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Abstract

The arcopallium, a key avian forebrain region, receives inputs from numerous brain areas and is a
major source of descending sensory and motor projections. While there is evidence of arcopallial
subdivisions, the internal organization or the arcopallium is not well understood. The arcopallium
is also considered the avian homologue of mammalian deep cortical layers and/or amygdalar
subdivisions, but one-to-one correspondences are controversial. Here we present a molecular
characterization of the arcopallium in the zebra finch, a passerine songbird species and a major
model organism for vocal learning studies. Based on /in situ hybridization for arcopallial-expressed
transcripts (AQP1, C1QL3, CBLN2, CNTN4, CYP19AL1, ESR1/2, FEZF2, MGP, NECAB?2,
PCP4, PVALB, SCN3B, SCUBEL, ZBTB20, and others) in comparison with cytoarchitectonic
features, we have defined 20 distinct regions that can be grouped into 6 major domains (anterior,
posterior, dorsal, ventral, medial and intermediate arcopallium, respectively; AA, AP, AD, AV,
AM, and Al). The data also help to establish the arcopallium as primarily pallial, support a unique
topography of the arcopallium in passerines, highlight similarities between the vocal robust
nucleus of the arcopallium (RA) and Al, and provide insights into the similarities and differences
of cortical and amygdalar regions between birds and mammals. We also propose the use of AMV
(instead of nucleus taenia/TnA), AMD, AD, and Al as initial steps towards a universal arcopallial
nomenclature. Besides clarifying the internal organization of the arcopallium, the data provide a
coherent basis for further functional and comparative studies of this complex avian brain region.

Graphical Abstract

Using /n situ hybridization, in comparison with cytoarchitectonic features, the authors identify 6
major domains, and 19 molecularly distinct subdomains within the arcopallium of the adult male
Zebra finch. The data provide a basis for further functional and comparative studies of this
complex avian brain region.
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Data Availability

All of the data supporting the findings of this study are presented in this article or in Supportinginfo:SuppTablel and
SupportingInfo:SuppTable2. High-resolution photomicrographs of in situ hybridization images for most of the genes analyzed in this
study in the sagittal plane are also available online publicly on ZEBrA (www.zebrafinchatlas.org; RRID: SCR_012988).
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Introduction

Brain studies in birds offer unique opportunities for understanding the relationship between
brain organization and behavior. Birds are increasingly recognized as capable of complex
behaviors that require sensorimotor integration, multimodal associations, memory formation
and retrieval, temporal reasoning, and other complex integrative functions (Jarvis et al.,
2005; Emery, 2005; Gunturkun and Bugnyar, 2016). Accordingly, in comparison with other
sauropsids (crocodilians, lizards, turtles), birds generally have an expanded pallium with
multiple sensory, motor, and multimodal integrative areas (Butler and Hodos, 2005; Jarvis,
2009). Importantly, pallial areas in birds differ markedly in their cytoarchitectonic
organization compared to mammals, but are broadly thought to correspond to pallium-
derived brain structures in mammals such as the neocortex, hippocampus, claustrum and
amygdalar subdivisions, although exact one-to-one homologies are still a matter of
considerable debate (Reiner et al., 2004a; Abellan et al., 2009; Butler et al., 2011; Kuenzel
etal., 2011; Puelles, 2011; Dugas-Ford et al., 2012; Belgard et al., 2013; Jarvis et al., 2013;
Vicario et al., 2014; Pfenning et al., 2014; Karten, 2015; Vicario et al., 2017; Herold et al.,
2018).

The arcopallium, a major avian pallial region, is a complex structure composed of several
subdivisions, receives inputs from various brain areas, and originates major descending
sensory and motor projections from the telencephalon (Zeier and Karten, 1971; Wild, 1993;
Wild et al., 1993; Mello et al., 1998; Cheng et al., 1999; Liao et al., 2011; Mandelblat-Cerf
etal., 2014; Herold et al., 2018). These arcopallial projections target a broad range of sub-
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pallial structures, including multiple nuclei in the brainstem and spinal cord. As such, the
arcopallium represents a major output structure through which cortical-like processing
circuits are capable of modulating sensory and motor pathways as well as the expression of
various behaviors. Accordingly, lesions or inactivation of different regions of the avian
arcopallium can have a wide range of effects on behaviors like song learning and production
(Nottebohm et al., 1976; Heaton and Brauth, 2000; Mandelblat-Cerf et al., 2014),
reproductive behavior (Thompson et al., 1998; Absil et al., 2002), foraging (Xin et al.,
2017), fear conditioning (Saint-Dizier et al., 2009) and affective behavior (Cheng et al.,
1999) among others.

Despite its central importance, the internal organization of the avian arcopallium is not well
understood. Studies based largely on connectivity point to regional specializations (Zeier
and Karten, 1971; Wild, 1993; Wild et al., 1993; Mello et al., 1998; Letzner et al., 2016),
even though these subdivisions are often difficult to discern with precision based solely on
cytoarchitectonics or tract-tracing. The Avian Brain Nomenclature Consortium (Reiner et
al., 2004b) proposed several arcopallial subdivisions, consisting of anterior, intermediate,
dorsal, and medial parts, as well as the posterior pallial amygdala (PoA), subpallial
amygdaloid area (SpA), and nucleus taenia of the amygdala (TnA). Furthermore, some
studies provide evidence that discrete arcopallial areas can be identified through
immunohistochemical staining for select markers like neuropeptides (e.g. Montagnese et al.,
2015), or differential regional binding of ligands for neurotransmitter receptors (Herold et
al., 2018). In some cases, discrete arcopallial nuclei that participate in specific circuits
and/or functions are readily identifiable. A well-studied example is nucleus robustus
arcopallialis (RA), a prominent vocal arcopallial nucleus in songbirds. RA receives
projections from other pallial vocal areas, projects to vocal and respiratory centers in the
midbrain and medulla, and plays key roles in the encoding and expression of learned
vocalizations (Nottebohm et al., 1976; Nottebohm et al., 1982; Vicario, 1991; Wild, 1993;
Spiro et al., 1999; Wild et al., 2000; Hahnloser et al., 2002; Long and Fee, 2008; Wild and
Botelho, 2015). Analogous nuclei are present in the other bird groups that evolved vocal
learning (AAc in parrots and VA in hummingbirds; Brauth et al., 1997; Durand et al., 1997
Gahr, 2000; Jarvis and Mello, 2000; Jarvis et al., 2000), but seem absent in birds that lack
this behavioral trait (Kroodsma and Konishi, 1991; Saldanha et al., 2000a, but also see Liu et
al., 2013; de Lima et al., 2015). Another example of a discrete arcopallial nucleus is the so-
called nucleus taenia, which is thought to mediate telencephalic control of affective state and
motivation through projections to the hypothalamus (Zeier and Karten, 1971; Thompson et
al., 1998; Cheng et al., 1999). Notwithstanding such examples, most of the arcopallium is
still largely unexplored in terms of anatomical, molecular and functional organization, an
issue that is further complicated by species differences.

Here we have undertaken a systematic study of the molecular architecture of the arcopallium
in the zebra finch. We chose this songbird species as it allows us to assess general features of
the arcopallium, as well as specializations of a dedicated nucleus for learned vocalizations
(RA). Because a detailed description of arcopallial boundaries, internal laminae and other
cytoarchitectonic features was lacking in this species, we initially examined in detail serial
Nissl-stained sections, to provide a histological framework for the molecular analysis. We
next examined the online zebra finch brain atlas of gene expression (ZEBrA,;
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www.zebrafinchatlas.org, RRID: SCR_012988) and identified a large set of transcripts that
were differentially expressed within the arcopallium. /7 situ hybridization analysis
uncovered evidence for 20 discrete arcopallial subdomains, some suggested by Nissl
staining while others representing previously unrecognized regional specializations.
Comparative analysis points to substantial overlaps in differential markers shared between
arcopallial domains and mammalian cortical and amygdalar areas, as well as unique patterns
shared with specific cortical or amygdalar subdivisions. We propose a classification of
arcopallial subdivisions that brings to light the molecular complexity of this structure, and
contributes to designing and interpreting further functional and comparative studies.

Animals and tissue preparation

Our main goal was to describe the molecular organization of the arcopallium in adult zebra
finches ( 7Taeniopygia guttata) by analyzing patterns of constitutively expressed genes.
Numerous studies show that sensory stimuli and behavioral state (e.g. sleep, wakefulness,
alertness, stress) can modify brain expression patterns (e.g., Mello et al, 1993; Jarvis et al.,
1995; Jarvis and Nottebohm, 1998; Dong et al., 2009; Teramitsu et al., 2010; Warren et al.,
2010; Whitney et al., 2014), creating significant confounds for searches of neuroanatomical
markers. It was therefore very important to make sure that the animals used here consisted of
quiet, unstimulated birds. As such, all birds in this study were placed in isolation chambers
overnight to minimize singing and hearing of conspecific song. A total of 13 adult male
zebra finches were sacrificed by decapitation early the next day following isolation. Their
brains were quickly dissected and then blocked in either the sagittal or transverse plane,
immersed in Tissue-tek embedding medium (Sakura Finetek, Torrance, CA), frozen in a dry
ice-propanol slurry, and stored at —80°C prior to sectioning. The protocol used here was the
same as for building the ZEBrA database and website, to ensure that the /n7 situ patterns
generated specifically for the present study could be compared with those in ZEBrA. We
also followed a nearly identical procedure to obtain brains from 3 two-week post hatch male
Leghorn chicks (Gallus gallus domesticus) which were blocked in the transverse plane. We
also examined the expression patterns that are available online in the Zebra finch Expression
Brain Atlas (ZEBrA; www.zebrafinchatlas.org, RRID: SCR_012988). This database
documents the expression of several hundred individual genes by /n situ hybridization in a
minimum of 2-3 adult male zebra finches, prepared as described above for the current study.
All procedures involving live animals were approved by OHSU’s IACUC Committee and
are in accordance with NIH guidelines.

Both zebra finch and chick brains were sectioned at 10 pm with a Leica CM1850 cryostat,
and mounted on charged microscope slides (Colorfrost Plus; Thermo Fisher Scientific,
Waltham, MA). Tissue sections were then fixed in freshly prepared 3% phosphate-buffered
paraformaldehyde solution for 5 min, briefly washed twice in 0.1 M PBS, dehydrated in an
ascending ethanol series and air dried. For each brain generated for use in this study, every
tenth section was stained for Nissl (cresyl violet) using a standard protocol; all other sections
were stored at —80°C prior to processing for /n situ hybridization.
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Probe selection and preparation

For most genes in this study, riboprobes were generated using templates derived from the
ESTIMA brain EST/cDNA library (described in Replogle et al., 2008). For each gene, probe
specificity was examined by aligning the corresponding EST sequence to the zebra finch
genome using UCSC’s genome browser and the BLAT alignment tools. All sequences were
confirmed to align to a single locus, or had only very low scoring secondary alignments. In
the case of the two probes used for /nsitu hybridizations with chicken brain tissue, we
verified high BLAT genomic alignment scores (91.4% and 95.5% identity at the nucleotide
level for C1QL3 and ZBTB20, respectively) and no significant hits to other loci, indicating
high specificity and suitability of these probes for cross-species hybridizations. Bacterial
stocks for ESTIMA clones of interest were grown overnight, plasmids isolated with a kit
(QlAprep spin Miniprep Kit, Qiagen Inc., Valencia, CA), and cDNA inserts were excised by
restriction digest (BssHII; New England Biolabs). The templates for riboprobe synthesis of
ESR1 and ESR2 were derived from zebra finch cDNAs provided by Art Arnold’s lab
(UCLA). In these cases, templates were generated by PCR amplification of an 839 bp
fragment of ESR1 (bp275 — 1175 of cDNA L79911 described in Jacobs et al., 1996) and 636
bp fragment of ESR2 (described in Perlman and Arnold, 2003) using primers with T3 and
T7 polymerase overhangs. After restriction digest or PCR amplification, DNA templates
were cleaned with a purification kit (PureLink Quick PCR Purification Kit, Thermo Fisher
Scientific, Waltham, MA). The primary list of probes that were examined and defined a
domain or subdomain of the arcopallium are presented in Table 1. We note that a serial set of
sections from most brains in this study were hybridized with C1QL3, as preliminary tests
determined this gene to be the most reliable and inclusive general marker of the zebra finch
arcopallium among the probes tested (see Results), consistent with a previous initial
observation about C1QL3 (Fig. S9A in Pfenning et al., 2014).

All riboprobes were generated as previously described (Carleton et al., 2014). Briefly,
antisense digoxygenin (DI1G)-labeled riboprobes were synthesized by incubating the purified
DNA template with T3 RNA polymerase (Promega, Madison, WI) and a DIG RNA labeling
mix (Roche, Indianapolis, IN) at 37°C for 2 hr, purified on Sephadex G-50 mini-columns,
and stored at —20°C until use.

In situ hybridization

We followed a previously described protocol (Carleton et al., 2014) with slight
modifications. Briefly, tissue sections were acetylated by incubating slides for 10 min in a
freshly prepared solution containing 1.35% triethanolamine and 0.25% acetic anhydride in
water. Slides were then briefly washed twice in 2X SSPE (300 mM NaCl, 20 mM NaH,POg4-
H,0) and dehydrated in an ethanol series (70%, 95%, 100%). Hybridization solution
consisting of 50% formamide, 2X SSPE, 2 pug/uL tRNA, 1 pg/uL BSA, 1 pg/uL Poly A, and
1-4 uL DIG-labeled riboprobe in H,O was freshly prepared and added to slides (16 uL per
section). Slides were coverslipped, immersed in a 65°C mineral oil bath, and incubated
overnight. The following morning, slides were rinsed in chloroform to remove excess oil and
de-coverslipped in 2X SSPE. Slides were then washed at 65°C for 1 hr and 10 min in a 50%
formamide 2X SSPE solution followed by two 30 min washes in 0.1X SSPE. During the
washes, slides were agitated every 10 min.
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Slides were then rinsed in TNT (100 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.3% Triton
X-100), covered in blocking buffer (TNB: 100 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.36%
w/v BSA, 1% skim milk), and incubated for 30 min at RT in a humidified chamber. Slides
were then covered with TNB containing an alkaline phosphatase conjugated anti-DIG
antibody (Roche 11 093 274 910; 1:600 in TNB) and incubated for 2 hr in at RT in the
humidified chamber. Great care was exercised to prevent drying of solutions over tissue
sections during these incubations. Slides were then washed twice for 15 min by gentle
shaking in TMN (100 mM Tris-HCI, 150 mM NaCl, 5 mM MgCl,), with vigorous agitation
every 5 min. The sections were then transferred to slide mailers containing BCIP/NBT
Substrate Solution (PerkinElmer, Waltham, MA) and incubated under gentle shaking at RT
for 1-3 days, depending on the target transcript. To minimize artifacts due to chromagen
oxidation, slide mailers were filled to the top with freshly filtered chromagen solution and
sealed prior to incubation. Slides were then rinsed in DI water, fixed for 20 min in 3%
phosphate-buffered paraformaldehyde solution, rinsed in DI water again, and coverslipped
with VectaMount permanent mounting medium (Vector, Burlingame, CA). Additional
positive (GAD2 probe) and negative (no probe) control slides were included with each
hybridization. These slides were used to confirm hybridization quality and monitor
background signal during chromagen incubation.

Image Acquisition, Reference Sections, Cell Mapping, and Figure Preparation

Hybridized sections and the reference Nissl-stained sections from brains processed for /n
situwere photographed at 10X magnification under brightfield optics using a Lumina HR
camera mounted on a Nikon E600 microscope yoked to a PC running Neurolucida version
2017 (MBF Bioscience, Williston, VVT). For each photograph, the area of interest was
selected, background correction was applied, and the image was obtained using the scan
slide feature. Images were saved as Tiff files.

