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Abstract

Corvidae, passerine songbirds such as jays, crows, and ravens known as corvids, have

become model systems for the study of avian cognition. The superior cognitive capa-

bilities of corvidsmainly emerge from a disproportionally large telencephalon found in

these species.However, a systematicmapping of the neuroanatomyof the corvid brain,

and the telencephalon in particular, is lacking so far. Here, we present a brain atlas of

the carrion crow,Corvus corone, with special emphasis on the telencephalic pallium.We

applied four staining techniques to brain slices (Nissl, myelin, combination of Nissl and

myelin, and tyrosine hydroxylase targeting catecholaminergic neurons). This allowed

us to identify brain nuclei throughout the brain and delineate the known pallial subdi-

visions termed hyperpallium, entopallium, mesopallium, nidopallium, arcopallium, and

hippocampal complex. The extent of these subdivisions and brain nuclei are described

according to stereotaxic coordinates. In addition, 3D depictions of pallial regions were

reconstructed from these slices. While the overall organization of the carrion crow’s

brain matches other songbird brains, the relative proportions and expansions of asso-

ciative pallial areas differ considerably in agreement with enhanced cognitive skills

found in corvids. The presented global organization of the crow brain in stereotaxic

coordinates will help to guide future neurobiological studies in corvids.
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grisea centralis; GLv, nucleus geniculatus lateralis pars ventralis; GP, globus pallidus; H, hyperpallium; HA, hyperpallium apicale; HCl, lateral hippocampus; HCm,medial hippocampus; HD,

hyperpallium densocellulare; Hp, hippocampal complex; HL, nucleus habenularis lateralis; HM, nucleus habenularis medialis; ICo, Nucleus intercollicularis; Imc, Nucleus isthmi pars

magnocellularis; Ipc, nucleus isthmi pars parvocellularis; LAD, lamina arcopallialis dorsalis; LHy, hypothalamus pars lateralis; lMAN, Lateral part ofMAN; LMD, laminamesopallium dorsalis; LMV,

laminamesopallialisventralis; LoC, locus ceruleus; LPS, lamina pallialis subpallialis; MAN, magnocellular nucleus of the anterior nidopallium;MD, dorsal mesopallium;MLd, nucleus

mesencephalicus lateralis; MVtr, nucleus motorius nervi trigemini; MV, ventral mesopallium; N, nidopallium; NA, nucleus angularis; NC, caudal nidopallium; NCL, caudolateral nidopallium; NCLd,

dorsal caudolateral nidopallium; NCLm, medial caudolateral nidopallium; NCLv, ventral caudolateral nidopallium; NCM, caudomedial nidopallium; Nif, nuleus interfacialis; nIV, nucleus nervi

trochlearis; NL, nucleus laminaris; NM, nucleus magnocellularis; OM, occipito-mesencephalic tract; Ov, nucleus ovoidalis; PaM, nucleus paramedianus; PBS, phosphate buffered saline; PFA,

paraformaldehyde; PFC, prefrontal cortex; PL, Nucleus pontis lateralis; PM, nucleus pontis medialis; Pt, pretectal Nucleus; PVM, nucleus periventricularis magnocellulari; QF, tractus

quintofrontalis; RA, robust nucleus of the arcopallium; RP, nucleus reticularis pontis caudalis; Rpc, nucleus reticularis parvocellularis; RPgc, nucleus reticualris pontis caudalis pars giganocellularis;

Rt, nucleus rotundus; Ru, nucleus ruber; S, septum; SAC, stratum album centrale; SLu, nucleus semilunaris; SNc, substantia nigra pars compacta; SpL, nucleus spiriformis lateralis; SpM, nucleus

spiriformis medialis; Str, striatum; TeO, tectum opticum; TFM, tractus thalamo frontalis et frontalis-thalamicus medialis; TH, tyrosine hydroxylase; TnA, nucleus teania amygdalae; TrO, tractus

opticus; TSM, tractus septopallio-mesencephalicus; TT, tractus tectothalamicus; TTD, nucleus tractus descendens trigemini; TV, nucleus tegmenti ventralis; Vc, caudal trigeminal nucleus; VeD,
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1 INTRODUCTION

Corvidae, or corvids, is a widely distributed family of passerine birds

comprising species such as crows, ravens, jackdaws, or jays (Ericson

et al., 2005). As oscine passerines or songbirds, corvids possess a full

set of song nuclei (Izawa&Watanabe, 2007; Kersten et al., 2021;Wang

et al., 2009) and show flexible vocal capabilities (Bluff et al., 2010;

Brecht et al., 2019; Enggist-Dueblin & Pfister, 2002). Beyond a flair

for vocal flexibility, corvids are also known for remarkable cognitive

abilities (Clayton & Emery, 2005; Güntürkün & Bugnyar, 2016). They

prospectively solve problems (Dally et al., 2006; Rinnert & Nieder,

2021; Veit & Nieder, 2013), manufacture and use tools (Weir et al.,

2002), estimate set size (Ditz &Nieder, 2015, 2016a, 2020; Kirschhock

et al., 2021), store and manipulate information in memory (Boeckle &

Bugnyar, 2012;Rinnert et al., 2019), andexhibit aspects of sensory con-

sciousness (Nieder et al., 2020). Such cognitive feats are special among

the birds and are thought to emerge from the telencephalon of corvids.

A volume increase in associative pallial structures and particularly high

associative neuron numbers seem to accompany enhanced cognitive

skills in corvids (Burish et al., 2004; Iwaniuk & Hurd, 2005; Mehlhorn

et al., 2010; Rehkämper et al., 1991; Ströckens et al., 2022). However,

with the exception of a few specialized neuroanatomical studies (Izawa

& Wiatanabe, 2007; Kersten et al., 2021; Sen et al., 2019; von Eugen

et al., 2020), a detailed brain atlas of the corvid brain is lacking.

In light of hypertrophied pallial association areas in corvids, most

notably the nido- andmesopallium, the neuroanatomicalmaps of other

well-studied songbirds are only of limited value to understand the

neuroanatomy of the crow pallium. The only telencephalic area that

has been studied recently in some anatomical (Sen et al., 2019; von

Eugen et al., 2020) and physiological details in corvids (Nieder, 2017)

is the nidopallium caudolaterale (NCL). The NCL is located at the top

of the sensorimotor loop and receives highly processed information

from all sensory modalities (Güntürkün, 2005). Based on anatomi-

cal and physiological characteristics in pigeons, the NCL is thought

to be the functional avian equivalent to the prefrontal cortex (PFC),

which enables cognitive control in mammals (Güntürkün, 2005;Moll &

Nieder, 2015; Nieder, 2017).

