalian isocortical 
neurons in turtles (41), which is comparatively smaller in lizards than in turtles (41). 

DVR excitatory neurons were primarily categorized into three groups, representing 
neurons in the anterior DVR (Ex_aDVR), posterior DVR (Ex_pDVR), and likely intermediate 
DVR (Ex_DVR). Interestingly, both the DVR and cortex dissections contributed to a 
population resembling neurons of the anterior medial DVR (amDVR; Fig. S3B), previously 
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proposed to be homologous to the mammalian claustrum based on gene expression and 
functional characteristics (42). This suggests either unintended co-dissection of the 
anterior medial DVR with cortical regions or the possibility that claustrum-like neurons, 
originally described in the amDVR of the bearded dragon Pogona vitticeps, might also be 
present in cortical regions of the green anole lizard, which shared a last common ancestor 
with the bearded dragon ~ 146 million years ago. 

Overall, the generated dataset offers a comprehensive map of neuronal diversity in the 
lizard pallium. Combined with existing datasets from other non-avian reptiles, it provides 
a robust foundation for comparative analyses across multiple amniote lineages. 

2.2.3 CELL TYPES IN THE ADULT AVIAN PALLIUM 
To construct the first comprehensive cell type atlas of the avian pallium, we profiled the 
pallium of the chicken (Gallus gallus), chosen due to its widespread use as a model 
organism and the comparatively extensive body of existing research. Using snRNA-seq, I 
profiled the pallium from four individuals in three broad rostral-to-caudal sections 
(excluding the olfactory bulbs), and the pallium from a fifth individual, specifically 
dissected into four anatomical regions: hippocampal area, hyperpallium, anterior DVR, 
posterior DVR (excluding the arcopallium), and arcopallium (Fig. 11A). The resulting 
dataset comprises 91,829 high-quality cells (median UMIs/genes: 4,808/2,057; Fig. S5-6).  

To investigate the spatial distribution of cell types within the chicken pallium, I utilized In 
Situ Sequencing (ISS; (158)) to map the expression of 50 selected marker genes (Fig. S7, 
Table S1). Since this gene set did not include specific markers for all annotated cell 
populations, I employed Tangram (159) to infer the spatial distribution of these 
populations (Fig. S7). Tangram allowed me to integrate the collective in situ expression 
profiles of the 50 mapped genes with single-nucleus RNA sequencing (snRNA-seq) data to 
predict the locations of cell populations. To complement the high-resolution, targeted 
spatial data from ISS, we incorporated lower-resolution, whole-transcriptome spatial data 
obtained using the Visium platform (10x Genomics; Fig. S8). CCA-based integration of the 
Visium spatial data with snRNA-seq profiles provided additional insights into cell 
population distributions and served as an independent validation of the ISS results. 

I classified cells in the snRNA-seq dataset into three primary cell type classes using known 
marker gene expression: inhibitory (GABAergic) neurons (SYT1+, GAD67+, GAD2+), 
excitatory (glutamatergic) neurons (SYT1+, SLC17A6+), and non-neuronal cells. The non-
neuronal cell class includes oligodendrocyte progenitor cells (SOX6+, PDGFRA+), mature 
oligodendrocytes (PLP1+), astrocytes (SLC1A3+, GFAP+), immune cells (TMEM119+), and 
a heterogeneous group of vasculature-associated cells (VWF+; Fig. 11B-C). Given their 
relatively low abundance, limited heterogeneity, and the primary neuronal focus of this 
project, I did not further sub-cluster non-neuronal cells. 
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Figure 11 Cell type atlas of the adult chicken pallium. (A) Dissection scheme of adult chicken individuals 
(top) and barplots of cell numbers per individual and dissection (bottom). (B) Heatmap of selected marker 
gene expression across 237 clusters, ordered by independently constructed cluster dendrogram. Barplots 
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of cell numbers per cluster on the right are coloured by supertype annotation, text labels indicate subclass 
labels. UMAP of all cells (C) coloured by individual and (D) coloured by supertype annotation. Dotted lines 
and text labels represent subclass annotations. D, dorsal; Med, medial; P, pallium; HyperP, hyperpallium; 
aDVR, anterior DVR including nido- and mesopallium; Hc, hippocampal areas; ArcoP, arcopallium; pDVR, 
posterior DVR including nido- and mesopallium; Ind, individual. Adapted from (1). 

For neurons, I organized cells into hierarchical categories across four levels: classes 
(excitatory or inhibitory neurons), subclasses, supertypes, and clusters. Using a bottom-
up approach, I iteratively clustered inhibitory (23,848 cells) and excitatory neurons 
(45,425 cells), ultimately identifying 109 inhibitory and 120 excitatory clusters (Fig. S6). I 
then performed hierarchical clustering of the dataset based on average gene expression 
profiles per cluster (or for broad non-neuronal populations) to construct a dendrogram. 
Based on this dendrogram and low-resolution Louvain clustering, I grouped neuronal 
clusters into supertypes and subclasses (Fig. 11B-C), naming each group according to its 
most distinct marker genes. 

In total, I annotated 46 supertypes representing mature and immature neurons, which 
were further consolidated into 11 subclasses. In the resulting hierarchical dendrogram, 
non-neuronal cells, inhibitory neurons, and excitatory neurons generally segregated, with 
the exception of likely immature neurons (SOX4+) from the pallium and a small subclass 
(TCF7L2+) likely representing cells co-dissected from the neighbouring thalamus (160) 
(Fig. 11B). 

2.2.3.1 GABAergic inhibitory cell types in the adult avian pallium 
Hierarchical clustering of inhibitory neuron clusters in the chicken pallium identified three 
major groups that likely reflect distinct developmental origins in the MGE, CGE or LGE. 
These origins were inferred based on the expression of marker genes known from 
eutherian mammals, such as SOX6 and LHX6 for MGE, NR2E1 and ADARB2 for CGE, and 
MEIS2, FOXP1, and FOXP2 for LGE ((71); Fig. 12A). Most identified inhibitory neurons 
exhibit MGE- or LGE-like profiles, while CGE-derived neurons are comparably rare. This 
contrasts with the mammalian pallium, where CGE-derived neurons are more abundant 
than LGE-derived neurons across most pallial regions, with the exception of the olfactory 
bulbs (67, 71). In total, I identified eight MGE-like, three CGE-like, and six LGE-like 
inhibitory supertypes. 

Most MGE- and CGE-like supertypes were reliably mapped across the pallium using ISS 
and Visium data, showing an interspersed distribution across regions (Fig. 12D-E). This 
distribution aligns with their likely role as interneurons modulating various circuits, similar 
to the broad distribution of MGE- and CGE-derived interneurons in the mammalian 
pallium. 

Among the LGE-derived clusters, I identified two small supertypes that express marker 
genes associated with olfactory bulb neurons (CPA6, SCGN; (161, 162)) and spatially 
mapped to the olfactory bulbs (Fig. 12G). This suggests that either parts of the olfactory 
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bulbs were inadvertently included in the dissections or that these cells represent a newly 
generated population migrating from the ventricular wall to the olfactory bulbs (113). 

The remaining LGE-derived clusters form two major groups distinguished by FOXP2 and 
FOXP1 expression. The FOXP2+ group consists of a large, relatively homogenous 
supertype (Inh_LGE_like_FOXP2) and a smaller supertype representing immature neurons 
(SOX4+; Inh_LGE_like_Pre) that may differentiate into the Inh_LGE_like_FOXP2 
population based on shared marker gene expression (Fig. 12A). Notably, the 
Inh_LGE_like_FOXP2 supertype is abundant and distributed broadly across both the 
pallium and subpallium according to ISS and Visium data (Fig. 12F), in line with its origin 
from all dissected pallial regions (Fig. S6A). A similarly widespread LGE-derived population 
was recently identified in the zebra finch (75), suggesting that this characteristic is shared 
across avian species. In contrast, LGE-derived neurons in the mammalian pallium are 
primarily confined to the amygdala and olfactory bulbs (67, 71). Furthermore, studies in a 
turtle and a lizard species show a distribution of LGE-derived neurons across the pallium 
similar to that observed in mammals (41). These findings thus underscore a lineage-
specific divergence in the distribution patterns and abundance of LGE-derived neurons 
within the avian lineage. 

The FOXP1+ group separated into two distinct supertypes, differentiated by the 
expression of SGCG and DGKH, both of which mapped to subpallial regions (Fig. 12H), 
indicating that portions of the subpallium were likely inadvertently co-dissected with the 
pallial dissections. However, the DGKH+ supertype was also reliably mapped to specific 
regions within the arcopallium (Fig. 12H-I), corroborating previous studies showing that 
the avian arcopallium encompasses functionally distinct regions, likely containing unique 
cell types (163). Both FOXP1+ supertypes include clusters expressing markers 
characteristic of mammalian medium spiny neurons, found in the striatum, as well as of 
transcriptomically similar neurons within the central amygdala, such as MEIS2, PRKCD, 
and PENK (Fig. 12A). These findings align with recent studies indicating a central amygdala 
(CA)-like structure in chickens (83), and suggest that medium spiny neuron-related cell 
types, found in both the mammalian striatum and the amygdala, may be shared across 
amniotes. 
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Figure 12 GABAergic inhibitory neurons in the adult chicken pallium. (A) Heatmap of selected marker gene 
expression across 109 clusters of inhibitory neurons in the chicken pallium ordered according to cluster 
dendrogram. Colour bar and text labels on the right indicate supertype annotation. (B) UMAP of inhibitory 
cells coloured by and labelled with supertype annotation. (C) Schematics of the chicken brain viewed from 
the top (left), a mid-sagittal (middle), and a posterior coronal (right) section, illustrating positions of tissue 
sections shown in (D-I). Dashed lines represent sections, thin dotted lines represent borders between pallial 
brain regions. Spatial location of (D) the two most abundant MGE-like supertypes, (E) the two most 
abundant CGE-like supertypes, and (F) the most abundant LGE-like supertype according to in situ 
sequencing (ISS; top) and Visium data (bottom). For ISS, only segmented cells with confidently assigned 
identity are shown. For Visium, high prediction (Pred.) scores indicate high probability that cells with the 
respective identity were present within the spot’s area. (G) Spatial location probabilities of two LGE-like 
supertypes according to ISS. (H) Spatial location probabilities of both FOXP1+ LGE-derived supertypes 
according to ISS. (I) Spatial location of one FOXP1+ LGE-derived supertypes according to Visium. High 
prediction (Pred.) scores indicate high probability that cells with the respective identity were present within 
the spot’s area. HA/IHA, apical and interstitial apical hyperpallium; M, Mesopallium; N, Nidopallium; Sp, 
subpallium; D, dorsal; L, lateral; R, rostral; Hc, hippocampal areas; OB, olfactory bulbs; ArcoP, arcopallium; 
AMV, medial ventral arcopallium; AI, intermediate arcopallium; AD, dorsal arcopallium; Med, medial. 
Adapted from (1). 

2.2.3.2 Glutamatergic excitatory cell types in the adult avian pallium 
One of the primary goals of this project was to investigate excitatory neuron diversity in 
the avian pallium, a cell class crucial for understanding amniote pallium evolution. Based 
on hierarchical and low-resolution Louvain-clustering, I identified and annotated 7 
excitatory subclasses, which further divided into 28 supertypes (Fig. 13A-B). 

The most distinct subclass, Ex_Pre, likely represents immature neurons based on its 
specific expression of SOX4 (164). Within this subclass, clusters were further divided into 
two supertypes, Ex_Pre_SATB2 and Ex_Pre_KCNH7, which share marker gene expression 
with different excitatory subclasses. This suggests that multiple types of excitatory 
neurons continue to be generated in the adult chicken brain. These supertypes could not 
be reliably mapped to the tissue using the spatial data (not shown) but predominantly 
stemmed from hippocampal and arcopallial dissections (Fig. S6B) consistent with these 
structures sharing relatively large borders with the lateral ventricle, as new neurons likely 
arise in the ventricular zone (113). 

2.2.3.2.1 Excitatory cell types in the adult avian hippocampal areas and arcopallium 
The most distinct mature excitatory subclass, Ex_CACNA1H, specifically expresses markers 
associated with the mammalian hippocampal and retrohippocampal areas, such as LHX2 
and ZBTB20 (Fig. 13A) (147, 165). Regions homologous to the mammalian hippocampus, 
including subfields like the dentate gyrus (DG) and Cornu Ammonis regions (CA3 and CA1), 
have previously been identified in non-avian reptiles (41). However, whether these 
regions and their constituent cell types are also found in birds has been unclear. In this 
study, I identified one supertype expressing ZBTB20 and the DG-specific marker PROX1 
(148), which localizes to the medial-most area of the chicken’s putative hippocampus, 
aligning with the DG’s anatomical position in mammals (Fig. 13A, D). Additionally, two 
other supertypes within the Ex_CACNA1H subclass, Ex_CACNA1H_CPA6 and 
Ex_CACNA1H_KIT, map to distinct areas within the putative chicken hippocampal region 
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(Fig. 13D), indicating the presence of subfields defined by unique cell types within this 
area. These identified subfields generally correspond to previously characterized regions 
with distinct functional roles (166), though functional heterogeneity appears broader than 
the diversity observed at the cell type level. 
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Figure 13 Glutamatergic excitatory neurons in the adult chicken pallium. (A) Heatmap of selected marker 
gene expression across 120 clusters of excitatory neurons in the chicken pallium ordered according to 
cluster dendrogram. Colour bar and text labels on the right indicate supertype annotation. (B) UMAP of 
pallial excitatory cells coloured by supertype annotation. Text labels represent subclass annotation. (C) 
Schematics of the chicken brain viewed from the top (left), a mid-sagittal (middle), and a posterior coronal 
(right) section, illustrating positions of tissue sections shown in (D-G). Dashed lines represent sections, thin 
dotted lines represent borders between pallial brain regions. (D) Spatial location of hippocampal supertypes 
according to ISS. (E) Spatial location of selected supertypes of the Ex_CACNA1H subclass according to Visium 
data. (F) Spatial location of a supertype related to the Ex_CACNA1H subclass according to ISS (Left) and 
Visium (right). (G) Spatial location of a supertype related to the Ex_CACNA1H subclass according to Visium. 
For ISS, only segmented cells with confidently assigned identity are shown. For Visium, high prediction 
(Pred.) scores indicate high probability that cells with the respective identity were present within the spot’s 
area. D, dorsal; L, lateral; AMV, medial ventral arcopallium; AI, intermediate arcopallium; PIR, piriform area; 
HA/IHA, apical and interstitial apical hyperpallium; M, mesopallium; N, nidopallium; Sp, subpallium; Med, 
medial; R, rostral; PIR, piriform area. Adapted from (1). 

In line with studies observing gene expression similarities between hippocampal regions 
and the arcopallium in the zebra finch (37, 48), two supertypes of the Ex_CACNA1H 
subclass, Ex_CACNA1H_KIT and Ex_CACNA1H_LHX9, also mapped to the arcopallium (Fig. 
13E). Ex_CACNA1H_LHX9 specifically is exclusive to the arcopallium, where it is enriched 
in a specific arcopallial subregion, consistent with previous suggestions that the 
arcopallium comprises various functionally distinct subfields (44, 163). However, the 
comparatively low numbers of cells in the Ex_CACNA1H subclass likely limited my ability 
to capture the full extent of cellular heterogeneity in both the hippocampal region and 
the arcopallium. Therefore, while these findings reveal cell type-based regionalization in 
these areas, further sampling may uncover additional cell type diversity and allow finer 
alignment with previously observed heterogeneity on the functional and gene expression 
level. 

One supertype within the Ex_CACNA1H subclass, Ex_CACNA1H_MCTP2, could not be 
confidently localized using adult ISS and Visium data (data not shown). However, 
observations from the developing chicken pallium suggest this may result from an 
absence of tissue sections capturing the relevant area (see chapter 2.2.4.1). 

The supertype Ex_BCL6 clusters with the Ex_CACNA1H subclass in the cluster dendrogram 
(Fig. 13A) but exhibits distinct gene expression (low CACNA1H, BCL6+, RELN+). This 
supertype is situated in a superficial region near the arcopallium and posterior 
hippocampal area (Fig. 13G), which is known to receive projections from the olfactory 
bulbs (167). Consistent with its potential role as an olfactory input-receiving population, 
RELN is a marker for neurons that receive olfactory input in the mammalian piriform 
cortex, a related cell type in the entorhinal cortex, and neurons in the olfactory input-
associated lateral cortex of lizards (168). 

The small supertype Ex_TSHZ2_NR4A2 does not cluster with the Ex_CACNA1H subclass in 
the excitatory cluster dendrogram, yet it exhibits moderate expression of associated 
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markers such as LHX2 and ER81 (Fig. 13A). Notably, NR4A2, a specific marker for this 
supertype, is an immediate early response gene linked to neuronal activity. However, 
apart from the paralogous NR3A4 gene, it does not specifically express other immediate 
early genes (Fig. S6D). Spatial analysis indicates that Ex_TSHZ2_NR4A2 is sparsely 
distributed primarily in the apical hyperpallium (HA; Fig. 13F), which borders hippocampal 
areas. This aligns with previous observations of sparse NR4A2 expression in animals under 
quiet, dark conditions (169). These findings suggest that, despite the expression of two 
activity-related genes, Ex_TSHZ2_NR4A2 likely represents a distinct cell type rather than 
a transient active state, a notion further supported by evidence from the developing 
chicken pallium (see chapter 2.2.4.2). Additionally, these observations indicate that the 
HA contains a cell type with gene expression profiles similar to those found in the chicken 
hippocampal region. 

2.2.3.2.2 Excitatory cell types in the adult avian mesopallium 
Two excitatory subclasses within the avian pallium, Ex_SATB2 and Ex_SATB2_KIAA1217, 
are characterized by the specific expression of the mesopallial marker SATB2 (115) and 
predominantly localize to the mesopallium, which constitutes a significant portion of the 
DVR (Fig. 14). 

As mentioned before, the boundary between the avian hyperpallium and mesopallium 
has been a topic of considerable debate. While most authors and functional studies 
designate the region commonly annotated as HD/HI (Fig. 1A) as part of the hyperpallium 
(43, 129), some researchers argue that this area corresponds to the dorsal mesopallium 
(37, 47, 48). In response to this proposal, it has been suggested that there are actually two 
valleculae —grooves on the brain’s surface — rather than a single one previously thought 
to delineate the hyperpallium-mesopallium boundary. The more medial of these 
supposedly duplicated landmarks still marks the boundary between hyper- and 
mesopallium, while the other more lateral one separates the ventral and dorsal 
mesopallium. If one is mistaken for the other, this might lead to conflicting annotations 
of the HD/HI region. According to this proposal the medial vallecula is more prominent in 
anterior coronal sections of the chicken brain, while the lateral vallecula becomes more 
prominent in posterior sections (44). 

In contrast to this proposal, I identified only a single, distinct vallecula in each spatially 
profiled section, though my dataset included only a limited number of coronal sections. 
Even in the most anterior tissue section of the ISS dataset, SATB2 expression, along with 
cells belonging to the mesopallial subclasses Ex_SATB2 and Ex_SATB2_KIAA1217, extends 
dorsally beyond the presumed medial vallecula (Fig. 14B). Additionally, mesopallial cell 
types expressing SATB2 are consistently located directly adjacent to a cell type marked by 
high TAC1 expression, a known marker of the IHA (44), across various anterior-to-
posterior levels (Fig. 14B). This close proximity effectively rules out the existence of an 
additional, distinct region between these areas that could correspond to the HD/HI. 
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Altogether, these findings support the reinterpretation of the HD/HI as containing 
mesopallial rather than hyperpallial cell types. Nevertheless, cell types in this region retain 
functional differences from the ones in the mesopallium, as they participate in the 
sensory-motor circuits of the hyperpallium rather than the DVR (38). In line with these 
functional distinctions and to remain consistent with common nomenclature I will 
continue to refer to the HD/HI region as part of the hyperpallium for the rest of this thesis. 

 

Figure 14 Cell populations in the adult avian mesopallium. (A) Schematics of the chicken brain viewed from 
the top (left), and a mid-sagittal section (bottom) illustrating positions of tissue sections shown in (B-E). 
Dashed lines represent sections, thin dotted lines represent borders between pallial brain regions. (B) 
Border between mesopallial and hyperpallial cell populations. Left: spatial expression of three 
representative marker genes as profiled by ISS, marking the apical hyperpallium (HA) and nidopallium (N), 
the interstitial apical hyperpallium (IHA), and the densocellular hyperpallium, intercalated hyperpallium, 
and mesopallium (HD/HI + M). Middle: area populated by mesopallial subclasses as predicted based on 
collective ISS profile. Right: Spatial location of a hyperpallial and a mesopallial supertype in a more posterior 
section according to ISS. (C) Spatial location of mesopallial supertypes. In Visium sections (top) high 
prediction (Pred.) scores indicate high probability that cells with the respective identity were present within 
the spot’s area. In ISS sections (bottom) only segmented cells with confidently assigned identity are shown. 
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(D) Spatial location probabilities of supertype Ex_SATB2_OVOA according to ISS. (E) Spatial location 
probability of a mesopallial supertype according to ISS. Va, vallecula; Hc, hippocampal areas; Sp, subpallium; 
D, dorsal; L, lateral; R, rostral. Adapted from (1). 