An overview of the range of sections analyzed by /n sifu hybridization in the transverse and
sagittal planes of sections is shown in Figure 1. To provide a general reference of
cytoarchitectonic features of the zebra finch arcopallium (Figures 2 and 3), we utilized the
high resolution digital images of Nissl-stained serial 30 um sections from the online
histological atlas database (http://zebrafinch.brainarchitecture.org, RRID:SCR_004277),
described in Karten et al., 2013. These images allow for clearer visualization of
cytoarchitectonic features than the 10 um sections routinely processed for in situ
hybridization (ISH). Representative sections from this collection containing the arcopallium
and other structures of interest were identified from one hemisphere in the sagittal plane
(brain #0812) and one brain in the transverse plane (brain #0821). Sagittal plane images and
schematics based on this series were rotated and aligned to the original block faces as
described in Karten et al., 2013. Transverse images and schematics were aligned such that
the midline was vertically oriented. We note that this transverse series was prepared in the
Frankfurt plane, which is obtained by tilting the anterior pole of the brain slightly downward
prior to vertical blocking. As such, the sections are at a more inclined plane than the
transverse brains used for /in situ hybridization in this and other zebra finch studies.
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Additional drawings of whole sections or of areas of interest were generated using
Neurolucida/Lucivid. These drawings were based on major features like section borders and
borders of major structures like cerebellum and optic tectum, as well as features that are
readily identifiable under Nissl staining, including ventricles, major tracts and laminae, and
some individual nuclei and regions that have clear cytoarchitectonic borders. We note here
that particular attention was paid to laminae, which are thin bands of tissue that delineate
brain divisions or subdivisions, and that compared to surrounding tissues have lower density
of neuronal cells and higher density of fibers and glial cells. According to this definition,
boundaries of individual nuclei are not considered laminae. Laminae were very helpful to
define internal subdivisions of the arcopallium as seen under Nissl, and served as important
guides for interpreting the /n situimages. Drawings were aligned to the Karten finch atlas as
discussed above. Illustrator (CC; San Jose, CA) was used to modify the thickness, scaling,
and alignment of the contours in all drawings.

For the reconstructions in the transverse and sagittal planes (Figures 4 and 5), every 10t
slide (200 um intervals) in the range that spans the arcopallium was stained for Nissl, and
the consecutive slides in the sagittal series were hybridized with probes for C1QL3,
SCUBE1, CBLN2, and ZBTB20, and the transverse with C1QL3, ZBTB20, SCUBEZ2, and
CBLNZ2. The digital images from C1QL3 at each level in the series were aligned with the
corresponding drawings from the adjacent Nissl-stained sections in Illustrator (Adobe
systems, San Jose, CA), using the borders of the section and of structures like the tectum and
cerebellum as cues. The images from all other genes at each level were then similarly
aligned relative to C1QL3. The same rectangular window containing the arcopallium and
adjacent structures of interest was then applied to crop all aligned images at each level in
both series so that comparable panels could be generated for each level. Thus, all images at
each level in both series represent the same location in the aligned adjacent sections
(depicted as a rectangle containing the arcopallium in the insets of Figures 4 and 5). Images
were then scaled down to the desired figure size, without resampling to maintain maximum
resolution. Photoshop CC 2018 (Adobe Systems, San Jose, CA) was used to adjust contrast,
brightness, and greyscale balance of images, and to correct for artifacts introduced during
slide processing (specifically, scratches and chromogen artifactual precipitate). Final figures
were constructed in Ilustrator CC 2018 (Adobe Systems, San Jose, CA). All general
patterns presented in the serial reconstructions were replicated in at least 2 brains and were
observed to be largely consistent across both hemispheres in the case of transverse sections.

For the mappings presented in Figure 9, every 10t slide (200 um intervals) in the range that
spans the medial arcopallium was stained for Nissl, and the consecutive slides at each level
were hybridized with probes for ZBTB20, CYP19A1, ESR1, and ESR2. The hybridized
sections were mapped for labeled cells using Neurolucida. Contours representing borders of
the tissue and of major structures were initially drawn based on cytoarchitectonics visible in
Nissl-stained sections. These drawings were then aligned to consecutive sections processed
for /n situ, and the respective labeled cells mapped onto the initial drawings using
Neurolucida. Using this strategy, all labeled cells from the consecutive hybridized sections at
each examined level in the series could be mapped onto the same initial drawings of the
Nissl-stained sections. These detailed mappings were performed in two males, one case is
presented in Figure 9.
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Analysis of arcopallial domain markers in ZEBrA and the Allen Mouse Brain Atlas.

After completing the initial part of the study, where we identified 20 molecularly-defined
arcopallial domains and subdomains, we returned to the ZEBrA database and inspected in
detail the patterns for ~200 genes that included sections covering the medial-to-lateral extent
of the arcopallium. These genes were evaluated for expression in the arcopallial domains
and subdomains described in Table 1, and scored as a positive (+) or negative (=) marker if
expression in that subdomain was high or low compared to adjacent domains or subdomains
based on visual inspection. Total counts of positive and negative markers for each domain/
subdomain were tallied and are presented in Table 2. The lists of all specific genes in ZEBrA
that were scored as markers of each domain/subdomain are presented in Table S1.

We next conducted a comparative analysis with mammalian brain structures based on the
Allen Mouse Brain Atlas (MBA; mouse.brain-map.org, SCR_002978). Specifically, we
examined whether the genes identified as markers of at least one arcopallial domain or
subdomain in the zebra finch (Table 1 and Table S1; n=129 genes, RA-specific markers
excluded) could also be classified as markers of specific layers of the sensory or motor
cortices, or of major amygdalar subdivisions. RA-specific markers were excluded, since our
goal was to seek for correspondences between avian and mammalian structures rather than
vocal learning circuitry analogs. For the MBA cortical analysis we examined: (a) layers 5, 6a
and 6b in the primary motor cortex; and (b) layers 5, 6a and 6b in the primary sensory
cortex. For the primary sensory cortex we examined primary auditory cortex (MBA’s
reference plate 74), or primary visual cortex (MBA'’s reference plate 82) when sections
containing primary auditory cortex were unavailable for a given gene. For the amygdalar
structures we examined the sub-pallial central (CEA; MBA’s reference plates 63-75) and
medial amygdala (MEA MBA’s reference plates 63-76), as well as the pallial basolateral
(BLA; MBA'’s reference plates 63-79) and cortical amygdala (COA; MBA'’s reference plates
63-79). We note that the majority of genes included in this analysis were part of the
Anatomic Gene Expression Atlas (AGEA) subset within MBA, thus constituted high quality
gene sets in this database, but some cases where the expression was difficult to assess with
confidence in the MBA had to be removed. For each gene, we used the “Expression Energy”
masking feature while scoring expression patterns to help determine the expression contrast
across structures annotated in the MBA reference atlas. Genes were scored as markers of a
cortical layer if expression in that layer differed compared to the other layers examined in
the cortical area of interest (motor or sensory). Genes were scored as markers of an
amygdalar structure if the majority of subdivisions within the amygdalar structure were
differential compared to the other amygdalar structures. To simplify the comparison with
mammalian structures we collapsed the set of genes that defined 18 arcopallial subdomains
(RA excluded) into 7 domain/subdomains consisting of AA, AMV, AMD, AD, AP, Ald, and
AV. We note that while AMV and AMD are subdivisions of AM, they were analyzed
separately because many markers in ZEBrA differentiate them. In the case of Al, we only
considered Ald as there are only very few markers for other Al subdivision. To determine
the degree of similarity between arcopallial domains and mammalian structures we
calculated the percent of shared markers for each pairwise comparison. Specifically, we
calculated the percentages of molecular markers for each of the 7 arcopallial subdomains
examined that were also markers of a cortical layer and/or amygdalar structure.
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We have conducted a large scale examination of the molecular architecture of the zebra finch
arcopallium. While the bulk of the effort is based on gene expression, it was helpful to first
identify cyto- and myeloarchitectonic features (e.g., cell groups, laminae, and fiber tracts)
that could be readily identifiable under Nissl and myelin staining, to provide a general
framework and guidance for the molecular analysis. This was accomplished by examining
high-resolution digital images of serial sagittal and transverse sections from the online
histological zebra finch brain atlas (http://zebrafinch.brainarchitecture.org,
RRID:SCR_004277; Karten et al., 2013). Below we present first the Nissl-based and /n situ
observations for the whole arcopallium, followed by analyses of arcopallial subdivisions.

Defining the Arcopallium in zebra finches

Under Nissl, the zebra finch arcopallium appears as a large structure in the caudal
telencephalon (Fig. 1), spanning ~1.8 mm along the A-P axis (from 0.1 A to 1.9 P; Fig. 1,
orange lines) and ~2.6 mm along the M-L axis (1.2 to 3.8 from the midline; Fig. 1, blue
lines). Its boundaries and nearby structures change along the rostro-caudal axis. As best seen
in transverse sections, the rostral arcopallium (from 0.1 A to ~0.6 P) is bound ventro-
laterally by the pallial-subpallial lamina (LPS; green arrows in Fig. 2a-f), which separates it
from the striatum. Caudally, as the striatum ends, the arcopallium is bound ventro-laterally
by the fronto-arcopallial tract (FA; Fig. 2g-k). Dorsally, the arcopallium is bound by the
dorsal arcopallial lamina (LAD), which separates it from the nidopallium; a smaller medial
part (mLAD) starts rostrally (yellow arrows in Fig. 2a-e), whereas the larger, more arching
lateral part (ILAD) is more prominent at caudal levels (orange arrows in Fig. 2c-1). In
sagittal sections, the arcopallium is seen as bound rostrally by the LPS (green arrows in Fig.
3a-d and 3f-j), which separates it from the caudal striatum, while at the lateral-most level it
is bound rostrally by the FA (Fig. 3k-1). Dorsally, mLAD and ILAD are seen respectively in
medial (yellow arrows in Fig. 3a-c), and lateral sections (orange arrows in Fig. 3e-k), but the
LAD is difficult to visualize at the transition zone (Fig. 3d, not drawn).

We next sought to identify molecular markers to help define the arcopallium and clarify its
borders. The ZEBrA /n situhybridization database includes patterns for numerous
transcripts reported as differentially expressed in the arcopallium compared to other
telencephalic regions (see arcopallium markers in ZEBrA:www.zebrafinchatlas.org, RRID:
SCR_012988). We conducted a detailed /77 situ evaluation of a subset of these genes,
including both up- (C1QL3, ETV1, SV2B) and down-regulated (AQP1, HPCAL1, PLPP4)
markers. We note that C1QL3 and ETV1 were previously suggested as good candidate
arcopallial markers (Pfenning et al., 2014), and that most of the genes we examined were
found to be good general markers of the arcopallium, often identifying boundaries not
clearly seen by Nissl. C1QL3, however had the most consistent and inclusive pattern,
providing the strongest contrast between the arcopallium and the adjacent striatum and
nidopallium. As seen on both the transverse and sagittal series, most of the area of high
C1QL3 expression (Figs. 4c-k and 5d-n) matched the Nissl-defined arcopallium (Figs. 2 and
3). C1QL3 was thus chosen as a general arcopallial marker and routinely hybridized to serial
sections for most brains in this study.
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A closer look revealed that the rostral-most arcopallium, located medio-dorsally to OM (thus
corresponding to the rostral portion of Nissl-defined AMD, as seen in Fig. 2b) was negative
for C1QL3 (Fig. 4b). In fact, the dorsal border of this region could be defined by the higher
C1QL3 expression in the overlying nidopallium (carets in Fig. 4b). This C1QL3-negative
region is immediately caudal to the medial striatum (the region defined by carets in Fig. 4b
is at the same position as the medial extent of the striatum in Fig. 4a). High C1QL3
expression started rostrally as small islands of labeled cells (thick dashed lines in Fig. 4a-b)
within this C1QL3-negative region. Slightly more caudally, the C1QL3-positive clusters
became elongated, merged (Fig. 4c), and quickly expanded to eventually occupy almost the
entire arcopallium (Fig. 4d-k). The rostral region lacking C1QL3 expression waned caudally,
but could still be seen as a small dorsal domain, at the transition between AM and Al (carets
in Fig. 4c). C1QL3 expression was also low medially, so that the C1QL3-defined dorsal
boundary was less distinct medially (thin dorso-medial dashed line in Fig. 4c-i) than
laterally (thick dorso-lateral dashed line in Fig. 4c-k). C1QL3 expression was particularly
low medio-ventrally (Fig. 4e-g) and in RA (Fig. 4f-i). A similar pattern was seen in sagittals,
a clear dorsal boundary seen laterally (Fig. 5¢) but not medially (Fig. 5b), as well as very
low expression in AMV (Figs. 5b-c), the rostral-most region (boundary indicated by carets
in Fig. 5e-g), rostroventrally (Figs. 5d-e), and in RA (Fig. 5d-h). C1QL3 was also
distinctively low in a discrete caudal domain (double asterisks in Fig. 5j) that corresponded
to a caudal nucleus with tightly packed cells next to the lateral ventricle tip, as clearly seen
in Nissl-stained sagittal sections (white arrowhead in Fig. 3h-i).

Defining subdivisions of the Arcopallium

Before describing the regional 7 situ data, we note that some prominent features seen under
Nissl provided indications of arcopallial subdivisions and helped build a framework for
molecular analysis. These included, in the transverse series: (a) the occipito-mesencephalic
tract (OM), which appears as a compact ventral tract in rostral sections (Fig. 2a-b) and
whose medial part (mOM) breaks into thick fiber bundles that are gradually displaced
medially (white arrows in Fig. 2b-h); (b) an arching vertical arcopallial lamina that we
named LAV runs roughly parallel to the medial surface of the telencephalon and is most
clearly seen rostrally and ventrally (dark blue arrows in Fig. 2¢c-h); and (c) an oblique
arcopallial lamina that that we named LAO that runs parallel to the ventral surface of the
telencephalon (light blue arrows in Fig. 2c-i). Whereas LAV is not readily visible in the
sagittal series, LAO and OM are prominent, the latter appearing rostrally as a compact tract
(Fig. 3a-f) that at medial levels breaks into thick fiber bundles along the rostro-caudal axis of
the arcopallium (white arrows in Fig. 3b-c).

We next evaluated patterns for transcripts identified in the ZEBrA database as differentially
expressed in specific arcopallial domains, and identified ZBTB20, CBLN2 and SCUBEL1 as
having the most restricted distributions within the arcopallium. Their analysis, compared
with the Nissl reference sections (Figs. 2-3), C1QL3 (Figs. 4 and 5), and other spatially
restricted markers (Figs. 6-13) provided a basis for molecularly defining several arcopallial
domains and subdomains.
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Anterior arcopallium (AA) complex—Under Nissl, a distinct arcopallial division starts
rostroventrally in the transverse series, named here anterior arcopallium (AA; Fig. 2c-d). AA
is bound laterally by the LPS (green arrows in Fig. 2c-d), medially by the LAV (dark blue
arrows in Fig. 2d), dorsally by the LAO (light blue arrows in Fig. 2d), and ventrally by OM.
More caudally, AA becomes wider with a trapezoid shape and bound ventrally by the ventral
border of the telencephalon (Fig. 2e-f), but tapers off at a level where RA is large and OM
fiber bundles break up (Fig. 2h-i). The rostro-medial part of AA is rich in fine fiber bundles
(asterisks in Fig. 2e-f). In medial sagittal sections, AA is seen rostro-ventral to lateral RA,
has a triangular shape, and encompasses the rostral-most fiber bundles that coalesce to form
the OM tract (Fig. 3f-i). Laterally, AA becomes flattened dorsally (Fig. 3h-j), and ventrally,
AA is devoid of fiber bundles.

SCUBE1 was strongly expressed in a domain (indicated as AA* in Figs. 4d-1 and 5e-m) that
covered most of the Nissl-defined AA (Figs. 2c-i and 3f-j). On rostral transverse sections,
this SCUBE1 domain appeared as a rectangular area close to the ventral border of the
telencephalon and medial to the St (Fig. 4d-g) that tapered off caudally (Fig. 4h-i), although
it did not extend as far medially as Nissl-defined AA. On sagittals, this SCUBE1 domain
started as a small ventral area rostral to intermediate RA (Fig. 5e) that laterally became
larger and triangular, occupying the rostro-ventral most arcopallium (Fig. 5f-g). Laterally,
the SCUBEL domain became flattened dorsally (Fig. 5i-k), and then waned (Fig. 5I-m). The
central part of this domain included many thick fiber bundles associated with OM rostro-
ventrally.