Here, we present a brain atlas of a typical and widely distributed

corvid species, the carrion crow, Corvus corone. With this, we comple-

ment previous atlases established for other birds (chick: Kuenzel &

Masson, 1988; Puelles et al., 2007; Van Tienhoven & Juhasz, 1962;

pigeon: Karten & Hodos, 1967; zebra finch: Nixdorf-Bergweiler &

Bischof, 2007; Karten et al., 2013; canary: Stokes et al., 1974) by a

corvid songbird species. Thecarrion crow, orEurasian crow,C. coroneL.,

is one of themost common bird species and is widely distributed in the

Palearctic (biogeographic realm that includes Europe, parts of North

Africa, and most of Asia; Kryukov et al., 2012). With a body weight

of around 500 g and a wingspan of roughly 100 cm, it is the smaller

cousin of the raven (C. corax). The taxonomic status ofC. corone remains

controversial (De Knijff, 2014). However, C. corone is most commonly

regarded as a single species—a convention we follow. Corvus corone

occurs most prominently as the all-black subspecies C. corone corone

and theblack andgray subspeciesC. c. cornix, also called “hooded crow.”

Many authorities consider them geographical races of one species

(Haring et al., 2012; Wolf et al., 2010), whereas other authors treat

them as separate species (Parkin et al., 2003). Despite their marked

phenotypic differentiation, there is an apparent lack of genetic differ-

entiation (Poelstra et al., 2014). In fact, the two species occasionally

crossbreed to have fertile offspring, and the genomes of C. c. corone in

Germany are much more similar to those of C. c. cornix than to those

of C. c. corone in Spain (Poelstra et al., 2014). From a brain organization

point of view, we think it is safe to treat C. c. cornix and C. c. corone, and

possibly other C. corone subspecies (Kryukov et al., 2012), as one and

the same species. As a rather typical and widespread crow species, the

brain organization of C. corone can be representative of other species

of the corvid family.

2 METHODS

For this study, seven adult carrion crows (five males, two females; age

range: 2.5–7 years) obtained from the institutes’ facility were used.

Bodyweight ranged between 430 and 474 g,while brainweight ranged

from 7.1 to 7.9 g. The rostrocaudal dimension of the crow’s brain

ranged between 27.1 and 28.1mm.

The crowswere anesthetized by amixture of ketamine and xylazine

(50-mg ketamine, 5-mg/kg xylazine), and the head was placed in a

commercially available stereotactic holder (David Kopf Instruments,

Fujunga, CA 91042, USA; Model 1430 Stereotaxic Frame; with ear

bar locator position—anterior–posterior [A/P] zero) and ear bars for

pigeons (Model # 856 Ear Bars; 20◦ tapered tip to a 4.8-mm shoulder

with a 3-mm diameter by 2-mm long protrusion). A simple beak biting

rod was added so that the beak would be held at a 45◦ angle below the

horizontal axis. The beak bar was a simple steel bar (2-mm diameter)

that was slid through the holes of two parallel standing fixing rails (on

either side of the crow’s head), which were attached at a 45◦ angle at

the ear bars. The position of the ear bars relative to the brain marked

the AP 0.0-mm coordinate.

An incision was made along the midline of the head, and the first

bone layer of the skull was carefully removed to localize themidsagittal

sinus. We applied marks to the crow’s brain to allow for stereotac-

tic mapping and to calculate the shrinkage of the tissue that occurred

during histological processing. Marks were set by inserting a fine can-

nula in the dorsoventral direction. Using the caudal bifurcation of the

midsagittal sinus as a reference, two marks were placed 10 mm lat-

eral to the bifurcation and 10 mm anterior to the bifurcation in both

hemispheres. In addition, two marks were placed 10 mm lateral and

10 mm anterior to this reference. Subsequently, crows were injected

with a lethal dosage of sodium pentobarbital (Narcoren, 50 mg/kg)

and perfused with 0.12 M phosphate-buffered saline (PBS) including

heparin, followed by 4% paraformaldehyde (PFA) in 0.12M phosphate

buffer (PB). All procedureswere carried out according to the guidelines

for animal experimentation and approved by the responsible national

authorities, Regierungspräsidium Tübingen, Germany.

The brain was removed from the skull and postfixed in 4% PFA

overnight. Afterwards, the brain was sunk in an uprising sucrose

solution, ending in 30% sucrose solution. Four sets of 30 µm
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(sagittal) to 40 µm (coronal) thick sliceswere cut using a cryostat (Leica

Biosystems, 35576Wetzlar, Germany; CM1900). Slices weremounted

on SuperFrost™ Ultra Plus object plates (Thermo Fisher) or collected

free-floating in 0.1% sodium azide in 0.12MPB.

Four staining protocols were applied to alternating sections

(Kersten et al., 2021). For the first series of every brain, a Nissl stain

(0.1% cresyl violet) was applied; the second series was stained for

myelin (using 0.2% gold chloride solution; Schmued, 1990), while the

third series was stained for both Nissl and myelin by combining the

staining protocols. In the fourth series, antibody staining against tyro-

sinehydroxylasewasperformed. Tyrosinehydroxylase is a rate-limiting

enzyme for catecholamine synthesis (Smeets & Reiner, 1994) and

can be used to find dopaminergic cells in the vertebrate brain since

dopamine is a catecholamine (Holtz, 1939).

Tissue sectionswere rinsed in 0.12MPhosphate Buffer Saline (PBS)

and incubated in 0.3% hydrogen peroxidase (H2O2) in 0.2% Triton

X-100 in PBS to quench endogenous peroxidases. After rinsing, sec-

tions were blocked in 5% normal goat serum (NGS, Linaris, 69221

Dossenheim, Germany; S-1000) and bovine serum albumin (Vector

Laboratories, Newark, CA 94560, USA; SP-5050) in 0.2% Triton X-100

in PBS and incubated with the primary antibody (mouse anti- tyrosine

hydroxylase (TH) antibody, ImmunoStar, Hudson, WI 54016-0488,

USA; Cat# 22941, RRID:AB_572268, 1:1000) in 0.5% Triton X-100

in PBS for 72 h with gentle movement at 4◦C. Sections that were

used for negative controls were incubated in 0.5% Triton X-100 in

PBS and 2.5% NGS. All sections were rinsed in PBS and incubated

in the secondary antibody (biotinylated antimouse IgG (H + L)

produced in goat, Sigma, 82024 Taufkirchen, Germany; SAB3701068,

RRID:AB_2910246, 1:1000) for 2 h. Afterwards, slices were rinsed,

incubated for an hour in a complex of avidin and biotin (Elite ABC

Kit, Peroxidase [Standard], PK-6100, Vector Laboratories, according

to factory recommendation) and rinsed in PBS again. Sections were

developed in 3-3′ -diaminobenzidine (DAB) and nickel amplified (DAB

Peroxidase Substrate Kit, SK-4100, Linaris, according to factory rec-

ommendation). Afterward, slices were rinsed in PBS and mounted on

SuperFrost™ Ultra Plus object plates, dehydrated and coverslipped

in Entellan mounting medium (Merck KGaA, 64203 Darmstadt,

Germany).

The stained tissue sections were then imaged using an AxioScan

Z.1 scanning microscope (Carl Zeiss Microscopy GmbH, 37081 Göt-

tingen, Germany) with a Plan-Apochromat 20x/0.8 objective. None of

the images was z-stacked but represent data from a single focal plane.

Brightness and contrast were adjusted to every image. After the scan-

ning process, the images were examined and converted to TIFF files

using the Zeiss software ZEN (Zen 2.5 lite, blue edition, Carl Zeiss).