In exploring the heterogeneity within the now-extended mesopallium, I identified four 
supertypes within the Ex_SATB2 subclass. Three of these—Ex_SATB2_SOX6, 
Ex_SATB2_ZNF385B, and Ex_SATB2_FOXP2—exhibit a relatively homogeneous 
distribution throughout the mesopallium (Fig. 14C and E). In contrast, Ex_SATB2_OVOA 
appears more widely distributed across various pallial regions, although the mapping on 
different tissue sections remains inconclusive (Fig. 14D). Notably, while Ex_SATB2_OVOA 
shares specific expression of SATB2 and lacks expression of other subclass markers, it 
clusters with supertypes from different subclasses in the hierarchical clustering 
dendrogram (Fig. 13A). 

The Ex_SATB2_KIAA1217 subclass consists of two supertypes: Ex_KIAA1217 and 
Ex_KIAA1217_BCL6. The former also displays a relatively homogeneous distribution 
across the mesopallium, whereas the latter may be enriched in a specific dorsal to central 
region (Fig. 14C). Although the mesopallium has been proposed to contain several distinct 
subregions (38, 44, 45), my analysis did not reveal significant variations in cell type 
distribution. This suggests either a limitation in the spatial data to differentiate between 
similar cell types in these subclasses or that the previously observed regional 
heterogeneity, primarily inferred from functional studies and histological differences, may 
arise from factors other than distinct cell types. Evidence from the developing chicken 
pallium indicates a combination of both factors (see chapter 2.2.4.1) 

2.2.3.2.3 Glutamatergic excitatory cell types in the adult avian hyperpallium and 
nidopallium 

The nidopallium constitutes the ventral DVR and comprises functionally diverse regions, 
such as primary sensory areas, as well as highly associative areas. The avian-specific 
hyperpallium also consists of functionally diverse subregions (37, 38, 49). Despite their 
distinct topological locations in the ventral and dorsal areas of the pallium respectively, 
bulk tissue studies have found great gene expression similarities between these regions 
in adults (37, 48). 

In line with this observation, excitatory neurons of both, the avian nido- and hyperpallium, 
predominantly belong to the same two subclasses: Ex_DACH2_CALCR and 
Ex_DACH2_SV2C (Fig. 13A-B, Fig. S6B). The Ex_DACH2_CALCR subclass is divided into six 
supertypes, several of which appear to be closely linked with sensory processing due to 
their specific localization in regions associated with sensory input. For example, the 
Ex_DACH2_RORB supertype localizes to primary sensory input areas in the nidopallium 
(Entopallium -E, auditory Field L2 -L2, nucleus basorostralis -Bas; Fig 15A-C), while the 
Ex_DACH2_TAC1 and Ex_DACH2_ITGA9 supertypes are mostly concentrated within the 
primary sensory region of the hyperpallium (IHA; Fig 15A-D). The Ex_DACH2_CEMIP 
supertype primarily localizes to the intermediate nidopallium (Fig. 15B-C), which likely 
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represents a predominantly visual association area (38). The Ex_DACH2_SLIT2 supertype, 
though not clearly mapped to a specific location in the spatial data (not shown), appears 
to primarily reside in the posterior DVR based on dissection data, likely in a region not 
captured in the adult brain sections as results in the developing chicken pallium suggest 
(see chapter 2.2.4.1). Interestingly, one supertype of the Ex_DACH2_CALCR subclass, 
Ex_DACH2_ZMAT4, demonstrates strong signal in both the nidopallium, near primary 
sensory regions, and in the hyperpallium, including and surrounding the IHA (Fig. 15B-C). 

The largest subclass, Ex_DACH2_SV2C, includes six supertypes, most of which 
demonstrate an even greater degree of regional intermixing, with cells originating from 
various dissected regions (Fig. S6B). Additionally, all but two small supertypes, 
Ex_DACH2_LHX2 and Ex_DACH2_LUZP2, which could not be reliably mapped to the tissue 
(not shown), exhibit a broad spatial distribution across both the nidopallium and 
hyperpallium (Fig. 15E). In some supertypes, such as Ex_DACH2_MGAT4C, individual 
clusters still predominantly originate from either the anterior dorsal or posterior ventral 
dissections, suggesting limited mixing at the cluster level. However, in other supertypes, 
including Ex_DACH2_NR4A3, Ex_DACH2_GRIK4, and Ex_DACH2_ADAMTS5, this regional 
mixing persists even within individual clusters. This extensive overlap of regional 
identities—often evident even within single clusters—highlights a striking similarity 
between the nidopallium and hyperpallium despite their distinct anatomical locations. 

Previous studies indicate that radial migration is the predominant migratory pattern in 
the avian pallium, with a lack of tangential migration between the hyperpallium and 
nidopallium, at least before embryonic day E14 (115, 116). Therefore, the observed 
regional overlap likely reflects shared functional roles within analogous neural circuits 
across these regions. Additionally, Ex_DACH2_NR4A3, a supertype within the 
Ex_DACH2_SV2C subclass, specifically expresses multiple activity-related genes (Fig. S6D), 
suggesting that the similarity between cell populations across these areas may arise not 
only from functional parallels but also from shared cellular states. 

To further examine the remarkable transcriptome similarity between the nidopallium and 
hyperpallium, I performed single-nucleus multiome ATAC and RNA sequencing on samples 
from a second individual, dissecting the hyperpallium (including HA, IHA and HD/HI) and 
the DVR (covering nido- and mesopallium) separately. From these samples, I recovered 
high-quality nuclei for 8,119 cells, including 4,801 glutamatergic cells, which were 
confidently assigned to previously defined supertypes (Fig. S9). Hierarchical clustering of 
transcriptome pseudobulks for all excitatory supertypes in the hyper-, meso- and 
nidopallium, split by dissection, reveals that cells of the same supertype from different 
dissections always exhibit greater similarity to each other than to other cell type 
populations from the same dissection (Fig. 15F). This was anticipated for supertypes 
within the Ex_SATB2 and Ex_SATB2_KIAA1217 subclasses, given that the dissections split 
the continuous region of HD/HI and the mesopallium where these supertypes are 



 

 44 
 

distributed (Fig. 14B). However, this clustering pattern also applies to supertypes within 
the Ex_DACH2_CALCR and Ex_DACH2_SV2C subclasses, despite cells from the 
hyperpallium and nidopallium being separated by these dissections. This suggests that 
mature cell type identity may outweigh potential differences in gene expression due to 
developmental origins in distinct areas of the pallium. 

 

Figure 15 Cell populations in the adult avian hyperpallium and nidopallium. (A) Schematics of the chicken 
brain viewed from the top (left), and a mid-sagittal section (bottom) illustrating positions of tissue sections 
shown in (B-E). Dashed lines represent sections, thin dotted lines represent borders between pallial brain 
regions. (B) and (C) Spatial location of supertypes of the Ex_DACH2_CALCR subclass mostly in and around 
sensory input receiving areas in the hyperpallium/nidopallium based on ISS. (D) Spatial location of 
hyperpallial Ex_DACH2_CALCR supertypes according to Visium. (E) Spatial location of the most abundant 
supertypes of the EX_DACH2_SV2C subclass in the hyperpallium/nidopallium according to Visium (top) and 
ISS (bottom). In Visium sections (top) high prediction (Pred.) scores indicate high probability that cells with 
the respective identity were present within the spot’s area. In ISS sections (bottom) only segmented cells 
with confidently assigned identity are shown. (F) Correlation dendrogram of pseudobulk expression profiles 
per supertype and dissection (at least 20 cells each). Bootstrap support (n = 1000) was above 80% for all 
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nodes. Schematic bottom right: illustration of borders between dissections. DVR dissections include the 
nido- and mesopallium, but not the arcopallium. IHA, interstitial apical hyperpallium; EP, entopallium (visual 
nidopallial nucleus); N, nidopallium; Sp, subpallium; L2, auditory L2 field; Bas, (somatosensory) basorostral 
nidopallial nucleus; D, dorsal; L, lateral; R, rostral; HA, apical hyperpallium; HD/HI, densocellular and 
intercalated hyperpallium; M, mesopallium. Adapted from (1). 

To further characterize transcriptional differences between the hyperpallium and 
nidopallium, I investigated differentially expressed genes within shared supertypes. In the 
Ex_DACH2_CALCR subclass, the Ex_DACH2_ZMAT4 supertype is the only one prominently 
represented in both regions. Within Ex_DACH2_ZMAT4, I identified 24 genes with 
significant differential expression between hyperpallium and DVR dissections. Notable 
among these are NR2F2, a known nidopallium-specific transcription factor (47, 48), and 
GABRG3, the top hyperpallium-specific gene, despite low cell numbers for 
Ex_DACH2_ZMAT4 in in the second individual limiting the power to detect differential 
gene expression. These findings suggest that with deeper sampling, cells from the hyper- 
or nidopallium may be differentiated reliably within this supertype. For the 
Ex_DACH2_SV2C subclass, supertypes from different dissections generally displayed less 
pronounced differential expression. Only the most abundant supertype, 
Ex_DACH2_MGAT4C, showed significant differential expression, with 15 DVR-specific 
genes identified. Even though higher cell counts were available in supertypes of the 
Ex_DACH2_SV2C subclass, than Ex_DACH2_ZMAT4, fewer or no differentially expressed 
genes were detected across most supertypes within this subclass.  

To assess whether the distinct developmental origins of supertypes shared between the 
adult hyperpallium and nidopallium are reflected at the gene regulatory level, Dr. Ioannis 
Sarropoulos analysed chromatin accessibility differences between DVR- and 
hyperpallium-derived cells within each supertype using single-nucleus ATAC-seq data 
from the profiled individual. This analysis did not reveal any robust differences, though it 
may be limited by low cell numbers and the absence of an snATAC-seq replicate. 
Pseudobulk correlation analysis across regions confirmed that supertypes shared 
between dissections generally displayed higher similarity to each other than to other 
supertypes from the same dissection (Fig. S9). While he identified 12,595 differentially 
accessible regions across all cell types, and 3,932 across excitatory neuron supertypes (at 
FDR <5%), no significant differentially accessible regions were found between 
corresponding supertypes from the hyperpallium and DVR dissections.  

Overall, these findings indicate that the molecular profiles defining cell identity in shared 
supertypes across the hyperpallium and nidopallium —especially within the 
Ex_DACH2_SV2C subclass— display extensive similarity, with adult gene regulatory and 
transcriptional programs prevailing over any potential differences due to distinct 
developmental origins. 
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2.2.4 CELL TYPES IN THE DEVELOPING AVIAN PALLIUM 
Given the substantial transcriptomic similarity observed between the hyperpallium and 
nidopallium at the bulk tissue level, previous studies have proposed that the cell 
populations in these regions share a common developmental origin (37, 48). This 
hypothesis was further supported by in situ expression patterns of few selected marker 
genes during development (47). However, this interpretation contrasts with other 
research indicating a lack of tangential migration between the hyper- and nidopallium and 
the predominance of radial migration, which restricts excitatory neuronal lineages to 
distinct regions within the pallium (115, 116). 

To investigate the developing avian pallium, I generated snRNA-seq data for the chicken 
pallium across eight developmental stages, ranging from early/mid-neurogenesis 
(embryonic day 6, E6) to late in ovo development (E19). Starting from stage E8, the pallium 
of at least one individual was dissected into dorsal and ventral halves (by Dr. Fernando 
García-Moreno and Rodrigo Senovilla-Ganzo), effectively splitting the prospective 
mesopallium and HD/HI region along the mirror line suggested by the continuum 
hypothesis (Fig. 16A, Fig. 3). Each dissection was then profiled separately. This approach 
yielded high-quality snRNA-seq data for a total of 142,429 cells (Fig. 16B, Fig. S10). I 
integrated the data from all developmental stages which revealed a smooth, continuous 
developmental progression from early to later stages (Fig. 16D), suggesting that our 
sampling spans all critical phases within this developmental period, without major gaps 
or abrupt transcriptional shifts. I chose not to directly integrate this developmental data 
with adult data, as the transition to adulthood likely entails additional, unprofiled stages. 
Such integration may obscure the detailed developmental trajectories that emerge within 
the densely sampled pre-hatching period. 

To annotate major cell classes, I used the expression patterns of established marker genes 
from eutherians (Fig. 16C and E). This analysis identified several distinct progenitor cell 
populations likely giving rise to specific mature cell types. For instance, ependymal 
progenitors (Ependymal_PCs; ZIC5+; (170)) likely differentiate into ependymal cells 
(FOXJ+; (55)), while pallial progenitors (Ex_PC; PAX6+; (171, 172)) give rise to excitatory 
neurons (Ex_neurons), and presumptive subpallial progenitors (In_PCs; VAX1+; (173)) 
generate inhibitory neurons (In_neurons). The presence of proliferative inhibitory 
progenitor cells (TOP2A+; (174)) indicates potential partial co-dissection of the 
subpallium, as these progenitors typically originate in the subpallium and migrate to the 
pallium once post-mitotic (175). Alternatively, it suggests that inhibitory progenitors may 
also exist within the pallium, though this would require further validation.). 
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Figure 16 Cellular development of the chicken pallium. (A) Illustration of sampling strategy across pallial 
development in the chick. Samples were taken on eight different days of in ovo (E) development. At E6 the 
pallium (P) was collected as a whole, from E8 onwards the pallium was dissected into two halves for at least 
one individual per stage. (B) Number of cells per developmental stage and dissected region (top) and 
fraction of cells per developmental stage belonging to different cell populations (bottom). UMAP of pallial 
cells (C) colored by and labeled with class annotation and (D) colored by developmental stage. (E) Gene 
expression dotplot of selected marker genes across annotated cell classes. (F) UMAP of pallial cells colored 
by percentage of UMIs stemming from cell cycle (cc) related genes (left) and coloured by expression of 
Eomes (right). Red circle highlights population of cycling EOMES+ cells likely representing intermediate 
progenitors. P, pallium; Sp, subpallium; Hc, hippocampal areas; HA/IHA, apical and interstitial apical 
hyperpallium; M+HD/HI, mesopallium plus densocellular and intercalated hyperpallium; N, nidopallium; 
Ex_neurons, excitatory neurons; OPCs, oligodendrocyte progenitor cells; Olig, oligodendrocytes; 
Ex_diff_ipc, excitatory intermediate progenitors and differentiating neurons; In_PCs, inhibitory progenitors; 
In_diff, inhibitory differentiating neurons; In_neurons, inhibitory neurons; Glial_PCs_Astro, late radial glia 
and astrocytes; Ex_PCs, early radial glia (likely neurogenic); Ependymal_PCs, ependymal progenitor cells; 
Misc, miscellaneous. Partially adapted from (1). 

Potential gliogenic progenitors (HES5+, SLC1A3+) could not be reliably distinguished from 
astrocytes (GFAP+), whereas oligodendrocyte progenitor cells (OPCs; PDGFRA+) were 
clearly identifiable. Notably, I observed a population of EOMES+ pallial progenitors, 
including a subset of cycling cells, suggesting the presence of intermediate progenitor cells 
(IPCs; Fig. 16F). IPCs are a secondary class of neural progenitors found in eutherians (172), 
and their presence in avian species has been debated (95). However, the relatively low 
proportion of cycling IPCs compared to cycling primary progenitors (Ex_PCs ) indicates 
that, in chickens, IPCs may not proliferate to the extent observed in mammals, consistent 
with previous findings (94, 95). 

Cells expressing a mix of diverse marker genes, possibly representing varied cell types 
from outside the pallium, were grouped into a “miscellaneous” class.  

The proportions of various cell classes across developmental stages align with previous 
findings. For example, the sharp decline in neural progenitor cells around E11 (Fig. 16B) 
supports the notion that neurogenesis in chickens is largely completed by E10 (89, 104, 
117). Ependymal progenitors are detected from the earliest sampled stage, while other 
gliogenic progenitors, including potential astrocyte progenitors (Glial_PCs_Astro) and 
oligodendrocyte progenitor cells (OPCs), appear later, consistent with the suggested 
sequence of emergence of glial cell types in amniotes (54, 107). 

2.2.4.1 A cell type atlas of the developing chicken pallium at in ovo day 19 
To further refine and validate our cell type atlas for the chicken pallium, I utilized data 
from the final developmental stage profiled, E19 (Fig. 17A). At this stage, populations of 
mature neurons show strong transcriptional similarity to the adult-defined supertypes 
and subclasses, as confirmed by CCA integration and label transfer (Fig. 17B). This suggests 
that most subclasses and supertypes observed in the adult are already present at E19. 
While the morphology of the brain at E19 closely resembles the adult form, the smaller 
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size at this stage enables broader spatial resolution. I therefore conducted spatial 
transcriptomic profiling on three E19 pallium sections using the Visium platform. This 
mapping largely corroborated our adult observations while providing enhanced resolution 
in some regions (Fig. 17F-K). 

For instance, mesopallial supertypes at E19 displayed more distinct spatial distributions 
than in the adult (Fig. 17F and I, Fig. 14C), suggesting greater regional heterogeneity within 
the mesopallium than previously inferred or that some mesopallial cell types may disperse 
post-E19. The Ex_KIAA1217 supertype was localized to the putative HD/HI region, 
bordering the IHA, and a superficial intermediate mesopallial area, while 
Ex_SATB2_ZNF385B mapped to a superficial dorsal mesopallial region. Notably, 
Ex_SATB2_FOXP2 was found in a specific ventral mesopallial nucleus (Fig. 17F), which 
likely corresponds to a region involved in the visual tectofugal pathway (45). Additionally, 
Ex_SATB2_OVOA, the only Ex_SATB2 subclass supertype with spatial presence outside the 
mesopallium in the adult, predominantly mapped to the caudal hyperpallium at E19, with 
additional mapping to superficial meso- and nidopallial regions (Fig. 17I). 

The E19 data also revealed additional heterogeneity within the nidopallial sensory input-
receiving populations, where subtypes appear to correspond to distinct sensory inputs 
(Fig. 17G). This heterogeneity likely went undetected in the adult dataset due to the small 
relative size of these regions, resulting in fewer recovered cells of the Ex_DACH2_RORB 
sensory-input-receiving supertype.  

Furthermore, E19 profiling revealed distinct segmentation of the hippocampus by cell 
type and enabled clear mapping of the Ex_CACNA1H_MCTP2 supertype to the anterior 
hippocampus. This supertype’s position could not be determined in the adult dataset, 
likely due to the absence of this region in sampled sections.  

Similarly, E19 data allowed for the localization of the Ex_DACH2_SLIT2 supertype, part of 
the predominantly sensory input-related Ex_DACH2_CALCR subclass, to a specific region 
in the caudal nidopallium, not clearly associated with any known functional subdivision 
(Fig. 17J).  

Lastly, the olfactory-related Ex_BCL6 supertype mapped to a similar region as in the adult 
(Fig. 17K, Fig. 13G), but at E19 it appears separated from the nidopallium by the ventricle. 
This supports a developmental origin in the hippocampal area, aligning it more closely 
with RELN+ cells of the mammalian entorhinal cortex (retro-hippocampal areas) rather 
than the piriform cortex (ventral pallial areas) (168). 
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Figure 17 Cell type atlas of the developing chicken pallium at in ovo day 19. (A) UMAP of E19 snRNA-seq 
data coloured by cell class as annotated in complete dataset. (B) UMAP of excitatory neurons (left) and 
inhibitory neurons (right) coloured by maximum prediction score for any adult supertype after CCA label 
transfer. UMAP of excitatory neurons (C) coloured by dissection and (D) coloured by and labelled with 
annotation of broad populations roughly equivalent to adult subclasses, based on transferred supertype 
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labels form adult. (E) Schematics of the E19 chicken brain viewed from the top (top) and a mid-sagittal 
(bottom) section, illustrating positions of tissue sections shown in (F-K). (F -K) Spatial location of E19 
excitatory supertypes, named after adult supertypes predicted with label transfer, according to Visium. High 
prediction (Pred.) scores indicate high probability that cells with the respective identity were present within 
the spot’s area. Ex_neurons, excitatory neurons; OPCs, oligodendrocyte progenitor cells; Olig, 
oligodendrocytes; Ex_diff_ipc, excitatory intermediate progenitors and differentiating neurons; In_PCs, 
inhibitory progenitors; In_diff, inhibitory differentiating neurons; In_neurons, inhibitory neurons; 
Glial_PCs_Astro, late radial glia and astrocytes; Ex_PCs, early radial glia (likely neurogenic); Ependymal_PCs, 
ependymal progenitor cells; Misc, miscellaneous; HA/IHA, apical and interstitial apical hyperpallium; M, 
mesopallium; N, nidopallium; D, dorsal; L, lateral; R, rostral; EP, entopallium (visual nidopallial nucleus); Bas, 
(somatosensory) basorostral nidopallial nucleus; Th, Thalamus; Hc, hippocampal areas; Ap, arcopallium. 
Adapted from (1). 

