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Abstract

The avian telencephalic structure nidopallium caudolaterale (NCL) functions as an analog to the
mammalian prefrontal cortex. In crows, corvid songbirds, it plays a crucial role in higher cognitive
and executive functions. These functions rely on the NCL’s extensive telencephalic connections.
However, systematic investigations into the brain-wide connectivity of the NCL in crows or other
songbirds are lacking. Here, we studied its input and output connections by injecting retrograde
and anterograde tracers into the carrion crow NCL. Our results, mapped onto a published carrion
crow brain atlas, confirm NCL multisensory connections and extend prior pigeon findings by identifying
a novel input from the hippocampal formation. Furthermore, we analyze crow NCL efferent projections
to the arcopallium and report newly identified arcopallial neurons projecting bilaterally to the NCL.
These findings help to clarify the role of the NCL as central executive hub in the corvid songbird brain.

Key words: avian brain; cholera toxin; corvid songbird; dextran amine; pallium; telencephalon;
tract-tracing

Significance Statement

The cognitive abilities of corvid songbirds are associated with the nidopallium caudolaterale (NCL), con-
sidered a functional analog of the mammalian prefrontal cortex. However, the connectivity of the NCL in
corvids, or any songbird, with the rest of the brain has remained unknown. We investigated the input
and output connections of the carrion crow NCL by using retrograde and anterograde tracers. Our
results confirm the existence of multisensory connections to the NCL. Additionally, we examined the
efferent projections from the NCL to the arcopallium and identified previously unknown arcopallial neu-
rons that project bilaterally to the NCL. These findings contribute to a better understanding of the role of
the NCL as a central executive hub in the corvid brain.

Introduction

Avian and mammalian endbrains differ radically in their overall organization, reflecting
>300 million years of independent evolution (Karten, 2015; Striedter, 2016; Stacho
et al., 2020). In both groups, the number of associative endbrain neurons appears to be
a proxy for cognitive complexity (Herculano-Houzel, 2009, 2011; Kverkova et al., 2022).
However, while these neurons populate the layered neocortex emerging from the embry-
onic dorsal pallium in mammals, they form the structurally and ontogenetically distinct
dorsal ventricular ridge (DVR) that arises from the ventral pallium in birds (Reiner et al.,
2004b; Jarvis et al., 2005; Karten, 2015; GuntUrkidn and Bugnyar, 2016).

One crucial component of the DVR is the nidopallium caudolaterale (NCL), which sits at
the pallial interface of ascending, multisensory inputs and descending premotor outputs
(Kréner and Gunturkin, 1999; Farries, 2001; Fernandez et al., 2020b; Zemel et al.,
2023). Consistent with its multimodal connectivity, the NCL plays a central role in various
higher cognitive functions such as working memory (Veit et al., 2014; Moll and Nieder,
2017), motor planning (Rose and Colombo, 2005; Rinnert and Nieder, 2021; Kirschhock
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and Nieder, 2022; Hahn and Rose, 2023), prospective problem-solving (Veit and Nieder, 2013; Moll and Nieder, 2015; Veit
et al., 2015b), magnitude estimation (Moll and Nieder, 2014; Ditz and Nieder, 2015; Kirschhock and Nieder, 2023; Wagener
and Nieder, 2023), spatial cognition (Veit et al., 2015a; Rinnert et al., 2019), or sensory consciousness (Nieder et al., 2020).
Moreover, several studies in pigeons have shown that inactivation of the NCL can affect a subset of the aforementioned
capacities, highlighting its critical role in behavioral flexibility (Mogensen and Divac, 1982, 1993; Gagliardo et al., 1996,
1997; Ginturkin, 1997; Hartmann and Gunttrkin, 1998; Helduser and Glntirkiln, 2012). Thus, the existing evidence sup-
ports the idea that the avian NCL serves as a functional equivalent of the mammalian PFC (Glntirktn, 2005; Moll and
Nieder, 2015; Nieder, 2017, 2023).

The extent of the NCL is typically estimated based on an immunohistochemical staining method against tyrosine
hydroxylase (TH), the rate-limiting enzyme in the production of dopamine (Divac and Mogensen, 1985; Kréner and
Gunturkdn, 1999). These midbrain, dopaminergic afferents are denser within the NCL compared with neighboring nido-
pallial areas, which signifies another similarity to the PFC (Divac and Mogensen, 1985; von Eugen et al., 2020; Kersten
et al., 2022). Notably, the anti-TH method identifies a single portion of the pigeon caudal nidopallium, whereas it distin-
guishes three caudal nidopallial areas in the carrion crow and other songbirds (i.e., a dorsal, medial, and ventral NCL;
von Eugen et al., 2020; Kersten et al., 2022). Given its position relative to the readily identifiable dorsal arcopallial tract
(DA), the projections of the crow’s dorsal NCL (NCLd) to the arcopallium appear to correspond to the arcopallial projec-
tions of the NCL in pigeons (von Eugen et al., 2020; Kersten et al., 2022). Therefore, comparative functional studies were
focused on investigating the crow’s NCLd over the past decade (Veit and Nieder, 2013; Kersten et al., 2022; Wagener and
Nieder, 2023). However, the brain-wide connectivity of the NCLd in the crow, or any other songbird, has not yet been
explored systematically (Wild and Farabaugh, 1996; Paterson and Bottjer, 2017).

The NCLd is part of the nidopallium, which is exceptionally large in corvid songbirds, such as crows, jays, jackdaws,
magpies, and ravens (lwaniuk and Hurd, 2005; Mehlhorn et al., 2010). Although hyperplasia (Kubke et al., 2004) has
not been demonstrated for the corvid nidopallium, the absolute number of nidopallial neurons in carrion crows is approx-
imately nine times higher compared with that in pigeons or chickens (Rehk&mper et al., 1991; Strockens et al., 2022). Thus,
it has been suggested that the sheer number of associative neurons could be a driver of advanced corvid behaviors such
as tool use or future planning (Hunt, 1996; Bird and Emery, 2009; Kabadayi and Osvath, 2017; Stréckens et al., 2022).
Alternatively, or in addition, connectivity differences may exist between associative structures in corvids and nonpasserine
birds. Here we present an initial effort to answer this question by focusing on the functionally well-characterized example
of the carrion crow NCLd (Nieder, 2017). We find that its brain-wide connectivity is similar to the pigeon NCL and thus
potentially conserved across avian taxa.