Structures and subdomainswere comparedwithneuroanatomical data

of other corvid species, such as the jungle crow, C. macrorhynchos, or

the house crow, C. splendens (Izawa & Watanabe, 2007; Sen et al.,

2019). However, since not every structure is described in these arti-

cles and because the jungle crow atlas has not been updated with

the latest findings in crow and songbird literature, we also used the

zebra finch atlas and additional zebra finch neuroanatomy studies to

map the carrion crows brain (Lovell et al., 2020; Mello et al., 2019;

Montagnese et al., 1996).

Brain drawings were generated with Corel DRAW X7 software. To

generate a 3D reconstruction of the carrion crow’s brain, we used

the manual contour function of the Neurolucida software (MBF Bio-

science). The tracings of each slide were then stacked together and

visualized in the 3D visualizer. Moreover, the smoothing function was

used to smooth the surface of the stacked images. For every pallial

subdomain, snapshots were taken.

3 RESULTS

Wemapped anatomical regions in sagittal and coronal slides through-

out the crow brain with special emphasis on the telencephalon and

the pallial regions therein. In addition, 3D depictions of pallial regions

were reconstructed from these slices. In general, the overall organiza-

tion of the carrion crow’s brain is comparable to other oscines, such

as the zebra finch (Karten et al., 2013; Lovell et al., 2020; Figure 1,

Figure 2). However, the relative proportions and expansions of pal-

lial areas sometimes differ considerably. In the following description,

we, therefore, focus on the neuroanatomy and organization of the

different pallial subdomains in the carrion crow. The most efficient

staining to define the different pallial subdomains was basic Nissl

staining. Laminae that separate the subdivisions, as well as different

cell clustering characteristics, were best visible in Nissl stained sec-

tions. Therefore, we will focus our investigation of the telencephalic

global anatomy mainly on Nissl staining and supplement it with

other staining techniques for specific delineation and characterization

aspects.

3.1 Nidopallium

Thepallial subdomain that dominatesmost of the caudal telencephalon

is the nidopallium (Figure 3). From posterior to anterior, the nidopal-

lium covers nearly the whole extent of the telencephalon until it ends

in the rostral tip around the AP (AP level in mm from the back pole)

20.2 (Figures 1 and 3). Nidopallial cells clustered together in groups

between1and6cells in high-resolutionNissl-stained slides (Figure4a).

The nidopallium borders ventromedially to the arcopallium and the

striatum. The lamina arcopallialis dorsalis (LAD) separates the arcopal-

lium from the nidopallium, whereas the lamina pallio subpallius (LPS)

delineates the striatum from the nidopallium. Anterior to AP 10, the

mesopallium constitutes the dorsolateral border of the nidopallium

(Figure 3); the mesopallium is separated from the nidopallium by the

lamina mesopallium ventralis. In the 3D reconstruction, it appears as if

the nidopallial tissue is molded around neighboring subfields such as

the striatum, arcopallium, and the mesopallium (Figures 5a,b and 3).

The nidopallium harbors the three song nuclei HVC (acronym used as

a proper name), nucleus interfacialis, andmagnocellular nucleus (MAN

of the anterior nidopallium), as well as the auditory field L (shown in

detail in Kersten et al., 2021).
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F IGURE 1 Caudolateral view of the carrion crow’s brain (a) and schematic drawing of the sagittal view of the carrion crow’s brain showing the
overall anterior–posterior (AP) expansion of the pallial subdomains (b). Scale bar in (a)= 1 cm, scale bar in (b)= 2000 µm. Abbreviations can be
found in the abbreviation list

F IGURE 2 Schematic drawing of the stereotactic position used in
this study. The head of the crowwas held at a 45◦ angle relative to the
ear bars by a beak bar that was attached to two parallel standing fixing
rails

A high-level associative subregion of the nidopallium is the NCL.

This area is thought to be a functional equivalent of the primate PFC

(Güntürkün, 2005; Güntürkün & Bugnyar, 2016; Nieder, 2017). The

corvid NCL can be visualized in coronal sections in the crow’s brain

(Sen et al., 2019; Veit & Nieder, 2013; Veit et al., 2014; von Eugen

et al., 2020). Based on slides stained against TH, we were able to delin-

eate several subfields of theNCL and the caudal nidopallium (Figures 3

and 6) that were previously described in carrion crows and zebra

finches (von Eugen et al., 2020). The subfields were identified based

on the fiber density of TH+ fibers and the presence of so-called “bas-

kets,” which are TH-positive fibers that seem to coil around unstained

perikarya (Waldmann & Güntürkün, 1993). Notably, TH+ fibers as

wells as the baskets show axonal boutons. The density of the TH+

fibers in the NCL regions leads to a darker tissue in overview slides.

The overall expansion of the NCL subfields reaches from 1.8 AP until

7.2AP. Theposterior borderof the striatumcoincideswith the fadingof

theNCL subfields fromposterior to anterior, offering an easy locatable

landmark.

Among the NCL subfields, the medial NCL (NCLm) and the ventral

NCL (NCLv) appear first fromposterior to anterior (Figures 3 and7b,d).

The NCLm is the only subfield that can be demarcated throughout the

whole expansion of the NCL and can be located dorsal to the arcopal-

lium following the arch of the LAD.NCLmshows darkly stained baskets

and a dense fiber mesh (Figure 6a).

NCLv can be demarcated in the lateral part of NC (Figures 3 and 6).

In themost caudal levels, NCLv forms a curve from the dorsolateral NC

to NCLm and joins it at its most lateral point (Figure 7d). Going ros-

trally, this connection comes off, and the NCLv covers the most lateral

part of theNCL (Figures 3 and 6). NCLv is characterized by a less dense

TH+ fiber and basket density compared to the other NCL subregions.

Nevertheless, it still shows higher TH+ activity than the surrounding

NC tissue (Figure 6a).

The last subfield, the dorsal NCL (NCLd), is located in the middle

of the rostrocaudal expansion of the NCL (Figure 6a). It first appears

as a small, oval-shaped area in the dorsal NC and throughout its
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F IGURE 3 Series of whole (coronal) Nissl-stained sections of the carrion crow’s brain with accompanying schematic plates of identified brain
nuclei and a color-coded composition of the pallial subdomains in the telencephalon. Closed broken lines indicate fiber tracts, while dotted lines
represent the borders of subdomains in the pallial subdivisions. Single straight lines indicate striking fibers that pass between two subdomains. The
coordinates indicate the position of the image along the AP-axis. Scale bars= 2000 µm. Abbreviations can be found in the abbreviation list
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued
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F IGURE 3 Continued



16 KERSTEN ET AL.

F IGURE 3 Continued

AP expansion elongates toward the medial NC. NCLd can mainly be

characterized by a dense TH+ fiber mesh. Baskets are also visible, but

it is more difficult to define them since the fibers mask the baskets.

Moreover, NCLd can be localized by visualization of the dorsal arcopal-

lial tract (DA; von Eugen et al., 2020), a reciprocal fiber tract between

the NCL and the intermediate arcopallium (AI; Kröner & Güntürkün,

1999; Figure 7b).