2.2.4.2 Developmental origins of glutamatergic excitatory avian pallial neurons  
To trace the developmental origins of transcriptional similarities observed between 
glutamatergic populations in the adult nido- and hyperpallium (see chapter 2.2.3.2.3), I 
isolated cells from the glutamatergic lineage, including early and intermediate 
progenitors, differentiating cells, and excitatory neurons. Using pseudotime analysis (176, 
177), I established a continuous developmental trajectory that aligned with the 
integration of sampled stages (Fig 18A-C). 

To approximate different developmental lineages of excitatory neurons across stages, I 
initially identified clusters of neurons within each developmental stage and integrated 
each stage sequentially with its adjacent stages to generate shared embeddings. Using a 
k-nearest-neighbour heuristic, as described in (178), I constructed and subsequently 
clustered a weighted graph of these cluster relationships. These analyses revealed four 
major clusters encompassing a large fraction of the intermediate to most mature neurons 
in the dataset (clusters 4-6 and 9; Fig. 18E), with significant differences to the cluster 
assignment generated by a standard clustering procedure (Fig. 18D). Some populations of 
the earliest and most mature neurons form separate clusters (Fig. 18E) likely because 
these are highly similar across few stages and are connected to later or previous stages 
with lower confidence. To integrate these largely disconnected populations into the four 
major groups, I identified marker genes uniquely expressed in each of the four major 
groups at various points along their pseudotime trajectories. Using these markers, I was 
able to classify the majority of the previously unassigned neuron populations into one of 
the four primary trajectories (Fig. 18I). 

The four principal trajectories identified likely correspond to the hippocampal/arcopallial, 
mesopallial (encompassing cells in the mesopallium and HD/HI), hyperpallial 
(encompassing cells in HA and IHA), and nidopallial lineages (Fig. 18I). I annotated each 
trajectory based on several criteria: its stage-specific proportions of dorsal or ventral 
pallial dissections (Fog. 18F), characteristic marker gene expression, and label transfer 
results from the adult data (Fig. 18G-H), which provided insight into their potential 
subclass and supertype identities in the mature pallium. 
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Figure 18 Development of excitatory neurons in the chicken pallium. UMAP of the excitatory neuron 
lineage (A) coloured by and labelled with cell class annotation, (B) coloured by developmental stage, (C) 
coloured by diffusion pseudotime, (D) coloured by low-resolution clusters identified based on standard 
clustering procedure, (E) coloured by clusters resulting from clustering of a weighted graph constructed 
from clustering and integration of data from individual developmental stages, (F) coloured by dissection, 
and (G) coloured by maximum prediction score for any adult excitatory subclass after CCA label transfer. (H) 
Zoom into UMAP shown in (A – G) to show only early neurons coloured by adult subclass prediction if 
prediction score (G) was above 0.5. (F) UMAP of excitatory neuron lineage coloured by and labelled with 
developmental lineage annotation. Four major early neuron lineages are labelled in the UMAP, progenitor 
populations or early neuron populations with ambiguous lineage identity are indicated in the legend. 
Ex_neurons, excitatory neurons; Ex_diff_ipc, excitatory intermediate progenitors and differentiating 
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neurons; Ex_PCs, early radial glia (likely neurogenic); NidoP, nidopallial lineage; Hc/ArcoP, hippocampal and 
arcopallial lineage; HyperP, hyperpallial lineage; MesoP, mesopallial lineage; Hc/HyperP, between 
hippocampal and hyperpallial lineage; MesoP/HyperP_diff, early differentiating cells of mesopallial or 
hyperpallial lineage. Adapted from (1). 

Cells within the hippocampal/arcopallial lineage are characterized by specific expression 
of LHX2 and are predominantly predicted to belong to the Ex_CACNA1H subclass (Fig. 
19A), which maps to the hippocampus and arcopallium in the adult (Fig. 13). While most 
cells from this lineage originate from dorsal pallial dissections, the subset corresponding 
most closely to the arcopallial supertype Ex_CACNA1H_LHX9 consists of cells from ventral 
dissections, aligning with the arcopallium’s caudoventral location in the adult pallium (Fig. 
18F). The inability to clearly separate cells of these two structures, the hippocampus and 
the arcopallium, into distinct lineages, despite differential expression of markers such as 
NRP2 and LHX9, highlights their similarity during development—a parallel to the 
transcriptional similarity observed in the adult.  

The population predicted to belong to the Ex_BCL6 supertype (Fig. 19B), which is closely 
associated with the Ex_CACNA1H subclass in the adult, forms its own cluster in the graph 
clustering and stems from dorsal and ventral pallial dissections, in line with this 
supertype’s location at the border of the hippocampal regions and the arcopallium (Fig. 
17K). It also expresses both hippocampal and nidopallial markers (Fig. 19A, Fig. 21A). Due 
to this ambiguity, I did not assign this population to any of the four major lineages. 

Similarly, the population predicted to belong to the Ex_TSHZ2_NR4A2 supertype exhibits 
features of the hippocampal/arcopallial lineage (Fig. 19), as well as the hyperpallial lineage 
(Fig. 21B) and was thus not assigned to either of those lineages. As noted before, this 
supertype specifically expresses the neuronal activity-related receptors NR4A2 and 
NR4A3 (169), but no other known activity related genes (Fig. S6D). Its presence in the 
embryonic pallium further argues against the notion that this population might represent 
a transient active cell state, since neurons only exhibit significant activity in late 
development (179). In line with this interpretation, hardly any cells in the developmental 
dataset were predicted to belong to the Ex_DACH2_NR4A3 supertype, which likely 
consists of neurons in an active state in the adult (Fig. 21D, Fig. S6D). 
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Figure 19 Development of excitatory neurons in the chicken hippocampus and arcopallium. (A) UMAP of 
the excitatory neuron lineage coloured by expression of selected markers of the hippocampal/arcopallial 
lineage. (B) Zoom into UMAP shown in (A) to show only early neurons coloured by prediction for adult 
supertypes of the adult Ex_CACNA1H subclass. Coloured cells had a prediction score of > 0.4 based on CCA 
label transfer. Zoomed area of UMAP is highlighted in Fig. 18G. Adapted from (1). 

Cells in the mesopallial lineage display high expression of markers like SATB2 and FOXP1, 
partially also expressed by cells in the hyperpallial lineage (Fig. 20A). The mesopallial 
lineage includes cells from both dorsal and ventral dissections in roughly equal 
proportions (Fig. 18F), consistent with the dissection strategy and adult observations, 
which indicate that parts of the prospective hyperpallium, specifically HD/HI, contain 
mesopallial cell types. The most mature neurons along this trajectory are predicted to 
belong to the Ex_SATB2 and Ex_SATB2_KIAA1217 subclasses, aligning with their adult 
mesopallial localization (Fig. 18H). All supertypes within these subclasses could also be 
identified within the developmental dataset (Fig. 20B-C). 
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Figure 20 Development of excitatory neurons in the chicken mesopallium. (A) UMAP of the excitatory 
neuron lineage coloured by expression of selected markers of the mesopallial lineage. Zoom into UMAP 
shown in (A) to show only early neurons (B) coloured by prediction for adult supertypes of the adult 
Ex_SATB2 subclass or (C) for adult supertypes of the adult Ex_KIAA1217 subclass. Coloured cells had a 
prediction score of > 0.4 based on CCA label transfer. Zoomed area of UMAP is highlighted in Fig. 17G. 
Adapted from (1). 

Cells in the hyperpallial and nidopallial lineages were predominantly assigned to two 
major subclasses encompassing cell types found in both the hyperpallium and nidopallium 
in the adult, Ex_DACH2_CALCR and Ex_DACH2_SV2C (Fig. 18H). However, unlike in the 
adult data, there is minimal intermixing of cells from dorsal and ventral dissections 
between these two lineages in development (Fig. 18F), with each lineage exhibiting 
differential expression of several marker genes. These include the established 
nidopallium-specific transcription factor NR2F2 and a newly identified hyperpallium-
specific marker, IKZF2 (Fig. 21A-B). When I transferred adult supertype labels, cells in the 
nidopallial and hyperpallial lineages largely matched supertypes that are exclusive to their 
respective regions in the adult pallium (Fig. 21C-D). For example, the most mature 
neurons in the hyperpallial lineage predominantly correspond to the Ex_DACH2_TAC1 and 
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Ex_DACH2_ITGA9 supertypes (Fig. 21C), both localized to the IHA in adults (Fig. 15B-D). 
Conversely, the nidopallial lineage gave rise to cells associated with the nidopallium-
specific supertypes Ex_DACH2_RORB, Ex_DACH2_CEMIP, and Ex_DACH2_SLIT2 (Fig. 21C). 

The Ex_DACH2_ZMAT4 supertype, part of the mostly sensory-input-associated subclass 
Ex_DACH2_CALCR, which shows a mixed regional origin in adults, appeared 
predominantly in the nidopallial lineage but also showed limited representation within 
the hyperpallial lineage (Fig. 21C). Another example of partial overlap was found in the 
Ex_DACH2_GRIK4 supertype within the Ex_DACH2_SV2C subclass, which was distributed 
between both lineages (Fig. 21D). Notably, other supertypes within Ex_DACH2_SV2C that 
exhibit substantial mixing in the adult, such as Ex_DACH2_MGAT4C and 
Ex_DACH2_ADAMTS5, were only sparsely represented in the developmental dataset, 
despite their high abundance in adulthood (Fig. 21D). Together, these observations 
suggest that hyperpallial and nidopallial cells, while extensively similar in the adult, arise 
from distinct developmental lineages and are transcriptomically distinct until at least E19. 

Despite the distinct origins of the hyper- and nidopallial cells, there are signs of emerging 
transcriptomic similarity in later developmental stages. A small subset of mature 
hyperpallial neurons, predicted to belong to the Ex_DACH2_TAC1 supertype, which 
localizes to the IHA in adults, is located near the nidopallial lineage on the UMAP (Fig. 21C, 
Fig. 18I) and clusters with mature nidopallial neurons in lower-resolution Louvain 
clustering (Fig. 18D). Additionally, the most mature neurons within the hyperpallial 
lineage begin expressing the transcription factor DACH2, a marker of nidopallial neurons 
from early developmental stages onward (Fig. 21A). 

To examine how transcriptomic similarity between the hyperpallial and nidopallial 
lineages changes, I divided cells from each of the four major lineages into pseudotime bins 
and conducted a correlation analysis across developmental time. This analysis showed 
that while overall similarity between the hyperpallial and nidopallial lineages is lower than 
that observed with other lineages, it gradually increases with development (Fig. 21E). 
Notably, the correlation between the hyperpallial and hippocampal/arcopallial lineage is 
low at the earliest pseudotime points, likely reflecting the distinctiveness of early 
hippocampal cells compared to other lineages at this stage. 
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Figure 21 Development of excitatory neurons in the chicken nidoallium and hyperpallium. UMAP of the 
excitatory neuron lineage coloured by (A) expression of selected markers of the nidopallial lineage or (B) 
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expression of selected markers of the hyperpallial lineage. Zoom into UMAP shown in (A-B) to show only 
early neurons (C) coloured by prediction for adult supertypes of the adult Ex_DACH2_CALCR subclass or (D) 
for adult supertypes of the adult Ex_DACH2_SV2C subclass. Coloured cells had a prediction score of > 0.4 
based on CCA label transfer. Zoomed area of UMAP is highlighted in Fig. 17G. (E) Heatmap of Pearson 
correlation between the hyperpallial and other excitatory neuron lineages. Each lineage was split into six 
bins according to pseudotime, each represented by one tile in the correlation heatmap. Values in tiles 
represent correlation values. NidoP, nidopallial trajectory; Hc/ArcoP, hippocampal and arcopallial 
trajectory; HyperP, hyperpallial trajectory; MesoP, mesopallial trajectory. Adapted from (1). 

In sum, these findings suggest a gradual convergence between hyperpallial and nidopallial 
lineages that is still incomplete at E19. Supporting this trend, two concurrent studies by 
Rueda-Alaña et al. (104) and Hecker et al. (180) observed partial cell type overlaps 
between the hyper- and nidopallium at E15 and a pronounced similarity at post-hatch day 
15, respectively. These findings suggest that the transcriptomic similarity between these 
lineages, which begins in late embryonic stages, continues into early post-hatch 
development, reaching completion by latest day 15 post-hatching. 

2.2.5 COMPARISON OF NEURONS ACROSS AMNIOTES 
To investigate the evolution of cell types within the amniote pallium, I conducted pairwise 
comparisons across representative species from different amniote lineages using three 
complementary methods: gene-cell type specificity index correlation (41), label transfer 
via canonical correlation analysis (151), and SAMap (181). Each method identifies cross-
species cell population similarities based on distinct gene sets (either one-to-one 
orthologous genes or all orthologous genes) and uses unique algorithms, allowing me to 
mitigate the potential limitations of any single approach. Pairwise comparisons maximize 
the number of orthologous genes used for each species pair, while multiple pairwise 
analyses across different species enable independent tests of potential cell type 
relationships. 

Observed similarities across amniote lineages can support one of two evolutionary 
scenarios: (1) homology, where cell types share a common ancestral origin, or (2) 
convergent evolution, where cell types evolve independently to perform similar functions. 
Homology is strongly suggested when transcriptomically similar cell types are consistently 
identified across mammals, birds, and non-avian reptiles, implying that these cell types 
may have originated from a common cell type in the last common amniote ancestor. This 
scenario is particularly plausible when similar cell types share similar developmental 
origins, despite potential functional divergence in the adult, based on the evolutionary 
conservation of embryonic stages. By contrast, convergence is more likely if cell type 
similarities are inconsistent across lineages or if these types do not share developmental 
origins. 

2.2.5.1 Inhibitory neurons are transcriptomically conserved across amniotes 
As described in the introduction, GABAergic inhibitory neurons in amniotes originate from 
the subpallium, a region that is more morphologically and transcriptomically conserved 
across species compared to the pallium (15, 16, 41, 74, 75). Most major inhibitory cell 
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types have been identified in various amniote species, strongly suggesting that these 
populations were already established in the last common amniote ancestor (41, 72, 75). 
Consistent with this hypothesis, I observed that nearly all adult chicken inhibitory 
supertypes exhibit strong correspondences to adult murine and lizard GABAergic 
populations, with high similarity scores and agreement across all three comparative 
methods (Fig. 22, Fig. S11). Additionally, the comparison of chicken supertypes with 
mouse subclasses of known developmental origin supports previous hypotheses that 
chicken supertypes arise from distinct ganglionic eminences, as indicated by their marker 
gene expression. Although some chicken inhibitory supertypes correspond to multiple 
murine inhibitory subclasses, this relationship largely reverses when comparing datasets 
at finer resolution, suggesting that these patterns are primarily due to differences in 
annotation resolution rather than reflecting evolutionary diversification of these cell 
types. 

The only chicken supertype that shows limited similarity to murine populations is an MGE-
derived ST18+ supertype (Inh_MGE_like_ST18; Fig. 22A), which could not be reliably 
located within the tissue. This observation may indicate that the supertype represents a 
specific inhibitory cell state rather than a distinct cell type, although it closely resembles 
a lizard inhibitory cluster (Inh_10), which in turn shows high similarity to the murine Pvalb 
population.  

In line with marker gene expression, the LGE-derived supertypes 
Inh_LGE_like_FOXP1_SGCG and Inh_LGE_like_FOXP1_DGKH include clusters that align 
with either the murine striatal medium spiny neuron D1 or D2 type, also consistent with 
this supertype’s spatial mapping to the chicken striatum (Fig. S12). However, 
Inh_LGE_like_FOXP1_DGKH also contains two clusters best matching cells of the murine 
central amygdala-like nucleus (Fig. S12), in line with its presence in the chicken 
arcopallium, which has been suggested to be homologous to the mammalian amygdala 
(128, 133). Notably, the widespread Inh_LGE_like_FOXP2 supertype closely resembles 
cells of the murine intercalated amygdala nucleus, as already indicated by shared 
transcription factor markers (Fig. 12). Consistently, both populations also best match a 
GABAergic population in the lizard (Fig. 22B, Fig. S13), likely located in a restricted 
amygdala-like region (41). However, I found no indication of Inh_LGE_like_FOXP2 
enrichment in any particular region of the chicken pallium (Fig. 12F). 

These findings highlight that while inhibitory neurons have retained highly conserved 
transcriptomic identities across all major amniote lineages, their spatial organization and 
relative abundance have diversified throughout evolution. 
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Figure 22 Comparison of adult GABAergic inhibiotry neurons across amniotes. (A) Comparison between 
chicken supertypes and mouse inhibitory subclasses based on three different methods. (B) Comparison 
between chicken supertypes and lizard inhibitory clusters based on three different methods. Scores were 
scaled between 0 and 1 per method and summed across all methods to represent the similarity score. White 
dots in tiles are shown when populations are among the top reciprocal matches according to two or all three 
methods. Coloured bar on the right represents broader annotation. Chol, cholinergic; Amy, amygdala; MSN, 
medium spiny neurons; CP, caudate putamen; OB, olfactory bulbs; CeA, central amygdala; MeA, medial 
amygdala; IA, intercalated amygdala; Sep, septum. Adapted from (1). 

2.2.5.2 Comparison of excitatory neurons across amniotes 
Compared to GABAergic inhibitory neurons in the subpallium, glutamatergic excitatory 
neurons in the pallium are thought to have diverged more extensively during amniote 
evolution. While cell type similarities among inhibitory neurons likely indicate homology, 
similarities among excitatory neurons are often attributed to convergent evolution based 
on analyses using transcription factors versus effector genes (41, 75, 134). Therefore, 
multiple comparative methods, multiple species, and developmental context are essential 
for distinguishing homology from convergence. 

2.2.5.2.1 Comparison of adult excitatory neurons across amniotes 

2.2.5.2.1.1 Avian hippocampal and arcopallial neurons correspond to mammalian 
hippocampal and amygdalar neurons 

Consistent with the greater conservation of inhibitory neurons, I found that similarity 
scores between murine and chicken excitatory neurons are generally lower than those of 
inhibitory neurons in comparisons across all neuronal supertypes (Fig. S14). Even within 
the subset of excitatory neurons, numerous chicken supertypes lack clear murine 
counterparts, only few display one-to-one correspondence (Fig. 23), and different 
methods do not always agree (Fig. S15). To avoid confounding effects, immature neuron 
populations were excluded from these analyses, as their inclusion would introduce 
developmental variation that could obscure evolutionary signals. 

One of the strongest cross-species similarities among excitatory neurons in my data is 
observed between Ex_CACNA1H_PROX1 in chickens and neurons in the murine dentate 
gyrus (DG) of the hippocampus (Fig. 23A, Fig. S15A), aligning with their comparable medial 
pallial localization. Consistently, both populations also correspond to clusters in the lizard 
medial cortex (Fig. 24, Fig. 25, Fig. S17, Fig. S18). The closely related supertype, 
Ex_CACNA1H_CPA6, best matches murine CA3 neurons (Fig. 23) and lizard dorso-medial 
cortex clusters (Fig.24), strongly suggesting that the DG and CA3 subfields, along with their 
characteristic cell types, are conserved across amniotes. The comparison to an external 
mouse dataset (Fig. 23B) reveals similar correspondences, however murine DG neurons 
are not represented as a separate population in this dataset. 
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Figure 23 Comparison of adult glutamatergic excitatory neurons between chicken and mouse. (A) 
Comparison between chicken supertypes and murine excitatory subclasses from this study (presented in 
chapter “Cell type atlas of the adult murine pallium”) based on three different methods. Coloured bar on 
the right represents broader annotation. (B) Comparison of excitatory supertypes in the chicken pallium to 
mouse excitatory subclasses from (76) based on three methods. Scores were scaled between 0 and 1 per 
method and summed across all methods to represent the similarity score. White dots in tiles are shown 
when populations are among the top reciprocal matches according to two or all three methods. For cell 
population abbreviations in mouse see List of abbreviations. Adapted from (1). 

The extent to which other chicken hippocampal supertypes correspond to known 
mammalian hippocampal subfields and cell types is less certain. Ex_CACNA1H_KIT shows 
some resemblance to murine CA1 neurons (Fig. 23A) and retrohippocampal cell types (Fig. 
23B), consistent with its hippocampal localization, but aligns most closely with Slc17a7+ 
populations in the murine amygdala (Fig. 23A). In lizard, Ex_CACNA1H_KIT matches 
neurons in the dorsal cortex, which, in turn, correspond to murine CA1 neurons as well as 
to cells in retro-hippocampal regions like the subiculum and entorhinal cortex. These 
varied alignments, along with the relatively low numbers of Ex_CACNA1H neurons, 
suggest that further sampling of the chicken hippocampal areas could reveal additional 
heterogeneity and potentially uncover other hippocampal subfields  

The Ex_CACNA1H_LHX9 supertype, located in the chicken arcopallium, closely resembles 
neurons in both the murine and lizard amygdala (Fig. 23A, 24). Comparisons with an 
external mouse dataset confirm its similarity to populations in the lateral, basolateral, 
basomedial, and posterior amygdalar nuclei (Fig. 23B), supporting previous findings that 
suggest homology between certain arcopallial and amygdalar populations across 
amniotes (41, 75). These observations also align with the hypothesis that the arcopallium 
and amygdala share a developmental origin in the ventral-caudal regions of the pallium, 
suggesting they could be field-homologous (128). However, these structures differ 
significantly in anatomy and function: in birds, the arcopallium serves as the principal 
output structure of the pallium (37, 38), while in mammals, this function is primarily 
carried out by layer 5 pyramidal tract (L5 PT) neurons in the isocortex (182). The observed 
transcriptomic similarity between Ex_CACNA1H_LHX9 and L5 PT neurons suggests that 
Ex_CACNA1H_LHX9 likely represents the primary output neurons within the arcopallium, 
reflecting a degree of functional convergence with L5 PT neurons as output populations 
in the pallial circuits of birds and mammals, respectively. 