Materials and Methods

Animals. We used three hand-raised adult male carrion crows (Corvus corone; age range, 8—12 years) obtained from the
Institutes’ breeding stock. The crows had lived in spacious aviaries in captivity throughout their lives (Hoffmann et al.,
2011). All crows had participated in combined behavioral-electrophysiological experiments and were fully healthy prior
to the histological investigations. The crows’ body weights ranged between 490 and 635 g with rostrocaudal dimensions
of the crows’ telencephala between 21.6 and 23.3 mm and brain weights from 7.1 to 7.8 g (measured postperfusion). All
procedures were carried out according to the guidelines for animal experimentation and approved by the responsible
national authorities, the Regierungspréasidium Tubingen, Germany.

Surgical procedures. All surgeries were performed while the animals were under general anesthesia. Crows were
anaesthetized with a ketamine/xylazine mixture (50 mg ketamine, 5 mg/kg xylazine initially, supplemented by smaller dos-
ages in regular intervals on demand) and received analgesics postsurgically (Ditz and Nieder, 2016). During anesthesia, the
head was placed in a commercially available stereotactic holder (David Kopf Instruments, Model 1430 Stereotaxic Frame)
and ear bars for pigeons (Model 856 Ear Bars; 20° tapered tip to a 4.8 mm shoulder with a 3 mm dia. by 2-mm-long pro-
trusion). A simple beak biting rod was added so that the beak would be held in a 45° angle below the horizontal axis. Based
on previously described coordinates (Kersten et al., 2022), NCLd was accessed through a small craniotomy centered at
3.5 mm posterior and 11.5 mm lateral relative to the center of the bifurcation of the superior sagittal sinus. This AP position
corresponds to “AP 4.6” in our previously published carrion crow brain atlas (Kersten et al., 2022).

In vivo stereotaxic injections. We used glass pipettes (opening diameter, 20 um) with an oil-based pressure injection
system (Nanoject Ill, Drummond Scientific) for all tracer injections. Each hemisphere was injected at three mediolateral
injection sites (ML 10.5, 11.8, and 12.5 mm) along one fixed AP value ranging from -3.65 to -2.9 mm relative to the center
of the bifurcation of the superior sagittal sinus and 1.0 mm below the surface of the brain at a 90° injection angle (i.e., per-
pendicular to the horizontal plane). We targeted one fixed AP value in a given hemisphere but varied this value at few indi-
vidual injection sites by a maximum of +0.2 mm to avoid blood vessel collisions. Individual hemispheres were either
injected with a retrograde or anterograde tracer. We used cholera toxin subunit B (CTB, Invitrogen, Alexa Fluor 488 or
555 conjugate, C34775 or C34776, respectively) as a retrograde tracer and injected 200 nl CTB per site (1.0%, diluted
in physiological saline solution; 1 nl pulses at 0.5 Hz with an injection speed of 20 nl/s, total injection time per site:
400 s, after the last injection pulse the injection needle was initially left in place for 10 min prior to its retraction). To visualize
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anterograde projection targets, we used dextran amine conjugates (10,000 MW, Invitrogen, Alexa Fluor 488 D22910, or
fluoro Ruby D1817, 50 mg/ml, diluted in physiological saline solution) and injected 200-300 nl per site.

Histology. Ten days after the tracer injections, crows were injected (i.m.) with 0.5 ml of heparin (Braun, 100,000 I.E./10 ml)
and a lethal dosage of sodium pentobarbital (Boehringer Ingelheim, Narcoren, 2.5 ml/kg). Subsequently, we perfused the
birds with 0.12 M phosphate-buffered saline (PBS) including 0.1% heparin, followed by 4% paraformaldehyde (PFA) in
0.12 M phosphate buffer (PB). The brains were removed from the skull and postfixed in 4% PFA overnight. Next, they
were sunk in an uprising sucrose solution, ending in 30% sucrose solution. Hemispheres were cut at 50 ym using a cryostat
(Leica Biosystems, CM1900) in sagittal or coronal orientation. Slices were collected in PB buffer and stored in antifreeze solu-
tion, containing glycerol and ethylene glycol, and stored at —20°C. We mounted series of these slices on SuperFrost Ultra
Plus object plates (Thermo Fisher Scientific) and covered them with Vectashield antifade mounting medium including
DAPI (H-1200 Vector Laboratories). In addition, we Nissl stained a subset of slices as previously described (Kersten et al.,
2021). In short, slides were incubated in a warm (55°C) 0.1% cresyl violet solution for 3 min, washed in 0.012 M PB, and dehy-
drated and differentiated in an uprising ethanol series. After immersing them in xylene, they were mounted with Entellan
mounting medium (Merck). We imaged using a Leica (DMi8) epifluorescence microscope and, to demonstrate the coloca-
lization of somata and axons in Figure 7c, a Zeiss (Airyscan 2) confocal microscope. Image analysis was performed using
Fiji (Schindelin et al., 2012) and ZEN (Zen 2.5 lite, blue edition, Carl Zeiss) software. To determine the exact position of indi-
vidual dye labeled cells relative to established brain structures (Kersten et al., 2022), we used polarized light to identify fiber
tracts and laminae within slice. Additionally, directly adjacent, Nissl stained slices were used to visualize brain nuclei. We then
used this information to manually register individual cells with atlas drawings generated in Corel DRAW X7 (Kersten et al.,
2022). When graphically indicated, the extent of the NCLd (i.e., the target area of our injections) represents a conservative
estimate, which is based on our previously published staining against TH (Kersten et al., 2022).

Results

General results

To identify monosynaptic afferent inputs and efferent projections of the carrion crow NCLd (Fig. 1a,b), we injected
retrograde or anterograde fluorescent dye coupled tracers (CTB or dextran amines, respectively) into the NCLd
(Kersten et al., 2022) of three carrion crows (Table 1). Histological analysis confirmed that all our injection sites were
located in close proximity to the center of mass of NCLd (n = 6 hemispheres in 3 birds; Fig. 1c—). Similar to previous song-
bird studies that utilized fluorescent dye coupled dextran amines or CTB (Paterson and Bottjer, 2017; Diring et al., 2020),
we observed a high and robust signal-to-noise ratio of labeled fibers and somata (Fig. 2). Collectively, we found retro-
gradely CTB labeled somata in both telencephalic and subtelencephalic areas of the brain and across hemispheres
(n = 3 hemispheres in 2 birds), whereas anterogradely dextran amine labeled axons appeared to be restricted to the
ipsilateral telencephalon (n = 3 hemispheres in 2 birds). All our findings were consistently replicated in three hemispheres
across two birds, if not stated otherwise.