Apart from the NCL, a further subfield of the NC could be demar-

cated, the caudomedial nidopallium (NCM; Figure 3). The NCM is

considered part of the auditory forebrain (Maney & Pinaud, 2011;
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F IGURE 4 Characteristic clustering patterns of the cells in the different pallial subdomains visualized by Nissl staining. The arcopallium is not
included since no uniform clustering characteristics could be found. Scale bars= 50 µm

F IGURE 5 3D reconstruction (Neurolucida Software, MBF Bioscience) of the nidopallium (a,b), themesopallium (c,d), the hyperpallium (e,f),
the hippocampus (g,h), and the arcopallium and the striatum (i,k) to visualize the expansion of the different pallial subdomains throughout the
cerebral crow’s brain. Themedial view of a domain is offered on the left, while the lateral view is offered on the right in one row
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F IGURE 6 Subfields of the nidopallium caudolaterale (NCL; medial NCL, dorsal NCL (NCLd), ventral NCL, NCM) visualized in slides stained
against TH (a). The subfields were identified based on TH+ fiber and basket characteristics. Moreover, slides stained against myelin showDA,
which indicates the position of NCLd (b). Scale bars= 1000 µm. Abbreviations can be found in the abbreviation list

Mello & Clayton, 1994). In the crow, it is situated in the same AP range

as the NCL; however, it appears in the medial nidopallium (Figure 6a).

Compared to the NCL subfields, NCM shows a high TH+ fiber density

and several baskets.

3.2 Mesopallium

Themesopallium can be found from AP 9 to 23.3 and is situated dorsal

to the nidopallium. To dorsal, the mesopallium borders the lateral ven-

tricle and the hyperpallium (Figures 1, 3, and 5c,d). In high-resolution

Nissl-stained slides, the mesopallium shows cells that cluster together

in groups between 1 and 12 (Figure 4c,d). Moreover, the mesopallium

can be divided into dorsal (MD) and ventral (MV) parts. In coronal

sections, theMVcan first bedetectedatAP9 in theventrolateral telen-

cephalon, which grows medial while going rostrally until the MV sits

dorsal to the N. From AP 13.3, the MD appears ventral to the H and

dorsal to theMV. The twomesopallial regions are separatedby the lam-

ina mesopallium intermediate, while the lamina mesopallium dorsalis

(LMD) separates the hyperpallium from the MD. In a 3D reconstruc-

tion, it appears as if the whole mesopallium is spread on top of the

nidopallium (Figure 5c,d).

3.3 Arcopallium

The arcopallium is the smallest pallial subarea compared to the meso-

, nido- and hyperpallium. In the carrion crow, it reaches from AP 2.0

to 8.7 and is located in the caudoventral telencephalon (Figures 1

and 3). As in all songbirds, the arcopallium is located caudal to the

striatum. The arcopallium can be separated from the striatum through

the LPS, whereas LAD separates the arcopallium from the dorsolateral

nidopallium (Figure 8). Unlike the nido-, meso- and hyperpallium, a reg-

ular cellular organization that fits the whole extent of the arcopallium

is absent. Instead, five subareas of the arcopallium that were previ-

ously described in the zebra finch can also be identified in the crow

(Mello et al., 2019). Mello et al. (2019) identified more than these five

subareas based on molecular characteristics we did not apply in the

current study. Nevertheless, we found subareas based onNissl-stained

slides and, for some subareas, were able to verify our assessment in

anti-TH-stained slides. In the following, we will describe the arcopal-

lium and its subdivisions in more detail.

In its posterior extent, the medial arcopallium (AM) shows darkly

stained cells that cluster together in groups of five to 12 cells

(Figure 8a). Lateral to this clustered region, a small triangular-shaped

area can be observed; the cells in this area do not cluster together,

appear lightly stained, and smaller, compared to the surrounding

arcopallial tissue. We identify this area as the caudal part of the pos-

terior arcopallium (APc) as shown by Mello et al. (2019) based on

Zebra finch Expression Brain Atlas (ZEBrA; www.zebrafinchatlas.org,

RRID:SCR_012988).

Ventrolateral to these two areas (i.e., the APc and the densely

packed area), the cells appear bigger and more loosely packed tissue

(Figure 8a). We consider this area to match the AI as described in

Mello et al. (2019). Further anteriorly, the densely packed area and

APc disappear and are replaced by the AI region. In the dorsal arco-

pallial region, a stripe of cells appears to follow the bow of the LAD

(Figure 8b).Moreover, this area is THpositive, aswe find darkly stained

fibers in anti-TH-stained slices. We identified this region as the dorsal

arcopallium (AD) based on comparison with previous findings (Mello

et al., 2019). Also, at this AP level, unstained fibers can be identified

that pass between the arcopallium and the nidopallium and are most

likely part of the DA (Figure 8b, arrows). More anteriorly, the robust

nucleus of the arcopallium can be identified (RA). In addition, further

subregions apart from the AI and AD can be found at this AP level. In

the ventrolateral arcopallium, the anterior arcopallium (AA), a region

http://www.zebrafinchatlas.org
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F IGURE 7 3D reconstruction of the expansion of the NCL subfields in the carrion crow in a from side view (a), dorsal view (b), rostral view (c),
and caudal view (d). The reconstruction shows nicely that the NCL expands through the whole caudal nidopallium until the striatum starts and how
the NCLwraps dorsally around the arcopallium

characterized by more densely packed cells, appears (Figure 8c). The

cells form a stripe that follows the ventral border of the telencephalon.

AA is laterally limited by the tractus fronto arcopallialis (FA), whereas

the occipito-mesencephalic tract (OM) delineates the dorsal border

(Figure 8d–f). The so-called AM can be delineated medial to the RA.

Throughout the OM, it is divisible in a ventral and a dorsal part. The

medial ventral arcopallium (AMV) canbe first distinguished at the same

rostrocaudal level as RA (AP 4.1) and appears as an elongated band of

large, darkly stained cells (Figure 8c,d). The ventral and medial AMV

is limited by the telencephalon border itself, while dorsally, the fiber

tracts of the OM provide the borders of this subregion. Lateral AMV

borders AA (Figure 8d,e). The dorsal part of the AM (AMD) is cornered

medially by the medial border of the telencephalon, dorsally by the

LAD, and ventrally by fiber tracts of the OM. Compared to the neigh-

boring subregion AI, AMD shows smaller and more densely packed

cells (Figure 8e,f). The AA region enlarges further anteriorly in its dor-

sal extent and additionally occupies a trapezoid-shaped area lateral to

the OM fiber bundles (Figure 8e). Additionally, AMD enlarges laterally

to occupy the area where RA tapers off (Figure 8d,e). At AP 7.1, the

striatum starts lateral to the arcopallium (Figure 8e). The domains are

separated from each other by the LPS. On this level, the AMV shows in

its most medial corner some small, densely packed and darkly stained

cells, while in the rest of the AMV, the cells still show a more loosely

packed arrangement (Figure 8e,f). Further anteriorly, the AMV shows

smaller and smaller cells that appear densely packed until this char-

acteristic comprises the whole area identified as the AMV (Figure 8f).

Moreover, the area of the arcopalliumnarrows, and theOMfiber tracts

occupymore space; therefore, AI also becomes narrower (Figure 8e,d).

In themost rostral parts of the arcopallium, theAI area and theAAarea

disappear, and thus AMDandAMVcovermost of the arcopallial region

(Figure 8f).