The Ex_TSHZ2_NR4A2 supertype, which shares some marker gene expression with 
Ex_CACNA1H supertypes and is sparsely distributed in the HA, exhibits a strong 
transcriptomic similarity to the murine subiculum and limited similarity to 
extratelencephalic-projecting neurons in the isocortex and retrohippocampal regions 
(L5_PT_CTX, L5_PPP, L5_ET_CTX; Fig. 23). Given that the subiculum is the primary output 
structure of the hippocampus (183), these findings suggest that Ex_TSHZ2_NR4A2 
corresponds to the outward-projecting neurons of the hyperpallium, known to be located 
within the HA (38, 49). Consistently, comparisons to the lizard indicate a close alignment 
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of Ex_TSHZ2_NR4A2 with clusters in the posterior dorsal cortex (Fig. 24, Fig. S17), which 
in turn correspond to the mammalian subiculum (Fig. 25, Fig. S18). Together, these 
observations suggest that this hyperpallial subregion may share greater similarity with the 
mammalian retrohippocampal area than with the isocortex, despite development-based 
homology hypotheses proposing a field-homology between the entire hyperpallium and 
the isocortex (Fig. 4A) (128, 133). 

 

Figure 24 Comparison of adult glutamatergic excitatory neurons between chicken and lizard. Comparison 
between chicken supertypes and lizard excitatory clusters based on three different methods. Coloured bar 
on the right represents broader reginal annotation as presented in chapter “Cell type atlas of the adult lizard 
pallium”. Scores were scaled between 0 and 1 per method and summed across all methods to represent the 
similarity score. White dots in tiles are shown when populations are among the top reciprocal matches 
according to two or all three methods. MC, medial cortex; DMC, dorso-medial cortex; DC, dorsal cortex; LC, 
lateral cortex; aDVR, anterior DVR; pDVR, posterior DVR; amDVR, anterior medial DVR. Adapted from (1). 
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Figure 25 Comparison of adult glutamatergic excitatory neurons between mouse and lizard. Comparison 
between murine excitatory subclasses from this study and lizard excitatory clusters based on three different 
methods. Coloured bars represent broader annotations as presented in chapters “Cell type atlas of the 
murine pallium” and “Cell type atlas of the adult lizard pallium”. Scores were scaled between 0 and 1 per 
method and summed across all methods to represent the similarity score. White dots in tiles are shown 
when populations are among the top reciprocal matches according to two or all three methods. MC, medial 
cortex; DMC, dorso-medial cortex; DC, dorsal cortex; LC, lateral cortex; aDVR, anterior DVR; pDVR, posterior 
DVR; amDVR, anterior medial DVR. For cell population abbreviations in mouse see List of abbreviations. 
Adapted from (1). 

Ex_BCL6, which is associated with the Ex_CACNA1H subclass and situated in an olfactory-
input-receiving area (Fig. 13G), shows great similarity to neurons in the murine piriform 
cortex (Fig. 23A, Fig. S15A) and lizard lateral cortex (Fig. 24), also associated with olfactory 
input processing (24, 168). However, these lizard lateral cortex neurons more closely 
match a population in the murine entorhinal cortex rather than the piriform cortex (Fig. 
25, Fig. S18). Additional comparisons with a different mouse dataset reveal a predominant 
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similarity of Ex_BCL6 to cells in the murine medial extended amygdala (Fig. 23B, Fig.S15B), 
another region implicated in olfactory processing (184). Despite these cross-dataset and 
cross-species inconsistencies, these findings suggest that Ex_BCL6 likely represents a 
conserved olfactory-input-related neuronal population. Expanding the sampling of 
olfactory-associated populations across amniotes may clarify these correspondences 
further. 

2.2.5.2.1.2 Avian mesopallial neurons correspond to neurons in the mammalian 
claustrum and deep cortical layers 

Mesopallial Ex_SATB2_ZNF385B supertype exhibits strong similarity to cells in the lizard 
anterior medial DVR and the murine Car3 population (Fig. 23A), a result corroborated by 
comparisons to an external mouse dataset (Fig. 23B). The Car3 population represents the 
primary cell type of the murine claustrum and potentially the dorsal endopiriform nucleus, 
though it is also sparsely distributed in deep cortical layers (76, 78). The lizard anterior 
medial DVR has been proposed as the reptilian homolog of the mammalian claustrum 
based on transcriptomic and functional parallels (42), with my comparisons also showing 
some similarity between neurons in this region and murine Car3 cells (Fig. 25, Fig. S18). 
Together, these findings reveal a distinct correspondence of this cell population across all 
major amniote lineages, suggesting its presence in the last common amniote ancestor. 
Based on the great transcriptomic similarity, this cell type appears to have been 
comparatively conserved throughout amniote evolution unlike many other glutamatergic 
populations, potentially suggesting an essential function.  

The similarity between the avian mesopallium and the mammalian claustrum aligns with 
several developmental homology models that propose the existence of distinct pallial 
sectors (128, 133). According to the tetrapartite pallium hypothesis, specifically, the 
lateral pallial sector gives rise to the claustrum, endopiriform nucleus, and insular cortex 
in mammals, as well as the mesopallium in birds (Fig. 4A) (128). Conversely, circuit-based 
homology models posit that the mesopallium is homologous to upper cortical layers due 
to their shared predominant associative functions and intra-telencephalic connectivity 
(Fig. 4B) (115, 126). 

Two other mesopallial supertypes, Ex_SATB2_SOX6 and Ex_SATB2_FOXP2, exhibit weaker 
transcriptomic similarities with both lizard and mouse cell populations. The closest match 
for these supertypes in lizards is also neurons of the anterior medial DVR (Fig. 24), while 
in mouse they resemble corticothalamic (CT) projecting neurons (Fig. 23). If the 
resemblance to lizard amDVR cells reflects homology, this may indicate that 
Ex_SATB2_SOX6 and Ex_SATB2_FOXP2 diverged from a Car3-like cell populations within 
the avian lineage. However, this interpretation would necessitate a convergent evolution 
of transcriptomic features with murine CT neurons, despite their differing functional roles. 
If instead the similarities to murine CT populations are indicative of homology, this 
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suggests an evolutionary divergence in connectivity patterns, given that mesopallial 
neurons primarily establish intra-telencephalic connections, whereas CT neurons project 
to the thalamus. Such findings would also pose challenges to the tetrapartite hypothesis, 
which suggests that avian mesopallial and murine CT neurons originate from distinct 
pallial regions (Fig. 4A) (128).  

The remaining supertype within the Ex_SATB2 subclass, Ex_SATB2_OVOA, exhibits low 
transcriptomic similarities to various populations in both mouse and lizard (Fig. 23, Fig. 
24), rendering the evolutionary origin of this cell type non-conclusive and suggesting 
multiple potential scenarios. For example, Ex_SATB2_OVOA may represent a new 
chicken-specific cell type; alternatively, corresponding cell types may have been lost in 
mammals and lizards. It is also possible that this supertype has diverged to such an extent 
from other homologous cell types that homology is not detectable anymore in these 
transcriptomic comparisons. 

Within the Ex_SATB2_KIAA1217 subclass, the Ex_KIAA1217_BCL6 supertype shows only 
limited similarity to mammalian populations, while Ex_KIAA1217 aligns closely with 
murine layer 6b (L6b) neurons and near-projecting neurons of the subiculum (NP PPP) 
(Fig. 23). The similarity to mammalian L6b cells is further corroborated by an independent 
study that compared mammalian and chicken cell types based on enhancer codes (180), 
supporting the resemblance between Ex_KIAA1217 and deep-layer cortical neurons. 

Given the strong similarity between Ex_KIAA1217 and murine populations but limited 
similarity to lizard clusters (Fig. 24), I extended the analysis to available turtle pallial data 
(Fig. 26, Fig. S19), which includes a larger representation of neurons from the anterior 
dorsal cortex, a region comparably larger in turtles than in lizards (41). This analysis 
uncovered a three-way correspondence between Ex_KIAA1217, murine L6b cells, and 
turtle neurons in layer 2a of the anterior dorsal cortex (e08; Fig. 26, Fig. 27). This 
population in turtle has been proposed to be homologous to deep-layer isocortical 
neurons (41). These observations strengthen the notion that L6b-like neurons, which 
constitute the deepest layer of the mammalian cortex and arise from the subplate, a 
largely transient developmental structure (185), may derive from ancestral subplate-like 
neurons in the last common amniote ancestor, although reptiles lack a defined subplate 
structure (186). 

These findings indicate that the avian mesopallium may share homology with regions of 
the mammalian isocortex beyond the insular cortex alone. This broader similarity 
contrasts with the tetrapartite pallium hypothesis, which limits homology of the 
mesopallium to the insular cortex (Fig. 4A) (128). Although a more recent version of the 
hypothesis proposes tangential migration from early claustral cells into the mammalian 
subplate (129), which could explain the observed similarities, this migration remains 
unconfirmed, and one tracing study, while not exhaustive, provides no support for this 
migration (150). 
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Figure 26 Comparison of adult glutamatergic excitatory neurons between chicken and turtle. Comparison 
between chicken supertypes and turtle excitatory clusters from (41) based on three different methods. 
Coloured bar on the right represents broader regional annotation from (41). Scores were scaled between 0 
and 1 per method and summed across all methods to represent the similarity score. White dots in tiles are 
shown when populations are among the top reciprocal matches according to two or all three methods. MC, 
medial cortex; DMC, dorso-medial cortex; aDC, anterior dorsal cortex; pDC, posterior dorsal cortex; aLC, 
anterior lateral cortex; pLC, posterior lateral cortex; aDVR, anterior DVR; pDVR, posterior DVR; PT, pallial 
thickening. Adapted from (1). 
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Figure 27 Comparison of adult glutamatergic excitatory neurons between turtle and mouse. Comparison 
between turtle excitatory clusters from (41) and murine excitatory subclasses from this study based on 
three different methods. Coloured bars represent broader regional annotation taken from (41) or as 
presented in chapter “Cell type atlas of the murine pallium”. Scores were scaled between 0 and 1 per 
method and summed across all methods to represent the similarity score. White dots in tiles are shown 
when populations are among the top reciprocal matches according to two or all three methods. MC, medial 
cortex; DMC, dorso-medial cortex; aDC, anterior dorsal cortex; pDC, posterior dorsal cortex; aLC, anterior 
lateral cortex; pLC, posterior lateral cortex; aDVR, anterior DVR; pDVR, posterior DVR; PT, pallial thickening. 
For cell population abbreviations in mouse see List of abbreviations. Adapted from (1). 

2.2.5.2.1.3 Avian hyperpallial and nidopallial neurons and corresponding 
mammalian neuron populations diverged 

Supertypes belonging to the hyperpallial an nidopallial subclasses, Ex_DACH2_CALCR and 
Ex_DACH2_SV2C, align primarily with populations in the lizard DVR rather than in the 
dorsal or medial cortex, despite their partly dual regional origins (Fig. 24, Fig. S17). Most 
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Ex_DACH2_CALCR supertypes, including the mixed supertype Ex_DACH2_ZMAT4, show a 
stronger similarity to the sensory-recipient anterior DVR in lizards. However, when 
compared to turtle, where the anterior dorsal cortex is more extensive, predominantly 
hyperpallial supertypes (Ex_DACH2_TAC1 and Ex_DACH2_ITGA9) correspond more 
closely to clusters in the anterior dorsal cortex (Fig. 26, Fig. S19). Consistently, 
Ex_DACH2_ZMAT4 exhibits similarities to both the turtle’s anterior DVR and anterior 
dorsal cortex, reflecting its dual regional identity. 

In assessing Ex_DACH2_CALCR supertypes—predominantly located within sensory-
processing regions of the nidopallium and hyperpallium—against the mouse dataset, I 
predominantly observed weak similarities to populations in isocortical layers 4 and 5 (Fig. 
23, Fig. S15). Circuit-based homology models have proposed that sensory-recipient 
neurons in the avian nidopallium may be homologous to those in layer 4 of the 
mammalian isocortex. However, my findings show that the Ex_DACH2_RORB supertype, 
situated centrally within these sensory-input regions, very closely resembles neurons in 
layer 2a of the murine piriform cortex rather than isocortical populations (Fig. 23A, Fig. 
S15A). In support of this correspondence, I identified a three-way correspondence 
between Ex_DACH2_RORB, a lizard anterior DVR cluster (Ex_21; Fig. 24, Fig. S17), and 
murine piriform cortex cells (Fig. 25, Fig. S18). Comparisons with an external mouse 
dataset shows predominant similarity of this supertype to layer four isocortical neurons 
(Fig. 23B, Fig. S15B), but a comparison to the same dataset at a more finely resolved 
annotation level additionally confirms the resemblance to a murine piriform cortex 
population (Fig. S16). 

Neurons in layer 2a of the piriform cortex arise from ventral pallial regions (187, 188) and 
function as the primary recipients of olfactory bulb input in mice (189). This alignment 
suggests that nidopallial sensory-input neurons, which also originate from ventral pallial 
regions, employ gene expression programs similar to those of isocortical neurons but may 
have evolved from ventral pallial sensory-input-processing neurons. Whether these 
ventral pallial sensory-input neurons in the last common ancestor of amniotes processed 
olfactory or other sensory modalities remains unclear. 

The Ex_DACH2_SV2C supertypes most closely resemble clusters in the posterior DVR of 
lizards (Fig. 24, Fig. S17), despite being distributed across diverse regions in the chicken 
brain. Even highly regionally mixed Ex_DACH2_SV2C supertypes, such as 
Ex_DACH2_MGAT4C and Ex_DACH2_ADAMTS5, align more closely with turtle DVR 
populations than with dorsal cortex clusters, though similarity scores are generally low 
(Fig. 26, Fig. S19). In comparisons with mouse populations, Ex_DACH2_SV2C supertypes 
show weak similarity to neurons in retrohippocampal regions, the posterior cortical 
amygdala, and parts of the isocortex (Fig. 23, Fig. S15). However, these similarities lack 
corroboration from three-way matches with lizard or turtle clusters (Fig. 25, Fig. 27), 
suggesting that low similarity scores in these cases do not reliably indicate homology. 
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These findings imply that neuron types within the sauropsid DVR—particularly in the avian 
nidopallium, and to some extent the hyperpallium—and their potential mammalian 
homologs have undergone significant transcriptomic divergence. Consequently, the 
evolutionary origins of Ex_DACH2_CALCR and especially Ex_DACH2_SV2C remain elusive. 

2.2.5.2.2 Comparison of excitatory neurons in the developing pallium between birds and 
mammals reveals broad homologies 

Given the distinct glutamatergic developmental trajectories in the developing chick 
pallium (Fig. 18I) and higher conservation of gene expression across species during 
development compared to adults (132), I reasoned that a comparison based on 
developmental data may reveal broader but more robust homologies between avian and 
mammalian pallial cell populations which might not be obvious in adult comparisons. I 
thus compared the chicken developmental data for the glutamatergic lineage to 
corresponding mouse data (60) where I refined the annotation of the pallial glutamatergic 
lineage (see chapter 2.2.1.2). 

Given the continuous nature of the developmental datasets for the chicken and murine 
pallium and the absence of clearly identifiable cellular lineages in the murine data (in 
contrast to the chicken pallium), I chose not to subsample cell type populations for this 
comparison. Gene specificity index (GSI) correlation relies on average gene expression per 
population and is thus particularly sensitive to variations in cell numbers between 
populations. This sensitivity, along with other potential factors such as differences in gene 
selection between comparative methods, likely contributed to the observed GSI 
correlation being more strongly influenced by developmental stage than by lineage 
identity (Fig. S22). To better capture lineage relationships, I therefore only used Seurat’s 
CCA-based integration with label transfer and SAMap for this comparison; these 
approaches use different gene sets—one-to-one orthologs and all orthologs, 
respectively—and distinct algorithms. 

The comparison revealed that the two types of progenitor cells (radial glial cells, RGCs; 
intermediate progenitor cells, IPCs) exhibit the highest inter-species similarity, suggesting 
that pallial radial glia are very highly similar between birds and mammals and the 
identified proposed IPCs in chicken are indeed homologous to mammalian IPCs (Fig. 28, 
Fig. S21). 

The inter-species comparison of early neuronal trajectories mostly supports my adult 
findings and reveals additional relationships not discernible in adults. Hippocampal 
neurons also show conservation during development, but the avian 
hippocampal/arcopallial trajectory hardly resembles the mammalian amygdala, although 
the main avian arcopallial cell population (Ex_CACNA1H_LHX9) clearly resembled 
mammalian amygdalar cells in adult comparisons (Fig. 23). This discrepancy may arise 
from challenges in distinguishing early arcopallial and hippocampal glutamatergic neurons 
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in the chicken dataset, or cells from different amygdalar nuclei in the mouse 
developmental dataset. More refined comparisons, with deeper sampling of the chicken 
hippocampal/arcopallial lineage and the mouse amygdalar lineage, may provide further 
insights into these developmental relationships. 

The mesopallial trajectory closely resembles both early and mature deep-layer cortical 
neurons, consistent with trends observed in adult analyses, where several mesopallial 
supertypes resemble neurons in murine isocortical layer 6. However, the avian 
Ex_SATB2_ZNF385D population strongly resembles a claustral population in adults (Fig. 
23). Due to the claustrum’s small size and consequently limited sampling in the developing 
mouse brain dataset, no distinct claustral population was identifiable in this 
developmental dataset to corroborate this correspondence. 

The hyperpallial trajectory, which likely generates cells in the hyperpallial subregions IHA 
and HA, aligns most closely with upper and deep cortical layer neurons during 
development. This matches findings in adults, where the primary IHA cell population 
(Ex_DACH2_TAC1) shows similarities to neurons in mammalian isocortical layers 4/5 (Fig. 
23). However, HA cell populations displayed a convergent transcriptomic profile with 
nidopallial populations in adults and did not clearly correspond to any mammalian cell 
types in adult comparisons. 

 

Figure 28 Comparison of developing glutamatergic excitatory neurons between chicken and mouse. 
Comparison between chicken pallial lineages as presented in chapter “Developmental origins of 
glutamatergic excitatory avian pallial ” and populations in the developing murine pallium from (80) as 
presented in chapter “Refined annotation of cell types in the developing murine pallium”. Lineages 
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comprising many cells in chick were split into early and late according to pseudotime (Fig. 17C). Comparison 
is based on two methods. Scores were scaled between 0 and 1 per method and summed across both 
methods to represent the similarity score. White dots in tiles are shown when populations are among the 
top reciprocal matches according to both methods. IPCs, intermediate progenitor cells; cyc, cycling; HPF, 
hippocampal formation; DG, dentate gyrus; CA, Cornu Ammonis; SUB, subiculum; UL, upper cortical layers; 
CTX, cortex; IT, intra-telencephalic; DL, deep cortical layers; PT, pyramidal-tract-projecting; NP, near-
projecting; CT, corticothalamic-projecting; Amy, amygdala; PIR, piriform cortex; ENT, entorhinal cortex; 
OB_MT, olfactory bulb mitral tufted cells; Ex_PCs, early radial glia (likely neurogenic); Ex_diff_ipc, excitatory 
intermediate progenitors and differentiating neurons; NidoP, nidopallial lineage; Hc/ArcoP, hippocampal 
and arcopallial lineage; HyperP, hyperpallial lineage; MesoP, mesopallial lineage; Hc/HyperP, between 
hippocampal and hyperpallial lineage; MesoP/HyperP_diff, early differentiating cells of mesopallial or 
hyperpallial lineage. Adapted from (1). 

Notably, the nidopallial trajectory closely resembles the developing amygdala, piriform, 
and entorhinal cortex — a correspondence not fully evident in adult comparisons. In 
adults, only one population located in the sensory-input-receiving areas of the 
nidopallium (Ex_DACH2_RORB) exhibited clear similarity to piriform cortex cells (Fig. 23, 
Fig. S16), while others showed low or inconclusive similarities to mammalian populations. 
Although these developmental correspondences remain broad, likely largely due to the 
underrepresentation of non-isocortical lineages in the murine dataset, they provide a 
valuable framework for refining cell population homologies. Together, these 
developmental comparisons also underscore that avian hyperpallial and nidopallial 
populations, despite their convergent transcriptomic profiles in adults, likely have distinct 
developmental (see chapter 2.2.4.2) and also evolutionary origins. 