To identify afferent and efferent NCLd connections across the entire brain, we examined equally spaced full brain slices
(interslice spacing, 150 um) from all hemispheres. High-resolution images from the left hemisphere of one representative
bird (Crow 2; spacing, 1 mm) were used to comprehensively identify the position of individual, retrogradely labeled somata
(Fig. 3a,b). Somata positions were then manually registered to line drawings of each inspected brain slice (Fig. 3c,d; see
Materials and Methods), which are based on a stereotactic atlas of the carrion crow brain (Kersten et al., 2022). We
describe the individual brain subdivisions depicted in this retrograde connectivity atlas below (Fig. 4). Additionally, we
report brain areas that contained anterogradely labeled axons and their terminal arborizations but refrained from a detailed
brain-wide illustration of individual axonal fragments because they were often scattered and rarely observed in dense ter-
minal fields. As an exception to this rule, we did find dense terminal fields within the arcopallium (A) and elaborate on this
prominent projection below.

Hyperpallium and hippocampus

Retrogradely labeled somata were present throughout the entire mediolateral extent of the hyperpallium (H). Those cells
were located in the rostral, somatosensory, as well as in the caudal visual aspects of the H (Atoji and Wild, 2019; Stacho
et al., 2020; Fig. 4a—k). Just caudal to H, we found a distinct and dense cluster of retrogradely labeled cells within the

Table 1. Detailed injection protocol

Injections Slicing
Animal Left hemisphere Right hemisphere Left hemisphere Right hemisphere
Crow 1 D (555 nm) D (488 nm) Coronal Coronal
Crow 2 CTB (555 nm) CTB (488 nm) Sagittal Coronal
Crow 3 CTB (555 nm) D (488 nm) Sagittal Sagittal
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Figure 1. Injection sites within the crow NCLd. We injected retrograde (CTB) or anterograde (dextran) tracers into the NCLd of the carrion crow.
a, Photography of the carrion crow brain. The shading marks the location of the NCLd in the crow’s posterior telencephalon. b, Three-dimensional recon-
struction of the right hemisphere showing the NCLd in green and, as a reference, the arcopallium in blue (based on Kersten et al., 2022). Injection sites (n =6
hemispheres in 3 birds) were confirmed by histological analysis of either coronal (c,d) or sagittal slices (e,f). c,e, Exemplary brain tissue slices cutting
through the center of two of three injection boluses in a coronal slice (c) (the third most medial bolus appears much fainter as the AP position of individual
injections varied slightly to avoid blood vessel collisions; also see Materials and Methods) and through one of three boluses in the sagittal slice (e). The
white dotted line outlines the telencephalon and other references structures. NCLd is indicated by the orange line. Green (c) and magenta (e) colors indicate
the dye spread. d,f Show the outline of all three injection sites for each hemisphere projected onto a single, schematic coronal (d) or sagittal (f) plane. Scale
bars: c,e, 5 mm; d,e, 2 mm.

anterior half of the hippocampal formation (Atoji and Wild, 2006; Kersten et al., 2022), which did not extend beyond ML 4.0
in all injected hemispheres (Figs. 4a—c, 5; n=3 hemispheres in 2 birds). Interestingly, this hippocampal labeling has not
been described in previous tracing studies, in which similar tracers were injected into the dorsolateral nidopallium of
pigeons or zebra finches (Leutgeb et al., 1996; Kroner and Gunttrkin, 1999; Paterson and Bottjer, 2017).

Mesopallium

The mesopallium (M) is composed of a dorsal (MD) and a ventral part (MV), separated by the intermediate mesopallial lam-
ina (LMI; Fig. 4; Jarvis et al., 2013; Kersten et al., 2022). Our study revealed retrogradely labeled somata throughout the entire
mediolateral extent of MV. The majority of these cells were concentrated in the central region of MV’s anterior-posterior axis
(Fig. 4d-h), which is a mesopallial subdivision that has been shown to receive secondary visual and multisensory information
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Figure 2. Dye coupled tracers robustly label crow brain structures. a, Schematic of the crow brain (sagittal view) with arrows pointing to neuronal structures
detailed in b and c. b, Microscopic image (epifluorescence; z stack projection) of a terminal field of anterogradely labeled NCLd axons (green) within the
arcopallium. ¢, A retrogradely labeled NCLd-projecting neuron (magenta) from the rostral hyperpallium. DAPI stained nuclei are shown in blue (b,c). Scale
bars: a, 2 mm; b, 50 ym; ¢, 20 ym.

Figure 3. Brain-wide registration of labeled somata. Step-by-step description of how we registered retrogradely labeled neurons to an existing atlas of the
carrion crow brain (Kersten et al., 2022). a, b, The positions of labeled somata were identified in high-resolution images and marked with a dot symbol. ¢, Next,
the positions of labeled somata were registered to directly adjacent Nissl stained slices. d, Last, we used the structural information of the Nissl stained slices to
generate line drawings that are based on a stereotactic brain atlas of the carrion crow (Kersten et al., 2022). Scale bars: a,b, 500 ym; ¢,d, 2 mm.

(Atoji and Wild, 2012). In contrast to MV, labeled cells were scarce in MD and primarily located along its borders, specifically
the intermediate or the dorsal mesopallial lamina (LMI and LMV; Fig. 4b—j). This overall pattern is consistent with the previ-
ously described observation in pigeons that MD projects to the central but not dorsolateral nidopallium and the notion that
MD and MV are functionally distinct structures (Karten et al., 1973; Atoji and Wild, 2009, 2012; Jarvis et al., 2013).