3.4 Hyperpallium

The hyperpallium can be found adjacent to the hippocampus,most dor-

sal in the crow’s telencephalon, and reaches from AP 10.0 until the

most rostral tip of the telencephalon around AP 24 (Figure 3). LMD

separates the hyperpallium from the mesopallium, while to the medial,

APH and dorsolateral corticoid area (CDL) can be distinguished based
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F IGURE 8 Subfields of the arcopallium visualized in Nissl-stained coronal sections from caudal to rostral (a–f). Coordinates indicate the
location of the slides on the AP-axis. The insets give an overview of the location of the arcopallium in the telencephalon and relative to the other
subdomains. Arrows in (b) point to dorsal arcopallial (DA). Scale bars= 500 µm. Abbreviations can be found in the abbreviation list

on the cell clustering characteristics. We find the same cell cluster-

ing characteristics in the hyperpallium as in the nidopallium; thus, at

high resolution, we find clusters of one to six cells (Figure 4a,b). In 3D

reconstructions, it can be seen that the hippocampus and the hyper-

pallium form the roof of the crow’s telencephalon. It appears as if both

structures, especially the hyperpallium, were laid on top of the ventri-

cle and themesopallium (Figure 5c–h).Wedid not find any conspicuous

features, such as layering or subdomains, in the hyperpallium based on

our four staining techniques but were able to locate the core of the

CDL (CDLco). We could locate it lateral to the CDL based on its cellu-

lar anatomy. Differing from the hyperpallium, CDLco is characterized

by large cells that do not cluster together and are loosely packed. It is

oval-shaped and can be found fromAP 14.3 to 15.8 (Figure 3m,n).

3.5 Hippocampal complex

In the avian brain, the term “hippocampal formation” summarizes the

hippocampus and the parahippocampal area (APH; Atoji &Wild, 2006).

In the carrion crow, the hippocampal formation is located above the

lateral ventricle. It shows its largest extent most medially. In its lat-

eral extent, it tapers off caudally and disappears (Figure 5g,h). The

hippocampal formation can first be found at AP 4.6 in coronal slides

and reaches rostral until AP 20.7 (Figure 3). We are able to identify

four subareas of the hippocampal formation and describe the lateral

corticoid complex adjacent to the hippocampal formation. We, there-

fore, refer to the hippocampal complex to summarize both formations.

We describe these subareas based on Nissl-stained sections in coro-

nal slices, similar to Sen et al. (2019). Our identification of the crow’s

hippocampal subareas is based on comparisons with studies on the

zebra finch (Lovell et al., 2020;Montagnese et al., 1996).

From caudal to rostral, the hippocampal formation is characterized

by the APH at its most posterior extent; APH shows large cells with-

out clustering (Figure 9a). Several subregions can be outlined further

laterally. In the dorsal bend of the hippocampal complex, the crescent

field (CF) appears. It appears as a region with small, densely packed

cells that are surrounded by a ring of cell rare space (Figure 9b–f).

Additionally, the medial hippocampus (HCm) can be localized at the

most medial border of the hippocampal tissue as a stripe of densely
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F IGURE 9 Subfields of the hippocampal complex covering the hippocampal formation and the lateral corticoid complex visualized in
Nissl-stained coronal sections from caudal to rostral (a–j). Coordinates indicate the location of the slides on the AP-axis. The insets give an
overview of the location of the hippocampal formation in the telencephalon relative to the other subdomains. Arrows in (d–h) point to the
periventricular region. Scale bars= 500 µm. Abbreviations can be found in the abbreviation list
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packed cells rendering it darker, compared to the surrounding tissue

(Figure 9b-f). HCm starts at the ventro-medial tip and reaches the dor-

sal until it meets CF (Figure 9b–f). Bordering APH and CF laterally, the

intermediate corticoid area (CI) can be found. It appears as an oval-

shaped nucleus. CI appears lighter when compared to the surrounding

tissue and can be traced back to a lower cell density (Figure 9b–d).

Further rostrally, the lateral hippocampus (HCl) can be found lateral

to HCm and together with it forms a V-shaped area. Similar to HCm,

HCl appears as a slim stripe of densely packed cells, albeit not as darkly

stained as inHCm (Figure 9c–g). Ventral toCI, we find the periventricu-

lar area, a stripe of large, sparsely packed cells that pulls laterally and is

also visible ventral toCDL (Figure 9d–h, black arrow). Toward the ante-

rior, the steep V-shaped area, consisting of HCm and HCl, retraces and

flattens while simultaneously relocating dorsally (Figure 9 c–e). Addi-

tionally, Cl tapers off and cannot be found anymore (Figure 9e). CDL

and the periventricular region tapper off laterally until they meet the

hyperpallium (H) approximately at the lateral corner of the lateral ven-

tricle (Figure 9f–j). Further anteriorly, most of the subregions begin

to disappear; around AP 13.2, CF cannot be discerned any longer,

and APH replaces this region (Figure 9g), while HCm is no longer dis-

cernible at 13.4 (Figure 9f) and HCl at AP 16.0 (Figure 9g). From this

point on, the hippocampal complex consists of APH and CDL until

AP 18.5. Similar to the most caudal parts, the most anterior part of

the hippocampus is characterized by the APH until it tapers off and

disappears around AP 19.7 (Figure 9j).

3.6 Striatum

The striatum can be found in the ventral telencephalon from AP 7.4

to 19.5 (Figure 3). Dorsally, it borders the nidopallium, while caudally,

the arcopallium can be found (Figures 1, 3, and 5i,j). Both pallial subdo-

mains are separated from the striatum by LPS. Rostral, the entopallium

can be found lateral to the striatum (Figure 3). The striatum is clearly

visible based on Nissl staining. Additionally, and differing from the pal-

lial subdomains, we find high TH-positive levels over the whole striatal

area.Moreover, this staining techniqueoffers the opportunity to locate

area X, an important song nucleus, in the rostral striatum (Figure 3) (for

a detailed description of this song nucleus and the song system in the

crow, see Kersten et al., 2021). Across the extent of the striatum, sev-

eral large fiber tracts can be seen. Caudally, the striatum appears at the

lateral tip of the arcopallium and, going rostrally, replaces it (Figure 3).

At this point, the FA can be found lateral to the striatum, while the

OM tract forms the ventral limit of the striatum and the telencephalon

itself (Figure 3). OM tappers off around AP 9.8, and afterward, the

tractus thalamo frontalis et frontalis-thalamicus medialis (TFM) that

originates from the thalamus reaches in (Figure 3). This also marks the

point where the telencephalon connects to the thalamus. Going fur-

ther rostrally, TFM is joined by the fasciculus prosencephala lateralis

(Figure 3). Both fiber tracts seem to be directed toward the globus pal-

lidus (GP), which can be found in the lateral striatum from AP 10.0 to

13.9 (Figure 3). Apart from the area X and GP, another nucleus, the

nucleus striae terminalis, can be found in the ventromedial striatum

fromAP 8.6 to AP 13.7 (Figure 3).