Together, these findings suggest that pallial intermediate progenitor cells (IPCs) were 
already present in the last common amniote ancestor. Moreover, unlike their adult 
counterparts, early neurons in the avian pallium retain transcriptomic signatures that 
reflect their developmental origins, enabling the identification of broad homologies 
between mammalian and avian cell populations.  
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3 DISCUSSION 
In my dissertation, I investigated the evolution of cell types in the amniote pallium, a 
forebrain region critical for integrating sensory information, for cognition, memory, and 
complex behaviours (7, 25, 27, 38). In amniotes (mammals, birds, and non-avian reptiles), 
the pallium has undergone remarkable morphological diversification (17), with its cell 
types forming the basis for the distinctive structural and functional features observed in 
these lineages. The evolutionary relationships of amniote pallia are arguably one of the 
most controversial topics in comparative neuroscience (48, 129, 133), which I addressed 
by generating and investigating crucial datasets including unprecedentedly thorough 
cross-species comparisons.  

A central component of this work was the generation of the first comprehensive, spatially 
resolved cell type atlas of the chicken pallium, capturing the diversity and regional 
specificity of cell populations across both adult and in ovo developmental stages. By 
comparing this avian pallial atlas to various pallial datasets from mice and non-avian 
reptiles, I traced the evolution of pallial cell types and structures across amniotes. 

3.1 EVOLUTION OF GABAERGIC INHIBITORY NEURONS IN THE AMNIOTE PALLIUM 
Consistent with a previous study (75) I showed that in the adult avian pallium, as in 
mammals, the transcriptomic profiles of GABAergic inhibitory neurons reflect their 
developmental origins in distinct subpallial regions, specifically the lateral, medial, and 
caudal ganglionic eminences. Most inhibitory neuron populations are broadly distributed 
across the pallium, suggesting they function as interneurons, while a few populations are 
regionally confined to areas in the olfactory bulbs and arcopallium, which likely represent 
GABAergic projection neurons. These potential projection populations are derived from 
the lateral ganglionic eminence (LGE), consistent with distributions in the mammalian 
pallium (15, 71). As previously shown (41, 75), cross-species comparisons reveal strong 
transcriptomic conservation of inhibitory neuron types across amniotes. 

Notably, despite this overall conservation, an LGE-derived cell population which is 
localized in the intercalated amygdala in mammals (154) and in a specific caudal pallial 
region in lizards (41), has become widely distributed and highly abundant throughout the 
chicken pallium, matching a population previously characterized in finches. This finding is 
significant because the avian pallium has been shown to harbour sensory-motor circuits 
similar to those in the mammalian isocortex (37, 38), suggesting that these circuits in birds 
may incorporate an entirely different type of interneuron that lacks a counterpart in the 
mammalian isocortex. This difference suggests functional adaptations within avian pallial 
circuits. 
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3.2 REGIONAL ORGANIZATION AND DEVELOPMENT OF GLUTAMATERGIC EXCITATORY 

NEURONS IN THE AVIAN PALLIUM 
I demonstrated that glutamatergic excitatory neuron populations in the avian pallium 
exhibit a more spatially restricted distribution compared to inhibitory interneurons, a 
pattern also observed in mammals (68, 76, 82). Their transcriptomic profiles reflect both 
their functional roles and their confinement to specific regions, likely influenced by their 
developmental origins in distinct pallial domains. To disentangle signals related to adult 
functional roles from those tied to developmental origins, I traced the developmental 
lineages that give rise to these excitatory populations during in ovo development. 

One adult excitatory neuron subclass (Ex_CACNA1H) harboured populations located in 
the chicken hippocampal regions and the arcopallium, a structure in the caudal ventral 
pallium, serving as the primary output structure of the DVR (36, 38). I showed that 
neurons in this subclass also likely arise from a shared developmental cellular lineage. 
These findings challenge several previous hypotheses regarding the organization of the 
avian pallium, including the tetrapartite pallium theory, that define distinct pallial sectors 
along the medial-to-lateral and rostral-to-caudal axes (128, 133). According to these 
hypotheses hippocampal and arcopallial neurons arise from distinct pallial sectors, which 
should be mirrored in their transcriptome. Although hippocampal and arcopallial 
excitatory neurons show some unique marker gene expression, my observations indicate 
the existence of a continuous region around the caudal pole of the developing avian 
telencephalon rather than distinct germinative sectors, as previously suggested by the 
continuum hypothesis (Fig. 3). 

Additionally, according to the tetrapartite and related development-based hypotheses, 
cells in all hyperpallial subregions share a common developmental origin in the dorsal 
pallial sector (Fig. 4A). However, I observed that excitatory cells in different hyperpallial 
subregions arise from two to three distinct cellular lineages. Specifically, cells in the 
densocellular and intermediate hyperpallium (HD/HI) form a homogeneous territory 
together with cells in the adjacent mesopallium and arise from the same lineage during 
development, as previously suggested by the continuum hypothesis (47, 48). The apical 
hyperpallium (HA), located adjacent to the hippocampal regions, contains a cell 
population that resembles both, cells in the hippocampal and hyperpallial lineage in gene 
expression (Ex_TSHZ2_NR4A2). Only the remaining cells in the apical hyperpallium (HA) 
and cells in the interstitial apical hyperpallium (IHA) clearly originate from the distinct 
hyperpallial developmental lineage. These findings suggest significant medial to lateral 
variation in cellular transcriptomes in the chicken hyperpallium instead of a singular 
transcriptomic identity. 

I observed pronounced transcriptomic and gene regulatory similarities between cell 
populations in the (interstitial) apical hyperpallium (HA+IHA) and nidopallium, consistent 
with bulk transcriptome analyses of the adult zebra finch pallium (48) and evident in two-
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week old chicks in a parallel study (180). Based on these adult similarities and in situ 
expression profiles of few selected genes during development (47), the continuum 
hypothesis suggests that neurons in the apical hyperpallium and associative nidopallium, 
as well as those in the interstitial apical hyperpallium and sensory-input receiving areas of 
the nidopallium, respectively, arise from shared embryonic regions.  Contrary to this 
hypothesis, I identified distinct cellular trajectories in the hyper- and nidopallium during 
in ovo development, likely giving rise to both associative and sensory input-related cell 
types in each structure. These observations better align with the tetrapartite pallium and 
related hypotheses, which suggest that hyperpallial and nidopallial neurons do not share 
a common developmental origin given they arise from topologically separated pallial 
domains (128, 133).  

The identified hyperpallial and nidopallial lineages exhibit only base-level similarity at mid-
neurogenesis stages - similar to the level of similarity observed between the hyperpallial 
and other lineages. This limited similarity also aligns with my observation that shared cell 
populations in adults are partially absent at embryonic day 19. Although tangential 
migration from the nidopallium to the hyperpallium or vice versa could explain the 
similarity, a previous tracing study (116) and my data show no evidence for it. Specifically, 
this study showed that tangential migration from ventral to dorsal pallial areas (and vice 
versa) is absent before E14. Consistently, I observe only minimal contribution from dorsal 
pallial dissections to the nidopallial developmental lineage, and minimal contribution of 
ventral pallial dissections to the hyperpallial developmental lineage until E19. However, 
these in silico observations warrant further validation with true lineage tracing 
techniques. Extensive tangential migration after E19, which would be required to explain 
the strong similarity between the hyper- and nidopallium in adults and on post-hatch day 
15 (180), seems unlikely. By E19, the brain morphologically already closely resembles its 
adult form, and upon certain stimuli chicks at this stage show metabolic activity across 
the entire brain similar to that observed in awake postnatal chicks (179), indicating that 
the brain is nearing its full functional activity by this stage. 

Thus, while I cannot formally exclude tangential migration after E19, I propose that the 
remarkable similarity between avian hyperpallial and nidopallial cell populations — both 
of which perform analogous roles in different sensory circuits — is fully established by 
post-hatch day 15 in chicks (180) due to substantial gene expression convergence. This 
convergence may be driven by the dramatically increased sensory input experienced post-
hatching, consistent with studies indicating that early postnatal development in both 
mammals and birds represents a period of significant transcriptional change in brain 
development (132). One study in mammals further links early postnatal neuronal activity 
to the formation of new gene regulatory elements, which drive the expression of neuron-
subtype-specific genes and shape mature neuronal identity (190).  
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Figure 29 Proposed model of cellular development in the chicken pallium. Schematic representation of 
coronal sections of the telencephalon in the developing chick (left) and adult chicken (right). Differently 
colored dots correspond to transcriptomically distinct glutamatergic cell populations, largely corresponding 
to early neuron lineages in the developing, and subclass and supertype annotations in the adult pallium. I 
propose that, during development, neuron populations from dorsal (orange) and ventral (blue) pallial 
regions progressively converge to similar transcriptomic profiles. These converged populations represent 
input (cyan) and intra-telencephalic-projecting (IT) neurons (dark green) in the hyperpallium and 
nidopallium in the adult. Few populations do not converge and can clearly be linked to their ontogenetic 
origin from distinct embryonic territories. These populations are represented by remaining dorsal (orange) 
and ventral (blue) dots in the interstitial apical hyperpallium (IHA) and nidopallium (NidoP), respectively. 
Half orange, half yellow dots represent the Ex_TSHZ2_NR4A2 population, for which it is not clear if it 
originates from the hippocampal (yellow) or hyperpallial (orange) lineage. Sp, subpallium; Hc, hippocampal 
areas; HA, apical hyperpallium; HI/HD, intercalated and densocellular hyperpallium; va, vallecula; MesoPd, 
dorsal mesopallium; MesoPv, ventral mesopallium; NidoP, nidopallium; EP, entopallium (visual nidopallial 
nucleus); ArcoP, Arcopallium. 

Overall, I could classify pallial glutamatergic cell types into four major developmental 
lineages in chicken with likely distinct spatial origins, supporting the existence of distinct 
pallial developmental sectors in birds (Fig. 29). However, the extent and position of these 
sectors does not entirely match any single previously proposed model. Although I confirm 
certain aspects of the continuum model (37, 47, 48), my findings deviate from it in key 
conclusions regarding the hyperpallium and nidopallium. My findings also differ from the 
tetrapartite pallium model in the exact extent of the four sectors (128), although one 
could argue that the differences are minor. However, the tetrapartite pallium hypothesis 
suggests the existence of the same sectors across amniote species, which remains to be 
validated (further discussed below), and implies that developmental territories confer 
strong regional identity in the adult. However, I observed an extensive developmental 
convergence of gene expression programs between excitatory cell populations from the 
hyperpallium and nidopallium during late developmental stages (Fig. 29), suggesting that 
the topological location within the embryonic pallium is not always a determinant factor 
for gene expression programs defining functions in adults, at least in birds. 

3.3 EVOLUTION OF GLUTAMATERGIC EXCITATORY CELL POPULATIONS IN THE AMNIOTE 

PALLIUM 

The evolutionary relationships of pallial regions and cell types across amniotes have long 
been debated. My analyses validated previously proposed relationships but also 
uncovered unexpected potential homologies (Fig. 30, Fig. S23). 
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My findings that homologs of excitatory neurons in the mammalian hippocampus are 
present in corresponding regions of the chicken pallium, together with data for non-avian 
reptiles (41) and amphibians (19), indicate that key hippocampal regions and cell types 
were present in the last common tetrapod ancestor and have been preserved across 
amniotes. This suggests an essential function of hippocampal cell types, potentially 
related to its fundamental role in spatial memory and navigation (26).  

The principal glutamatergic population in the avian arcopallium (Ex_CACNA1H_LHX9) 
closely resembles certain mammalian amygdalar cells, suggesting their homology.  

These correspondences were previously proposed by development-based homology 
models on the basis of assumed common developmental origins of mammalian and avian 
hippocampal neurons in a medial pallial sector, and amygdalar and arcopallial neurons in 
a ventral sector (128, 133). However, as mentioned above, I find that in chicken, excitatory 
cell types in the hippocampus and arcopallium likely arise from a shared developmental 
lineage, in line with observations in zebra finch (48), suggesting that at least in birds the 
previously defined medial sector extends into caudal ventral pallial areas. According to 
my knowledge a similar scenario has never been proposed for mammals, i.e., that cells in 
any amygdalar nuclei share high similarity with (retro-) hippocampal cells during 
development. However, the similarity of lineages giving rise to different pallial excitatory 
cell types in different pallial regions during development has also never been evaluated in 
detail in the mammalian pallium. Still, these observations suggest that pallial subdivisions 
may not be conserved across amniotes. 

Further, I identified notable divergence between the avian nidopallium and its proposed 
mammalian counterparts. Circuitry-based hypotheses suggest homology between the 
avian nidopallium and various mammalian isocortical layers (Fig. 4B) (115, 126). While I 
detected some transcriptomic similarities between nidopallial sensory-input-related 
populations and neurons in mammalian isocortical layers 4 and 5, these similarities are 
overall low, and nidopallial neurons also exhibit some similarity to populations in the 
mammalian entorhinal cortex and cortical amygdala. None of these similarities was 
corroborated by comparisons across multiple amniote lineages. Only one distinct cell type 
in the sensory-input-receiving regions of the nidopallium (Ex_DACH2_RORB) clearly 
resembles neurons in the mammalian piriform cortex. 

Consistently, my developmental analyses revealed homology between the avian 
nidopallial lineage and neurons in the developing mammalian amygdala, piriform cortex, 
and entorhinal cortex—structures that, like the avian nidopallium, predominantly arise 
from ventral regions of the pallium (99, 187, 188). These findings suggest that excitatory 
neurons in the avian nidopallium are homologous to at least some cell types in these 
mammalian structures, although their gene expression patterns have diverged 
significantly (Fig. 30). Further investigations, including more comprehensive sampling of 
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these regions during mammalian pallial development, are essential to clarify these 
potential homologies. 

Neurons in distinct subregions of the avian hyperpallium, previously proposed to be field-
homologous to the entire mammalian isocortex (128, 133), do not uniformly correspond 
to neurons within a single mammalian structure. This aligns with their diverse 
transcriptomic profiles and developmental origins, as discussed above. For instance, one 
cell type in the apical hyperpallium (Ex_TSHZ2_NR4A2) shows similarities to neurons in 
mammalian retrohippocampal structures and the posterior dorsal cortex of other reptiles, 
which in turn was proposed to resemble mammalian retro-hippocampal structures (41). 
In contrast, cells in the densocellular and intercalated hyperpallium (HD/HI) resemble 
mesopallial cell types, which are similar to mammalian claustral and deep cortical layer 
neurons. Despite notable transcriptomic similarity between nidopallial and hyperpallial 
sensory-input-receiving populations, my analysis suggests homology only between cells 
in the interstitial apical hyperpallium (Ex_DACH2_TAC1) and mammalian isocortical layers 
4 and 5. Specifically, while both, nidopallial and hyperpallial sensory-input-receiving 
populations, show some similarities to neurons in mammalian isocortical layers 4 and 5, 
only the latter correspondence is corroborated by developmental. This is consistent with 
these populations’ shared roles as sensory-input-receiving neurons in the pallium (38, 49). 
Together, these findings partially support development-based hypotheses of field 
homology between the hyperpallium and isocortex (128, 133) but do not fully align with 
circuit-based hypotheses suggesting homology between all sensory input-receiving 
neurons in the avian pallium and neurons in mammalian isocortical layers 4 and 5 (126). 

Neurons in the avian mesopallium resemble those in the mammalian claustrum and deep 
layers (L6b, L6 CT) of the isocortex and retrohippocampal areas. This completely contrasts 
with correspondences suggested by circuit-based models proposing homology of 
mesopallial populations to neurons in upper isocortical layers due to their shared 
integrative functions (115, 126). One mesopallial population (Ex_SATB2_ZNF385B) 
strongly resembles the main murine claustral population (Car3) and neurons in the lizard 
anterior medial DVR. I also observed high similarity of Car3-corresponding populations 
among all mammalian lineages. This close transcriptomic similarity, along with proven 
functional resemblance in lizards (42), suggests homology, high transcriptomic, and at 
least partial functional conservation of this cell type across all amniote and mammalian 
lineages. Notably, an equivalent cell type was not identified in the salamander nor 
different teleost species (73, 74, 191), indicating that this cell type may have originated 
within amniotes, potentially evolving essential functions that contributed to its retention 
and conservation within this clade. 

The correspondence of Car3-like populations aligns with development-based hypotheses 
suggesting that both the mammalian claustrum and avian mesopallium emerge from a 
lateral pallial sector (128, 133). However, I also identified a population in the avian 
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mesopallium (Ex_KIAA1217) and turtle anterior dorsal cortex resembling mammalian 
subplate-derived layer 6b neurons. These layer 6b neurons are present across different 
pallial sectors, as defined by those development-based hypotheses. Additionally, other 
adult mesopallial cell populations transcriptomically resemble mammalian cortico-
thalamic (CT) projecting neurons in isocortical L6 and retrohippocampal areas, rather than 
neurons is the proposed mammalian lateral pallium, encompassing the claustrum, 
endopiriform nucleus and insular cortex (Fig. 4A). My developmental comparisons and a 
study comparing amniote enhancer codes (180) further support the similarity of the 
mesopallial lineage to deep layers of the isocortex and hippocampal formation. These 
findings challenge the tetrapartite and other development-based hypotheses and again 
suggest that pallial subdivisions are not conserved across amniotes. 

Altogether, my cross-amniote comparisons reveal general correspondences among 
populations in the medial and ventral pallial areas, though the latter is evident only during 
development. These findings align more closely with development-based hypotheses 
than circuit-based ones. However, while some cell populations are conserved across 
amniotes in proposed dorsal and lateral pallial sectors, my results do not support a strict 
one-to-one regional homology. This challenges the notion of amniote-shared pallial 
territories, particularly in dorsal and lateral regions, as proposed by several development-
based homology models (128, 133). Nevertheless, a dorsoventral organization is evident 
in the developing chicken pallium, consistent with conserved early brain patterning likely 
inherited from a common tetrapod ancestor (17). This suggests a conserved gradient-
based topological organization, though pallial subdivisions or lineages may have evolved 
largely independently across different tetrapod lineages (192). 

 

Figure 30 Proposed homologies of excitatory neuron populations between birds and mammals. Schematic 
representation of coronal sections of the telencephalon in the adult mouse (left) and chicken (right). 
Differently coloured dots represent transcriptomically distinct glutamatergic excitatory neuron populations, 
likely homologous across species. Dotted lines in the mouse separate distinct pallial territories as suggested 
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by the tetrapartite hypothesis (128). In selected avian pallial regions, many dots indicate high transcriptomic 
similarity of most cell types in this region to murine populations, while fewer dots suggest lower similarity 
or that only a few avian populations resemble murine populations. HPF, hippocampal formation; L4/5; 
isocortical layer four and five; L6, isocortical layer six; Cla, claustrum; I, insular cortex; Pir, piriform cortex; 
PA, pallial amygdala. 

Despite differences in projection patterns and regional localization, mammalian cell types 
corresponding to avian mesopallial populations—claustral Car3, layer 6b, and layer 6 
corticothalamic (CT) neurons—share a defining characteristic: they all originate early in 
development from the murine cortical neuroepithelium (185), reflected in their shared 
transcriptomic profiles. For example, claustrum and layer 6b neurons exhibit numerous 
shared developmental markers (150), though the neurons in the adult mammalian 
claustrum ultimately adopt a distinct transcriptomic identity (78, 82). Additionally, single-
cell RNA sequencing reveals numerous shared marker genes between layer 6b and 6 CT 
neurons (82). In contrast, upper-layer cortical neurons originate at later stages in 
development (137). 

Although avian mesopallial neurons are generated at intermediate stages of neurogenesis 
(104), my comparisons therefore suggest potential homology with early-born neurons in 
the lateral, dorsal, and medial regions of the mammalian pallium. Furthermore, neurons 
in the avian interstitial apical hyperpallium (IHA) may be homologous to mammalian layer 
4 and 5 neurons and are produced after most mesopallial neurons (104). A previous study 
comparing turtle and mouse pallial excitatory neurons similarly identified neurons in the 
turtle anterior dorsal cortex that share characteristics with neurons in either deep or 
upper cortical layers, with deep-layer-like neurons in the turtle cortex emerging first 
during development (41). Consistent with these findings, my own cross-species 
comparisons also reveal evidence of deep-layer and layer 4-like programs in the turtle 
anterior dorsal cortex. These findings suggest that sequential development of cells with 
deep- to higher-layer-like transcriptomic programs may represent an ancestral trait 
among amniotes. However, cells resembling mammalian layer 2 and 3 neurons appear 
absent in both chicken and turtle. This absence suggests that upper-layer neuron types, 
particularly layer 2 and 3, may represent a mammalian-specific innovation. 