Nidopallium

Our injection sites within NCLd were surrounded by many retrogradely labeled cells (Fig. 4i-k). These cells formed a con-
tinuous cluster that extended throughout the NCLd and beyond the immediate vicinity of our injection sites, indicating rich
local connectivity (Fig. 4d-m). The cluster stopped short of the most lateral pole of the dorsal NC, consistent with the
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Figure 4. NCLd-projecting neurons throughout the crow brain. A complete mapping of one representative crow brain (sagittal view) with each dot repre-
senting a cell retrogradely labeled by our NCLd injection. The distance (in mm) from the midline is noted at the top right of each section (a-n). The orange
areas in i-k mark the injection sites and the extent of the tracer spread. A, arcopallium; ALp, posterior nucleus of the ansa lenticularis; B, nucleus basor-
ostralis pallii; CA, commissura anterior; DL, dorsolateral nucleus of the thalamus; DLMA, medial part of the dorsolateral nucleus of the anterior thalamus,
anterior part; DLMP, medial part of the dorsolateral nucleus of the anterior thalamus, posterior part; DMA, nucleus doesomedialis anterior thalami; DMP,
nucleus doesomedialis posterior thalami; E, entopallium; FPL, lateral prosencephalic fascicle; GCt, substantia grisea centralis; GP, globus pallidus;
H, hyperpallium; HF, hippocampal formation; HL, nucleus habenularis lateralis; HM, nucleus habenularis medialis; HVC, high vocal center; ICo, nucleus
intercollicularis; IPo, intermedioposterior nucleus; IsO, isthmooptic nucleus; L, field L; IMAN, lateral part of the magnocellular nucleus of the anterior
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established lateral border of NCLd (von Eugen et al., 2020; Kersten et al., 2022; Fig. 4h-m). At this lateral NC pole, some
labeled cells were found in the ventral half of the NCL and, therefore, appeared to exist within the recently described ventral
NCL (NCLv; Fig. 4n; von Eugen et al., 2020; Kersten et al., 2022). Toward medial, the cluster continuously shifted anterior,
while it remained approximately equidistant to the posterior border of the mesopallium (Fig. 4d-h). Further medial, the
cluster did not exceed the HVC and thus we found no cells in the caudomedial nidopallium (NCM). Similarly, labeled cells
were absent in the medial NCL (NCLm), which lines the dorsal border of the arcopallium (Fig. 4c—g; von Eugen et al., 2020;
Kersten et al., 2022). Taken together, the distribution of labeled cells within NC supports the idea that the crow NCLd is a
distinct and highly interconnected subdivision of the NC.

Anterior to the NC, inside the intermediate nidopallium (NI), we found a prominent group of labeled cells concentrated
within and close to the shell area of IMAN (Fig. 4b—f). Interestingly, the density and extent of the IMAN related NI cluster
appeared to be continuous with the neighboring mesopallial cluster of NCLd-projecting MV cells (Fig. 4b—j). Together, these
two areas have been described as the medial nidopallium/mesopallium (MNM; Hahn and Rose, 2023), which is a reciprocally
connected, central hub of the tectofugal system with direct projections to premotor structures of the arcopallium (Atoji and
Wild, 2012). Therefore, this area is well positioned to support the executive function of the crow NCLd (Nieder, 2017).

Our data suggest that the crow NCLd receives visual and somatosensory input via the MNM (Wild and Farabaugh, 1996;
Sadananda and Bischof, 2006; Atoji and Wild, 2012; Wild and Gaede, 2016). In addition, we observed consistent nidopal-
lial labeling in field L (but not in the thalamorecipient field L2a; Fig. 40-g) and in the periphery of HVC including its shelf
region (Fig. 4d,e), which are collectively a likely source of auditory information to the NCLd (Mello and Clayton, 1994;
Vates et al., 1996; Mello et al., 1998). Thus, the nidopallial connections of the NCLd alone are sufficient to make it a
genuinely multimodal structure in the carrion crow brain.

Arcopallium

In previous reports, several distinct subregions have been identified within the songbird arcopallium (A), in both carrion
crows and zebra finches (Mello et al., 2019; Kersten et al., 2022). We observed retrogradely labeled cells distributed along
the mediolateral extent of the A (ML 2.0-ML 9.0; Fig. 4b-i), with the most medial cells located adjacent to the robust
nucleus of the arcopallium (RA; Figs. 4d,e, 6d). At this mediolateral level, NCLd-projecting arcopallial cells were situated
dorsal and ventral to RA (Fig. 6d,e). This dichotomic pattern was maintained toward lateral, with retrogradely labeled cells
lining the dorsal and ventral borders of the A (Figs. 4d-h, 60-/). Specifically, we observed a dorsal cluster of cells occupying
the dorsal A (AD), with few cells extending into the dorsal intermediate A (AID) and a ventral cluster, which existed within
aspects of the anterior, anterior ventral, medial ventral, and ventral A, with few cells extending into the ventral intermediate
A (AA, AAV, AMV, AV, and AlV, respectively; Fig. 6d-/). Interestingly, only the ventral cluster of—ipsilaterally—
NCLd-projecting cells was colocalized with cells that had taken up retrograde dye from an injection into the contralateral
NCLd (Fig. 6a—c; n=2 hemispheres in Crow 2; compare Table 1), consistent with the retrograde labeling observed in a
second bird that received CTB only in the left hemisphere (Crow 3; Fig. 7k; compare Table 1). Most of the labeled ventral
arcopallial cells projected either to the ipsi- or the contralateral NCLd (Fig. 6d-/; n =2 hemispheres in Crow 2), highly rem-
iniscent of an arcopallial cluster of cells projecting bilaterally to the dorsal NC in the zebra finch (Paterson and Bottjer,
2017). In the crow, few of these cells had taken up dye from both hemispheres (Fig. 6¢c,e,i~k; n=2 hemispheres in
Crow 2), which has not been reported in the zebra finch (Paterson and Bottjer, 2017).

The latter pool of contralaterally projecting, ventral arcopallial cells could potentially relay NCLd signals across
hemispheres. Indeed, NCLd injections with an anterograde tracer produced prominent terminal fields within the ipsilateral
arcopallium (Fig. 7a—c), which formed two distinct clusters (Fig. 7j; n = 3 hemispheres in 2 birds). In the ventral cluster, terminal
fields overlapped with cells projecting to the contralateral NCLd and, thus, represent a potential disynaptic pathway
connecting the NCLds of both hemispheres (Fig. 7c—j; n=1; right hemisphere in Crow 2; compare Table 1). In the dorsal
half of A, terminal fields were restricted to the AID (Fig. 7b,d-j; n=3 hemispheres in 2 birds). This pathway has previously
been described in the zebra finch (Wild and Farabaugh, 1996; Paterson and Bottjer, 2017) and appears to be the main pre-
motor output of the NCLd (Zeier and Karten, 1971; Dubbeldam et al., 1997; Farries, 2001; Fernandez et al., 2020b). Taken
together, the interactions of the NCLd and the A seem rich and highly patterned, with input from AD, dense NCLd projections
to the AID, and a cross-hemispheric, indirect connection of both NCLds via a field of ventral arcopallial cells (Fig. 7/).