3.7 Diencephalon/thalamus

The crow’s thalamus resembles that of a typical songbird. Apart from

the hypothalamus, the nucleus rotundus and the pretectal nucleus,

larger thalamic nuclei can be seen. Among those, the medial part of

the dorsolateral nucleus of the anterior thalamus plays a role in the

song system. The auditory thalamic nucleus ovoidalis (Ov) and nucleus

uvaeformis (Uva), which also play a role in song learning, are visi-

ble (Figure 3). Detailed descriptions of the thalamic nuclei that play

a role in song learning and production can be found in our previous

neuroanatomical study (Kersten et al., 2021).

3.8 Midbrain

The main dorsal part of the midbrain is characterized by the tectum

opticum (TeO) in the crow, which can be found from AP 3.0 to 11.4

(Figure 3). From AP 5.0 on, the TeO is continuous with the brainstem.

Most prominently, we found the nucleus intercollicularis (ICo), nucleus

mesencephalicuslateralis (MLd), dorsomedial part of the intercollicular

nucleus (DM), nucleus ithmi pars magnocellularis, nucleus isthmi pars

parvocellularis (Ipc) andnucleus semilunaris in themidbrain (SLu).With

the help of TH staining, we were also able to identify the substantia

nigra pars compacta (SNc) and the ventral tegmental area from AP 6.0

to 7.6 based on their strong TH-positivity in themidbrain (Figure 3).

3.9 Brainstem (met- and myelencephalon)

We identified several brainstem nuclei in the crow’s brain, of which

most could be identified using Nissl-stained sections (Figure 3). How-

ever, when identifying the locus coeruleus (LoC, AP 4.2 to 5.4), TH

staining was advantageous since this nucleus shows strong TH positiv-

ity.We identified nuclei of the lateral lemniscus (LLD, lateral lemniscus

dorsal part; LLV, lateral lemniscus vental part), nuclei of the trigemi-

nal nerve (MVtri, motor trigeminal nucleus; PrV, principal trigeminal

nucleus; Vc, caudal trigeminal nucleus) and the vestibulari nuclei (VeM,

nucleus vestibularis medialis, VeD, nucleus vestibularis descendens,

VeL, nucleus vestibularis lateralis). Moreover, we found auditory brain

nuclei, such as the nucleus olivary superior, nucleus magnocellularis

(NM), nucleus angularis (NA), and nucleus laminaris (NL). In the most

caudal sections of the crow’s brain, we were able to identify the nuclei

parambiguus and retroambiguus (RAm). As in other animal species, the

medulla oblongata appears quite diffuse in the crow. However, with

the help of the aforementioned brain atlases, we identified some of the

most important brainstem nuclei (Figure 3).

4 DISCUSSION

We present an anatomical mapping of the carrion crow’s brain, in

particular the pallial organization. Based on previous work on other

crow species as well as on neuroanatomical data from the zebra

finch and pigeon (Izawa & Watanabe, 2007; Karten & Hodos, 1968;

Krützfeldt et al., 2010a, 2010b; Lovell et al., 2020; Mello et al., 2019;
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Montagnese et al., 1996; Nixdorf-Bergweiler & Bischoff, 2007; Reinke

& Wild, 1998; Sen et al., 2019; Wild, 1993, 1997a, 2010), we located

several brain nuclei in the striatum, diencephalon, mesencephalon,

and brainstem (met- and myelencephalon). Overall, we find a highly

conserved organization of the crow’s brainstem, midbrain, and tha-

lamic nuclei. Despite the considerable brain size differences across

species, the overall anatomy and Nissl characteristics are transferable

to the crow brain. Concerning the brainstem anatomy, the pigeon atlas

(Karten & Hodos, 1968) offered a good template. When studying the

forebrain, the zebra finch atlas offered a more suitable option with

respect to, for example, the different organization of the striatum and

the arcopallium in songbird and nonsongbird brains (Mello et al., 2019;

von Eugen et al., 2020). This global and stereotactic overview will pro-

mote further anatomical and physiological research in this bird species

and in corvids in general.

4.1 Nidopallium

We tracked the rostrocaudal extent of the nidopallium and described

its main histological characteristics. We found the same cell cluster-

ing patterns that were described by Jarvis et al. (2013) in the zebra

finch, and we were able to locate several distinct nuclei and function-

ally relevant subareas in the nidopallium. Overall, the neuroanatomical

organization of the carrion crow hardly differs, compared to other

songbirds, such as zebra finches or other corvid species such as the

jungle crow.

Songbirds (and parrots) are known to have larger brains with an

enlarged nidopallial area, compared to other avian orders (Iwaniuk &

Hurd, 2005). Corvid songbirds even show larger nidopallial areas and

brains than noncorvid songbirds (Mehlhorn et al., 2010). Moreover,

there is evidence that the brain of corvids is a scaled-up version of

the songbird brain since they also have higher neuronal numbers, a

potential reason for the sophisticated cognitive behavior in birds of the

corvid species (Olkowicz et al., 2016).

In general, thenidopallium togetherwith themesopalliumprocesses

sensory and cognitive information (Ulinsky, 1983; reviewed in Nomura

& Izawa, 2017). In songbirds, such as the zebra finch and the crow,

the nidopallium also harbors important song nuclei such as lateral part

of magnocellular nucleus of the anterior nidopallium (MAN; lMAN or

HVC, which are part of the anterior forebrain pathway important for

song learning (lMAN, HVC), and the song motor pathway, which is

important for singing (HVC; Nottebohm et al., 1982; Wild, 1997a; in

crows discussed in Kersten et al., 2021; Wang et al., 2009). Moreover,

we find thementioned primary sensory territories (visual: entopallium,

trigeminal: nucleus basorostralis pallii (BAS), auditory: field L) and the

nidopallial song nuclei (Figure 3; Kersten et al., 2021).

Recently, a histological study shed some light on the location and

trajectory of the NCL in carrion crows and several other bird species

based on immunohistochemical staining of the dopaminergic inner-

vation of the forebrain (von Eugen et al., 2020). The authors found

some striking differences between songbirds (carrion crows and zebra

finches) and birds of other orders in terms of the NCL organization

(pigeons and chicken). They reported evidence pointing to at least

three different subareas of the avian NCL and proposed a fourth one

in passerines. In our study, we also applied staining against TH, the

rate-limiting enzyme for catecholamine synthesis (Smeets & Reiner,

1994), to visualize dopaminergic innervations of the pallial subdomains

in the carrion crows. We were able to replicate the results of von

Eugen et al. (2020) and could delineate the same subdomains (NCM,

NCLm, NCLv, NCLd). The overall locations and TH characteristics were

the same in our slides, albeit not all reported details were visible in

our study. Moreover, tracing the exact borders of NCLv and NCLd

in every section was sometimes challenging in the current investiga-

tion. Differences in tissue fixation and immunohistochemical protocols

between von Eugen et al.’s (2020) study and our study could change

the appearance of TH immunoreactivity across studies. In von Eugen

et al.’s (2020) study, crows were shot by hunters and immersion fixed

requiring heat-induced epitope retrieval (Jiao et al., 1999), whereas in

our study, the crowswere perfused to providemaximum tissue quality.

Irrespective of these differences, we found all the core regions of the

NCL subregions and reported the corresponding AP coordinates.