Together, these findings indicate a conserved deep-layer-like program present in the last 
common ancestor of amniotes. In mammals, this program appears to have diversified 
independently, ultimately giving rise to the distinct upper-layer neuron types in the 
isocortex. This diversification may have been influenced by factors such as an extended 
neurogenic period in early mammals compared to early sauropsids or the emergence of 
new neuronal progenitor cell types in the pallium (90). These changes could have allowed 
neurons specified during later developmental stages or derived from novel progenitors to 
acquire unique transcriptomic and functional profiles. 
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3.4 IMPLICATIONS FOR THE EVOLUTION OF ADVANCED COGNITIVE ABILITIES IN BIRDS AND 

MAMMALS 
Arguably, natural selection acts on behaviour, which is the output of neural circuit activity. 
To elucidate the evolution of cognitive capabilities across amniotes it is thus crucial to 
understand the evolution of the underlying neural circuits. While previous studies have 
shown that circuitry in the mammalian and avian pallium is remarkably similar (38), the 
findings of this dissertation underscore the dual evolutionary pattern shaping the cells 
constituting these circuits in the amniote pallium.  

Inhibitory interneurons show high transcriptomic conservation, suggesting that they serve 
as a stable element within pallial circuits across amniotes. This conserved inhibitory 
framework may be crucial for core functions like feedforward and feedback inhibition, 
oscillatory activity, spike timing, and to maintain circuit stability (193). Despite this 
conservation, some functional divergence remains possible as evidenced by birds 
incorporating a unique interneuron type not observed in the mammalian isocortex, which 
may contribute to circuit specialization. 

In contrast to inhibitory interneurons, my results make clear that most excitatory neurons 
supporting similar circuits in the mammalian isocortex and avian pallium have evolved 
convergently, rather than through a shared ancestry. These neurons differ in relative time 
and topological location of origin during development, gene expression patterns and 
specification mechanisms. For example, cells forming the microcircuit of the avian 
hyperpallium appear specified by spatial origin, with a medial-to-lateral transcriptomic 
gradient, while in the mammalian isocortex, excitatory neurons populating different 
layers are specified temporally during development. Overall, this dual evolutionary 
pattern might suggest that conserved inhibitory mechanisms support essential network 
requirements, while allowing excitatory circuitry to adapt and evolve to meet the 
demands of higher cognitive functions. However, the factors underlying the remarkable 
evolutionary flexibility of principal excitatory projection neurons in contrast to inhibitory 
interneurons, despite the presence of conserved circuits, remain unclear and warrant 
further investigation. 

3.5 OUTLOOK 
Overall, this dissertation provides valuable novel insights and clarifies key aspects of the 
evolution of neuronal cell types in the amniote pallium. It also highlights the limitations 
of current hypotheses on pallial evolution and motivates further research into the cellular 
evolution and development of the pallium across species. 

The generated datasets lay the foundation for the investigation of several other 
evolutionary questions, which were not the focus of this study. For instance, a comparison 
of glial cell expression patterns across species may offer insights into glial diversity in 
amniotes, as glia play critical roles in neural function and cognition. Additionally, the data 
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for the developing avian pallium can be leveraged to identify genes involved in the 
neurogenesis-to-gliogenesis transition. Such investigations could reveal how these 
transitions are timed and modified across different amniote lineages. 

This study did not specifically target the subpallium, which would be necessary to fully 
characterize the diversity of subpallial progenitor populations generating GABAergic 
neurons. However, further analysis of GABAergic neuron development using the existing 
data could already illuminate the mechanisms driving the high abundance and broad 
distribution of LGE-derived interneurons in the avian pallium and elucidate how 
evolutionarily conserved gene expression programs are modified to result in a major 
phenotypic change. Tracing the differentiation pathways of these interneurons may 
reveal avian-specific features underlying their extensive proliferation and migration.  

To better understand the proposed convergence between cell types in the avian 
hyperpallium and nidopallium, developmental profiling across additional pre-hatch and 
post-hatch stages is essential. Coupling this with chromatin accessibility data would help 
identify shared or distinct gene regulatory networks and clarify how and when convergent 
gene expression arises in these regions. This approach could reveal which molecular 
mechanisms drive parallel transcriptomes in different avian brain areas. 

Expanding comparative datasets across a broader range of species—both for adults and 
development—will be crucial to advancing our understanding of pallial cell type evolution. 
A pan-mammalian cell type atlas covering eutherians, marsupials, and monotremes that 
spans all pallial regions, not just the isocortex as presented in this dissertation, would be 
instrumental in reconstructing the ancestral cell type composition of the mammalian 
pallium. Alongside equivalent pan-avian or potentially pan-sauropsid atlases, these 
resources would enhance our ability to distinguish lineage-specific changes from core 
features retained across larger clades, revealing more incremental steps in the evolution 
of diverse cellular profiles within the amniote pallium. Developmental data for the chicken 
pallium was foundational in this study, as more conserved developmental stages offer 
valuable insights into cell population homologies across species. Comparable datasets for 
mammals and other sauropsids would significantly improve our ability to identify 
homologous and convergent cell types and clarify whether the cellular developmental 
lineages identified in chicken represent shared amniote lineages or evolved 
independently. Although mammalian data exist, targeted dissections and spatially 
resolved analyses beyond the isocortex are needed to achieve a truly comprehensive 
perspective on pallial evolution across amniotes.  

Lastly, this study used the chicken as the primary avian model. While chickens provide 
many advantages for developmental studies, they do not represent the peak of avian 
cognitive abilities. Advanced cognitive capabilities are observed in birds like corvids and 
parrots, which have higher neuron counts and extended neurogenic periods compared to 
chicken (194). Examining these species, alongside mammalian models, will be crucial to 
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understanding the evolutionary pathways that give rise to complex cognitive functions. 
Future studies of these more cognitively advanced avian species will further clarify how 
developmental timing, cell type diversity, and network complexity interact to produce 
advanced cognitive traits across amniotes. 
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4 METHODS 

4.1 SAMPLE COLLECTION 
Mice (Mus musculus, RjOrl:SWISS) were housed under a 12h/12h dark/light cycle in a 
temperature (20-24 °C) and humidity (40-65%) controlled room with ad libitum access to 
food and water. Mice were sacrificed by cervical dislocation on post-natal day 56. 
Dissections of the frontal isocortex include the anterior cingulate area, the prelimbic area, 
the orbital area, the infralimbic area, primary and secondary motor areas and the 
agranular insular area up to the start of the corpus callosum. Dissections of the ventral 
and lateral pallial derived structures include the insular cortex, the claustrum, the 
endopiriform nucleus, the piriform cortex and the amygdala. The positions of these 
regions were determined according to the Allen Mouse Brain Reference Atlas (2004). All 
animal procedures were performed in compliance with national and international ethical 
guidelines for the care and use of laboratory animals, and were approved by the local 
animal welfare authorities: Heidelberg University Interfaculty Biomedical Research 
Facility (T-23/19, T-28/21). 

Gray short-tailed opossums (Monodelphis domestica) were bred in a colony in Museum 
für Naturkunde Berlin, Leibniz Institute for Evolution and Biodiversity Science (Germany). 
The animals were housed under a 12h/12h light/dark cycle in a temperature (24-26 °C) 
and humidity (60-65%) controlled environment with ad libitum access to food and water. 
Animals were sacrificed by isoflurane overdose. All animal procedures were performed in 
compliance with national and international ethical guidelines for the care and use of 
laboratory animals, and were approved by the local animal welfare authority Berlin State 
Office of Health and Social Affairs, LAGeSo (T0198/13, ZH104). 

The collection of samples from wild short-beaked echidnas (Tachyglossus aculeatus) was 
approved by the Australian Animal Ethics Committee and carried out according to local 
guidelines. 

Most samples from adult chickens (Gallus gallus, aged 1-2 years, breed: red junglefowl) 
were received from Linköping university. The study was approved by the Linköping 
Council for Ethical Licensing of Animal Experiments, license number 288-2019. The 
animals were kept in pens under a 12:12 h dark:light schedule and provided with food and 
water ad libitum. In addition, we were provided with heads of healthy domestic chickens 
(Gallus gallus, aged ca. 2 years, breed: Lohmann white) by a local farm. Brains were 
extracted and either dissected in ice-cold PBS and snap frozen in liquid nitrogen, or 
embedded in OCT sectioning medium and frozen on dry ice to preserve for cryosectioning. 
The brains of two individuals were dissected into four anatomical regions, meso- and 
nidopallium combined, arcopallium, hyperpallium and hippocampal region. Our 
dissection of the hyperpallium does not include most of the proposed caudal hyperpallium 
, which was previously annotated as the dorsolateral corticoid area (CDL) (43, 195). This 
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area was mostly dissected as part of the hippocampal region.  

Fertilized chicken eggs (Gallus gallus) were purchased from Granja Santa Isabel and 
incubated at 37.5 °C in a humidified atmosphere until the required developmental stage. 
The day when eggs were incubated was considered embryonic day (E)0. All animal 
experiments were approved by a local ethical review committee and conducted in 
accordance with personal and project licenses in compliance with the current normative 
standards of the European Union (Directive 2010/63/EU) and the Spanish Government 
(Royal Decrees 1201/2005 and 53/2013, Law 32/107). 

Wild lizards (Anolis carolinensis) were obtained from a commercial supplier 
(Interaquaristik.de) and were kept in temporary cages before they were anesthetized by 
intraperitoneal injection of Narcoren (16 g/100 ml Sodium – Pentobarbital, Boehringer 
Ingelheim; 200 mg/kg body weight) and subsequently decapitated. Brains were extracted 
and dissected in ice-cold PBS. All animal procedures were performed in compliance with 
national and international ethical guidelines for the use of laboratory animals, and were 
approved by the local animal welfare authorities: Heidelberg University Interfaculty 
Biomedical Research Facility (T-04/21). 

4.2 SINGLE-NUCLEUS RNA-SEQUENCING 

4.2.1 NUCLEI PREPARATION 
Nuclei were isolated from fresh frozen tissue according to a protocol adapted from (196). 
Briefly, the tissue was homogenized by trituration on ice in 250 mM sucrose, 25 mM KCl, 
5 mM MgCl2, 10 mM Tris HCl (pH 8), 0.1 % IGEPAL, 1 μM DTT, 0.4 U/μl, Murine RNase 
Inhibitor (New England Biolabs), 0.2 U/μl SUPERas-In (Thermo Fisher) and Hoechst DNA 
dye. After 5 min of incubation, remaining unlysed tissue was pelleted and removed by 
centrifugation at 100 g for 1 min. Nuclei in the collected supernatant were pelleted at 400 
g for 5 min. Then, nuclei were washed once in homogenization buffer before they were 
resuspended in 1x PBS and filtered using Flowmi cell filters (pore size 40 µm; Merck). For 
adult samples used in single nuclei RNA experiments, fluorescence activated cell sorting 
(BD FACSAria ii, 85 μm nozzle, BD Biosciences) was used to separate single nuclei from 
remaining debris and aggregates according to forward and sideward scatter properties, 
as well as DNA content based on Hoechst signal. Due to the limited volume allowed as 
input, samples used for single nuclei multiome experiments were not sorted to keep a 
high concentration of nuclei in the solution. Following sorting or final resuspension, nuclei 
were counted on Countess II FL Automated Cell Counter (Thermo Fisher). 17 000 nuclei 
were employed for single nuclei RNA and multiome sequencing experiments. 

4.2.2 LIBRARY PREPARATION AND SEQUENCING 
Single nuclei RNA and multiome sequencing experiments were performed using the 10x 
Chromium Single Cell 3’ v3 and v3.1 Gene Expression Kit (10x Genomics) and the 10x 
Chromium single cell multiome ATAC + gene expression kit (v1), respectively, following 
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the manufacturer’s instructions. Quantification and quality control of libraries was 
performed using a Qubit Fluorometer and the High Sensitivity NGS Fragment Kit for 
Agilent’s Fragment Analyzer (Agilent, Santa Clara, CA, USA). V3 and v3.1 gene expression 
libraries were sequenced on an Illumina NextSeq 500/550 (Illumina) using the High Output 
Kit v2.5 (75 Cycles; Illumina) with paired end sequencing and 28 cycles for Read 1, 56 
cycles for Read 2 and 8 cycles for i7 index to a depth of ca. 200 million reads. 

Multiome libraries were sequenced on NextSeq 500/550 using the High Output Kit v2.5 
(150 Cycles; Illumina) with paired end sequencing. A custom recipe, provided by Illumina, 
was used to sequence the multiome ATAC libraries to specify 8 dark cycles at i5 index. 
Multiome RNA libraries were sequenced with 28 cycles for Read 1, 90 cycles for Read 2 
and 10 cycles for both indices to a depth of ca. 200 million reads. For Multiome ATAC 
libraries the read lengths were 50 cycles for Read 1 (DNA), 8 cycles for i7 index (sample 
index), 8 dark cycles followed by 16 cycles for i5 index (Barcode), and 50 cycles for Read 2 
(DNA). 

4.2.3 GENOME ANNOTATION AND ALIGNMENT 
For mouse samples I used the ensembl reference genome (release 91). For opossum 
samples I used assembly monDom5 with a custom annotation provided by Dr. Evgeny 
Leushkin, for which RNA-seq data form the opossum brain was used to extend the 
annotation provided by ensembl release 91 as described in (197). For echidna samples, 
assembly mTacAcu1 was used with the RefSeq NCBI annotation (released 2020). For 
chicken samples, I used genome assembly galGal5 and a custom annotation. The custom 
annotation, generated by Dr. Evgeny Leushkin, is based on the reference genome 
annotation from Ensembl release 87, which was extended using chicken brain 3’-RNA-
sequencing data as previously described in (197). Assembly AnoCar2.0 and the ensembl 
reference genome annotation (release 104) was used for green anole samples. I used 
STAR aligner (v 2.7.10a) to produce references for all species and used the STARsolo mode 
(--soloType CB_UMI_Simple) to align reads to references (--clipAdapterType CellRanger4; 
--outFilterScoreMin 20; --soloCBmatchWLtype 1MM_multi_Nbase_pseudocounts; --
soloUMIfiltering MultiGeneUMI_CR; --soloUMIdedup 1MM_CR; --soloMultiMappers EM) 
(198, 199). 

4.3  ANALYSIS OF SINGLE-NUCLEUS RNA-SEQUENCING 

4.3.1 DATA QUALITY CONTROL  
Nuclei-containing barcodes were identified based on the number of UMIs and the fraction 
of intronic reads. Doublets were identified and removed in each library using ScDblFinder 
(v 1.12; settings: dbr = 0.1; dbr.sd = 1) (69). Subsequently, barcodes with a high fraction 
of mitochondrial reads (chicken adult > 0.03, developmental chicken > 0.1, mouse > 0.05, 
green anole > 0.2, opossum > 0.05) were removed. Mitochondrial genes were not 
annotated in the echidna genome. Each library was then clustered and any low-quality 
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clusters (lower average number of UMIs, higher average fraction of mitochondrial reads, 
lower average fraction of intronic reads, few differentially expressed genes and spread 
appearance on the UMAP) were removed. 

4.3.2 INTEGRATION OF REPLICATES PER SPECIES 
Whole datasets, as well as subsets, were integrated as follows. Each library was 
individually normalized and highly variable genes were identified using the SCTransform 
function implemented in Seurat (v 4.3.0) (200) with residual variance cutoff 
(variable.features.rv.th) set to 1.4. The fraction of mitochondrial reads was regressed out 
during normalization (except for echidna datasets). Subsequently, libraries were merged 
using Seurat’s merge function. For chicken datasets, where I had profiled multiple 
individuals, I chose the union of variable genes, which were called variable in at least two 
individuals, as the set of variable genes for the merged dataset. Genes whose expression 
could not be detected in all individuals but were part of the set of variable genes, were 
set to 0 scaled expression in all libraries, in which expression could not be detected, so 
they were not lost in the merged object. 

For mouse, green anole, opossum and echidna datasets I called variable genes 
independently for each dissection, if they were variable in at least one individual and were 
expressed in the other individual (detected in at least 5 cells). I then used the union of 
these dissection-specific variable genes as the set of variable genes for the whole dataset. 
As described above, genes, whose expression could not be detected in all individuals, i.e., 
across dissections, were set to 0 scaled expression. 

For the echidna and opossum datasets, and the glutamatergic lineage in the developing 
chick pallium I used batch integration to achieve a better integration across individuals or 
developmental stages, respectively. Specifically, I performed Harmony integration (v 
0.1.1) (201) based on 40 principal components that were computed on the whole dataset 
or neuronal subsets (echidna) or on glutamatergic lineage dataset (chick), which were 
merged as described above, before I generated the UMAP projections shown in Fig. 6 and 
Fig. 18-21 and ran diffusion pseudotime on the chick dataset (see below). 

4.3.3 CLUSTERING AND ANNOTATION 
4.3.3.1 Clustering 
In all merged datasets, I identified cell classes according to the expression of major known 
marker genes. Cell populations in the non-neuronal class were only broadly annotated 
and not clustered further. In the adult chicken dataset, neuronal cell classes were subset 
and again split into broad groups, which roughly correspond to the annotated subclasses, 
although the exact subclass annotation was determined post-hoc. These groups were 
merged, renormalized and integrated as described above, and subsequently clustered 
using Louvain clustering at different resolutions. The highest resolution was chosen so the 
dataset was clearly overclustered. The cluster identity of cells at different resolutions was 
then used to construct a dendrogram using MRtree, which allows to build cluster 
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hierarchy based on flat clustering obtained for multiple resolutions (202). Differentially 
expressed genes were called between clusters representing nodes of the dendrogram 
using Seurat’s FindMarkers function (min.pct = 0.3; logfc.threshold = 0.2) to decide 
whether these clusters should be merged. Clusters were merged if we could not identify 
robust differential expression of any transcription factors or genes related to neuronal 
function. The green anole and adult mouse datasets were clustered similarly, only that 
neuronal cell classes were not further split into groups due to overall lower cell numbers. 
The developing chick dataset was only broadly clustered to define major cell populations 
shown in Fig. 16C.  

Opossum and echidna neuronal subsets were clustered to a resolution which I selected 
guided by the extent to which populations appeared distinct in the UMAP and exhibited 
variation in the expression of key marker genes. Echidna excitatory clusters were grouped 
into broader populations based on lower resolution clustering and shared marker gene 
expression. 

4.3.3.2 Identification of supertypes and subclasses in the adult chicken pallium 
Supertype and subclass identity of individual clusters was determined according to their 
position in a cluster dendrogram, which was constructed for the complete dataset or for 
neuronal cell classes, and according to low resolution Louvain clustering. To construct 
cluster dendrograms, I calculated the average expression per cluster of the union of the 
top 5000 expressed genes per cluster in the dataset or cell class, respectively, using 
Seurat’s AverageExpression function. Gene expression was correlated across clusters 
using Spearman correlation and the resulting correlation matrix was used as an input for 
hierarchical clustering using pvclust (method.hclust = "ward.D2", nboot = 1000) (203). For 
the dendrogram of excitatory neuron clusters I excluded clusters, which likely contained 
cells inadvertently dissected from the thalamus (TCF7L2+) (160). 

4.3.3.3 Annotation of adult mouse data 
Since I expected little overlap between cell populations from different dissections (frontal 
isocortex or ventro-lateral pallial regions, see Fig. 8A, I analyzed dissections separately. 
Libraries from each dissection were integrated and clustered as detailed above. 
Subsequently I used CCA-based integration and label transfer implemented in Seurat 
(151) to transfer labels from different subsets of external datasets to our data to aid with 
annotation (see below). Specifically, I used subsets of (82) to annotate our data for the 
frontal isocortex, since dissections overlap between the two datasets. To aid with 
annotation of our data for ventro-lateral pallial derivatives, I used different datasets which 
partly covered the regions we dissected (82, 83, 154). Especially cell populations of the 
piriform cortex were annotated using available in situ hybridization data (155) of 
identified marker genes, since this region was not covered in any external dataset at the 
time. I named overlapping populations according to the supertype and subclass 
nomenclature introduced in (82) and only introduced new names for non-overlapping 
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populations. To create the final adult mouse pallium dataset, I subsampled 300 cells per 
neuronal supertype from all profiled regions in (82) and integrated this subset with our 
datasets from both dissections. 

4.3.3.4 Annotation of lizard data 
Libraries from all dissections (cortex and DVR) were integrated and clustered as detailed 
above. Clusters were assigned a probable regional identity according to the expression of 
marker genes, whose in situ expression is known in other reptiles, and according to 
comparisons to available scRNA-seq data from the pallium of one turtle and another lizard 
species (41, 42, 72). For details on comparisons across species see below. 

4.3.3.5 Annotation of developing mouse pallium 
Data from (80) was subset as described in chapter 2.2.1.2. The subset was integrated as 
described under data integration, followed by batch integration using Harmony (201) to 
produce the UMAPs shown in Fig. 9. In order to annotate early neurons in more detail, I 
subset late intermediate progenitor cells and neurons and ran the same integration 
procedure before clustering to a high resolution. Clusters of early neurons were 
annotated based on the expression of known marker genes and spatial expression of 
identified marker genes in available in situ hybridization data (204). Radial glia and 
intermediate progenitor cells (IPCs) were not annotated in more detail. 