Subpallium

In contrast to other major subdivisions of the telencephalon, we did not identify any retrogradely labeled cells inside the
striatum (Fig. 4a—i). However, we did observe a few NCLd-projecting cells in the ventral globus pallidus (GP; Fig. 4e), a
sparse connection that has also been described in the pigeon (Kréner and Gintirkin, 1999). Conversely, anterograde

<«

nidopallium; mMAN, medial part of the magnocellular nucleus of the anterior nidopallium; MD, dorsal mesopallium; MLd, nucleus mesencephalicus later-
alis; MV, ventral mesopallium; N, nidopallium; NCLd, dorsal part of the nidopallium caudolaterale; OM, occipito-mesencephalic tract; Ov, nucleus ovoidalis;
RA, robust nucleus of the arcopallium; Rt, nucleus rotundus; Ru, nucleus ruber; SN, substantia niger; SpL, nucleus spiriformis lateralis; SpM, nucleus spir-
iformis medialis; SRt, nucleus subrotundus; Str, striatum; TeO, tectum opticum; TrO, tractus opticus; TSM, tractus septopallio-mesenceohalicus; Uva,
nucleus uvaeformis; VTA, ventral tegmental area. Scale bars: 2 mm.

April 2024, 11(4). DOI: https://doi.org/10.1523/ENEURO.0098-24.2024. 7 of 18


https://doi.org/10.1523/ENEURO.0098-24.2024

r euro Research Article: Confirmation 8 0of 18

a ML1 d f mL1 d k AP 15.1 d
Cells = 156 F r€$’° Cells = 51

‘(F C\lp V H@
— ° S_{b

{
b wmL2 e g ML2 e I AP16.1
Cells = 284 - Cells =79

h M3
Cells = 335 — Cells = 543 R

S

L

Figure 5. Retrograde CTB labeling in the hippocampal formation across crows. a-c, Distribution of CTB labeled cells (represented by magenta dots) within
the hippocampal formation (HF) in three different sagittal slices (ML 1-3) from the left hemisphere of Crow 2 (the same slices are shown in Fig. 4a—-c). d, A
closer view of the labeled cluster of cells shown within the red rectangle in b. e, Histological image of the cells represented by the dots shown within the red
rectangle in d, note that a subset of these cells is located off the focal plane. f-j, Same as a-e for the left hemisphere of Crow 3. k-0, Same as a-e but for
coronal slices from the right hemisphere of Crow 2 (AP 15.1-17.1; coordinates given as in Kersten et al., 2022).
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Figure 6. The arcopallium bilaterally projects to the NCLd. a, Arcopallial cells were labeled by retrograde tracers (CTB) from both hemispheres, following
bilateral NCLd injections. b, Schematic of the crow brain (sagittal view). The black box indicates the position of the arcopallium. The red box shows the
position of a ventral arcopallial area detailed in c. ¢, Many arcopallial cells projected either ipsi- or contralaterally (magenta or green, respectively). The white
arrow indicates a cell that had taken up dye from both hemispheres. This cell is visualized in the lower panel in (from left to right) the magenta or green
channel only and with both channels merged. d-I, Equally spaced sagittal line drawings of the arcopallium. Somata that were labeled with ipsilaterally
injected dye are depicted in magenta while somata that took up dye from the contralateral hemisphere are depicted in green. Somata that took up dye
from both hemispheres are indicated by orange dots. Note that contralaterally projecting somata are restricted to the ventral parts of A (AA, AAV, AV,
AlV), whereas ipsilaterally projecting cells are distributed in a dichotomic manner in dorsal (AD) as well as in ventral (AA, AAV, AV, AlV) aspects of
A. Double labeled somata also appear in the ventral A (AAV). A, arcopallium; AA, anterior arcopallium; AAV, anterior ventral arcopallium; AD, dorsal arco-
pallium; AID, dorsal intermediate arcopallium; AlV, ventral intermediate arcopallium; AMV, medial ventral arcopallium; AV, ventral Arcopallium;
OM, occipito-mesencephalic tract; Str, striatum. Scale bars: b, 2 mm; ¢, 20 um; d-I/ vb, 1 mm.

labeling revealed many fibers in the medial-anterior aspect of the striatum, while we did not detect direct NCLd projections
to the GP (data not shown; Fig. 10; Kersten et al., 2022).

Diencephalon and midbrain
We found that extratelencephalic afferents to NCLd were restricted to few defined areas in the thalamus and midbrain
(Figs. 8a, 9a, respectively). In the thalamus, labeled cells were observed in all subregions of the dorsal thalamus (DMA,
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Figure 7. Colocalization of ipsilateral NCLd axons and arcopallial neurons projecting to the contralateral NCLd. a, In the same bird, we injected an anter-
ograde tracer (dextran) into the ipsilateral and a retrograde tracer (CTB) into the contralateral hemisphere. b, Fluorophore labeled NCLd axons (green) ter-
minating in the ipsilateral, dorsal intermediate arcopallium (AID). Note that the field of view corresponds to the inset shown in (g). DAPI stained nuclei are
shown in blue. ¢, Confocal image of ipsilateral NCLd axons (green) colocalized with two somata that are labeled with dye from the contralateral hemisphere
(magenta). d—i, Equally spaced sections of the arcopallium (sagittal view). Green shading indicates terminal fields of axons originating in the ipsilateral
NCLd. Magenta dots mark individual cells projecting to the contralateral NCLd. j, A projection image of all analyzed sections (d-i) reveals considerable
overlap of NCLd axons (green) with cells projecting to the contralateral NCLd (magenta) in the ventral portion of the arcopallium (AA, AAV, AlV).
k, Numbers of arcopallial cells labeled by CTB injections into the contralateral NCLd for comparable slices from two crows (ML 5.7-7.4 in Figs. 6, 7;
cf. Table 1). I, Summary of all NCLd connections with the arcopallium described in the present study. Scale bars: b, 200 ym; ¢, 20 pm; d—j, 1 mm, for abbre-
viations see Figure 6.