In contrast, AQP1 was selectively expressed in the rostral part of the SCUBE1 domain, but
also extended medially and ventrally beyond this domain. Taken together, the sum of the
area defined by both markers (Fig. 6a-b) closely matched the Nissl-defined AA (Figs. 2c-i
and 3f-i). These markers also provide evidence for AA subdomains. Specifically, a caudal
subdomain (AAc) was positive for SCUBEL only, whereas a rostro-lateral subdomain
(AArl) was positive for both SCUBE1 and AQP1 (Figs. 6a- a’” and 6b-b’’) and contained
some of the largest fiber bundles as they coalesce to form the OM tract. SCUBE1- and
AQP1-positive cells in AArl (Figs. 6b” and b’’ respectively) were interspersed among these
fiber bundles. In contrast, rostro-medial (AArm) and ventral (AAv) subdomains were
positive for AQP1, but negative for SCUBEL (Fig. 6a-a’” and 6b-b’’). The distinction
between AArm and AArl was best seen in transverse sections (Fig. 6b-b’”). AArm matched
the medial-most AA subregion rich in small fiber bundles as seen in Nissl (asterisks in Fig.
2e-f).

Other genes further support AA and subdomains. The up-regulated expression of PLPP4 and
CRHR2 (Fig. 6d-e), and down-regulated expression of ETV1 (Fig. 6f) matched closely the
SCUBE1 pattern. CAMK2N1 appeared as a positive AA marker due to down-regulation
throughout the arcopallium compared with AA and adjacent forebrain areas (Fig. 6g).
HTR1B showed upregulation in AA, but also moderate expression that extended caudally
beyond AA into rostroventral Al (Fig. 6h, labeled Alrv in Fig. 6a; see Al below). PLPP4 and
ETV1 were also differentially expressed in AAv (Fig. 6d and f), further differentiating AAv
from the rest of the AA. NECAB2 matched closely the AQP1 pattern, with low expression
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in AAc but high expression in AArl and AAv (Fig. 13a-c) as well as in AArm (not shown,
but see NECAB2 and AQP1 patterns in ZEBrA).

Medial arcopallium (AM)—Under Nissl, we defined AM as a medial division composed
of distinct dorsal and ventral subdivisions, named AMD and AMV, respectively. In the
transverse series (Fig. 2a-h), these subdivisions are bound laterally by the LAV (dark blue
arrows in Fig. 2c-h), and separated from each other by the fiber bundles from mOM (white
arrows in Fig. 2b-h). AMD, the rostral-most region of the arcopallium (Fig. 2a), is bound
ventrally by mOM and dorsally by mLAD (yellow arrows in Fig. 2a-e). AMYV starts rostrally
as an elongated thin band at the ventral border of the telencephalon, below mOM (Fig. 2b).
More caudally it becomes thicker and vertically elongated (Fig. 2c-g), tapering off by the
level of caudal RA. At its thickest, it occupies the medio-ventral-most corner of the
telencephalon (Fig. 2d). Both AMD and AMYV seem to shift medially going from rostral to
caudal levels (Fig. 2a-d), due to the medial border of the telencephalon shifting laterally as
the cerebellum expands and the caudomedial nidopallium (NCM) wanes. In medial sagittal
sections, AMV and AMD are separated from each other by mOM fiber bundles (white
arrows in Fig. 3b-c). Further specializations within AM include: a) the medial-most AMD
has darkly staining large cells that are distinct from the rest of the AMD and from the
nidopallium above (white arrowhead in Fig. 2c-¢); b) the medial-most AMV has smaller and
more densely-packed cells than the rest of the AMV (black arrowhead in Fig. 2d-e); c) the
caudal-most AMV has a higher density of small, compact cells than more rostral AMV
(black arrowhead in Fig. 3c); and d) a rostral region in lateral AMV, bound rostrally by OM
and dorsally by mOM appears as a distinct subdomain in sagittal sections (asterisk in Fig.
3d). As detailed below, several /n situ patterns differentiate Nissl-defined AM from other
arcopallial regions and/or support the differentiation of AMV and AMD and their
subdomains.

AMYV: ZBTB20 expression corresponded closely to the Nissl-defined AMV, but our
molecular data revealed a prominent central subdomain, which we named intermediate
AMV (AMVi), as well as distinct subdomains, which we detail below. On transverse
sections, AMVi started rostrally as a small elongated region medial to OM and ventral to the
medial OM fiber bundles (Fig. 4b-c). It then appeared to shift medially (Fig. 4d) and became
elongated vertically, occupying the entire medio-ventral corner of the telencephalon (Fig. 4e-
f). At more caudal levels it waned and terminated as a small round region just medial to
caudal RA (Fig. 4g-h; ZBTB20 images not shown but indicated as AMV in the drawings on
the left). On sagittals, the ZBTB20 domain we defined as AMVi was seen ventral to mOM
medially (Fig. 5b-c).

At rostral levels, the lateral part of the ZBTB20-expressing domain overlapped with the
ventral part of a broad region of moderate SCUBE1 expression. This lateral AMV
subdomain (AMVI) is best seen on sagittals (Fig. 5c-e), and matched closely the distinct
rostro-lateral part of AMV seen under Nissl (compare ZBTB20 and SCUBEL in Fig. 5d-e
with the region indicated by an asterisk in Fig. 3d). The overlap of ZBTB20 and SCUBEL1 in
AMVI could also be seen on transverse sections (Fig. 4¢c). AMVI could be distinguished
from the larger AMVi based on MGP, which was expressed in AMVi but not in AMVI
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(compare Fig. 7¢’” with Fig. 7a’”), whereas other markers like PLS3 and PCP4 were highly
expressed in both AMVi and AMVI (compare Fig. 7¢’/d’ to Fig. 7a’/b’). We also noted a
medial AMV subdomain (AMVm) that could be defined by expression of ZBTB20 (Fig. 7a)
but lack of expression of PLS3 (Fig. 7a’), MGP (Fig. 7a”), and PCP4 (Fig. 7b’). This
molecularly defined AMVm matched closely the medial-most AMV seen under Nissl as
having smaller and more densely-packed cells than other AMV subdomains (black
arrowhead in Fig 2d-e). Further supporting AMVm and AMVI, we found that MAP4 and
KCND?2 behaved similarly to MGP, with high expression in AMVi but not in AMVI or
AMVm, whereas FABP7 was expressed highly both in AMVi and AMVm (not shown).
Lastly, a caudal subdomain (AMVc) best seen in sagittals was defined by lack of expression
of ZBTB20 and C1QL3 (Fig. 5¢). AMVc corresponds to the caudal area of high density of
small cells seen ventral to mOM under Nissl (black arrowhead in Fig. 3C).

Examination of medial sagittal sections at close intervals further clarified relationships
across AMV subdomains (Fig. 7e-g). AMVm was seen very medially as a ZBTB20- and
KCNQ5-positive but MGP-negative domain, contrasting with the more ventral AMVi,
positive for all 3 markers (Fig. 7e). At more lateral levels, AMVi expanded, while AMVm
shifted caudally and waned (Fig. 7f). As AMVm ended, AMVc¢ appeared as a caudo-ventral
region that was KCNQ5-positive but ZBTB20- and MGP-negative (Fig. 7g). More laterally,
the ZBTB20-defined AMVi shifted rostrally, AMVc expanded caudally, and AMVI
(SCUBE1-positive) started as a small domain rostrally (Fig. 5¢). More laterally, we observed
an abrupt transition after which strong C1QL3 expression started, AMVi ended, and the
ZBTB20-expressing domain became restricted to the now larger AMVI (Fig. 5d). At this
level, the area of low C1QL3 expression extended caudal to the ZBTB20-positive domain,
such that a small C1QL3- and ZBTB20-negative domain was present just caudal to the
ZBTB20-defined AMVI (asterisk in Fig. 5d-e). Lastly, we note that at the rostral-most level
of the arcopallium, a small round area of strong ZBTB20 expression medial to St and OM
matched a similar area of strong C1QL3 expression (AM in Fig. 4a). We labeled this rostral
area AM because we were unable to establish whether it was dorsal or ventral to mOM, and
thus whether it corresponded to AMV, AMD, or an area where these two subdivisions
merge.

AMD: CYP19A1 was most highly expressed in a domain within AM located dorsal to
AMYV and ventral to the medial nidopallium and that resembled AMD as defined by Nissl
(e.g., compare CYP19AL1 in Fig. 8a to Nissl in Fig. 2d). AMD was notably devoid of high
ZBTB20 expression that defines AMV (Fig. 8b). CYP19A1 expression was most
conspicuous in the medial-most part of AMD named AMDm, identifiable under Nissl as a
medial region of darkly stained large cells (white arrowhead in Fig. 2c-¢), and less marked in
lateral AMD (AMDI). On sagittals, the high CYP19A1-expressing AMDm corresponded to
the medial-most AMD (dorsal to the OM fibers), representing the first arcopallial domain
seen medially (not shown, but see ZEBrA, CYP19A1, level 5). At more lateral and rostral
levels, however, while CYP19A1 expression was still enriched in AMD, it was not restricted
to this domain and thus less useful to molecularly define it (details below). We also note that
while other genes like AQP1 and NECAB2 were not specific markers of AMD, they were
substantially enriched in this subdomain, contrasting sharply with their low expression in
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AMV (Fig. 8c-d). Interestingly, these AMD-enriched genes also showed strong expression
in AMVm, further establishing the distinct molecular identity of this subdomain.

Differential cell type mappingin AM: To better characterize and distinguish AMV and
AMD, we examined closely the distribution of individual ZBTB20- and CYP19A1-
expressing cells on serial transverse sections. ZBTB20-labeled cells (blue diamonds in Fig.
9) had a discrete distribution that matched closely the definition of AMYV, especially at
intermediate to caudal levels, and were particularly dense in AMVm (Fig. 9e-h). At the
rostral-most levels, ZBTB20 cells had a somewhat broader distribution, and while still more
numerous medio-ventrally, some cells were also seen more dorsally and laterally (Fig. 9c-d).

CYP19A1-expressing cells could be divided into two populations, a sparser high expression
cell-type and a more numerous low expression cell-type (black and white arrows,
respectively, in Fig. 8e), which we mapped separately. The high label cells (red circles in
Fig. 9) had a spatially more restricted distribution that largely corresponded to AMD (Fig.
9c-h), and were seen at several rostro-caudal levels just dorsal to and largely non-
overlapping with the ZBTB20-expressing cells. Some of these cells were also seen more
laterally and ventrally, although rarely within AMV subdivisions. In contrast, low label cells
(pink circles in Fig 9) had a broader distribution than AMD and were also seen within AMV
subdivisions (Fig. 9c-h). Overall, CYP19A1 expression was more marked in AMD but also
occurred in AMV (Fig. 9, compare the CYP19A1 and ZBTB20 distributions in the overlay
column). Thus, in contrast with the more discrete distribution of ZBTB20 in AMV,
CYP19A1 was not as distinct a marker for distinguishing these subdivisions. We also note
that CYP19A1-expressing cells in AMD were continuous in their distribution with labeled
cells in NCM, thus this gene cannot be used as a marker to distinguish the AMD border with
NCM. For clarity, CYP19A1-expressing cells in NCM were not included in the Fig. 9 maps.

We also mapped the expression of estrogen receptors alpha (ER-alpha, a.k.a. ESR1) and beta
(ER-beta, a.k.a. ESR2) on sections adjacent to ZBTB20 and CYP19A1 from the same series
as above, as these receptors have been previously described as enriched in medio-ventral
arcopallium and as defining nucleus taenia. ESR2-expressing cells (Fig. 8g) formed two
distinct and densely packed clusters (purple squares in Fig. 9e-g). The medial ESR2 cluster
corresponded to the ZBTB20-positive AMVm, and the lateral cluster was located just lateral
to the ZBTB20-expressing AMVi (Fig. 9e-g, overlay of ZBTB20 and ESR2). More rostrally,
ESR2-expressing cells had a somewhat broader distribution that extended beyond AMVm
(Fig. 9c-d). Interestingly, ESR2 cells were distinctly absent in the areas of high CYP19A1
expression, especially AMD, as well as in most of the ZBTB20-positive AMV. In contrast to
ESR2, ESR1-expressing cells (Fig. 8f, green triangles in Fig. 9) were not observed in the
arcopallium; instead, these cells were seen within NCM medially (Fig. 9a-b), or within the
St laterally (Fig. 9a-b).

Dorsal arcopallium (AD)—While not readily defined under Nissl, this domain could be
defined molecularly. CBLN2 was prominently expressed in a dorsal domain just underneath
the dorsal border of the arcopallium as defined by C1QL3 (Figs. 4f-k and 5f-m). On
transverse serial sections, this domain was seen as an arching region dorsal to RA that
became more distinct laterally, and waned medially over RA (Fig. 4f). Caudal to RA this
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CBLN2-expressing domain became thicker medially (Fig. 4i-k). On sagittals, a full dorsal
arching domain was clearly seen at lateral levels (Fig. 5k-1), whereas medially this CBLN2
dorsal domain waned rostrally and expanded caudally (Fig. 5f-j). CBLN2 was also strongly
expressed in a discrete medial region within the caudal striatum rostral to the arcopallium
(cross in Fig. 5f), and in a lateral region rostral and ventral to the lateral arcopallium (double
crosses in Figs. 5m-n).

To examine AD more closely, we compared CBLN2 expression with CCK, also identified as
expressed in a discrete dorsal arcopallial region (Fig. 10). CCK expression largely matched
CBLN2 in the dorsal domain but did not extend as medially or laterally (Fig. 10a), and while
CCK also showed some caudal expansion (Fig. 10b), it was more restricted than CBLN2
(Fig. 10b-c). Because CBLN2 extended caudally beyond CCK and overlapped with genes
that helped to define a posterior arcopallial domain (see below), we concluded that CCK was
a more specific marker of dorsal arcopallium (AD). Of note, AD was not distinguishable on
Nissl-stained sections, except for levels where a distinct dorsal Al suggested a more dorsal
narrow region just underneath LAD (dorsal to the black arrows in Figs. 2i and 3j). This
dorsal region appears to correspond closely to the CBLN2-positive/CCK-positive domain.
Lastly, other genes like HTR1B (Fig. 6h) and CNTN4 (see Fig. 12c-d below) also defined
AD by differential expression compared to the underlying Al.

Posterior arcopallium (AP)—This region could not be readily defined under Nissl, and
its molecular definition required an examination of multiple genes. The caudal-most
expansion of the CBLN2 expression domain was most prominent on sagittal sections lateral
to RA (Figs. 5i-j and 10b-c), but could also be seen caudal to RA (Fig. 5f-h). While
continuous with AD, this caudal expansion of the CBLN2 expression domain appeared to
extend even beyond the C1QL3 boundary (e.g. double asterisks in Figs. 4k and 5j). To
explore this region further, we compared CBLN2 with other markers that were prominently
differential in this arcopallial region.

While C1QL3 was uniformly expressed throughout the caudal arcopallium and helped to
define a distinct caudal boundary (Fig. 11a-a’), NECAB2 was highly expressed within the
posterior part of the C1QL3-positive domain, ventrally but not dorsally. We named the
NECAB2- and C1QL3-positive domain ventral posterior arcopallium (APv; Fig. 11b-b’).
NECAB2 expression contrasted sharply with CBLN2, which was markedly expressed
dorsally (Fig. 11c-c’). The CBLN2-expressing domain included AD, whose caudal border is
defined by the caudal boundary of CCK expression (as shown in Fig. 10a) and which was
contained within the C1QL3-expressing region (Fig. 11c’). We noted, though, a small
ventral region of weaker CBLN2 expression that extended caudoventrally beyond AD (thin
dashed line in Fig. 11c”). Upon overlaying the CBLN2 and NECAB2 expression domains,
this ventral CBLN2-expressing domain overlapped partially with NECAB2-defined APv
(thin dashed line in Fig. 10f). CBLN2 also extended caudally and dorsally beyond the
C1QL3 boundary, to include a caudal nucleus that showed distinctly higher S\V2B
expression (Fig. 11d) compared to other parts of the arcopallium or the overlying
nidopallium. The caudal boundary of AQP1, a general negative arcopallial marker, also
extended beyond the caudal C1QL3 boundary to include the SV2B-positive nucleus (Fig.
11le).