4.3.4 SUPERTYPES SHARED ACROSS REGIONS – DENDROGRAM AND DIFFERENTIAL GENE 

EXPRESSION 
I used snRNA-seq data from two individuals (one profiled using 10x Chromium Single Cell 
3’ v3.1 Gene Expression Kit, the other using 10x Chromium single cell multiome ATAC + 
gene expression kit) for which the pallium was dissected into anatomical regions, to 
construct a dendrogram of supertypes split by dissection. For one individual I pooled the 
“anterior DVR” and “posterior DVR” samples in silico to represent the DVR. I identified 
“shared” excitatory supertypes as supertypes with at least 35 cells from both DVR and 
hyperpallium dissections in both individuals. The datasets were subset to shared 
supertypes and cells were subsampled for roughly equal contribution from both 
individuals per supertype, with a maximum of 300 cells per supertype and dissection. If 
one individual had fewer than 100 cells per supertype and dissection, the other individual 
was subsampled to contain 100 cells. Subsequently, data from both individuals was 
merged and I calculated average gene expression per supertype and dissection across all 
expressed genes using Seurat’s AverageExpression function. Average gene expression of 
supertypes per dissection were correlated using Spearman correlation, and the resulting 
correlation matrix was hierarchically clustered using pvclust (method.hclust = "ward.D2", 
nboot = 1000) (203). 

To identify differentially expressed genes between supertypes shared across regions, I 
used the same dataset as described above, but did not subsample cells before merging 
data from both individuals. Counts were aggregated per dissection and supertype using 
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Seurat’s AggregateExpression function and significantly (adjusted p-value <= 0.05) 
differentially expressed genes were identified using DESeq2 (v 1.38.3) (205) according to 
the standard workflow. 

4.4 COMPARISON ACROSS SPECIES 

4.4.1 COMPARISONS ACROSS MAMMALIAN LINEAGES 
For CCA-based label transfer from the murine to opossum and echidna isocortex datasets, 
1:1 orthologous genes were identified using OrthoFinder (v 2.5.4) (206). The species and 
genomes used for OrthoFinder are listed in Table 1. 

Table 1 Species and genomes used for OrthoFinder to determine orthologous genes across mammals. 

Species Genome assembly 
Mus musculus GRCm38 
Callithrix jacchus mCalJac1.pat.X 
Homo sapiens GRCh38 
Loxodonta Africana LoxAfr3 
Vombatus ursinus bare-nosed_wombat_genome_assembly 
Monodelphis domestica ASM229v1 
Tachyglossus aculeatus mTacAcu1 
Ornithorhynchus anatinus mOrnAna1.p.v1 
Sarciphilus harrisii mSarHar1.11 

 

For label transfer I identified all 1:1 orthologs, which could be detected in both species. I 
then subset each dataset to the chosen set of genes and ran the standard Seurat pipeline 
(v 4.3.0) to map and annotate query datasets, using canonical correlation analysis (CCA) 
as the reduction method (151). To calculate the weighted fraction shown in Fig.7, I first 
calculated the fraction of cell type populations in one species predicted to belong to cell 
type populations in the other species. I then weighted this fraction by the average 
prediction score for each prediction. 

4.4.2 COMPARISONS ACROSS AMNIOTE LINEAGES 
For adult cross-amniote comparisons I used three different methods to compare adult cell 
type populations across species, namely gene specificity index (GSI) correlation as 
described in (41), Seurat’s CCA-based integration with label transfer (151) and SAMap 
(v1.0.7) (181). To calculate the similarity score, scores resulting from each method were 
scaled from 0 to 1 and added, meaning the similarity score can range from 0 to 3 for all 
adult comparisons. I excluded immature neuron populations from these comparisons, as 
these were not detected in all species, and to avoid adding the extra dimensionality of 
development. For each method and comparison, I determined the top reciprocal matches 
per cell type population by finding the overlap between the top five most similar 
populations for each cell type population as viewed from one species and the top five 
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most similar populations as viewed from the other species. 

For GSI correlation and CCA-based label transfer, 1:1 orthologous genes were identified 
using OrthoFinder (v 2.5.4) (206). The species and genomes used for OrthoFinder are 
listed in Table 2. The standard SAMap workflow includes a BLAST-based approach to 
identify orthologous genes. 

Table 2 Species and genomes used for OrthoFinder to determine orthologous genes across amniotes. 

Species Genome assembly 
Mus musculus GRCm38 
Homo sapiens GRCh38 
Monodelphis domestica ASM229v1 
Chrysemys picta bellii Chrysemys_picta_BioNano-3.0.4 
Chelydra serpentina Celydra_serpentina-1.0 
Pogona vitticeps pvi1.1 
Anolis carolinensis AnoCar2.0v2 
Crocodylus porosus CroPor_comp1 
Taeniopygia guttata bTaeGut1_v1 
Gallus gallus Gallus_gallus-5.0 

 

To mitigate any differences in power to identify shared gene expression across species 
between different cell type populations within one species, I subsampled cells and UMIs 
within each species. Specifically, for label transfer and SAMap, cell populations containing 
more than the median cell number were subsampled to the median cell number. For GSI 
correlation, I additionally subsampled UMI counts per cell in large cell type populations 
(cell number > median cell number) because I saw that this approach is especially sensitive 
to differences in power, as large populations on average always showed higher 
correlations. The mouse datasets were subsampled so that cells from our own dataset 
were preferred over cells from (82) in shared populations. For the comparison to the 
entirely external mouse dataset (76) the dataset was subset to glutamatergic neurons 
from pallial regions (excluding neuroblasts) before subsampling 300 cells per supertype 
identity, which were then used in the comparison. 

Seurat CCA-based label transfer: For label transfer I identified all 1:1 orthologs, which 
could be detected in both species. I then subset each dataset to the chosen set of genes 
and ran the standard Seurat pipeline (v 4.3.0) to map and annotate query datasets, using 
canonical correlation analysis (CCA) as the reduction method (151). To calculate one third 
of the overall similarity score, I first calculated the fraction of cell type populations in one 
species predicted to belong to cell type populations in the other species. I then weighted 
this fraction by the average prediction score for each prediction. Values from one 
comparison (two species, glutamatergic and/or GABAergic neurons) were then scaled 
between 0 and 1. 
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GSI correlation: For GSI correlation, I first calculated the average expression of all genes 
per cell type population in the subsampled datasets of each species. I then subset the 
expression matrix to genes, which were robustly expressed in both species i.e. genes 
which showed an average expression of at least 5 UMIs summed across all cell type 
populations, and which were expressed by at least 2% of cells of at least one cell type 
population in both species in the complete dataset (not subsampled). I then calculated 
the gene specificity indices according to (41) and correlated cell type populations based 
on the calculated indices using spearman correlation. I scaled the resulting correlation 
between 0 and 1. 

SAMap: I used datasets subsampled as detailed above to run the standard SAMap 
workflow (181). When constructing the SAMap object, I set “keys” to the highest 
resolution defined in the dataset, which was usually clusters. When running the SAMap 
algorithm I set “neigh_from_keys” to the levels of annotation I wanted to compare. 
Resulting cell type mapping scores were scaled from 0 to 1. 

Comparison of developmental mouse and chicken datasets: As explained in the results 
section I did not subsample cell type populations for the comparison. Since GSI correlation 
is particularly sensitive to differences in cell number and number of detected genes, I 
decided to only use SAMap and Seurat CCA label transfer for this comparison, meaning 
the maximum similarity score is 2. 

4.4.3 IDENTIFICATION OF EXCITATORY NEURON LINEAGES IN THE DEVELOPING CHICKEN 

PALLIUM 
To identify different lineages of early excitatory neurons in the developing chicken 
pallium, I adapted an approach previously established to identify cellular lineages in 
mouse embryogenesis (178). Therefore, cells of the excitatory lineage were subset and 
split by developmental stage. Data for each stage was normalized and integrated 
separately as described in chapter 4.3.2 with minor adaptations. The residual variance 
cutoff was set to 1.3 and variable genes of the merged object encompassed all variable 
genes which were called variable in at least one individual and detected in at least two 
individuals. Integrated datasets per stage were clustered to high resolutions and 
subsequently integrated with the previous and following stages using Harmony 
integration (201) to calculate a shared UMAP embedding. I then used a k-nearest-
neighbor (k-NN) heuristic on the shared embeddings, as described in (178), to connect 
“pseudoancestor” and “pseudodescendant” populations across stages with weighted 
edges resulting in a weighted graph. Because the weighted graph was too complex to 
examine visually, I filtered out edges with a weight below 0.1 and applied leiden clustering 
implemented in igraph (v 1.4.2) with different resolution parameters (n_iterations = 4, 
objective_function = 'modularity') (207) to identify potential lineages of early neurons. I 
identified four major lineages which encompassed most neurons in the dataset. Some 
populations of the earliest and most mature neurons formed separate leiden 
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communities at higher resolutions likely because these are highly similar across few stages 
and are connected to later or previous stages, respectively, by low weight edges only. To 
assign these largely disconnected populations to lineages, I identified marker genes of the 
four major identified lineages using Seurat’s FindMarkers function and different subsets 
of cells per lineage with high or low pseudotime values and evaluated the expression of 
these genes in populations with unidentified lineage identity. I could assign a clear lineage 
identity to most cell populations, although some could not be unambiguously assigned 
and remained “unknown” or were named after their two most closely related lineages. 

4.4.4 PSEUDOTIME 
I calculated diffusion-based pseudotime (177) implemented in scanpy (v 1.9.3) for the 
excitatory neuron lineage in the developing chicken pallium as described in (176). Briefly, 
I used Harmony-corrected components to construct a graph based on the 20 k-nearest 
neighbors of each cell. A diffusion map was computed based on the neighborhood graph 
and was used as input for pseudotime estimated with zero branchings. The root of the 
pseudotime was specified as a random cell belonging to the earliest developmental stage 
(E6) and to a cluster of non-cycling radial glia (Ex_PCs). 

4.4.5 CORRELATION OF EARLY NEURON LINEAGES 
The four major lineages of early neurons identified in the developing chicken pallium 
(HyperP, medial/ArcoP, MesoP and NidoP) were split into six bins according to 
pseudotime. Pseudotime - lineage bins were correlated using Pearson correlation of 
average expression across variable genes identified in the whole excitatory lineage as 
described in chapter 4.3.2. 

4.5 IN SITU SEQUENCING (ISS) 
Samples embedded in OCT mounting medium were cryosectioned into 10 µm sections 
and stored at −80 °C until further use. Sections were processed for ISS using the High 
Sensitivity Library Preparation Kit from CARTANA AB (now 10x Genomics) (208). After 
fixation in 3.7% (v/v) paraformaldehyde in UltraPure distilled water for 10 min, sections 
were processed in SecureSeal hybridization chambers (Grace Bio-Labs) following the 
manufacturer’s protocol. The mounted sections were shipped to CARTANA’s facility 
(Solna, Sweden) for ISS. The 50 chosen profiled genes (Table S1) represent marker genes 
with medium expression levels identified from the chicken adult dataset, as well as known 
markers from mammals. In order to assign identities to cells in the sections, segmentation 
of cells is needed. Therefore, I first segmented cells based on the DAPI image (Fig. S7A) 
only, using an approach provided by CARTANA which is based on intensity thresholding 
and a watershed segmentation (209). I then used this segmentation as a prior distribution 
for baysor (v 0.5.1) (210), which allows to incorporate information from gene molecule 
positions as well as the DAPI image. Baysor was run with the following specifications: scale 
= 12, scale_std = 3, prior-segmentation-confidence = 0.2, min_molecules_per_cell = 3. The 
segmentation output of baysor was evaluated visually (Fig. S7B). 
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Following segmentation, I used Tangram (v1.0.4) (159) to map snRNA-seq data to tissue 
sections. As spatial data input to Tangram, I subset baysor output to cells mostly located 
in the pallium in order to mimic the dissections used for snRNA-seq and make the spatial 
and snRNA-seq data most comparable, since Tangram also takes abundances of 
populations into account. I then integrated the chosen subsets of cells in each section with 
the complete snRNA-seq dataset from the adult chicken using the cluster mode and all 50 
spatially profiled genes, resulting in a matrix containing mapping probabilities for each 
cell in the section to each identity in the snRNA-seq dataset. I separately mapped class as 
well as supertype labels to all cells in the sections. Cells were confidently assigned a 
supertype identity if cell class as well as supertype label assignment were in agreement 
(e.g., a cell with supertype identity Ex_CACNA1H_PROX1 should also be identified as an 
excitatory neuron), and the cell belonged to the top 75% of cells with the highest 
probability for this supertype. 

To assess the robustness of my cell type mappings, I calculated the Spearman correlation 
of expression profiles across all 50 genes profiled by ISS between supertypes identified in 
the snRNA-seq data and those in the ISS data (Fig. S7B). Specifically, I used Seurat's 
AverageExpression function to compute the mean expression of the 50 profiled genes for 
each supertype in the snRNA-seq dataset. For the ISS data, I calculated the mean 
expression of these genes per section and supertype by averaging the molecule counts 
(produced by baysor) across cells that were confidently assigned to a supertype. These 
analyses reveal that cells sharing the same supertype labels in the snRNA-seq and ISS 
datasets exhibit the highest correlation within at least one of the profiled tissue sections, 
while also identifying mappings that require further validation using Visium. 

4.6 VISIUM 
Samples embedded in OCT mounting medium were cryosectioned into 10 µm sections 
and collected on Visium Spatial Gene Expression slides (10x Genomics). Dr. Bianka Berki 
fixed the slides in methanol and stained them using Hematoxylin & Eosin staining as 
suggested by 10x genomics. She took images images with an Olympus VS200 Slide Scanner 
(20X magnification; Fig. S8) before she processed the slides using the Visium Spatial Gene 
Expression Reagent Kit (10x) according to the manufacturer’s instructions. Sections from 
adult samples were permeabilized for 18 min, embryonic day 19 sections for 16 min. cDNA 
and library concentrations were quantified using the Qubit Fluorometer with the DNA 
High Sensitivity kit. cDNA quality was assessed on Bioanalyzer High Sensitivity DNA chips. 
Library quality was assessed using Agilent’s TapeStation with the D1000 kit. Subsequent 
steps were carried out by me. Visium libraries were sequenced on an Illumina 
NextSeq500/550 using the High Output Kit v2.5 (75 Cycles) with paired end sequencing 
and 28 cycles for Read 1, 56 cycles for Read 2 and 8 cycles for i7 index to a depth of ca. 
200 million reads. Reads were mapped to our custom annotation (see above) using Space 
Ranger (v2.0.1) with default settings. 
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4.7 ANALYSIS OF MULTIOME DATA 
The following analyses were conducted in collaboration with Dr. Ioannis Sarropoulos. He 
used our custom chicken genome annotation to create reference files for cellranger-arc 
(v2.0.1) and ArchR (v1.0.2). Single-nucleus multiome libraries were demultiplexed and 
aligned to the genome using cellranger-arc (v2.0.1). 

4.7.1 IDENTIFICATION OF HIGH-QUALITY CELLS 
The following analyses were carried out by Dr. Ioannis Sarropoulos. Barcodes 
corresponding to high-quality cells were identified based on the following four metrics: 
Number of UMIs (for full-length transcripts), fraction of intronic reads, number of ATAC 
fragments and transcription start site (TSS) enrichment scores (estimated by ArchR). 

Gaussian mixture models (v5.4.7) were applied to separate barcodes into two groups for 
each metric. Only barcodes in the higher-value group across all four metrics were 
considered. Additionally, barcodes were required to have at least 40% of the median 
number of UMIs for putative cells in the sample to be considered high-quality. 

To filter doublets, we used scrublet (v0.2.3) for the gene expression modality and ArchR 
for the chromatin accessibility modality. Doublet scores were standardized within each 
modality as Z-scores, and a consensus doublet score was calculated as the mean of the 
two scores for each barcode. Barcodes ranking in the top 10% of the consensus doublet 
score or the top 5% in either modality were excluded. 

4.7.2 GENE EXPRESSION RECALCULATION AND INTEGRATION 
The following analyses were carried out by me. For high-quality cells, gene expression 
counts were recalculated using STARsolo for consistency with other datasets. Multiome 
gene expression data were integrated with the full snRNA-seq dataset using Harmony 
(201), creating a unified embedding. 

Unannotated cells were assigned cell type labels based on the 20 nearest annotated 
neighbours in the integrated embedding. The most frequent label among the 20 
neighbours was assigned, and a confidence score was calculated as the fraction of 
neighbours with that label. Only cells with at least 15 (75%) consistent neighbours were 
retained. For glutamatergic neuron subtypes, the annotation procedure was repeated in 
a subsetted embedding containing only glutamatergic neurons. Cells retaining consistent 
labels in both rounds of annotation were kept for downstream analyses. This stringent 
annotation strategy yielded a total of 8,119 high-confidence cells. 

4.7.3 CHROMATIN ACCESSIBILITY PROFILING 
The following analyses were carried out by Dr. Ioannis Sarropoulos. Chromatin 
accessibility was quantified for these 8,119 cells across 500 bp genomic tiles using ArchR. 
Iterative latent semantic indexing (LSI) was applied over five iterations with increasing 
resolutions (0.1, 0.2, 0.4, 0.8) to project the data into 100 dimensions. 
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Fragment files were subsetted by cell type and brain region, then input into MACS (v2.1.2) 
for peak calling with the following parameters: 
-f BEDPE --nomodel --nolambda --extsize 150 --shift -75 --keep-dup all -q 0.05 --gsize 1.2e9 
--call-summits. 

Peak calling was performed at all three levels of hierarchical annotation (e.g., cell types, 
brain regions) to maximize granularity while retaining the ability to detect shared peaks. 
ArchR’s peak merging procedure was then used to create a consensus peak set, resulting 
in 367,896 peaks. This peak set was imported into ArchR for downstream analyses using 
addPeakSet and addPeakMatrix. 

 

4.7.4 AGGREGATED CHROMATIN ACCESSIBILITY PROFILES 
The following analyses were carried out by Dr. Ioannis Sarropoulos. To assess cell type- 
and brain region-specific chromatin accessibility, peak counts were aggregated across 
groups with at least 40 cells. Spearman’s correlations were calculated using peaks with a 
minimum of 10 CPM in at least one group. The resulting correlation matrix was 
hierarchically clustered to evaluate the relationships between cell types and brain regions. 

4.7.5 DIFFERENTIALLY ACCESSIBLE REGIONS (DARS) 
The following analyses were carried out by Dr. Ioannis Sarropoulos. ArchR’s 
getMarkerFeatures function was used to identify differentially accessible regions (DARs) 
between cell types and brain regions. Analysis accounted for TSS enrichment bias, 
fragment counts per cell, and included groups with at least 40 cells. DARs were filtered 
for statistical significance (FDR < 5%) and a log2 fold-change of ≥ 1.25, resulting in 12,595 
DARs across all cell types. 