DMP, DLMA, DLMAP, and DL), inside the nucleus subrotundus (SRt), and in a narrow cluster just caudodorsal to the
nucleus uvaeformis (Uva; Fig. 8b—9).

In the midbrain, we found robust labeling throughout the mediolateral extent of the ventral tegmental area (VTA; Fig. 9b,c)
and the substantia nigra (SN; Fig. 9c—j). Importantly, these dopaminergic projections to NCLd have historically been used
to define the extent of the nucleus (Divac and Mogensen, 1985; von Eugen et al., 2020).
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Figure 8. NCLd-projecting neurons in the diencephalon. a, Schematic of the crow brain (sagittal view). The black box indicates the portion of the dience-
phalon in which we found retrogradely labeled somata (all projecting ipsilaterally). b-g, Equally spaced sections of our region of interest within the dien-
cephalon. Labeled somata were located in the dorsal nucleus of the thalamus, inside the SRt and in a distinct cluster adjacent to Uva. Scale bars: a, 2 mm;
b-g, 1 mm. For abbreviations see Figure 4.

Overview

We registered the positions of individual afferent cells and the extent of distinct, efferent terminal fields to our atlas of the
carrion crow brain (Kersten et al., 2022). Our results support the hypothesis that the monosynaptic connections of the car-
rion crow NCLd by and large resemble those previously described in the pigeon (Fig. 10; Kréner and Glntirkin, 1999;
Fernandez et al., 2020b). However, we found significant extensions compared with the pigeon data by reporting (1) input
from the anterior half of the hippocampal formation to the NCLd, (2) arcopallial neurons that bilaterally project to the NCLd,
and (3) a potentially songbird-specific NCLd-projecting cluster of cells adjacent to the thalamic song system nucleus Uva.

Discussion

We have demonstrated the multimodal nature of the NCLd in a songbird species. In combination with previous reports
on the pigeon NCL, our work suggests that the NCLd is a highly integrative hub, across avian taxa. Furthermore, our data
add to a diverse set of studies that have argued for a critical premotor function of the NCLd via the AID (Yuan and Bottjer,
2020; Rinnert and Nieder, 2021; Kirschhock and Nieder, 2022; Zemel et al., 2023). The most surprising finding of our study
was a dense cluster of NCLd-projecting cells at the rostral tip of the hippocampal formation. In the light of recent functional
findings, these cells could provide highly processed spatial information, adding new evidence to the notion that the NCLd
is an avian functional analog of the mammalian PFC (Payne et al., 2021; Sauer et al., 2022; Agarwal et al., 2023).

New afferents from the hippocampal formation could provide spatial information to NCLd

Although the avian NCL is seen as the functional counterpart of the mammalian prefrontal cortex (PFC; Nieder, 2017), it
is important to note that, in contrast to the PFC, no direct connection between the hippocampus and the NCL has been
found (Leutgeb et al., 1996; Kroner and Gintarkin, 1999; Atoji et al., 2002; Atoji and Wild, 2006; Applegate et al., 2023a,b).
Our findings further support the notion that the NCL does not send direct projections to the hippocampus. However, we
found a previously undescribed, dense cluster of retrogradely labeled cells in the anterior portion of the hippocampal for-
mation (Kersten et al., 2022). No such labeling has been reported in several previous studies that, like us, have injected
CTB into the NCL in pigeons and zebra finches (Leutgeb et al., 1996; Kroéner and Gulntlrkiin, 1999; Paterson and
Bottjer, 2017). These pigeon studies have reported NCL afferents from the medio-caudal hyperpallium, which, in turn,
receives hippocampal input and is located just anterior to the hippocampal formation (Leutgeb et al., 1996; Kréner and
Gunturkin, 1999; Atoji et al., 2002). This polysynaptic hippocampus—NCL connection in pigeons may be a mediator of
the slow gamma-band coupling that has been observed between the two brain areas in pigeons during goal directed
behavior (Zhao et al., 2019). Interestingly, our result suggests that the crow NCLd receives direct input from precisely
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Figure 9. NCLd-projecting neurons in the midbrain. a, Schematic of the crow brain (sagittal view). The black box indicates the portion of the mesenceph-
alon in which we found retrogradely labeled somata (all projecting ipsilaterally). b-j, Labeled somata were found throughout VTA and SN. Scale bars:
a, 2 mm; b-j, 1 mm. For abbreviations see Figure 4.

the subdivision of the hippocampal formation that has recently been identified as the predominant location of “place cells”
in songbirds and owls (Payne et al., 2021; Agarwal et al., 2023; Applegate et al., 2023b). Thus, spatial information relayed
from these cells could guide the execution of corvid food caching and other spatial behaviors via the NCLd (Feenders
et al., 2008; Bugnyar et al., 2016; Rinnert and Nieder, 2021; Applegate and Aronov, 2022).

In this context, we need to address the concern that the hippocampal labeling might have been caused by tracer
spill-over into the dorsolateral corticoid area (CDL) that overlays the NCLd and contains fibers originating in the hip-
pocampus (Atoji et al., 2002). At our injection coordinates, the CDL is a very thin layer of tissue that contains mostly
fibers of passage and virtually no cell bodies (own observation and Applegate et al., 2023a). These fibers could, the-
oretically, have taken up tracer along our injection needle tract even though this phenomenon is thought to be minimal
when dye coupled CTB is used (Chen and Aston-Jones, 1995; Conte et al., 2009). However, due to the anatomical
arrangement of hippocampal projections within the CDL, we would—in the latter scenario—have expected labeled
cells in the posterior part of the hippocampal formation but did not identify any (Atoji et al., 2002). Therefore, the
intense hippocampal labeling reported by us suggests a previously undescribed projection from the hippocampal for-
mation to the NCL.
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Figure 10. Connectivity diagram of the carrion crow’s NCLd. a, The NCLd receives input from secondary but not primary sensory areas of all modalities.
Unidirectional NCLd inputs are received from the midbrain, thalamus, globus pallidus (GP), and hippocampal formation (HF), whereas the remaining
depicted, afferent connections are likely reciprocal as shown in b. b, Strong, virtually unidirectional NCLd projections form dense terminal fields in the avian
functional analog of the motor cortex, that is, the dorsal intermediate arcopallium (AID). Further dense, bidirectional connections overlap with ventral sub-
divisions of the arcopallium. Another unidirectional NCLd output targets the striatum. The remaining depicted projections were rarely observed in dense
terminal fields. Given their presently more uncertain status, which can be confirmed by retrograde injections into individual target areas in the future, these
connections are indicated with dashed lines. For abbreviations see Figure 4.