J Comp Neurol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mello et al.

Page 16

This SV2B-defined nucleus corresponded to a compact distinct nucleus of small tightly
packed cells located immediately rostral to the caudo-ventral tip of the lateral ventricle, most
readily seen on sagittal sections just lateral to RA (Fig. 11g and white arrowhead in Fig. 3g-
i). It obscures the caudal-ventral end of LAD, thus it is difficult to conclusively determine
whether it is within the arcopallium based on Nissl alone. We interpret the molecular data as
evidence that this nucleus corresponds to a caudal-most and dorsal extension of the posterior
arcopallium, and thus named it APd (Fig. 11f, also double asterisks in Figs. 4j-k, 5j and
10b).

Interestingly, the smaller rostro-ventral part of APd shows C1QL3/NECAB2 expression, but
the larger caudo-dorsal part is CLQL3/NECAB2-negative (Fig. 11f). The ventral part of the
NECAB2 expression domain overlapped with AQP1, thus defining a distinct ventral
subdomain within APv (white asterisk in Fig. 6b” and f). Taken together, we have identified
4 components of the AP (three subdivisions of APv plus APd), as drawn in Fig. 11f. Lastly,
NECAB?2 expression also extended rostro-ventrally beyond APv (Fig. 6b and black dashed
line in Fig. 6b”), defining a domain discussed below under AV.

Intermediate arcopallium (Al)—This large and complex region and its internal
subdivisions could not be fully defined based on Nissl staining alone, but some
cytoarchitectonic features provided useful guides for /n sifu analysis. At rostral levels in the
transverse series it appears as a prominent subdivision bound medially by LAV (dark blue
arrows in Fig. 2c-d) and ventrally by LAO (light blue arrows in Fig. 2c-d). It expands rapidly
more caudally, but keeps the same boundaries along the rest of the transverse series (Fig. 2e-
i). Within medial Al, just lateral to the caudal AMD and AMV, lies the robust arcopallial
nucleus (RA; Fig. 2g-i). Consistent with the previous literature on this nucleus (e.g., Arnold
1980, Konishi and Akutagawa, 1985), RA has distinct neurons with large somata and a
darkly-stained neuropil. Lateral to RA is an arching Al region containing cells that appear
larger and more darkly staining than in the surrounding arcopallium, though the exact
boundaries are not clearly discernible (e.g., see black arrows Fig. 2i). In sagittals, this Al
region appears as a round structure reminiscent of nucleus RA (black arrows Fig. 3j-K),
however it is located laterally to RA and lacks the clear borders and prominent features that
distinguish RA from its surrounds. This lateral-dorsal arching Al region, where present,
suggests a thin arcopallial region dorsal to Al and underneath the LAD. As detailed next,
while we did not find markers that consistently labeled the entire Al, some markers defined
Al subdomains.

Ald and RA: Besides being an AA marker, SCUBE1 was moderately but consistently
upregulated in RA and in a dorso-lateral Al subdomain lateral to RA and immediately
ventral to AD that we named dorsal Al (Ald; Fig. 4f-i), compared to other Al domains. On
caudal transverse sections (e.g. Fig. 4i), RA and Ald formed an almost continuous dorsal
arching domain extending from RA to ventro-lateral Al. At more rostral levels RA and the
Ald were separated by an intervening SCUBE1-negative region (Fig. 4f-h). This dorso-
lateral SCUBE1-defined Ald could also be followed on the sagittal series, starting lateral to
RA and extending to more lateral levels of the arcopallium (Fig. 5i-m). The location of this
SCUBE1-defined Ald resembled closely the Ald as seen under Nissl on both transverse
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(Fig. 2i) and sagittal (Fig. 3j-k) sections. Under Nissl, this domain appears to have somewhat
larger cells and lower cell density compared with more ventral parts of the Al. The
combined RA and Ald arching region helps define the ventral border of the AD, as well as
provide a dorsal boundary for other domains within the Al.

Other markers were more variable in defining Ald, suggesting Ald may possess subdomains.
For example, PVALB-defined Ald (Fig. 12b) appeared thicker than for SCUBE1 and
connected to RA without an evidence for a non-differential intervening region (Fig. 12b; see
fine dashed lines in Fig. 12a). In contrast, CNTN4-defined Ald at the same level was thinner
(Fig. 12c) and less connected with RA, connecting only at more caudal levels (Fig. 12d),
thus resembling SCUBE1 more than PVALB (although CNTN4 differed from SCUBE1 by
high expression medially). All other identified markers of both structures had the same
direction of differential expression in RA and Ald, including both negative (SCN3B; Fig.
11e) and positive (SYF2, HTR2A, KCNS1; Figs 11f-h) markers, and none of these were
exclusively differential in Ald. These other genes also varied in their Ald definition, the
ventral boundary being sharper for SCN3B and SYF2 and graded for KCNS1 and HTR2A,
and the degree of connection between RA and Ald varied among transcripts. While the
entire Ald was clearly seen on transverse sections, the differential expression in RA and Ald
could also be seen on sagittal sections, with the pattern in Ald (Fig. 12n-p) closely
resembling that in RA as seen in medial sections (Fig. 12m). Lastly, a smaller set of genes
was exclusively differential in RA, including negative (STMNZ1, C1QL3; Fig. 11i/k) and
positive (GABRE, CAMKKZ1; Fig. 11j/I) RA markers. These exclusive RA-specific markers
respected closely the Nissl-defined cytoarchitectonic boundaries of RA.

Other Al subregions: Other parts of Al showed differential expression, but in most cases
they were not as clearly defined by a single gene, requiring a subtraction across markers
and/or subregions. SCUBEZ1, for example, was also expressed in a rostral domain within Al
located dorsal to AA at lateral levels. This region appeared as a rostral extension of the Al,
and we thus named it rostral Al (Alr; Fig. 5j-k; also see Fig. 4f-g). In contrast to SCUBEL1,
other markers that define Ald did not show any evidence of expression in Alr, indicating that
this region is not simply a rostral extension of Ald. For HTR1B, besides strong expression in
AA, we observed moderate but distinct expression in a rostro-ventral region just caudal to
AA which we named rostro-ventral Al (Alrv; Fig. 6a and h). CNTN4, besides its high
expression in RA and Ald, was also strongly expressed in a broad medial domain that
included RA and AM. This CNTN4 expression domain had a sharp border ventral to RA,
defining a region that we named medial Al (Alm; Fig. 12a). Lastly, CNTN4 also helped to
define a CNTN4 negative region ventral to Ald and lateral to Alm that we named ventral Al
(Alv; Fig. 12a). Further support for Al subdomains came from other ZEBrA data (see
below).

Ventral arcopallium (AV)—Under Nissl, we identified a region along the ventral border
of the telencephalon and caudal to AA whose cells appear to be arranged parallel to the
tissue border and thus distinct from the overlying A, especially on sagittals. We have termed
this region ventral arcopallium (AV; Fig. 3g-j). Besides their high expression in AArl and
AAv, AQP1 and NECAB?2 also showed high expression in a band of tissue at the ventral
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edge of the arcopallium that resembled Nissl-defined AV. This ventral AQP1- and NECAB2-
expressing domain continued rostrally with AAv and overlapped caudally with the ventral
part of NECAB2-defined APv (Fig. 13a-c). It was also defined by low expression of SV2B,
which was otherwise generally enriched throughout the arcopallium (Fig. 13d). Also in
contrast to AQP1 and NECAB2, this ventral band did not express SCUBE1, thus SCUBE1
expression in AA served as a rostral boundary for this ventral domain (Fig. 6a-a’ and 6c).

Other markers and overall summary of zebra finch data

As summarized in Table 1, the genes analyzed in this study provided supporting evidence for
6 distinct major arcopallial domains (AA, AM - subdivided into AMV and AMD, AD, AP,
Al, and AV), altogether comprising 20 subdomains. Seeking additional support for these
findings, we next re-examined the ZEBrA database and identified another 171 genes that
were general markers of the entire arcopallium or differentially expressed in the various
arcopallial domains and/or subdomains defined in the present study (Table 2; details in
Supplnfo: SuppTablel.xIsx). A large subset of these genes (n=124) represent RA markers,
since they derived from microarray screenings for song nuclei markers (Lovell et al., 2008;
Pfenning et al., 2014; Lovell et al, 2018). Because of differences in cutting angle and/or
covered regions in the brains used to generate ZEBrA, the detailed definitions of arcopallial
subdomains differs somewhat across genes. Nonetheless, the numerous differentially
expressed genes available in ZEBrA for most arcopallial subdivisions provide substantial
further support for our proposed molecular architecture. Some noteworthy examples (see
patterns in ZEBrA) include general markers of the arcopallium besides C1QL3 (e.g.
CADPS2, FOSL2, LMO3), prominent markers of AA (e.g. GRIK3, KCTD20, LMO1,
RHOB, ZEB2), AMVI (e.g. SLC24A2, KCTD12) and AMD (e.g. PLPP4), and general
markers of Al (LGI1, NTS).

Comparative analyses

We next examined in zebra finches the expression patterns of several genes previously
described as arcopallial markers in chicken (Dugas-Ford et al., 2012), some of which
expressed in pyramidal cells in layers 5/6 of the mammalian cortex (e.g. Allen Mouse Brain
Atlas; MBA; mouse.brain-map.org, SCR_002978; Lein et al., 2007), and found marked
similarities in the patterns across species. For example, FEZF2, which in chick showed
broad expression throughout the arcopallium except for the dorsal region (Fig. S5B’” in
Dugas-Ford et al., 2012), also showed broad expression in the zebra finch arcopallium, but
was distinctly low in RA as well as in AD, including the caudal portion of AD just caudal to
RA (Fig. 14a). SULF2, which in chick was largely restricted to a portion of the dorsal
arcopallium (Fig S5E”” in Dugas-Ford et al., 2012), showed low expression throughout the
finch arcopallium but was distinctly enriched in AD (Fig. 14b), and thus was an almost
mirror image of FEZF2 in both species. PCP4, which in chick was highly expressed in a
ventro-medial region and in a large region including both the dorsal arcopallium and the
dorsal part of the intermediate arcopallium (Figs. 2H and S5D’’ in Dugas-Ford et al., 2012),
in finch showed strong expression in AMV, in RA, in a dorsal band that included AD and
Ald (Fig. 14c), and in AP (Fig. 14d). We also confirmed that ETV1 is generally high in the
arcopallium but negative in AA (as in Fig 2l in Dugas-Ford et al., 2012, and in Fig. 12a in
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Jarvis et al., 2013), noting that it also showed weak expression in AD and AP (not shown,
but see ETV1 in the ZEBrA website).

To further probe into molecular similarities of the arcopallium between zebra finches and
chicken, which is positioned very differently in these two species, we next examined in
chicken the expression of some of the arcopallial markers described above for finches. Using
crosshybridization with finch probes we obtained data for CLQL3 and for ZBTB20. Similar
to zebra finch, C1QL3 was generally high throughout the chicken arcopallium compared to
adjacent brain structures (Fig. 15a’’-c’”), matching well the location and boundaries of this
structure in chicken (overall lateral position, ventro-lateral to the striatum; see drawings in
Fig. 15a-c). The ventro-medial region showed lower expression than the larger, more lateral
part of the arcopallium. Thus, the C1QL3 expression in chicken matched well that in finch
as a robust marker of the arcopallium. ZBTB20 was selectively expressed in the ventro-
medial region, appearing more ventral at rostral levels and shifting dorsally and medially at
more caudal levels (Fig. 15a’-c’). The overall shape and location of the ZBTB20 expression
domain relative to the rest of the arcopallium resembled closely the pattern in finch
(compare with Fig. 4d-f), thus we suggest that this marker reveals the AMV domain of
chicken. This region has been identified as the hippocampal-amygdalar transition zone in the
chick atlas (AHi in Plate/Figure 18 in Puelles, 2007). We note that this region of ZBTB20
expression excludes the large nucleus identified as Tn (ATn) in the chick atlas (Puelles,
2007).

We next examined expression patterns in ZEBrA and MBA as the basis for comparing gene
expression patterns in avian arcopallial domains and specific mammalian brain areas.
Previous studies indicate that the avian arcopallium may correspond to mammalian infra-
granular cortical layers and/or amygdalar subdivisions (Abellan et al., 2009; Kuenzel et al.,
2011; Puelles, 2011; Dugas-Ford et al., 2012; Jarvis et al., 2013; Vicario et al., 2014; Karten,
2015; Vicario et al., 2017; Herold et al., 2018), thus we focused our analysis on those
structures. We initially identified 129 genes whose expression could be assessed in areas of
interest in both ZEBrA (7 arcopallial domains: AA, AMV and AMD within AM, AD, AP,
Ald, and AV) and the MBA (layers 5 and 6 of sensory or motor cortex, and central, medial,
basolateral, and cortical amygdala; see Methods for details). Out of these, 26 genes were
exclusive markers of arcopallial structures (i.e., not differentially expressed in areas of
interest in mouse), and 103 were shared markers between avian arcopallial and mouse
cortical and/or amygdalar subdivisions. Upon a closer look at the 103 shared markers, avian
arcopallial domains shared 71 markers with layer 5 and/or 6 of the motor cortex, 68 markers
with layer 5 and/or 6 of sensory cortex, and 84 markers with at least one amygdalar
subdivision. We next examined the degree to which markers were shared between specific
arcopallial subdomains and specific cortical layers and amygdalar subdivisions. To facilitate
comparisons, we calculated the percent of shared markers for each pairwise comparison
across species, as well as the average proportion of markers that each arcopallial domain
shared with all mammalian structures examined (see Methods). We found that all arcopallial
domains shared considerable proportions of markers with cortical infragranular layers in
both sensory and motor areas (Fig. 16a, orange/red hues), as well as with both pallial (Fig.
16a, dark blue) and sub-pallial (Fig. 16a, light blue) amygdalar structures. Several variations
were noteworthy though. For instance, all arcopallial domains (AMD, in particular) shared
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more markers with layer 6 than with layer 5 of motor cortex, whereas some domains (most
prominently AV and AP) shared more markers with layer 5 than layer 6 of the sensory
cortex. In fact, all domains (AMV and AP, in particular) were found to share fewer markers
with layer 5 of motor cortex than the average proportion shared across all mammalian
structures. As for amygdalar structures, most arcopallial domains (most prominently AA and
AV) shared more markers with BLA compared with other regions and with the average per
domain. A notable exception was AMD, the only arcopallial domain that shared more
markers than average with the medial amygdala. Most domains (most noticeably AMD and
AV) also shared noticeably fewer markers than average with the cortical amygdala.

Despite these trends, ~80% of the shared markers were found to be markers of both cortical
and amygdalar structures, thus limiting their usefulness for identifying properties uniquely
shared between arcopallial subdivisions and specific cortical or amygdalar structures. We
therefore removed genes that were shared cortical and amygdalar markers in the MBA, and
reanalyzed the remaining core set of 66 genes. To simplify, we collapsed the sets of markers
of specific sensory and motor layers, and amygdalar structures into general markers of layer
5 and 6, and pallial and subpallial amygdala. Of the 66 genes analyzed, 19 were found to be
shared between an arcopallial domain and one or more cortical layers, and 21 were shared
between one arcopallial domain and one or more amygdalar nuclei (Table 3). After
examining the distribution of markers per structure, we found that all arcopallial subdomains
still shared proportions of unique markers with both cortical and amygdalar structures (Fig.
16b). Nonetheless, we noted a trend towards a large proportion of markers being shared
between cortical layer 6 and Ald, and between amygdalar structures and AMV and AV,
which shared more markers with the subpallial and pallial amygdala respectively. AMD,
AD, and AP also shared more markers with the subpallial compared to pallial amygdala, but
also shared numerous markers with cortical layer 6.