In addition to TH characteristics, the DA tract found passing

between the arcopallium and NCLd offered a good indication of the

location ofNCLd; theDA tract could be easily visualized using our gold-

chloride staining against myelin that we previously used to investigate

the song system in the carrion crow (Kersten et al., 2021; Schmued,

1990). In zebra finches, this fiber connection is part of a multimodal

network in the context of song learning between the lMAN, dNCL, and

Av (Paterson & Bottjer, 2017). We delineated and tracked the song

system in carrion crows in our previous study (Kersten et al., 2021).

Since corvids can very flexibly use their vocalizations (Bluff et al., 2010;

Brecht et al., 2019; Enggist-Dueblin & Pfister, 2002), it would be inter-

esting to see the extent of the multimodal network incorporating song

circuitry and NCL in carrion crows.

The NCL is considered the avian functional equivalent of the mam-

malian PFC (Divac andMogensen, 1985; Güntürkün, 2005; Güntürkün

and Bugnyar, 2016). In crows, the NCL has been shown to play an

important role in cognitive control functions, a group of processes that

direct, maintain, and manipulate information according to immediate

task demands. NCL neurons respond to incoming sensory information

(Veit et al., 2014; Wagener & Nieder, 2017) and signal the conscious

perception of sensory stimuli (Nieder et al., 2020). NCL neurons clas-

sify sensory stimuli into behaviorally meaningful categories, such as

numbers of items (Ditz & Nieder, 2015, 2016b, 2020; Ditz et al., 2022;

Kirschhock et al., 2021). Importantly, many NCL neurons temporar-

ily maintain and manipulate information in working memory after the

stimulus disappears (Hahn et al., 2021; Rinnert et al., 2019; Veit et al.,

2014), and they encode learned associations between arbitrary stim-

uli across temporal gaps (Moll & Nieder, 2015; Veit et al., 2015). NCL

neurons also predict the instantaneous switching between abstract

rules, such as “choose same” versus“choose different,” in their neu-

ronal responses (Veit & Nieder, 2013). Closing the perception-action

cycle, NCL neurons finally play a role in preparing and executing motor

behavior (Rinnert et al., 2019; Veit et al., 2017). In sum, to fulfill its

role as a central executive, the corvid NCL encodes sensory and cog-

nitive variables during working memory but also participates in the

translation of cognitive signals tomotor behaviors.
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4.2 Mesopallium

Wewere able to track and locate themesopallium in the carrion crow’s

brainmostly based onNissl-stained brain slices. During themapping of

themesopalliumand theotherpallial subdomains,we successfully used

the zebra finch atlas and the jungle crow atlas to identify different pal-

lial areas (Izawa & Watanabe, 2007; Karten et al., 2013; Lovell et al.,

2020). Overall, we did not find differences between the mentioned

atlases and our results, despite the actual brain size differences.

Recently, the previously termed hyperpallium densocellulare (HD)

was reevaluated since it shows more mesopallial characteristics than

hyperpallial characteristics. Apart from molecular arguments, the pre-

viously termed HD also shows cell clustering characteristics that do

notmatch the hyperpalliumbut rather themesopallium (Gedman et al.,

2021; Jarvis et al., 2013). In our investigation, we found the same cell

cluster characteristics as in finches; however, in the absence of any

genetic markers in our study, we cannot make strong statements con-

cerning the former HD region. Nevertheless, based on the same cell

clustering characteristics in the crow brain and because the change in

nomenclaturewas accepted in the ZEBrA (Lovell et al., 2020), we adopt

this new terminology for the crow pallium.

The mesopallium is reciprocally connected to trigeminal, visual and

auditory primary sensory territories of the pallium, namely, the trigem-

inal BAS, the visual entopallium (E) and the auditory field L. The

mesopallium is highly interconnected and processes sensory informa-

tion in the avian brain (reviewed inNomura& Izawa, 2017). Specifically,

in parrots and songbirds, the mesopallium together with the nidopal-

lium and striatopallidal proportions is much larger, compared to other

bird groups (Iwaniuk &Hurd, 2005). Moreover, NewCaledonian crows

seem to have a largermesopallium that has been discussed in the realm

of enhanced sensory-motor skills in these tool-using crows (Mehlhorn

et al., 2010).

Despite its intense connectivity patterns suggesting an integrative

role, the functions of the mesopallium remain largely obscure. A con-

nectivity analysis suggested themesopalliummediale as part of amajor

associative network (Shanahan et al., 2013) that integrates input from

all sensory streams and has reciprocal connections with the NCL (Atoji

& Wild, 2012; Kröner & Güntürkün, 1999). Traditionally, the mesopal-

lium is associated with imprinting in precocious birds (Lorenz, 1935).

Lesioning or chemically blocking the intermediate and medial part

of the mesopallium results in failed imprinting (Gabriel, 2004; Horn,

1998). In songbirds, themesopallium is also part of the song system cir-

cuitry. The nucleus avalanche (Av) situated in the caudal mesopallium

has been suggested in the formation of singing-relatedmemories in the

zebra finch (Keller &Hahnloser, 2009;Mandelblat-Cerf et al., 2014).

4.3 Arcopallium

In this study, we were able to locate five subareas in the carrion

crow’s arcopallium based on Nissl-stained sections. We based our

investigation of the archopallium on previously published data from

another songbird, the zebra finch. The subregions of the arcopallium

are sometimes difficult to delineate, and only recently was a system-

atic investigation of the zebra finch arcopallium published (Mello et al.,

2019). Using traditional Nissl staining and modern in situ hybridiza-

tion analysis for autosomal-expressed genetic transcripts, the authors

were able to delineate 20 subregions (Mello et al., 2019). We located

the main subregions of the arcopallium in Nissl-stained sections in

crows. The overall organization of the zebra finch arcopallium and the

crows’ arcopallium seem to be identical. Moreover, we also located RA,

a nucleus of the song motor pathway (for a detailed description of RA

and the song system in the carrion crow, see Kersten et al., 2021). We

follow the recommendations ofMello and colleagues and renamed the

area that was termed nucleus taenia amygdalae in the jungle crow to

AMV in our carrion crows.

The arcopallium is a heterogeneous region in the avian pallium. In

nonoscine birds, like chicken and pigeons, the arcopallium is located

lateral to the striatum, while in oscine songbirds, like zebra finches or

crows, the arcopallium is located caudo-medial to the striatum. More-

over, the arcopalliumalsounderwent a rotation in songbirds; therefore,

the AP axis in songbirds corresponds to the ML axis in nonoscines

(Mello et al., 2019; von Eugen et al., 2020). Consequently, it is not

clear which subareas in the songbird arcopallium correspond to sub-

areas identified in nonoscines like pigeons and chickens (Mello et al.,

2019). In general, the arcopallium seems to represent a major output

structure through which sensory and motor pathways can be modu-

lated and through which different behaviors can be expressed (Mello

et al., 2019). In barn owls, inactivation of the arcopallium disrupts audi-

tory spatial workingmemory (Knudsen &Knudsen, 1996). In finches, it

processes vocal and other motor-related information (Yuan & Bottjer,

2020).