NCLd receives secondary visual and somatosensory afferents from the hyperpallium

The hyperpallium (H) or Wulst is composed of four layers in pigeons (Atoji and Wild, 2019). However, only the most ven-
tral layer, the densocellular part of the hyperpallium (HD), and the dorsal part of the hyperpallium (HA) are readily identified
in the crow and other songbirds (Reiner et al., 2004a; Jarvis et al., 2013; Lovell et al., 2020; Kersten et al., 2022). The HD has
been renamed to MD and the HA is referred to as H in songbirds, based on cell clustering patterns (Jarvis et al., 2013;
Kersten et al., 2022). MD and its overlaying thin layer, the intercalated hyperpallium (IH), contain primary sensory cells
that receive visual or somatosensory information directly from dorsal aspects of the thalamus (Shimizu et al., 1995;
Jarvis et al., 2013; Atoji and Wild, 2019; Stacho et al., 2020). This information is then relayed to the overlaying H, which
consists of a rostral somatosensory and caudal visual subdivision (Stacho et al., 2020). Consequently, the hyperpallial
labeling we found indicates that the NCLd receives secondary sensory information from both the somatosensory and
the visual parts of the hyperpallium (Shimizu et al., 1995; Kréner and Gunttrkin, 1999). In contrast, labeling was conspic-
uously absent in the thalamorecipient MD and IH, similar to reports that indicate that the PFC in mammals is not connected
to thalamorecipient, primary sensory telencephalic areas (Karten et al., 1973; Miller and Cohen, 2001; Atoji and Wild, 2009,
2012; Jarvis et al., 2013). Therefore, the projection pattern in H is similar to N, which also relays secondary but not primary
sensory information to the NCLd (see below; Kréner and Gintirkin, 1999; Stacho et al., 2020).

Mesopallial and nidopallial NCLd afferents provide multimodal sensory information
Pioneering studies have reported sparsely distributed NCL-projecting cells inside the pigeon mesopallium (Leutgeb
et al., 1996; Kroner and Guntlrkin, 1999). The majority of these cells lined the border of MV and MD (previously termed

April 2024, 11(4). DOI: https://doi.org/10.1523/ENEURO.0098-24.2024. 13 of 18


https://doi.org/10.1523/ENEURO.0098-24.2024

r euro Research Article: Confirmation 14 of 18

M and HD, respectively; Reiner et al., 2004b; Jarvis et al., 2013). In the present study, most NCLd-projecting mesopallial
cells were densely clustered around the crow MV’s center of mass, an area likely equivalent to large aspects of the pigeon
mesopallium intermedioventrale (MIV), which processes secondary sensory, tectofugal visual, and multisensory informa-
tion (Atoji and Wild, 2012). Therefore, it stands to reason that the crow MV relays mostly visual and multisensory informa-
tion to the NCLd areas covered by our injections (Atoji and Wild, 2012; Jarvis et al., 2013; Stacho et al., 2020).

In addition to the dense labeling around the central MV, our injections produced fewer labeled cells in the rostrolateral
and caudal MV. Based on the connectivity of these areas in the pigeon and zebra finch, we speculate that these cells could
relay secondary somatosensory and auditory information to the crow NCLd, respectively (Vates et al., 1996; Atoji and Wild,
2012; Ikeda et al., 2020). This is consistent with functional studies that have shown that crow NCLd neurons recorded from
our injection area can be readily activated by auditory cues (Veit and Nieder, 2013; Moll and Nieder, 2015).

In the caudal nidopallium, our injections produced rich labeling within the borders of the crow NCLd and its periphery
(von Eugen et al., 2020; Kersten et al., 2022). This finding demonstrates widespread local connectivity and indicates that
the immunohistochemically identified body of NCLd is indeed a functional unit (Kréner and Guntirkin, 1999; Nieder, 2017;
Fernandez et al., 2020b). In contrast, the absence of NCLd connections to the NCLm and sparsely distributed CTB labeled
cells in the ventral NC, which likely overlapped with the extent of NCLv, suggest limited direct interactions with these
regions (Bottjer et al., 2000; von Eugen et al., 2020). However, more detailed investigations which are beyond the scope
of the present study are needed to further resolve the local connectivity of identified NC subregions.

A comparison between the relative extent of the NCLd in carrion crows and zebra finches has demonstrated discernible
interspecies differences (von Eugen et al., 2020). Therefore, it was unclear if the dorsal NCL connections that have been
described in the zebra finch would also be revealed by our injections (Bottjer et al., 2000; Paterson and Bottjer, 2017;
Bloomston et al., 2022). One major afferent connection of the zebra finch’s dorsal NCL stems from the intermediate nido-
pallial area IMANshell (Bottjer et al., 2000; Paterson and Bottjer, 2017). We too found this NI connection to be one of the
most prominent NCLd afferents inside the crow telencephalon and found additional cross-species similarities in the NCLd
connections to the arcopallium (see below; Bottjer et al., 2000; Paterson and Bottjer, 2017). Therefore, the anatomical find-
ings related to the zebra finch dorsal NCL could be largely applicable to the carrion crow (Bottjer et al., 2000; Paterson and
Bottjer, 2017; Bloomston et al., 2022).