Discussion

We have studied the molecular architecture of the arcopallium in comparison with its
cytoarchitectonic organization in zebra finches. This study adds to previous efforts to
molecularly characterize this complex avian brain region (e.g. Jarvis et al., 2013, Vicario et
al., 2017), by presenting a comprehensive molecular dataset that is supported by a
histological framework. The gene expression level analysis also contrasts with the ligand
binding assays previously used to characterize this region in the pigeon (Herold et al., 2018).
As summarized in Tables 1 and 2, SupplInfo:SuppTablel.xlIsx, and Fig. 17, the data provide
definitions of most boundaries and internal divisions of the arcopallium, and reveal multiple
domains and subdomains with unique molecular signatures. The main implications are
discussed below, including proposed correspondences between major arcopallial
subdivisions in zebra finch compared with previous studies in other songbirds (summarized
in SuppInfo:SuppTable2.xIsx) and other avian groups (summarized in Table 4), as well as in
mammals.
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Defining and locating the arcopallium in zebra finches and other songbirds

The location of the zebra finch arcopallium, largely caudal to the striatum, as well as its
main cytoarchitectonic features, are similar to those in other songbirds. This includes
canaries, starlings, song sparrows and white-throated sparrows, for which a brain atlas
(Stokes et al., 1974) or histological data on the arcopallium are available (Jarvis et al., 1997,
Bernard et al., 1999; Cheng et al., 1999; Leung et al., 2009). While major laminae like LAD
and LPS are seen under Nissl, mLAD is less distinct than the arching ILAD, appearing on
sagittals as a faint lamina that separates AMD from NCM (yellow arrows in Fig. 3a-c).
Thus, it is easy to mistake the medial-most arcopallium (AMDm) for the ventral-most part
of the overlying NCM, especially on thin sections. This misidentification was present in an
early version of the annotated histological reference atlas in the ZEBrA website
(www.zebrafinchatlas.org, RRID:SCR_012988), an error that has now been corrected, and
we suggest it might also have affected previous analyses of NCM. Markers that do not
distinguish AMD from NCM (e.g. AQP1 and NECAB2 in Fig. 8c-d) suggest that in some
respects AMD is more similar to NCM than to the arcopallium. Furthermore, the general
arcopallial marker C1QL3 shows low expression in AMV, which might suggest AMV as not
being part of the arcopallium. Interestingly, the patterns of some developmentally expressed
genes appear to include parts of the caudal nidopallium and medial arcopallium (e.g., Figs.
7,11, and 18 in Chen et al, 2013), suggesting that these sub-regions may share similar
developmental origins and/or cell types. Nonetheless, mLAD is clearly seen on well-stained
thick transverse sections as separating AM from the NCM (yellow arrows in Fig. 2a-¢), and
the cytoarchitectonic features of AMD and AMV are distinct from those of the nidopallium.
Combined with their overall molecular profiles, we conclude that both AMD and AMV are
integral parts of the arcopallium and not the nidopallium. AM also shows a pallial-like
pattern for GAD2 (see ZEBrA), indicating that AM is not part of the striatum.

The caudal arcopallial boundary posed another challenge, as LAD is not clearly seen caudal
to and slightly lateral to RA, due to the presence of APc at the caudo-ventral tip of the lateral
ventricle (white arrowhead in Fig. 3g-i; Fig. 11g). While the general arcopallial marker
C1QL3 largely excluded this nucleus from the arcopallium, other evidence favored its
inclusion, namely the expression of other general (AQP1, SV2B) and domain-specific
(CBLN2) markers, and the fact that at least one portion of that nucleus falls within C1QL3-
defined arcopallium.

Major arcopallial subdivisions

We obtained evidence for 20 arcopallial domains and subdomains, based on molecular
criteria and partially from cytoarchitectonics (Table 1 and Fig. 17). Several subdivisions
were not discernible under Nissl and could only be identified based on molecular criteria.
Below we discuss the main regions in the context of previous studies. Little is known on the
function of most of markers studied, thus functional inferences are limited. We note that
some domains have been previously proposed by Jarvis et al., 2013, but specific boundaries
were not always clearly defined (see proposed correspondences in Table 4).

AA: AAis distinguishable by Nissl, and was previously identified as a region of low ETV1
(aka ER81) expression (Dugas-Ford et al., 2012; Jarvis et al., 2013). Here we provide a more
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complete definition of AA, supported by additional markers that define subdomains. AArl is
rich in fiber bundles, thus markers like AQP1 and NECABZ2 could be related to the
organization or fasciculation of projections originating from the arcopallium. The
enrichment of HTR1B, a G-protein coupled serotonin receptor, suggests local high
sensitivity to serotonin modulation. We note that a clone previously identified as SEMABGA
(CK308635) was also described as an AA marker (Jarvis et al., 2013). We recently found
that this clone is a fusion of the 5’-end of SEMAGA and the 3’-end of CAMK2N1 (see
CAMK2NL1 in ZEBrA). Based on comparisons with other gene-specific clones, we have
concluded that CK308635 probes CAMK2N1, which makes it an AA marker, whereas
SEMAGA is not an AA marker (see SEMAGA in ZEBrA).

AM: The medial-most part of the arcopallium has a complex shape and several subdomains
(Figs. 3a, 5b, 7e-g). Interestingly, the rostral-most part of the arcopallium, which was not
clearly delineated in the canary atlas, also lies within AM and not in AA (in Fig. 4a-d,
compare C1QL3 to ZBTB20, which labels AMV, and to SCUBEL, which labels AA).
Importantly, AMD and AMYV are respectively dorsal and ventral to the OM fibers. The
canary atlas incorrectly used the same label (nucleus taenia, Tn) to indicate these two
structures: the ventral-most Tn-labeled region is ventral to the OM (plates 25-29 in Stokes et
al., 1974) and corresponds to the subdomain we have named AMYV, the more dorsal Tn-
labeled structure is located dorsal to the OM (plates 23-24 in Stokes et al., 1974), and
corresponds to part of the region we have named AMD. Our data indicates that AMD
continues more caudally, also including an unlabeled dorso-medial arcopallial area located
between Tn and LAD in plates 25-26 of the canary atlas (Stokes et al., 1974). It continues
even further caudally in plates 27-30, where it is located medial to nucleus RA, but at these
levels the LAD was drawn obliquely toward the midline. Based on cytoarchitectonic features
(Fig. 2c-g) and C1QL3 expression (Fig. 4d-g), our interpretation is that this medial part of
the LAD was drawn erroneously in plates 27-30, and that the AMD is an integral part of the
arcopallium. Unfortunately, these errors have been perpetuated in the literature on songbird
n.

AMV and AMD are molecularly distinct, particularly at intermediate to caudal levels, where
ZBTB20 and strong CYP19AL1 (aromatase) are clearly segregated. While ZBTB20 was not
previously studied, the CYP19A1 data are largely consistent with previous papers, although
our interpretation differs. For example, an early study showed high CYP19A1 mRNA
expression in a medial structure dorsal to the OM in zebra finches (labeled Tn in Fig. 5D in
Shen et al., 1995), which we interpret as corresponding to the region of strong labeling that
we have named AMD (e.g., maps of dark red cells in Fig. 9c-f). However, the authors
presented their expression data schematically as corresponding to a large area (Tn in Fig. 1K
in Shen et al., 1995) which seems to encompass both AMYV and the ventral part of AMD.
They also presented schematically the narrow region of aromatase expression medial to
nucleus RA as part of the nidopallium, thus outside the arcopallium (Fig. 1L in Shen et al.,
1995), following the schematics in Stokes et al., 1974. As discussed above, this region
medial to RA corresponds to AMD and is part of the arcopallium, not nidopallium. Another
study in zebra finches showed CYP19A1-immunolabeled cells in two different arcopallial
structures labeled Tn in schematic diagrams (CYP19A1 distribution in Fig. 1F and G, in
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Balthazart et al., 1996), which we interpret as corresponding to AMV and AMD,
respectively. In yet another study, aromatase expression mapping was shown schematically
as occurring in a large Tn-labeled area that likely includes both AMV and part of AMD, and
where the more caudal part of AMD is excluded from the arcopallium (Fig. 3 in Saldanha et
al., 2000b). Our high resolution cellular mapping on serial sections in zebra finches shows,
however, that while some expression of CYP19A1 occurs within AMV, the highest
CYP19A1 expression actually occurs within AMD, thus dorso-medial to AMV. Our data are
also consistent with that in song sparrows, where we interpret the area of high CYP19A1
expression (labeled Tn in Fig. 2D in Soma et al., 2003) as corresponding to AMD as defined
here, and in white-throated sparrows, where expression is higher in AMD than in AMV
(Maney, D., personal communication). However, we note that the data in canary and house
sparrows suggest comparable CYP19A1 expression in what we interpret to be AMV and
AMD (labeled TN and A respectively in Figs. 2E and F, and combined as structure 5 in Fig.
3 in Metzdorf et al., 1999), suggesting species differences in aromatase expression between
AM subdomains. Overall, ZBTB20 is a more robust domain-specific marker (restricted to
AMV), and while CYP19AL1 is more highly expressed in AMD, this gene does not respect
Nissl-defined borders as well as ZBTB20.

Other markers label AMV or portions of it, reflecting the complexity of this AM
subdivision. For example, ZBTB20-defined AMV seems to correspond to the ventro-medial
GPR30-expressing arcopallial domain in finches (Acharya and Veney, 2012), although it is
not clear whether the high-immunoreactivity corresponds to soma or terminals. In white-
throated sparrows, the AMV shows high mMRNA expression of GPR30 and HTR1E (Maney,
D., personal communication), as well as high immunoreactivity for the serotonin transporter
(SLC6A4A,; Fig. 4C in Matragrano et al., 2012), the latter suggesting AMV as an important
target for serotonergic modulation.

Our data on ESR1/2 (ERalpha/beta) expression in songbirds, while partially consistent with
the existing literature, provides a more accurate account of the distribution of ESR1/2.
Consistent with findings in starlings (Figs. 9 and 10A, Bernard et al., 1999), we found no
evidence of ESR1 expression within the arcopallium, but did find strongly labeled cells
dorso-ventrally along the medial wall of the nidopallium (Fig. 8f) and in lateral areas within
the striatum (not shown). In contrast, ESR1-positive cells were previously reported in what
appears to be AMVm within the finch arcopallium (schematic diagram in Fig. 4D in Jacobs
etal., 1996). We suggest that the data in Jacobs et al., 1996, which were only presented
schematically, do not reflect an accurate mapping of ESR1-expressing cells. A similar
problem may have occurred in previous studies that defined the distribution of ER-
immunolabeled cells in canary and zebra finch, such as in Gahr et al., 1987 (a schematic
diagram in Fig. 2c-d, but no primary data presented for the medial area labeled Tn) and in
Gabhr et al., 1993 (the structure labeled Tn in Fig. 1b, which corresponds to structure 7 in
Fig. 5A is clearly not in the arcopallium, and appears to correspond to a striatal site). In
contrast, ESR2 is clearly expressed in discrete sites in the finch arcopallium, and is an
exquisite marker of AMVm (best seen in Fig. 9E), further supporting a molecular distinction
for this subdomain. This observation is consistent with the high ESR2 expression reported in
starlings, which we interpret as being restricted to AMVm in that species (Fig. 10C in
Bernard et al., 1999). Overall, we found very little evidence of overlapping expression of

J Comp Neurol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mello et al.

Page 24

ESR1/2 and CYP19A1, suggesting that for the most part ESRs are not co-expressed with
CYP19AL1 at the cellular level within the finch arcopallium. This contrasts markedly with
the largely overlapping distributions of ESRs and aromatase in areas like NCM.

Although not explicitly addressed in our study, cells immunoreactive for androgen receptor
(AR) have been reported in a presumed songbird Tn, with possible differences between
zebra finches and canaries (Balthazart et al., 1992). The lack of primary data presentation in
that study limits our interpretation, but the schematic diagrams presented depict labeled cells
along a ventral strip in the arcopallium, which in finch could be interpreted as corresponding
to ventral parts of AMD and AMV (labeled Tn in Fig. 3E in Balthazart et al., 1992), whereas
in canary the cells appear to be located in a ventral region lateral to AM, possibly
corresponding to AV (labeled Tn in Fig. 5D in Balthazart et al., 1992). The canary data seem
consistent with a subsequent study that reports no AR-labeled cells in Tn (Table 1 in
Metzdorf et al., 1999), defined in this study as the medio-ventral areas above and below the
OM combined, thus corresponding to what we defined here as AMD and AMV combined.
Further comparative analysis is needed before establishing whether AR expression can
define AM subdomains and/or whether it shows real species differences.

In sum, different studies on aromatase and ESRs have inconsistently labeled different
arcopallial domains as Tn, an error originating from the canary atlas (Stokes et al., 1974).
This imprecision, combined with incomplete mapping and lack of presentation of primary
data, has led to confusion and conflicts across studies, sometimes even in the same species.
Our proposed nomenclature and detailed mapping avoid this confusion, and allow us to
conclude that: 1) AMV and AMD have distinct molecular profiles, and can be distinguished
by ZBTB20 expression (AMV) and high density of strongly labeled CYP19A1 cells
(AMD); 2) arcopallial ESR2 expression is restricted to AMVm, helping define this discrete
subdomain; 3) ESR1 is not expressed in the finch arcopallium; 4) we recommend against
using CYP19A1 data alone to define AM subdivisions; and 5) we recommend against using
Tn to name medial arcopallial structures because: 5a) the term is fraught with errors from
previous atlases and studies; 5b) AMD/AMYV offer a more precise terminology and 5¢) it is
unclear what exact arcopallial subdomain in songbirds corresponds to the Tn defined in non-
passeriformes. A summary of proposed correspondences between subdomains proposed here
and structures labeled nucleus Tn in various songbird studies is presented in
Supplnfo:SuppTable2.xlsx.

Connectivity and lesion data for AM in songbirds amount to one study in starlings that
focused on the area we defined here as AMV (named Tn in Cheng et al., 1999). The data
suggest that AMV is connected to hypothalamic targets as well as pallial areas, which would
support an amygdaloid nature of AMV. Accordingly, bilateral lesions to AMV resulted in
apparent disruption of social behaviors but not of locomotion. The study is not conclusive,
however, as some projections were not confirmed with retrograde tract-tracing, there are
fibers of passage concerns, and the behavioral analysis was limited.

Al: Al represents the bulk of the arcopallium, and while it was proposed in finches by Jarvis
etal., 2013, no Al boundaries were determined in that study. No markers studied here
uniformly labeled the entire Al, and cytoarchitectonics alone does not differentiate it from
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all other arcopallial subdivisions. However, we could distinguish it by subtracting other
molecularly defined subdivisions.

Although RA lies in close proximity to AM, the molecular and cytoarchitectonic data point
to RA’s closer similarity to Ald (Table 1), including the fact that all Ald markers were also
RA markers. Supporting this relationship, RA and Ald show similar alpha2-adrenergic
receptor ligand binding (Riters and Ball, 2002). Moreover, while LMAN sends projections
to RA, the shell of LMAN sends projections to Ald (labeled Ad in Johnson et al., 1995,
lyengar et al., 1999 and Bottjer et al., 2000). Ald also receives projections from the dorso-
lateral caudal nidopallium (dNCL), an area lateral to HVC (Bottjer et al., 2000), whereas
HVC itself projects to RA. Such parallel projections argue that RA represents a specialized
target within a broader projection system from the nidopallium to dorsal Al. Evidence of
neuronal activation within Ald associated with wing beats and/or flight in finches (LAl in
Figs. 6 and 7 in Feenders et al., 2008; see also Stetner and Fee, 2017) suggests a general
involvement of Ald in movement control. These observations support the notion that RA
represents a specialized region of Ald that is dedicated to vocal-motor control, although a
role for Ald in integrating multimodal sensory and limbic projections has also been
suggested (e.g., Bottjer et al., 2000).