For visualization, the pseudobulk peak count matrix (cell type × brain region) was 
normalized for sequencing depth (counts per million, CPM) and scaled by each peak’s 
maximum accessibility across pseudobulks. 
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5 LIST OF ABBREVIATIONS 
Abbreviation Full name 
ACA Anterior cingulate area 
aDC Anterior dorsal cortex 
aDVR Anterior DVR 
AI Intermediate arcopallium 
aLC Anterior dorsal cortex 
amDVR Anterior medial DVR 
amDVR Anterior medial DVR 
AMV Medial ventral arcopallium 
Amy Amygdala 
Amy Amygdala 
AON Anterior olfactory nucleus 
APr Area prostriata 
aRGCs Apical radial glial cells 
Aud Auditory 
BAC Bed nucleus of anterior commissure 
BLA Basolateral amygdala 
BMA Basomedial amygdala 
BS Brain stem 
CA Cornu Ammonis 
Cb Cerebellum 
CGE Caudal ganglionic eminence 
Chol Cholinergic 
Cl Claustrum 
CNU cerebral nuclei 
COA Cortical amygdala 
COAa Anterior cortical amygdala 
COAp Posterior cortical amygdala 
CT Cortico-thalamic projecting 
CTX Cortex 
DC Dorsal cortex 
DG Dentate gyrus 
DLA Dorso-lateral amygdala 
DMC Dorso-medial cortex 
DP Dorsal peduncular area 
DVR Dorsal ventricular ridge 
ENTl Lateral entorhinal cortex 
ENTm Medial entorhinal cortex 
Ep Endopirirform nucleus 
EP Entopallium 
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EP Endopiriform nucleus 
EPd Dorsal endopiriform nucleus 
ET extra-telencephalic projecting 
ET Extratelencephalic-projecting 
Ex Excitatory 
FC Fasciola cinerea 
GABA gamma-aminobutyric acid releasing 
H Hyperpallium 
HA Apical hyperpallium 
HD Densocellular hyperpallium 
HI Intercalated hyperpallium 
Hip Hippocampus 
HPF Hippocampal formation 
Hy Hypothalamus 
Hya anterior hypothalamus 
I Insular cortex 
IG Indusium griseum 
IHA Interstitial apical hyperpallium 
ILA Infralimbic area 
IMN Immature neurons 
Inh Inhibitory 
ISS In situ sequencing 
IT Intra-telencephalic 
L Layer 
LA Lateral amygdala 
LC Lateral cortex 
LGE Lateral ganglionic eminence 
LHA Lateral hypothalamic area 
LMI Lamina mesopallialis intermediate 
LPO Lateral preoptic area 
M Mesopallium 
MA Magnocellular nucleus 
Mb Midbrain 
MC Medial cortex 
MEA Medial amygdala 
MGE Medial ganglionic eminence 
Mo Motor 
MS Medial septal nucleus 
N Nidopallium 
NLOT Nucleus of the lateral olfactory tract 
NP Near-projecting 
OB Olfactory bulbs 
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Oligo Oligodendrocytes 
OPCs Oligodenrocyte progenitor cells 
Orb Orbital area 
P Pallium 
PA Pallial amygdala 
PA Posterior amygdala 
pDC Posterior dorsal cortex 
pDVR Posterior DVR 
Pir Piriform cortex/area 
Pl Prelimic area 
pLC Posterior lateral cortex 
PPP Parasubiculum, postsubiculum, presubiculum 
ProS Prosubiculum 
PS Primary sensory 
PT Pallial thickening 
pTHE Prethalamic eminence 
pyr Pyramidal 
RGCs Radial glial cells 
RHP Retrohippocampal area 
RSP Retrosplenial area 
Sep Septum 
SF Septofimbrial nucleus 
SI Substantia innominata 
snRNA-seq Single-nucleus RNA-sequencing 
Sp Subpallium 
SS Somato-sensory 
Str Striatum 
SUB Subiculum 
SVZ Subventricular zone 
Th Thalamus 
TPE Temporal association, perirhinal, ectorhinal 

areas 
TRS Triangular nucleus of septum 
TT Taenia tecta 
TT Taenia tecta 
UMI Unique molecular identifier 
va Vallecula 
Vis Visual 
VZ Ventricular zone 
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6 SUPPLEMENTARY FIGURES 
 

 

 

 

 

 

Supplementary figure 1 Vertebrate phylogeny. Phylogeny representing major vertebrate clades with 
representative species depicted on top.  Divergence times were taken from TimeTree 5.0 (6). Species icons 
were mostly drawn by Nils Trost and Marta Sanchez-Delgado. MYA, million years ago. 
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 Supplementary figure 2 Adult mouse pallium dataset. (A) Number of UMI counts (bottom) and detected genes (top) per snRNA-
seq library in my dataset after selection of high-quality cells coloured by library (each library sampled from a different 
individual). Ctx, cortex; VLP, structures derived from lateral and ventral pallial areas. Number of UMI counts and detected genes 
(top), number of cells (mid) per datasets and fraction of cells in our dataset stemming from different snRNA-seq 
libraries/individuals per inhibitory subclass (B) and excitatory subclass (C). For abbreviations see List of abbreviations. 
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Supplementary figure 3 Lizard pallium single nucleus RNA-sequencing dataset. (A) (left) Number of UMI counts per snRNA-seq 
library in the Anolis carolinensis dataset after selection of high-quality cells coloured by library, together sampling the entire 
pallium of two individuals. (Right) Illustration of dissections and snRNA-seq libraries per dissection. (B) Number of UMI counts 
and detected genes (top) per cluster and fraction of cells per cluster stemming from different dissections and snRNA-seq libraries 
(bottom). UMAP of excitatory (C) and inhibitory (D) neurons coloured by and labelled with cluster annotation. (D) Illustration of 
dissections and snRNA-seq libraries per dissection. 
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Supplementary figure 4 Comparison of excitatory neurons between lizard and available reptilian 
datasets. Comparison between Anolis carolinensis excitatory clusters and Trachemys scripta elegans 
data from (41) using three methods. Scores were scaled between 0 and 1 per method and summed 
across all methods to represent the similarity score. White dots in tiles are shown when populations 
are among the top reciprocal matches according to two or all three methods. MC, medial cortex; DMC, 
dorsal medial cortex; a/pDC, anterior/posterior dorsal cortex; a/pLC, anterior/posterior lateral cortex; 
a/pDVR, anterior/posterior DVR; PT, pallial thickening; amDVR, anterior medial DVR. 
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 Supplementary figure 5 Adult chicken pallium single nucleus RNA-sequencing statistics. (A) Number of UMI counts (bottom) 
and detected genes (top) per snRNA-seq library after selection of high-quality cells coloured by sampled individuals. DVR 
dissections include the nidopallium, including its primary sensory areas like the entopallium, and mesopallium. Hyperpallial 
dissections include all subdivisions of the hyperpallium as defined by the Avian Nomenclature Forum, meaning apical 
hyperpallium (HA), interstitial apical hyperpallium (IHA) and densocellular and intercalated hyperpallium (HD/HI). Hc, 
hippocampal areas; HyperP, hyperpallium; ArcoP, arcopallium. (B) Number of UMI counts (bottom) and detected genes (top) per 
inhibitory supertype, (C) excitatory supertype, or (D) per cell population of non-neuronal class coloured by cell 
population/supertype. 
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 Supplementary figure 6 Adult chicken dissection statistics. (A) Fraction of cells per inhibitory supertype, (B) excitatory 
supertype, or (C) non-neuronal cell population stemming from sampled individuals (top), broad pallial dissections (individuals 
2-5) (mid) or pallial dissections of anatomical regions (individual 1) (bottom). Dissections are illustrated in Fig. 11A. (D) Gene 
expression dotplot of activity related genes in excitatory supertypes. Hc, hippocampal area; ArcoP, arcopallium; Exp, expression. 
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Supplementary figure 7 In situ sequencing (ISS). (A) DAPI images of section profiled with ISS titled with 
information about individual and hemisphere of origin (right). Schematic representation of adult brain 
viewed from the top to illustrate levels of sections. (B) Example for overlay of baysor output over 
corresponding DAPI image, where most periperal detected RNA molecules assigned to each cell are 
connected. (C) Heatmaps showing if snRNA-seq supertypes correlate best with their spatial counterpart 
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(and vice versa) based on spearman corelation of gene expression profiles of 50 genes profiled by ISS. See 
chapter 4.5. 
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Supplementary figure 8 Visium sections and quality metrics. (Sections of the (A) adult  and (B) E19 brain 
profiled by Visium. (Left) Hematoxylin and Eosin stained sections, (middle) number of counts and features 
detected per dot, and (right) schematic representation of the brain as viewed from the top indicating the 
location of the sections. D, dorsal; L, lateral; R, rostral. 
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Supplementary figure 10 Developing chicken pallium single nucleus RNA-sequencing dataset. Number of 
UMI counts (top) and detected genes (bottom) per snRNA-seq library after selection of high-quality cells 
coloured by sampled individuals. 

 

 

Supplementary figure 9 SnRNA and ATAC multiome of the chicken pallium. (A) Number of UMI counts (left) and detected 
genes (right) per snRNA-seq library after selection of high-quality cells colored by library/sampled region. DVR dissections 
include the nido- and mesopallium. (B) UMAP of snRNA-seq data colored by library/dissection. (C) Fragment size distribution 
of ATAC libraries. (D) Transcription start site (TSS) enrichment scores of the snATAC-seq libraries. (E) UMAP of snATAC data, 
based on accessibility across 500bp tiles colored by library/sampled region. (F) UMAP of snATAC data, based on accessibility 
in selected peak set coloured by library/sampled region (left) and assigned subclass identity (right). (G) Correlation 
dendrogram of pseudobulk accessibility profiles per supertype and library/region (at least 40 cells). Schematic top right: 
illustration of borders between dissections. HA, apical hyperpallium; IHA, interstitial apical hyperpallium; HI/HD, intercalated 
and densocellular hyperpallium; M, mesopallium; N, nidopallium. 
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Supplementary figure 11 Comparison of inhibitory neurons across amniotes (separate methods). 
Comparison of inhibitory supertypes in the chicken pallium to (A) mouse inhibitory subclasses, or (B) to 
clusters of inhibitory neurons in the lizard pallium based on three methods. White dots in tiles are shown 
when populations are among the top five reciprocal matches according to the chosen method. 
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Supplementary figure 12 Cluster level comparison of inhibitory neurons between chicken and mouse pallium. 
Comparison between chicken clusters and mouse inhibitory supertypes based on three different methods. 
Scores were scaled between 0 and 1 per method and summed across all methods to represent the similarity 
score. White dots in tiles are shown when populations are among the top reciprocal matches according to two 
or all three methods. Amy, amygdala; MSN; medium spiny neuron; CP, caudate putamen; OB, olfactory bulb; 
CeA, central amygdala; MeA, medial amygdala; IA, intercalated amygdala. 
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Supplementary figure 13 Comparison of inhibitory neurons between mouse and lizard pallium. (A) Comparison between 
inhibitory mouse subclasses and lizard clusters based on three methods. White dots in tiles are shown when populations are 
among the top five reciprocal matches according to the chosen method. (B) Aggregated results from all three comparative 
methods. Scores were scaled between 0 and 1 per method and summed across all methods to represent the similarity score. 
White dots in tiles are shown when populations are among the top five reciprocal matches according to the chosen method. 
Pred, prediction; CGE, caudal ganglionic eminence; MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence; Chol, 
cholinergic; Sep, septum; Amy, amygdala; CeA, central amygdala; MeA, medial amygdala; IA, intercalated amygdala. 
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Supplementary figure 14 Comparison of all neurons between chicken and mouse pallium. Comparison 
between neuronal chicken supertypes and mouse neuronal subclasses based on three different methods. 
Scores were scaled between 0 and 1 per method and summed across all methods to represent the similarity 
score. White dots in tiles are shown when populations are among the top reciprocal matches according to 
two or all three methods. For abbreviations see List of abbreviations. 
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Supplementary figure 15 Comparison of excitatory neurons between chicken and mouse pallium (separate methods). 
Comparison of chicken supertypes (A) to mouse subclasses in my dataset, or (B) to mouse excitatory subclasses from (76) based 
on three methods. White dots in tiles are shown when populations are among the top five reciprocal matches according to the 
chosen method. Pred, prediction. For more mouse abbreviations see List of abbreviations. 
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Supplementary figure 16 Comparison of excitatory neurons between chicken and external mouse pallium 
dataset at supertype level. (A) Comparison of excitatory supertypes in the chicken pallium to supertypes of 
excitatory neurons in the mouse pallium from (76) based on three methods. Scores were scaled between 0 
and 1 per method and summed across all methods to represent the similarity score. White dots in tiles are 
shown when populations are among the top reciprocal matches according to two or all three methods. IT, 
intratelencephalic; ET, extratelencephalic; NP, near-projecting; CT, corticothalamic; CNU, cerebral nuclei; 
HYa, anterior hypothalamic. For more mouse abbreviations see List of abbreviations. 

 

 

Supplementary figure 17 Comparison of excitatory neurons between chicken and lizard pallium (separate 
methods). Comparison of excitatory supertypes in the chicken pallium to clusters of excitatory neurons in 
the lizard pallium based on three methods. White dots in tiles are shown when populations are among the 
top five reciprocal matches according to the chosen method. Pred, prediction; MC, medial cortex; DMC, 
dorsal medial cortex; DC, dorsal cortex; LC, lateral cortex; aDVR, anterior DVR; pDVR, posterior DVR; amDVR, 
anterior medial DVR. 
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Supplementary figure 18 Comparison of excitatory neurons between mouse and lizard pallium (separate 
methods). Comparison between excitatory mouse subclasses and lizard clusters based on three methods. 
White dots in tiles are shown when populations are among the top five reciprocal matches according to the 
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chosen method. Pred, prediction; MC, medial cortex; DMC, dorsal medial cortex; DC, dorsal cortex; LC, 
lateral cortex; aDVR, anterior DVR; pDVR, posterior DVR; amDVR, anterior medial DVR. For more mouse 
abbreviations see List of abbreviations. 

 

 

 

 

Supplementary figure 19 Comparison of excitatory neurons between chicken and turtle pallium. Comparison of 
excitatory supertypes in the chicken pallium to clusters of excitatory neurons in the turtle pallium from (41) based 
on three methods. White dots in tiles are shown when populations are among the top five reciprocal matches 
according to the chosen method. Pred, prediction; MC, medial cortex; DMC, dorsal medial cortex; aDC, anterior 
dorsal cortex; pDC, posterior dorsal cortex; aLC, anterior lateral cortex; pLC, posterior lateral cortex; aDVR, anterior 
DVR; pDVR, posterior DVR; PT, pallial thickening. 
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Supplementary figure 20 Comparison of excitatory neurons between mouse and turtle pallium (separate 
methods). Comparison between excitatory subclasses in the mouse pallium to clusters of excitatory 
neurons in the turtle pallium from (41) based on three methods. White dots in tiles are shown when 
populations are among the top five reciprocal matches according to the chosen method. Pred, prediction; 
MC, medial cortex; DMC, dorsal medial cortex; aDC, anterior dorsal cortex; pDC, posterior dorsal cortex; 
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aLC, anterior lateral cortex; pLC, posterior lateral cortex; aDVR, anterior DVR; pDVR, posterior DVR; PT, 
pallial thickening. For mouse abbreviations see List of abbreviations. 

 

 

 

Supplementary figure 21 Comparison of excitatory lineages in the developing pallium between mouse 
and chicken (separate methods). Comparison between chicken pallial excitatory lineages and mouse 
embryonic pallial populations (data from (80)). Lineages comprising many cells in chick were split into early 
and late (pseudotime > 0.89). Comparison is based on two methods. White dots in tiles are shown when 
populations are among the top five reciprocal matches according to the chosen method. Pred., prediction; 
Amy, amygdala; CA, cornu ammonis; SUB, subiculum; CT, cortico-thalamic; NP, near-projecting; HPF, 
hippocampal formation; CTX, cortex; DG, dentate gyrus; DL, deep layer; IT, intra-telencephalic; OB-MT, 
olfactory bulb mitral tufted; PIR/ENT, piriform/entorhinal cortex; PT, pyramidal tract projecting; UL, upper 
layer. 
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Supplementary figure 22 Comparison of excitatory lineages in the developing pallium between mouse and 
chicken based on GSI correlation. Clustered heatmap based on GSI correlation of chicken pallial excitatory 
lineages and mouse embryonic pallial populations (data from (80)). 
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Supplementary figure 23 Homology relationships of cell types and regions. (Top) Schematic representation 
of coronal sections of the telencephalon in lizard (left), chicken (middle), and mouse (right). Brightly 
coloured areas represent the pallium divided into developmental, homologous sectors according to the 
tetrapartite pallium theory (128). Mya, million years ago; DVR, dorsal ventricular ridge; Hc, hippocampus; 
HA, apical hyperpallium; IHA, interstitial apical hyperpallium; HI/HD, intercalated and densocellular 
hyperpallium; Cla, claustrum; I, insular cortex; Pir, piriform cortex; PA, pallial amygdala. (Bottom) Identified 
homologous cell types. Coloured squares indicate the cell type’s spatial location in the framework of the 
tetrapartite pallium theory. Bold text indicates homologies assigned with high confidence; grey text 
indicates low confidence. Cell types in the chicken pallium are listed twice, if the corresponding reptilian or 
mammalian populations do not correspond to each other.  
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7 SUPPLEMENTARY TABLES 
Supplementary table 1 Genes profiled with In Situ sequencing. 

Gene Symbol ENSEMBL GeneID  
GRIK3 ENSGALG00000002098 
NTNG2 ENSGALG00000003677 
CACNA1H ENSGALG00000005215 
SOX6 ENSGALG00000006074 
HS3ST4 ENSGALG00000006290 
OVOA ENSGALG00000006717 
ADARB2 ENSGALG00000006797 
DACH2 ENSGALG00000006886 
KIAA1217 ENSGALG00000007766 
FOXP1 ENSGALG00000007769 
SATB2 ENSGALG00000008135 
RGS6 ENSGALG00000009368 
FOXP2 ENSGALG00000009424 
TAC1 ENSGALG00000009737 
PROX1 ENSGALG00000009791 
NXPH1 ENSGALG00000010711 
KCNH5 ENSGALG00000011858 
GRM1 ENSGALG00000012297 
NR4A2 ENSGALG00000012538 
PDE7B ENSGALG00000013941 
HOMER1 ENSGALG00000014813 
RORB ENSGALG00000015150 
EPHA7 ENSGALG00000015593 
CUX1 ENSGALG00000021636 
MAF ENSGALG00000026258 
CPNE4 ENSGALG00000029235 
LUZP2 ENSGALG00000030151 
BCL11B ENSGALG00000031862 
BCL11A ENSGALG00000034048 
GAD1 ENSGALG00000034070 
CELF2 ENSGALG00000034590 
ETV1 ENSGALG00000035504 
CLSTN2 ENSGALG00000037387 
GRIA4 ENSGALG00000038995 
MEIS2 ENSGALG00000039118 
SLC17A6 ENSGALG00000039254 
GAD2 ENSGALG00000040436 
SYT1 ENSGALG00000041094 
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ANO1 ENSGALG00000041808 
PCP4 ENSGALG00000022819 
DPP10 ENSGALG00000012156 
CNTN4 ENSGALG00000008263 
HPCAL1 ENSGALG00000016443 
CRIM1 ENSGALG00000032640 
IL1RAPL2 ENSGALG00000008888 
SST ENSGALG00000007361 
ZBTB32 ENSGALG00000038540 
DAAM2 ENSGALG00000010055 
OLIG2 ENSGALG00000031010 
SLC1A3 ENSGALG00000003582 

 

Supplementary table 2 Genes significantly differentially expressed between DVR and hyperpallium within 
Ex_DACH2_ZMAT4 supertype. Genes with negative fold change are DVR-specific. 

ensembl_id log2FoldChange p_value_adj gene name biotype 
ENSGALG00000030510 -5.925763 2.13E-05 NA lincRNA 
ENSGALG00000038089 -4.4386245 8.69E-05 EGFR protein_coding 
ENSGALG00000015252 -5.38E-06 1.43E-04 ST3GAL6 protein_coding 
ENSGALG00000007000 -5.57E-06 1.43E-04 NR2F2 protein_coding 
ENSGALG00000041042 3.68654295 2.71E-04 NA protein_coding 
ENSGALG00000010125 -8.7495738 2.71E-04 CSGALNACT1 protein_coding 
ENSGALG00000007809 -4.85E-06 1.54E-03 TSHZ2 protein_coding 
ENSGALG00000013616 -3.2905605 2.06E-03 OPRM1 protein_coding 
ENSGALG00000009880 -3.4115366 3.05E-03 INPP4B protein_coding 
ENSGALG00000009687 -4.3767939 3.66E-03 KCNK2 protein_coding 
ENSGALG00000008465 -2.5979256 6.58E-03 SORCS1 protein_coding 
ENSGALG00000016017 -4.7704487 9.95E-03 SLC4A11 protein_coding 
ENSGALG00000017005 -2.920003 1.10E-02 CAB39L protein_coding 
ENSGALG00000011686 -3.1026965 1.20E-02 SEMA5B protein_coding 
ENSGALG00000007140 2.8618103 1.24E-02 NRP1 protein_coding 
ENSGALG00000043515 -2.90E-06 1.38E-02 KCND2 protein_coding 
ENSGALG00000007927 -2.5044157 1.38E-02 CNTN6 protein_coding 
XLOC-005141 -2.52E-06 2.16E-02 NA NA 
ENSGALG00000007741 -3.41E-06 2.75E-02 NA protein_coding 
ENSGALG00000023581 3.61734732 3.05E-02 NA protein_coding 
ENSGALG00000042388 -5.82E-06 3.13E-02 LAMA2 protein_coding 
ENSGALG00000005215 -2.9340247 4.04E-02 CACNA1H protein_coding 
ENSGALG00000015367 -3.63E-06 4.10E-02 NECTIN3 protein_coding 
ENSGALG00000012362 -2.5146389 4.70E-02 THSD7B protein_coding 
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Supplementary table 3 Genes significantly differentially expressed between DVR and hyperpallium within 
Ex_DACH2_MGAT4C supertype. Genes with negative fold change are DVR-specific. 

ensembl_id log2FoldChange p_value_adj Gene name biotype 
ENSGALG00000030510 -5.4855303 2.81E-13 NA lincRNA 
ENSGALG00000007000 -4.9966249 7.08E-10 NR2F2 protein_coding 
ENSGALG00000028685 -3.8597369 2.22E-06 SEMA5A protein_coding 
ENSGALG00000038543 -6.01E-06 6.36E-05 KCNH7 protein_coding 
ENSGALG00000041764 -2.7455366 1.26E-03 VSTM2A protein_coding 
XLOC-029855 -3.8286221 1.93E-03 NA NA 
ENSGALG00000008998 -3.1962843 2.54E-03 FAM179A protein_coding 
ENSGALG00000007741 -3.4567984 7.09E-03 NA protein_coding 
ENSGALG00000017234 -2.6082992 1.08E-02 FOLH1 protein_coding 
XLOC-022983 -3.0233015 1.77E-02 NA NA 
ENSGALG00000030151 -6.61E-06 2.12E-02 LUZP2 protein_coding 
ENSGALG00000041781 -3.2488659 2.35E-02 NA lincRNA 
ENSGALG00000005215 -3.2654988 2.63E-02 CACNA1H protein_coding 
XLOC-039769 -3.14E-06 4.37E-02 NA NA 
ENSGALG00000030157 -3.4538724 4.41E-02 MCTP2 protein_coding 
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