Our findings confirm that NI, like MV, is a major source of multimodal secondary but not primary sensory input and is
reciprocally connected to the NCLd (Leutgeb et al., 1996; Kréner and Gunturkin, 1999; Fernandez et al., 2020b). NI
and MV are interconnected regions that are both involved in visual processing via the tectofugal pathway and have
been jointly described under the umbrella term “medial nidopallium/mesopallium” (Atoji and Wild, 2012; Behroozi et al.,
2020; Hahn and Rose, 2023). In pigeons, the NI part of this cluster is involved in the execution of targeted pecking
(Helduser and Guntlrkiin, 2012; Helduser et al., 2013; Hahn and Rose, 2023). Our data provide further evidence for the
hypothesis that this likely happens in concert with neurons in the NCL (Hahn and Rose, 2023), which can exhibit a motor
preparatory signal related to the number or position of targeted pecks in the carrion crow (Rinnert and Nieder, 2021;
Kirschhock and Nieder, 2022). Taken together, the combined inputs from NI and MV provide the NCLd with preprocessed,
multimodal sensory information that can be integrated by abundant local connections, to give rise to higher cognitive func-
tions (GUnturkin and Bugnyar, 2016; Nieder, 2017; Nieder et al., 2020).

The NCLd is connected to functionally distinct arcopallial regions

NCLd connections to the arcopallium were roughly split into a dorsal and a ventral cluster, consistent with previous
studies characterizing the projections of the caudal nidopallium to the arcopallium (Paterson and Bottjer, 2017;
Bloomston et al., 2022). In its dorsal half, the arcopallium is composed of two overlying fields, the AID and the AD
(Mello et al., 2019; Kersten et al., 2022). The AID projects to the basal ganglia, motor thalamus, tectum, and reticular
formation (Bottjer et al., 2000; Fernandez et al., 2020b), and functional studies suggest that the AID has a critical role in
various motor behaviors, in particular movements of the head and neck (Levine and Zeigler, 1981; Knudsen et al.,
1995; Wild and Kritzfeldt, 2012; Mandelblat-Cerf et al., 2014). Therefore, our finding of dense terminal fields within the
AID supports the notion that the NCLd serves as a key executive premotor structure (Zeier and Karten, 1971;
Dubbeldam et al., 1997; Farries, 2001; Feenders et al., 2008; Yuan and Bottjer, 2020; Fernandez et al., 2020a). In contrast
to the AID, not much is known about the function of AD from which the NCLd received the bulk of its dorsal arcopallial
input. Interestingly, the extent of our dorsal field of retrogradely labeled cells matched well with the distribution of the
genetic marker CBLN2, which selectively indicates the AD in the zebra finch (Mello et al., 2019). Several lines of evidence
indicate that the AD and AID receive markedly different neuromodulatory inputs suggesting that the NCLd recipient AID
population and the NCLd-projecting AD population may serve different functions (Mello et al., 2019; Sen et al., 2019).

In the ventral half of the arcopallium (i.e., AA, AAV, AMV, AV, and AlV combined), cells labeled by ipsilateral NCLd injec-
tions were colocalized with cells labeled by contralateral injections. Among these NCLd afferents, which have been
described previously, we found few double labeled cells projecting to the ipsi- and contralateral NCLd that have not
been reported yet (Paterson and Bottjer, 2017). The lack of such cells in the Paterson and Bottjer (2017) study may be
explained by offset NCL injections between hemispheres, if the arcopallium—NCL projections are topographic.
Similarly, the low number of cells we found may be an underestimate and a consequence of within NCLd injection site
variability. In the zebra finch, Paterson and Bottjer (2017) found IMANshell neurons that projected to both the ventral
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arcopallium and the dorsal NCL (“NCLshell”). They concluded that the ventral arcopallium is a point of convergence of
information from the anterior and the caudal nidopallium, which is then sent to the contralateral hemisphere (Paterson
and Bottjer, 2017). Furthermore, a subset of our contralaterally projecting ventral arcopallial neurons was colocalized
with dense terminal fields originating in the ipsilateral NCLd. Therefore, we suggest that the ventral portion of the arcopal-
lium could be a critical node within a loop that includes the NCLd and the NI (i.e., IMANshell region) within and across hemi-
spheres (Johnson et al., 1995; Paterson and Bottjer, 2017).

In the medioventral part of the arcopallium, NCLd-projecting cells overlapped with the AMV, a structure that was pre-
viously also referred to as nucleus taenia (Mello et al., 2019). This nucleus has been reported to influence affective states
via its projections to the hypothalamus (Zeier and Karten, 1971; Thompson et al., 1998; Cheng et al., 1999).

Few, defined dorsal thalamic areas project to the NCLd

In mammals, the initiation of cued movements and the maintenance of working memory depends on thalamic input to
the prefrontal and motor cortices (Guo et al., 2017; Gaidica et al., 2018; Sauerbrei et al., 2020; Dacre et al., 2021; Inagaki
etal., 2022). Similar to the PFC, the crow NCLd is involved in working memory tasks and the execution of cued movements
and these functions could depend on its connections to the thalamus as well (Veit et al., 2014; Rinnert and Nieder, 2021;
Kirschhock and Nieder, 2022). Indeed, as in the pigeon, we found NCLd-projecting thalamic cells in the dorsal thalamus
and SRt (Leutgeb et al., 1996; Kréner and Ginturkin, 1999). Additionally, we discovered a previously undescribed distinct
cluster of labeled cells just dorsocaudal to the songbird specific Uva. Together, these nuclei relay multisensory and cer-
ebellar information to the striatum and pallium (Miceli and Repérant, 1985; Veenman et al., 1995; Wild and Gaede, 2016;
Nicholson et al., 2018). Therefore, they could provide short latency, movement-triggering signals to the NCLd, paralleling a
recently described functional thalamonidopallial connection in the song system (Inagaki et al., 2022; Moll et al., 2023).

Dopaminergic input to the NCLd could facilitate behavioral flexibility

The extent of NCL is typically defined by its dense dopaminergic innervation (Divac and Mogensen, 1985; von Eugen
et al., 2020). These dopaminergic fibers originate in the SN and VTA, consistent with the robust CTB labeling we found
in those nuclei (Kroner and Guntlrkiin, 1999). Interestingly, parallel dopaminergic signals from the midbrain’s periaque-
ductal gray (PAG) to the dorsal nidopallium (i.e., HVC) are critical for rapid sensory-motor learning in vocalizing zebra
finches (Tanaka et al., 2018). It is thus tempting to speculate that the carrion crow’s highly flexible learning abilities could
be supported by analog mechanisms (Nieder, 2017; Ott and Nieder, 2019).

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary linked to this article.

Data Availability

The datasets generated during and/or analyzed during the current study are available from the corresponding author on
reasonable request. The data that support the findings of this study are available from the corresponding author upon
reasonable request.
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