The large set of RA markers in ZEBrA derives from microarray screenings (Lovell et al.,
2008; Pfenning et al., 2014). While recently validated through microarray re-analysis and
confirmatory /in situs (Lovell et al., 2018), the contrasting microarray sample was ventro-
lateral to RA (Fig. S17A in Pfenning et al., 2014), likely within Alv (see Fig. 16B). Our
present analysis reveals that several RA markers are shared markers with Ald, rather than
RA-specific. The true set of RA-specific markers has thus been overestimated, and a more
adequate contrasting sample would have been Ald, since it shares more features with RA.
Nonetheless, several markers like STMN1, GABRE, C1QL3, and CAMKK1 (Fig. 12i-I) are
RA-specific and not differential in Ald, reflecting unique properties of RA, although how
they modulate RA physiology is unknown. Some markers (e.g. C1QL3) were previously
described as shared molecular specializations of RA and human laryngeal cortex,
representing convergent features of vocal-motor cortical neurons in vocal learners (Pfenning
et al., 2014). However, given the similarities between RA and Ald, it remains to be tested
whether other markers shared between humans and vocal learning birds are truly RA-
specific or represent broader specializations of cortical motor areas.

The so-called RA cup is an Al region immediately adjacent to RA, especially rostro-
ventrally, (Kelley and Nottebohm, 1979), receives projections from auditory areas field L
and the shelf adjacent to HVC (Vates et al., 1997; Mello et al., 1998), sends descending
projections to auditory thalamic and midbrain nuclei (Mello et al., 1998), and shows
evidence of activation in response to song stimulation (Mello and Clayton, 1995). It
occupies a similar position in the central auditory circuitry as the arcopallial nuclei Aivm
and Aidm in non-oscines (Wild et al., 1993). While we did not find markers that specifically
labeled the ‘RA cup’, it seems to be included in the CNTN4-defined Alm. The presence of
this nucleus supports the notion that Al contains neuronal groups that originate long
descending sensory projections.
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Mandelblat-Cerf et al (2014) defined AlV as an Al region that excludes RA and Ald. We
believe this region corresponds largely to what we define here as Alv and Alm, but may also
have impinged on AA and AV. The connectivity data in Mandelblat-Cerf et al., 2014,
confirm major auditory inputs to Alv and descending auditory projections from Aly,
consistent with previous tract tracing data for the auditory system of finches (Mello et al.,
1998), but also provide evidence of descending projections from Alv to midbrain
dopaminergic areas, which among other targets project to vocal striatal areas. This
descending projection from Alv was suggested as a pathway through which cortical auditory
processing of song could affect vocal learning through dopaminergic modulation. Evidence
from lesions indeed suggests that parts of Al other than RA may be involved in vocal
learning. Bottjer and Altenau (2010) provided evidence that lesions of Ad (Fig. 1 in Bottjer
and Altenau, 2010), which we interpret as including portions of Ald and AD as defined here,
prevented the development of stable vocal sequences, but did not affect vocal production. In
contrast, Mandelblat-Cerf et al., 2014 showed that lesions of AlV (their nomenclature) affect
vocal learning. However, we interpret these lesions as including Alv, AV, and possibly the
caudal part of AA (compare their Fig. 4a with our Fig. 13). Furthermore, their control
lesions that do not impinge on Alv do not affect vocal learning. We interpret those control
lesions (labeled Ad in Fig. 5a, right panel in Mandelblat-Cerf et al., 2014) as including both
Ald and AD as defined in the present study (our Ald corresponding to Ad in Mandelblat-
Cerf et al., 2014). We note, however that larger lesions that targeted Ad and extended
laterally (Mandelblat-Cerf et al., 2014), did lead to severe motor deficits. While these larger
lesions still likely included Ald and AD as defined here, the deficits are consistent with the
notion that one or both of these subdivisions may correspond to a general motor
representation area. We also suggest that apparent discrepancies in how Alv/Ald/AD lesions
affect vocal learning may be explained in part by the relatively large lesion sizes and
likelihood that multiple domains were targeted. Overall, there is considerable heterogeneity
in terms of Al projections and functions. How the molecularly defined subdomains
correspond to areas of distinct connectivity and function remains a future goal.

Other domains: AD is a narrow band dorsal to Ald and ventral to LAD, representing the
dorsal-most part of the arcopallium. It is distinct from the region named Ad in previous
studies (Johnson et al., 1995; lyengar et al., 1999; Bottjer et al., 2000; Mandelblat-Cerf et
al., 2014), but which we have named Ald. An area labeled LAI that may have included Ald
and portions of AD shows ZENK induction with hopping behavior in finches (Figs. 7D, 9B
and S3Bb in Feenders et al., 2008). Jarvis et al. (2013) sampled a domain that may
correspond to the AD described here, although the boundaries were not defined. The fact
that several AD markers are neuropeptides (e.g. CCK, CBLN2, UTS2B) or receptors for
neuropeptides (CRHR1) or serotonin (HTR1B) suggests that AD is a major target of
neuromodulation. We also provide a clear definition and subdivisions for AP. An AP was
also proposed by Jarvis et al. (2013), but no clear boundaries were identified, and a distinct
nucleus equivalent to APv was not acknowledged. Interestingly, the caudal-most portion of
LAD may be more clearly seen with thionin stain (Fig. 15E and F in Jarvis et al., 2013),
which supports the inclusion of the entire region containing APc as part of the arcopallium.
While an AV was not explicitly named, ZENK is upregulated by flight in warblers in a
region that we interpret as including AV and AA (Fig. 3F in Feenders et al., 2008). The
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pattern of upregulation of ZENK is reminiscent of AQP1 expression (our Fig. 6a”),
suggesting a functional connection between these domains. AV receives ipsilateral
projections from LMAN shell and dNCL, and sends contralateral projections back to AV,
LMAN shell and dNCI, suggesting that an inter-hemispheric pathway involving AV
coordinates vocal behavior (Paterson and Bottjer, 2017).

Comparison with sub-oscines

Sub-oscines are a distinct Passeriformes sub-order that for the most part seems to lack vocal
learning and a full-fledged forebrain song circuitry (Kroodsma and Konishi, 1991; Gahr,
2000; Saldanha et al., 2000a), although there is suggestive evidence of limited vocal learning
and/or rudimentary telencephalic vocal areas in some species (Liu et al., 2013; de Lima et
al., 2015). General features of the arcopallium in finches appear similar to those in sub-
oscines, including the location caudal to medial St and OM, and the rostro-caudal orientation
of OM fiber bundles. However, the nuclei described as a putative RA in two sub-oscines, the
scale-backed antbird (de Lima et al., 2015) and the Eastern phoebe (Liu et al., 2013) more
likely correspond to other arcopallial domains. Specifically, the probes used to define a
“rudimentary RA” (i.e. RGS4) in the antbird seem to have identified AMVI and/or AA, and
not RA (e.g., compare Fig. 2E-F in de Lima, 2015, to RGS4, level 8 in ZEBrA), and the
domain described as “RA-like” in phoebe defined by PVALB, GRIK1, and GRIAL (Fig.1 in
Liu et al., 2013) likely corresponds to an intermediate arcopallial domain that encompasses
or includes Ald. Nevertheless, since RA in finches may be a specialization of Ald, it will be
important to examine whether Ald is also present in sub-oscines, and whether there is any
trace of either by cytoarchitectonic or molecular criteria.

The golden-collared manakin, a sub-oscine that shows elaborate courtship displays under the
control of sex steroids, shows broad expression of androgen receptor in the intermediate
arcopallium (Fig. 1H in Fusani et al., 2014). This presumably includes the movement-
activated region named LAI in finches (Feenders et al., 2008) that we interpret as
corresponding to Ald (and possibly AD). Based on the shape and position similarities of the
arcopallium in manakin and finch, we conclude that this AR-expressing region in manakin
likely includes Ald. However, the AR distribution appears much more widespread than finch
Ald, suggesting that either Ald is much enlarged or that male steroids exert more widespread
actions on the arcopallium in this sub-oscine group. Because of the strong action of
androgen on male courtship displays, these observations suggest that a cortical-like region
may be involved in the motor control of courtship, and that courtship may have a learned
component.

Comparison with other avian orders

C1QL3 is a robust arcopallial marker in both zebra finches and chicken, and these two
distant species share other arcopallial markers with more restricted patterns (e.g. PCP4,
FEZF3, SULF2, ETV1, details below). Thus, major molecular properties observed in finches
appear to be conserved features of the avian arcopallium. Furthermore, the classification of
arcopallial domains that we propose for the finch appears to match that described based on
ligand binding densities for neurotransmitter receptors in pigeon (Herold et al., 2018). Upon
a closer look, however, significant differences in arcopallial topography between finches and
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non-oscine species pose challenges for comparative analysis. In passerines, the arcopallium
is located medial and caudal to the striatum, an arrangement that we believe is unique to this
avian order. In contrast, as detailed in atlases, the arcopallium in chicken and other
galloanseriformes (quail, duck) and columbiformes (pigeon, dove) is located mostly lateral,
ventral, and only partially caudal to the lateral striatum (Karten and Hodos, 1967; Kuenzel
and Masson, 1988; den Boer-Visser, 2004; Puelles, 2007). Furthermore, the characteristic
arcopallial fiber bundles course along the medial-lateral axis and merge to form the OM,
which is located medial to the arcopallium. A topography similar to that in galloanseres and
columbiformes is seen in other neoaves like hummingbirds, as well as in parrots, considered
a psittaco-passerifomes sub-order, and thus the closest sister taxa to songbirds (Suh et al.,
2011; Jarvis et al., 2014), in falcons (e.g. Bagnoli and Francesconi, 1984), the closest
outgroup to parrots and passerines (Suh et al., 2011; Jarvis et al., 2014), and in owls (e.g.
Tyto albain Brain-maps.org).

This non-passeriformes organization seems widespread across avian orders, thus it may have
been the ancestral condition in birds, but it differs markedly from that in songbirds. Here the
arcopallium is clearly caudal to, not lateral or ventral to the striatum, and occupies the space
that in galliformes and other non-oscines lies over the tectum and rostral to the cerebellum.
Furthermore, the OM fibers in songbirds are oriented along the AP axis, thus clearly
different from the ML orientation in non-oscines. We also note that nucleus RA is located
caudally in the songbird arcopallium, whereas the analogous vocal nuclei are positioned
laterally in hummingbirds and parrots (VA and AAc, respectively; Jarvis and Mello, 2000;
Jarvis et al., 2000), both representing non-oscines with an overall arcopallial layout more
similar to that in galliformes than in songbirds.

These topographic differences suggest that as the arcopallium shifted to a caudal position in
songbirds it also underwent a rotation, whereby the ML axis seen in chicken and other non-
oscines may correspond to the AP axis in songbirds. According to this hypothesis, medial
and lateral structures in chicken may have shifted respectively to rostral and caudal positions
in finches, whereas the dorsal, central (intermediate) and ventral structures would have
retained their position relative to each other. Thus, structures with the same topography
along the ML and AP axes would not be the same across species. The hypothesis also
predicts that a nonrotating pivot point could have retained the same position in songbirds as
in other avian groups. Alternative possibilities cannot be ruled out but appear less likely,
namely that the same domains show different molecular profiles across species, or that these
domains and their molecular specializations are lineage-specific and thus absent in the other
lineage. Under any of these scenarios, simple topographical correspondences of arcopallial
domains between passeriformes and other avian orders are likely incorrect. We also note the
suggestion by Wang et al. (2015) that the arcopallium in all vocal learning bird groups seems
more medially placed compared to vocal non-learners due to the presence of nidopallium
lateral to the arcopallium only in the former. We agree that, similar to songbirds, part of the
nidopallium in hummingbirds and parrots is lateral to the arcopallium, possibly due to a
lateral expansion of the nidopallium in these two vocal learning groups. However, the bulk
of the arcopallium in these bird groups is mostly lateral to the striatum, and in that regard
resembles more closely the arrangement present in non-vocal learners such as chicken, quail,
and dove.
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While comparative molecular data are scarce, some observations support this axis rotation
hypothesis. For example, AA in finches is located just caudal to the OM and rostral to the
Al, contains many OM-related fiber bundles (e.g., Fig. 6a), and shows marked
downregulation of ETV1 (as well as low expression of PCP4; see pattern in ZEBrA). In
chicken, ETV1 and PCP4 are sharply downregulated in a medial region (Fig. S5A’” and
S5D’” in Dugas-Ford et al., 2012) just lateral to the OM (named vaf in Puelles, 2007), where
this fiber tract breaks into smaller fiber bundles. In the chick atlas, this region seems to
include parts of the area named the Hilar region of the amygdala (AHil), as well as the
intermedioanterior and intermedioposterior amygdala (AIA and AlPo; Figures 14-15 in
Puelles, 2007). In pigeon, this region seems to correspond to the lateral portion of the area
named arcopallial mediale pars parvocellularis (AMp), as in Fig. 2i in Herold et al., 2018,
and Fig. 1A in Atoji et al., 2006. Thus, an arcopallial domain comparable to finch AA seems
to be located medially in chicken and pigeon, and one can follow the progression from OM
to a domain of ETV1 downregulation to the Al along the AP axis in finches and along the
ML axis in non-passeriformes. In contrast, whereas the region named AA in pigeon can be
grouped together with Al and AD in terms of similarity in connectivity (Shanahan et al.,
2013), the region named AA in finches does not group with AD and Al when comparing
patterns of MRNA expression across different parts of the arcopallium (Jarvis et al., 2013);
also see discussion in Herold et al., 2018). Similarly, pigeon AA shows high GABAA
binding, but we did not find evidence for enhanced expression of GABA-related receptor
subunits in finch AA. Thus, AA in non-passeriformes does not seem to correspond to finch
AA. Also according with the ML to AP axis rotation hypothesis, the AA in non-
passeriformes would occupy a lateral position in songbirds, lateral domains in chicken (such
as the transition zone into the piriform cortex (named APir in Puelles, 2007) would occupy a
posterior position in songbirds, possibly corresponding to finch APv and/or APd, and
posterior domains in chicken (such as chicken APM/APL in Puelles, 2007) might occupy a
more medial or posterior medial position in finch. Although these predictions are largely
untested, the discrepancy of dopamine receptor expression between finch and pigeon APs
(as noted in Herold et al., 2018), would be consistent with the rotation hypothesis.

This hypothesis also predicts that AD should be similar in finch and chicken, and indeed
SULF2 and FEZF2 are markers of AD (positive and negative, respectively) in both species.
PCP4 is also a positive marker of AD in both species, but in finches PCP4 is also strongly
expressed in Ald, which is just ventral to AD, and in chicken PCP4 is highly expressed in a
dorsal band which appears thicker than AD (Fig. S5D’” in Dugas-Ford et al., 2012) and
appears to include the dorsal part of the Ald. This suggests that chicken also has a PCP4-
positive Ald located just ventral to AD. The existence of a distinct Ald in non-passeriformes
is supported by ligand binding densities in the pigeon (Herold et al., 2018). Interestingly,
pigeon Ald has higher binding for 5-HT1A, whereas finch Ald can be defined by higher
expression of HTR2A, both consistent with a high sensitivity for serotonergic modulation,
but further comparative data are needed to further establish a correspondence of Al
subdivisions. The rotation hypothesis also predicts that the domain we have defined as finch
AV, a thin strip of tissue at the ventral-most border of the arcopallium, may correspond to the
PoAB in pigeon (and not the more internally located AV in Herold et al., 2018). However,
we do not have molecular data to test this hypothesis. Lastly, GRIK3 mRNA is high in finch
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AA, and kainate binding is high in pigeon AA (Herold et al., 2018), which would seem
inconsistent with the rotation hypothesis. However, it is difficult to compare gene expression
with autoradiographic ligand binding data, and we had few probes for receptors, limiting our
ability to draw strong conclusions across these studies.