The arcopallium is the source of the OM, a large descending fiber

tract (Shanahan et al., 2013; Zeier & Karten, 1971). In nonoscines,

the arcopallium has been divided into the sensorimotor zone and

viscerolimbic zone (Zeier & Karten, 1971). The viscerolimbic zone

includes the nucleus taeniae and the posterior arcopallium, which

some researchers think are part of the avian amygdala (e.g., Herold

et al., 2018; Kröner & Güntürkün, 1999; Reiner et al., 2004). As

reported for several avian groups, neurons from the nidopallium

project bothdirectly and indirectly to specific arcopallial areas for audi-

tory and trigeminal pathways (Bottjer et al., 2000; Dubbeldam, 1998;

Dubbeldam & Visser, 1987; Kröner & Güntürkün, 1999; Paterson and

Bottjer, 2017).

4.4 Hyperpallium

We were able to localize the hyperpallium itself but could not find

any distinct layering, at least not with our applied staining techniques.

A recent study has shown that the hyperpallial domain is topograph-

ically organized and shows a column-like neuronal circuitry (Stacho

et al., 2020). While a distinct layering of the hyperpallium could be

observed, layering was unclear and very thin in the pigeon hyper-

pallium, a finding reminiscent of our findings in the carrion crow. As

discussedpreviously,wealso renamed theHDtoMDbasedoncell clus-

tering patterns that match previous findings in the zebra finch(Jarvis

et al., 2013), andweadopted the current nomenclature of ZEBrA. Thus,
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the previously termed hyperpallium apicale (HA) does not need the

term “apicale,” so we simply termed it hyperpallium (H). Overall, we do

not find any differences between the carrion crow and the zebra finch

or any other neuroanatomical data available for other corvid species

(Izawa &Watanabe, 2007; Karten et al., 2013; Sen et al., 2019).

Traditionally, the hyperpallium in birds can be differentiated into

three pseudolayers, the HA), the intermediate nucleus interstitialis

hyperpallii apical (IHA) and the HD (now classified as MD (Jarvis et al.,

2013; Nixdorf & Bischof, 1982). The hyperpallium or “Wulst” func-

tionally consists of a smaller somatosensory region that can be found

rostrally and a larger visual region that can be found caudally (Atoji

& Wild, 2019; Martin Wild, 1987; Wild, 1992, 1997b). The rostral

somatosensory HD projects to the rostral HA within the Wulst and to

the limbic system outside of theWulst. (Atoji &Wild, 2019; Atoji et al.,

2018). However, the rostral HD also sends some output to the medial

striatum, a connection that could not be found in the caudal HD (Atoji

& Wild, 2019; Atoji et al., 2018). The rostral HA in turn sends projec-

tions to the lower brainstem and the cervical spinal cord (Wild, 1992),

while additional studies in finches also revealed connections between

the rostral HA and the song system (Wild &Williams, 1999, 2000). The

caudal, visual hyperpallium is the telencephalic recipient of the visual

thalamofugal pathway in birds; thus, it receives afferent connections

from thalamic nuclei to the IHA.Here, the information is sent toHAand

HD (MD). HA sends efferents to other telencephalic areas, such as the

arcopallium and the nidopallium. Additionally, the tractus septomesen-

cephalicus (TSM) originates in HA and carries information to thalamic

nuclei and to the optical tectum (Güntürkün et al., 1993; Miceli et al.,

1987).

4.5 Hippocampal complex

We were able to map the hippocampal complex, including the hip-

pocampal formation (hippocampus and the APH) and the corticoid

complex, in the carrion crow’s brain. We defined four subareas in the

carrion crow’s hippocampal formation based on Nissl-stained sections

and described the adjacent lateral corticoid complex. We based our

investigation on an earlier study on zebra finches (Montagnese et al.,

1996). In this study, the authors were able to track five subareas in

the hippocampal formation: the medial and HCl, the APH, the central

field of the APH, and the CF. Except for the central field of the APH,

all subareas were visible by Nissl staining. We were unable to locate

the fifth subarea, the central field of the APH, since it is not visible in

Nissl stainingbut is characterizedby thedendritic characteristics of the

neurons, whichwere visualized usingGolgi staining (Montagnese et al.,

1996). Therefore, our results are in linewith histological data collected

in the zebra finchandan immunohistological studydone inhouse crows

(Montagnese et al., 1996; Sen et al., 2019).

In pigeons, a study combining Nissl staining and tract-tracing found

seven subdivisions in the hippocampal formation (Atoji & Wild, 2004).

Whencomparing the subdivisions found in the zebra finchand the crow

with those of the pigeon, the V-shaped area including its medial and

lateral layer seems to be comparable to HCm and HCl based on the

Nissl characteristics. However, we could not find the horizontal layer

of the ventral thin wall that is present in the pigeon because the tissue

does not expand far enough ventrally in the crow. Additionally, CF in

our results potentially resembles some parts of magnocellular and par-

vocellular regions. We could also not find the parahippocampal sulcus,

preventing us from defining the dorsolateral and dorsomedial (DM)

portion of the hippocampal in the carrion crow. In summary, we think

the zebra finch hippocampal complex resembles the carrion crow’s

hippocampal complex (Montagnese et al., 1996).

Functionally, the hippocampus is associated with spatial cogni-

tion. Its involvement in spatial navigation could be shown in pigeons

(Bingman et al., 1984, 1988) and in zebra finches (Bailey et al.,

2009). Moreover, the hippocampus is especially important for food

storing birds and even undergoes seasonal changes during both the

breeding seasons and in different seasons of the year (Bingman &

MacDougall-Shackleton, 2017; Sherry & Hoshooley, 2010; Sherry &

MacDougall-Shackleton, 2015). For example, some corvid species, like

jays, store food for the winter and recover their food by remember-

ing where they have hidden their caches (Dally et al., 2006). Lesion

studies confirmed that the hippocampus is crucial for the retrieval of

food and therefore seems to play a crucial role in memory for the spa-

tial location of the cached food (Sherry et al., 1989). Recently, head

direction cells and place cells, both important for orienting in space,

were recorded in birds (Ben-Yishay et al., 2021; Payne et al., 2021).

Nonspatial information, however, does not seem to be represented in

the crow hippocampus (Ditz et al., 2018). Since corvids are also food-

storing songbirds, it would be interesting to see whether the crow’s

hippocampus also contains place cells.

5 CONCLUSIONS

Over the last decades, corvid songbirds became renowned for their

sophisticated cognitive behaviors, which in turn prompted interest

in understanding the neural foundations that give rise to corvid

cognition. To better understand corvid brain anatomy, we introduce

the brain atlas of the carrion crow (C. corone), a typical and widespread

crow species, as a representative atlas for corvid songbirds. This will

allow us to identify corvid neuroanatomical specializations that may

be responsible for advanced cognition in this songbird family vis-à-vis

noncorvid songbirds and other orders of birds. In addition, knowledge

about the location and extent of brain areas and nuclei is a prerequi-

site for targeted physiological investigations that began in the carrion

crow a few years ago and are expected to intensify in the future,

potentially also in other corvid species. In the future, the connections

between brain areas have to be deciphered, potentially by applying

tract-tracing methods in the same species. Even though comparatively

little is known about corvid neuroanatomy, we envision crows as a

welcome and paradigmatic species in avian cognitive neuroscience.
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