In both finches and chicken ZBTB20 is selectively expressed in a well-defined ventro-
medial arcopallial domain that we named AMV (compare Fig. 4d-f with Fig. 15a’-c”). This
region includes structures that in the chick atlas have been named the amygdalo-
hippocampal area, and the medial and core parts of the amygdalar hilar area (AHi, AHIL and
AHILCo in Figures 14-19; Puelles, 2007), and excludes the so-called ATn, a distinct nucleus
both in the chick atlas (Fig. 17-21 in Puelles, 2007) and in our own data (ATn in Fig. 15¢’).
We interpret the ZBTB20-expressing domain as including the ventro-medial region that in
quail is named Tn, expresses AR (Balthazart et al., 1998b) and is thought to be part of a
circuit that regulates sexual behavior (Thompson et al., 1998; Absil et al., 2002; reviewed in
Ball and Balthazart, 2004; 2010). While we do not have data in columbiformes, we suggest
that the ZBTB20-expressing area seen in finch and chicken likely corresponds to a ventro-
medial area that includes the structure labeled Tn and/or TnA in pigeons and doves
(Martinez-Vargas et al., 1976; Cheng et al., 1999; Herold et al., 2018), following the
conventions in atlases (Karten and Hodos, 1967; den Boer-Visser, 2004), and from the avian
nomenclature consortium (Reiner et al., 2004a). Electrolytic lesions indicate that Tn in dove
plays a role of in social behaviors and affective state (e.g. Cheng et al., 1999). Receptor
autoradiographic studies indicate that compared to other arcopallial domains, TnA is
enriched in muscarinic cholinergic and a.2 adrenergic receptors (Fernandez-Lopez et al.,
1997; Herold et al., 2018), suggesting a prominent role for cholinergic and adrenergic
modulation. Overall, we propose that the AMV we have described in finch and chicken
corresponds to, or at least includes the structure that has been called Tn and/or TnA in both
galliformes and columbiformes, noting that the so-called ATn in the chick atlas (Puelles,
2007) is excluded.

We also found that ER-beta (ESR2) expressing cells are highly enriched in the medial-most
subdomain of finch AMV, named here AMVm. In quail, ESR2 expression is also highly
enriched in the medial-most part of the arcopallium, and even though this ESR2-expressing
region has been labeled Tn (Fig. 2A-C in Ball et al., 1999) or TnA (Fig. 1A-C in Halldin et
al., 2006), it seems smaller than the Tn as defined in other quail studies (Balthazart et al.,
1998a,b; Thompson et al., 1998; Absil et al., 2002). We thus suggest that the region defined
by ESR2 expression in quail is just the medial-most part of quail Tn, possibly corresponding
to AMVm as defined here in finch. We are unaware of studies assessing ESR2 in Tn in
columbiformes. In our finch study we did not detect ER-alpha (ESR1) in the arcopallium,
although we observed strong expression in sparse cell populations in the medial nidopallium
and striatum (not shown). In contrast, a sparse population of cells expressing ESR1 mRNA
has been reported in quail arcopallium, within a region that we interpret as the medial part of
Tn (TnA in Fig. 1A-C in Halldin et al., 2006). Thus, there seems to be a species difference
in arcopallial ESR1 expression. While the ESR1 mRNA data in quail is consistent with
earlier autoradiographic and immunohistochemical studies of ER expression in galliformes
and dove, the very sparse ESR1 mRNA distribution differs from the presumably more
widespread ER expression in Tn in these earlier studies (Martinez-Vargas et al., 1976;
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Balthazart et al., 1989; Watson and Adkins-Regan, 1989; Metzdorf et al., 1999). We note,
though, that the earlier studies did not differentiate between ER receptor subtypes, and the
data were summarized in tables or schematically, preventing an accurate assessment of the
brain distribution of labeled cells.

The highest expression of aromatase (CYP19A1) in finch occurred in an area dorso-medial
to the ZBTB20 domain that we have defined as AMD. In quail, aromatase immunoreactive
cells have been reported in a structure referred to as N. taenia (structure 7 in Fig. 2D-G in
Foidart et al., 1995). However, in other quail studies (Balthazart et al., 1998a,b; Thompson et
al., 1998; Absil et al., 2002), aromatase positive cells were mapped to a region dorso-medial
to a structure labeled Tn, which likely corresponds to AMV based on the chicken data from
the present study. Aromatase expression has also been reported in a structure referred to as
Tn in partridge (TN label ventral to OM in Fig. 2D in Metzdorf et al., 1999). However,
because the data are from a medial sagittal plane and because of the different orientation of
the arcopallium in songbirds and galliformes, we interpret that labeled cell group as being
the same as in Foidart et al., (1995), whereas the more laterally placed AMV (i.e. most of the
Tn) was likely not assessed (or reported). Based on our detailed mapping in finches, the
region of high aromatase expression reported in galliformes (quail/partridge) likely
corresponds to a structure dorso-medial to Tn in those species, which we interpret as
corresponding to AMD as defined in the present study. Alternatively, the area of high
aromatase expression in galliformes could correspond to the dorso-medial portion of Tn/
AMV. Altogether, because of possible species differences, the regulation of aromatase
expression by hormone levels and reproductive state, and a brain distribution that tends to
not respect cytoarchitectonic boundaries, we recommend against using aromatase (or
estrogen receptors) alone to define specific nuclei or domains in the avian arcopallium.
Lastly, because of the marked lack of ZBTB20 expression, we suggest that the dorso-medial
part of AM in chick, which includes ATn, might correspond to the region we defined as
AMD in finch, a possibility that can be tested in the future with markers.

Our comparative analysis is summarized in Table 4. We believe that for a subset of the
arcopallial domains we have proposed for zebra finches, namely AM (AMV and AMD),
AD, and Al, equivalent areas have been identified in other birds groups. We therefore
propose that this set of terms be used instead of terms like nucleus taenia, which are not
anatomically based and that have been used inconsistently in the literature. In contrast, due
to different arcopallial topographies in passerines vs. non-passerines, it is currently unclear
how finch AA, AP, and AV correspond to structures identified in other avian orders. Settling
these issues and devising a universal nomenclature will require further efforts.

Comparison with mammals

A long-standing contention in comparative neuroanatomy is whether the arcopallium, or
portions therein, correspond to avian homologues of cortical versus amygdalar structures in
mammals. While settling this issue will require a more in-depth understanding of
developmental trajectories and molecular profiles of related areas in both lineages, the
evidence presented here contributes to this debate in significant ways. For instance, most
major arcopallial domains in adult zebra finches were found to share several differential
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markers with both deep cortical layers and amygdalar subdivisions. In fact, many of the
genes that are markers of cortical layers in mammals are also markers of amygdalar
structures, and thus their usefulness in establishing exact correspondences between brain
areas in birds and mammals is limited. This includes some markers previously used to argue
for molecular similarities between the avian arcopallium and mammalian pyramidal cells in
cortical layers 5/6 (e.g. FEZF2, PCP4, and ETV1; Dugas-Ford et al., 2012), as they also
label amygdalar structures (e.g. MEA, CEA, and BLA). However, when these and other
shared markers of cortical and amygdalar structures were removed from the analysis, we
found that the ventral and ventromedial arcopallial subdomains (AMV and AV) shared a
predominance of markers with amygdalar structures over cortical layers, whereas
intermediate and dorsal arcopallial subdomains (Al/Ald/AD), as well as AMD shared a
predominance of markers with cortical layers over amygdalar structures. Nonetheless, nearly
every arcopallial subdivision still shared markers with both cortical and amygdalar
structures. One possible explanation is that most or all arcopallial subdivisions are composed
of a mixture of cell populations derived from both cortical layers and amygdalar
subdivisions in mammals. Alternatively, individual arcopallial neurons may express genes
that are markers of both cortical and amygdalar subdivisions. In either case, the
interpretation of molecular similarities and homologies across these avian and mammalian
brain structures is clearly highly influenced by the choice of markers studied. Similar
observations on molecular similarities in pallial areas of birds and mammals were made by
Jarvis et al (2103). Based on a more limited set of genes, those authors suggested a variant
of the field homology hypothesis initially proposed by Butler and Molnar (Butler and
Molnar, 2002), whereby avian areas like the arcopallium would be homologous to both
cortical layers and parts of the claustrum/amygdalar complex in mammals. To some extent
similar conclusions were reached by Herold et al. (2018) based on ligand binding data in
pigeon, although these authors focused their discussion mostly on the need to further
characterize the diversity of avian arcopallial subdomains before attempting to propose
molecular-based homologies.

Below we discuss further some specific domains.

AM: ZBTB20 is a specific marker of AMV in finch, and of a corresponding medio-ventral
domain named the amygdalo-hippocampal area in the chick atlas (Puelles, 2007). ZBTB20-
defined AMV also likely corresponds to (or at least contains) the area referred to as Tn/TnA
in several studies in columbiformes and chicken. In mouse (MBA;mouse.brain-map.org,
SCR_002978), differential expression of ZBTB20 is most prominent in the cortical
amygdalar area, including the medial transition zone into the dentate gyrus, as well as in
striatal CEA and less prominently in the MEA. Consistent with the possibility that AMV/Tn
corresponds to the avian homologue of the cortical amygdalar area, and not the striatal CEA
or MEA, the adult finch AMV is clearly pallial, located dorsal to the LPSP, and has a pallial-
like GAD2 expression pattern. An amygdaloid nature of AMV is also consistent with data
showing robust connections of a medial arcopallial domain (labeled Tn) with the
hypothalamus in songbirds and columbiformes (Zeier and Karten, 1971; Cheng et al., 1999).
In finches, this region appears to lack expression of striatal-related developmental markers
(i.e. PAX6, ISL1, LHX5/ 6, NKX2-1; Vicario et al., 2017). Interestingly, we have identified
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a separate area of high ZBTB20 expression within the ventral striatum of finches (not
mapped). This sub-pallial area might correspond to the striatal region suggested to represent
the core nuclei of the CEA and MEA in zebra finches, based on the developmental
expression of striatal-related markers (Vicario et al., 2017), but this remains to be tested.

An alternative overall scenario is that AMV/Tn, or at least part of it, represents the avian
homologue of core nuclei of the mammalian MEA and/or CEA. This scenario is supported
by a striatal-like high expression of GAD2 in the medial part of Tn in chicks (Sun et al.,
2005; Yamamoto et al., 2005), and evidence that this nucleus plays a role in adaptive
patterns of social behavior (Cheng et al., 1999). Moreover, in at least some avian species, Tn
appears to express CYP19A1 and ESR2 (e.g. Foidart et al., 1995; Foidart et al., 1999),
which are both markers of core nuclei in the MEA and CEA of mammals (see MBA).
However, this interpretation would require evidence that the avian arcopallium contains the
avian homologues of sub-pallial portions of the amygdala, which would be inconsistent with
the analyses and conclusions from Vicario et al. (2013, 2017).

Based on current evidence it is not possible to resolve these apparent discrepancies, however
several factors should be considered: 1) AMV/Tn may not be identical in songbirds and
nonsongbirds, and AMV/Tn in the latter may include a sub-pallial component not present in
songbirds; 2) In zebra finches, the highest arcopallial expression of CYP19A1 occurs in
AMD, a region dorso-medial to AMV that is clearly pallial, which weakens the argument
that CYP19A1 expression reveals a sub-pallial part of the amygdala in songbirds; 3) The
pallial expression of CYP19A1, ESR1, and ESR2 is quite variable across avian species, thus
these genes do not appear to reliably define conserved domains and probably should not be
used to establish homologies with mammals; 4) As with ZBTB20, we have also observed
ventral striatal expression of CYP19A1, ESR1, and ESR2, suggesting the existence of sub-
pallial cell populations that might be more consistent with a sub-pallial central or medial
amygdalar identity; 5) Lastly, we suggest that the high expression of ESR2 in finch AMVm
could represent a pallial specialization characteristic of songbirds (or birds in general,
although still untested) that is absent in mammals.

RA, Ald, and AD:

Our data indicate that Al/Ald and AD share more molecular features with deep cortical
layers than with amygdalar structures, consistent with several lines of evidence suggesting
that Al, and more specifically Ald, corresponds to pyramidal cells in layer 5/6 of motor
cortex. In pigeons, for example, while medial parts of the arcopallium (including Tn) project
to the hypothalamus and are amygdaloid-like, intermediate and dorsal parts of the
arcopallium project to thalamus, midbrain (tectum, tegmentum), lateral reticular formation,
and brain stem nuclei, indicating they are somatic-like (Zeier and Karten, 1971). Similar to
pigeon Al and consistent with a somatic function, finch Ald projects to a myriad of targets,
including striatum, thalamus, and nuclei of the midbrain reticular formation (Bottjer et al.,
2000), and shows evidence of neuronal activation associated with wing movements
(Feenders et al., 2008), suggesting a general involvement in movement control. Ald (and
AD) is labeled by PCP4, which in the mammalian cortex is a marker of pyramidal cells in
layers 5/6 (Dugas-Ford et al., 2012). One should note, however, that finch Ald is also
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projects to the ventral tegmental area and the lateral hypothalamus (Bottjer et al., 2000),
suggesting an amygdaloid nature to this region of the Al and highlighting possible species
differences in the connectivity of this arcopallial domain. We also note that several other
markers of cortical pyramidal cells that were examined (Dugas-Ford et al., 2012) turned out
not to be general markers of the finch arcopallium, but instead showed differential
expression in AD. The overall molecular data also seems to favor a general correspondence
between AD and deep cortical layers, most prominently cortical layer 6. Thus, our data
support the overall interpretation that intermediate and dorsal parts of the avian arcopallium
may represent cell populations homologous to neuronal cells in deep cortical layers in
mammals.

In sum, we have performed an extensive characterization of the organization of the
arcopallium in zebra finches, based on analysis of /n7 situ hybridization patterns of a large
collection of transcripts and close examination of cytoarchitectonic features. The data
provides evidence for 20 distinct regions, grouped into six major domains, as well as novel
insights into molecular convergences and homologies with areas like cortical layers and
amygdala subdivisions in mammals. The study also provides a roadmap for further detailed
connectivity and functional studies of this key but complex avian brain region.
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Avian Anatomical Abbreviations List

A arcopallium

AA anterior arcopallium

AAc caudal part of the anterior arcopallium

AArl rostro-lateral part of the anterior arcopallium
AArm rostro-medial part of the anterior arcopallium
AAv ventral part of the anterior arcopallium

AD dorsal arcopallium

Al intermediate arcopallium

Ald dorsal part of the intermediate arcopallium
Alm medial part of the intermediate arcopallium
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Alr
Alrv
Alv
AM
AMV
AMVc
AMVi
AMVI
AMVm
AMD
AMDI
AMDm
AP
APd
APv
AV

Ch
ChP
FA

Hb
Hyp
LAD
LAV
ILAD
LPS
mLAD

mOM

NCM

rostral part of the intermediate arcopallium
rostro-ventral part of the intermediate arcopallium
ventral part of the intermediate arcopallium
medial arcopallium

ventro-medial arcopallium

caudal part of the ventro-medial arcopallium
intermediate part of the ventro-medial arcopallium
lateral part of the ventro-medial arcopallium
medial part of the ventro-medial arcopallium
dorso-medial arcopallium

lateral part of the dorso-medial arcopallium
medial part of the dorso-medial arcopallium
posterior arcopallium

dorsal part of the posterior arcopallium

ventral part of the posterior arcopallium
ventral arcopallium

Cerebellum

choroid plexus

Fronto-arcopallial tract

habenula

hypothalamus

dorsal arcopallial lamina

vertical arcopallial lamina

lateral part of the dorsal arcopallial lamina
pallial-subpallial lamina

medial part of the dorsal arcopallial lamina
medial part of the occipito-mesencephalic tract
nidopallium

caudomedial nidopallium
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OAL oblique arcopallial lamina
OM occipito-mesencephalic tract
RA robust nucleus of the arcopallium
S septum
St Striatum
TeO optic tectum
Thal thalamus
Tn nucleus taenia
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Figurel.
Localization of the arcopallium in zebra finches. The position and range of sections that

contain the arcopallium in adult male zebra finches are shown relative to a dorsal view of the
brain. The lines indicate the approximate position of the first and last section in the
transverse (orange) and sagittal (blue) series that contain arcopallium and shown in Figs. 2/4
and Figs. 3/5, respectively. Sections containing the arcopallium are located within the area
indicated by the red box. The schematic drawings in the blue and orange boxes indicate
major structures seen at these brain levels in both planes, while the small rectangles depict
the areas of interest containing the arcopallium and shown in Figs. 2-5. Scale: 1mm.
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Figure 2.
Zebra finch arcopallium on Nissl-stained transverse sections. The images (from Karten et

al., 2013) depict the arcopallium and major neighboring structures, with boundaries, internal
laminae and cytoarchitectonic domains indicated. The small rectangles in the drawings on
the lower left indicate the locations of the areas shown in the images, and the coordinates (in
mm) indicate the position of the images along the A-P axis relative to the stereotaxic zero
(see also Fig. 1, in orange). Yellow arrows: mLAD; orange arrows: ILAD; green arrows:
LPS; white arrows: mOM fiber bundles; dark blue arrows: LAV; light blue arrows: LAO;
white arrowhead in (c-e): medial part of AMD with large, darkly staining cells; black
arrowhead in (d-e): medial part of AMV with small, tightly packed cells; asterisks in (e-f):
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medial part of AA rich in fiber bundles; black arrows in (i): dorso-lateral part of Al with
darkly staining large cells. For abbreviations, see list. Scale: 250 pm.
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Figure 3.
Zebra finch arcopallium on Nissl-stained sagittal sections. The images (from Karten et al.,

2013) depict the arcopallium and major neighboring structures, with boundaries, internal
laminae and cytoarchitectonic domains indicated. The small rectangles in the drawings on
the lower left indicate the locations of the areas shown in the images, and the coordinates (in
mm) indicate the position of the images relative to the midline (see also Fig. 1, in blue).
Yellow arrows: mLAD; orange arrows: ILAD; green arrows: LPS; white arrows: mOM fiber
bundles; light blue arrows: LAQ; black arrowhead in (c): caudal part of AMV with small,
tightly packed cells; asterisk in (d): rostro-lateral distinct part of AMV; white arrowhead in
(g-i): nucleus with tightly packed cells at the caudal end of the arcopallium; black arrows in
(j-k): dorso-lateral part of Al with darkly staining large cells. For abbreviations, see list.
Scale: 250 pm.
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Figure 4.

Molecular definition of arcopallial boundaries and major domains on transverse sections.
Shown are /n situ hybridization images for a general arcopallium marker (C1QL3) and for
markers of arcopallial divisions AMV (subdomains AMVi and AMVI; ZBTB20), AD
(CBLN2), and AA*, RA and Ald (SCUBEL). ZBTB20 is only shown for rostral levels (a-f),
CBLN2 is only shown for caudal levels (f-k), and level (f) is repeated for ZBTB20 and
SCUBEL1. Left column: drawings depicting the structures shown on the /7 sifuimages. Solid
lines represent tissue borders; dashed lines represent gene expression boundaries drawn after
alignment and superposition of /n situimages from adjacent sections (thick dashes: dorsal
C1QL3 boundary; small dashes: internal domains based on boundaries of expression for
regional markers, and medial dorsal border of low C1QL3 expression). Carets in (b-c) depict
the dorsal border of the rostral arcopallium that is devoid of C1QL3 expression, grey patches
indicate fiber bundles, double asterisks in (j-k) indicate small caudal nucleus of low C1QL3
and high CBLN2 expression. The small rectangles in the drawings on the upper right
indicate the locations of the areas shown relative to reference sections, coordinates (in mm)
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indicate the position along the A-P axis relative to the stereotaxic zero (for full range of
sections, see Fig. 1, in orange). For abbreviations, see list. Scale: 250 um.
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Figures.

C1QL3

CBLN2

SCUBET1

Molecular definition of arcopallial boundaries and major domains on sagittal sections.
Shown are /n situ hybridization images for a general arcopallium marker (C1QL3) and for
markers of AMV (ZBTB20), AD (CBLN2), and AA*, RA, Ald and Alr (SCUBEL1).
ZBTB20 is only shown for medial levels (a-f), CBLN2 is only shown for lateral levels (f-n),
and level f is repeated for ZBTB20 and SCUBEL. Left column: drawings depicting the
structures shown on the 7n situimages. Dashed lines represent gene expression boundaries
drawn after alignment and superposition of /n situimages from adjacent sections (thick
dashes: dorsal C1QL3 boundary; small dashes: internal domains based on boundaries of
expression for regional markers, and in panel c also the dorsal border of the medial region of
moderate C1QL3 expression). Grey patches indicate fiber bundles, asterisk in (d-e) indicates
region of low C1QL3 expression just caudal to AMVI, carets in (e-g) depict dorsal border of
area of no C1QL3 expression in rostro-dorsal arcopallium, cross in (f) represents a region of
high CBLNZ2 in the caudal striatum rostral to the arcopallium, double asterisk in (j) indicates
small caudal nucleus of low C1QL3 and high CBLN2 expression, double crosses in (m-n)
indicate region of high CBLNZ2 expression just rostral and ventral to the lateral arcopallium.
The small rectangles in the drawings on the upper right indicate the locations of the areas
shown relative to reference sections, coordinates (in mm) indicate the position relative to the
midline (for full range of sections, see Fig. 1, in blue). For abbreviations, see list. Scale: 250

um.
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Figure6.
Molecular definition of AA and its subdomains. (a) Drawing depicts structures in sagittal

images (a’-a” and c-h). (a’-a’") /n situ hybridization images define AA and its subdomains
AAc, AArl and AAv based on SCUBEL1 (a’) and AQP1 (a’’); Alrv in (a) indicates region of
moderate HTR1B expression caudal to AAc (seen in h). (b) Drawing depicts structures in
transverse images (b’-b’’). (b’-b’") /n situ hybridization images define AA and its
subdomains AAc, AArm, AArl and AAv based on SCUBEL1 (b’) and AQP1 (b’’). In both (a)
and (b), thick dashed lines represent SCUBEL expression, thin dashed lines represent AQP1
expression, grey patches indicate fiber bundles, diagrams on upper right indicate positions of
the drawn areas relative to reference sections, and coordinates (in mm) indicate the position
along the respective axes. (c-h) /n situhybridization sagittal images for positive (c-e/g-h:
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SCUBEL1, PLPP4, CRHR2, CAMK2N1 and HTR1B) and negative (f: ETV1) markers of AA
and its subdomains; (c) is a repeat of (a”) for contrast with other genes. For abbreviations,
see list. Scale: 250 um.
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PCP4

Molecular definition of AMV subdomains. (a-d) Transverse /n situ hybridization images
define AMV subdomains based on ZBTB20 and other markers. AMVI1 is positive for PLS3
(a’), negative for MGP (a’’), and positive for PCP4 (b’); AMVi shows moderate expression
of PLS3 (c’) and high expression of MGP (c’”) and PCP4 (d’); AMVm only expresses
ZBTB20. Diagrams on bottom left show location of regions shown in all panels relative to
reference sections, coordinates (in mm) indicate the position along the A-P axis. (e-g) /n situ
hybridization images show AMV subdomains on medial sagittal sections. Drawings on the
left indicate structures shown in the /n7situ images, diagram on bottom left of (e) indicates
location of areas shown in panels (e-g), coordinate (in mm) indicates the position along the
M-L axis. AMVm (medium grey) shows high expression of ZBTB20 and KCNQ5 but not of
MGP, AMVi (dark grey) shows high expression of all three markers, and AMVc (light grey)
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shows high expression of KCNQ5 but not of ZBTB20 or MGP. For abbreviations, see list.
Scale: 250 pm.
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Figure8.

Molecular definition of AMD. (a-b) /n7 situhybridization images on adjacent transverse
sections show high CYP19AL1 expression in AMDI and AMDm (a) and ZBTB20 expression
in AMVi and AMVm (b). (c-d) /n7 situ hybridization images on transverse sections show
high expression of AQP1 (c) and NECAB2 (d) in AMD and AMVm, and low expression in
AMVi. The diagram on the bottom right of (a) shows the approximate location of panels (a-
d) relative to a reference section, coordinate (in mm) indicates the position along the A-P
axis. (e-g) High power views depicting examples of labeled cells that were mapped on serial
sections (as shown in Fig. 9). (e) CYP19A1-expressing cells in AMDm, including high label
(black arrow) and low label (white arrow) types. (f) ESR1-expressing cells in NCM. (g)
ESR2-expressing cells in the ventro-medial arcopallium. For abbreviations, see list. Scale:
250 um for (a-d); 50 pm for (e-g).
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Figure9.
Cellular mapping of differential AM markers. Shown from left to right for each level

examined are maps of labeled cells in serial /n situ hybridization transverse sections
processed for: ZBTB20 (blue), CYP19A1 (red for high label cells, pink for low label cells),
ZBTB20 and CYP19A1 combined, ESR2 (purple) and ESR1 (green) combined, and
ZBTB20 and ESR1/2 combined. The drawings on the left indicate the region and structures
shown on the maps, providing a guide for which specific structures contain the various cell
types mapped in this analysis. The diagrams to the bottom left of the drawings indicate
levels analyzed, coordinates (in mm) indicate the position along the A-P axis and the
rectangles indicate the specific areas mapped relative to the reference sections, grey patches
depict major fiber bundles. For clarity, we did not distinguish AMD subdivisions in this
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Figure. Arrows in (a) indicate how the mapped rectangle areas have been rotated to facilitate
comparisons across panels. For abbreviations, see list. Scale: 250 um.
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CBLN2 CCK

Figure 10.
Molecular definition of AD. (a-c) /n situhybridization images of CBLN2 and CCK in

transverse (a) and sagittal (b-c) sections. Both markers are expressed in AD, but CCK
expression is restricted to AD, whereas CBLN2 expression extends further medially and
laterally (a) as well as caudally (b-c), beyond AD. Drawings on the left indicate structures
shown on /n situ panels; larger dashed line indicates AD boundary by CBLNZ2, thinner
dashed line indicates limits of CCK expression; insets on bottom right of drawings indicate
location of area of interest on reference sections, coordinates (in mm) indicate the position
along the respective axes, double asterisks in (b) indicates region of CBLN2 expression that
extends beyond the caudal arcopallium boundary based on C1QL3 expression, as detailed in
Figure 11. For abbreviations, see list. Scale: 250 um.
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Figure11.
Molecular definition of AP and subdomains. (a-€) /n situhybridization sagittal images of the

caudal arcopallium region processed for C1QL3, a general arcopallial marker (a), NECAB2,
a marker of APv (b), CBLNZ2, a marker of AD and APd (c), SV2B, a marker of APd (d), and
AQP1, a general negative marker of the arcopallium and of APd (e). The lower left inset in
(a) indicates the location of the region shown in all panels relative to a reference section,
coordinates (in mm) indicate the position along the M-L axis. (a’-c”) Schematic drawings
depicting the AP subdomains defined by the /n s/t images in (a-c). (f) Summary diagram
including all AP subdomains in (a’-c”). (g) Nissl-stained section close to the /n situ
processed sections in (a-€), depicting APc (see also Fig. 3g-i). Thick dashed line (b’, f)
indicates continuation of NECAB2 expression with AV rostrally; asterisk indicates overlap
of AP and AQP1-defined AV, further detailed in Figure 13; medium dashed line (c’, f, g)
indicates APd boundary, and thin dashed line (¢’ and f) indicates region of overlap between
NECAB2 and CBLNZ2. For abbreviations, see list. Scale: 250 pm.
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Figure 12.
Molecular definition of RA, Ald, and other Al subdomains. (a) Drawing depicting structures

shown in the transverse /n situimages in (b-1); dashed lines ventro-medial to Ald and
between Ald and RA indicate regions of variable expression of Ald markers; Alm indicates
region of high expression of CNTN4 in medial Al; rectangle in the inset on bottom left
indicates location of area shown relative to a reference section, coordinate (in mm) indicates
the position along the A-P axis. (b-h) /n situhybridization images of positive and negative
markers of RA and Ald. (i-1) /n situhybridization images of positive and negative markers
of RA. (m-p) /n situhybridization images of RA and Ald markers on sagittal sections, at the
level of RA (m) and Ald (n-p); rectangles in the insets on bottom left indicate location of
areas shown relative to reference sections, coordinates (in mm) indicate the position along
the M-L axis. For abbreviations, see list. Scale: 250 um.
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Figure 13.
Molecular definition of AV. (a) Drawing depicting structures shown in the sagittal /n situ

images in (b-d); area in grey shows molecularly defined AV, dashed lines indicate
boundaries of AA and AP, as detailed further in Figs. 6 and 11, rectangle in the inset on the
top right indicates location of area shown relative to a reference section, coordinate (in mm)
indicates the position along the A-P axis. (b-d) Sagittal /n s/tu hybridization images show
positive (b-c; AQP1 and NECAB2) and negative (d; SV2B) AV markers; arrowheads in (d)
indicate ventral border of the arcopallium. We note that (b) replicates Fig. 6a’’, although
partially and at a different angle. For abbreviations, see list. Scale: 250 pum.

J Comp Neurol. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mello et al. Page 67

— SULF2 - .PCP4

Figure 14.
Analysis of chicken arcopallial domain markers in zebra finch. /n situhybridization images

of FEZF2 in the transverse plane (a), SULF2 in the sagittal plane (b), and PCP4 in both
transverse (c) and sagittal (d) planes. FEZF?2 is a negative marker of AD (a), SULF2 is a
positive marker of AD (b), and PCP4 is a positive marker of AMV, RA, Ald, AD, and AP (c-
d). Black arrowheads in (a-b) indicate the position of the dorsal arcopallial lamina. Inset
drawings and rectangles indicate the approximate anterior-posterior (a, c) and medial-lateral
levels in mm (b, d), and the position of the /n sifvimages in (a-d). For abbreviations, see list.
Image scalebar = 250 pm.
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Figure 15.
Analysis of zebra finch arcopallial domain markers in chicken. /n situhybridization images

of ZBTB20 (a’-c”) and C1QL3 (a”-c”) expression in two-week old chick brain in transverse
sections corresponding to interaural 3.3, 2.8, and 2.3 mm based on Puelles et al., 2007. Left
column (a-c): Drawings depicting major structures and lamina present in 7n situ images
(middle and right columns) defined in adjacent Nissl-stained sections. Coordinates (in mm)
indicate the approximate interaural anterior-posterior position. Dashed lines define gene
expression boundaries drawn obtained after aligning and superimposing adjacent /n situ
images (thick dashes: dorsal C1QL3 boundary; thin dashes: boundary of AMV as defined by
ZBTB20). For abbreviations, see list. Scale: 250 pm.
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Figure. 16.
Analysis of marker correspondences between arcopallial subdomains and mouse cortical and

amygdalar subdivisions. The expression patterns of 129 genes were analyzed in parallel in
finch (ZEBrA) and mouse (MBA; mouse.brain-map.org, SCR_002978) and scored based
upon whether they were makers of at least one of 7 major arcopallial subdomains (AA,
AMV and AMD within AM, AD, AP, Ald, and AV), 4 cortical layers (layers 5 and 6 of
sensory and motor cortex) or 4 major amygdalar nuclei (central, medial, basolateral, and
cortical amygdala; see Methods for details). (a) Graph showing the proportions of molecular
markers shared between each arcopallial domain and layers 5 and 6 of motor and sensory
cortices, as well as subpallial (central and medial) and pallial (basal lateral and cortical)
amygdalar nuclei. (b) Graph showing the proportion of genes that each arcopallial domain
shares with cortical layers or amygdalar nuclei after removing genes found to be markers of
both cortical and amygdalar structures. In (a) and (b), dotted lines indicate the mean
proportion of shared markers for each arcopallial domain compared with all mammalian
structures analyzed; red triangle indicate the overall average proportion of markers shared
across all comparisons; numbers shown beneath the arcopallial domains represent the
numbers of genes that were shared uniquely with at least one cortical layer or amygdalar
nucleus. For abbreviations, see list.
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Figure 17.
Summary of major arcopallial domains and subdomains, identified based on their molecular

signatures. Depicted are the various areas identified in this study, on representative
transverse (a-c; orange) and sagittal (d-g; blue) sections. We note the transverse plane
corresponds to the Frankfurt plane (as discussed in Karten et al., 2013), and thus the
diagrams are not exactly orthogonal to those presented in sagittal plane. The levels of the
sections for each series are indicated on the dorsal brain views on the upper left. Rectangles
in the insets on the upper right of each panel indicate location of area shown relative to a
reference section. Coordinates (in mm) indicate the position along the A-P axis for
transverse sections (a-c) and position along the M-L axis for sagittal sections (d-g). For
abbreviations, see list. Scale bar: 250 um.
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