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Abstract

A core component of the avian pallial cognitive network is the multimodal nidopallium
caudolaterale (NCL) that is considered to be analogous to the mammalian prefrontal
cortex (PFC). The NCL plays a key role in a multitude of executive tasks such as working
memory, decision-making during navigation, and extinction learning in complex learn-
ing environments. Like the PFC, the NCL is positioned at the transition from ascending
sensory to descending motor systems. For the latter, it sends descending premotor
projections to the intermediate arcopallium (Al) and the medial striatum (MSt). To
gain detailed insight into the organization of these projections, we conducted sev-
eral retrograde and anterograde tracing experiments. First, we tested whether NCL
neurons projecting to Al (NCL,,, neurons) and MSt (NCL,,s; neurons) are constituted
by a single neuronal population with bifurcating neurons, or whether they form two
distinct populations. Here, we found two distinct projection patterns to both target
areas that were associated with different morphologies. Second, we revealed a weak
topographic projection toward the medial and lateral striatum and a strong topo-
graphic projection toward Al with clearly distinguishable sensory termination fields.
Third, we investigated the relationship between the descending NCL pathways to the
arcopallium with those from the hyperpallium apicale, which harbors a second major
descending pathway of the avian pallium. We embed our findings within a system of

parallel pallio-motor loops that carry information from separate sensory modalities to
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arcopallium; Aldm, dorsomedial portion of the intermediate arcopallium; Alvm, ventromedial portion of the intermediate arcopallium; AM, medial arcopallium; Av, ventral arcopallium; Bas, nucleus
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different subpallial systems. Our results also provide insights into the evolution of the

avian motor system from which, possibly, the song system has emerged.

1 | INTRODUCTION

Birds like pigeons are capable of a variety of higher cognitive func-
tions (Guntlrkin et al., 2017), such as orthographic processing (Scarf
et al., 2016), object permanence (Dumas & Wilkie, 1995), and numer-
ical competence (Scarf et al., 2011). They also excel in navigating
across hundreds of kilometers (Prior et al., 2004) and quickly learn
all kinds of complex learning tasks such as categorization (Anderson
et al., 2020; Pusch et al., 2023) and serial extinction (Packheiser et al.,
2021). Strikingly, some corvid species are even on par with primates in
a broad variety of cognitive domains (Balakhonov & Rose, 2017; Clay-
ton & Emery, 2015; Guntiirkin & Bugnyar, 2016; Pika et al., 2020).
This is particularly noteworthy, as avian and mammalian brains are
differently organized despite similarities on the overall connectional
(Shanahan et al., 2013) and microcircuit level (Ahumada-Galleguillos
etal.,,2015; Fernandez et al., 2021; Mouritsen et al., 2016; Stacho et al.,
2020; Wang et al., 2010). In birds, a core neural component for these
higher cognitive functions is the nidopallium caudolaterale (NCL) (Ditz
& Nieder, 2015; Glinttirkiin, 1997; Hahn et al., 2021; Lengersdorf et al.,
2014; Packheiser et al., 2021), an integration center that receives mul-
timodal sensory input from auditory, visual, and trigeminal systems
(Herold et al., 2011; Kréner & Guntiirktn, 1999; Leutgeb et al., 1996)
and is considered analogous to the mammalian prefrontal cortex (PFC)
(GUntarkan, 2005, 2012; Gunttrktn et al., 2021). Although the NCL
varies in size, position, and complexity, depending on the species’ eco-
logical needs (Eugen et al., 2020; Kobylkov et al., 2022; Stréckens et al.,
2022), an outstanding common characteristic is its massive dopamin-
ergic innervation originating in the ventral tegmental area (VTA) and
substantia nigra (SN) (Eugen et al., 2020; Kobylkov et al., 2022; Wald-
mann & Glnttrkin, 1993). Moreover, the avian NCL harbors two main
descending projections, one to the striatum akin to frontostriatal cir-
cuits and one to the premotor arcopallium (Herold et al., 2011; Kroner
& Gunturkun, 1999).

The arcopallium receives inputs mainly via the tractus dorso-
arcopallialis and the tractus fronto-arcopallialis (Zeier & Karten, 1971)
that originate from the multisensory NCL and from somatosensory,
visual, and trigeminal areas. It is a highly heterogeneous area encom-
passing a multitude of subnuclei (medial arcopallium [AM], interme-
diate arcopallium [Al], anterior arcopallium [AA], dorsal arcopallium
[AD]), of which Al and AA have premotor functions (Herold et al., 2018;
Zeier & Karten, 1971). Both subunits are homotopically and recipro-
cally connected via the anterior commissura (Letzner et al., 2016) and
form the origin of the tractus occipitomesencephalicus (OM), which
is a massive fiber bundle that descends to the diencephalon, mes-
encephalon, and brainstem (Fernandez, Morales, et al., 2020). These
premotor subnuclei resemble the mammalian premotor cortex in func-
tion (Gao et al.,, 2018; Zemel et al., 2022), connectivity (Butler et al.,

2011; Kuenzel et al., 2011), and neurochemistry (Herold et al., 2018;
Mello et al., 2019). They seem to be relay structures that link the exec-
utive control of the NCL to brainstem motor areas that guide actions
within the audiomotor domain (Wild et al., 1993) and the visuomo-
tor domain (Cohen et al., 1998; Rook et al., 2020; Xiao & Gunturkun,
2018). Amygdala subnuclei beneath the arcopallium (nucleus posteri-
oris amygdalopallii [PoA] and nucleus taeniae amygdalae [TnA]) serve
limbic functions and resemble the mammalian amygdala (Fujita et al.,
2020; Shanahan et al,, 2013; Yamamoto & Reiner, 2005; Yamamoto
etal., 2005; Zeier & Karten, 1971). Because of their anatomical linkage,
the region is generally referred to as arcopallium/amygdala complex
(Herold et al., 2018).

The avian striatum is considered homologous to the mammalian
striatum, based on shared cellular and anatomical characteristics
(Kuenzel et al., 2011; Medina et al., 2014; Reiner, 2002; Reiner et al.,
2004), and functional studies have shown its involvement in learning
and action selection (Rose et al., 2013; Watanabe, 2001; Xiao et al.,
2018,2021;Yin, 2010). The striatum receives afferents from many dif-
ferent regions of the pallium including the NCL and the nidopallium
intermedium medialis pars laterale (NIML), which are both higher asso-
ciative areas (Kroner & Guntirkan, 1999; Veenman et al., 1995). From
the striatum, information is further relayed via the globus pallidus (GP)
and substantia nigra pars reticulata (SNr) to the thalamus (Jiao et al.,
2000). Finally, the thalamus projects back to the NCL and NIML (Kitt &
Brauth, 1982; Kréner & Guntirkiin, 1999). Overall, this circuit resem-
bles cortico-striato-thalamo-cortical loops in mammals. In both mam-
mals and birds, these connections are involved in processing sequential
action patterns (Hahn & Rose, 2023; Helduser & Gunturkin, 2012;
Rook, Tuff, Packheiser, et al., 2021; Xiao & Roberts, 2021; Yin, 2010).

Here, we set out to comprehensively study the connectional archi-
tecture of this system and to embed our findings into the overall
network of avian pallio-motor loops. In songbirds, specialized projec-
tions to the arcopallium and striatum exist as part of the song system
underlying vocal learning (Brenowitz et al., 1997; Jarvis et al., 2000;
Nottebohm, 2005). Here, distinct song nuclei form an anterior fore-
brain pathway (AFP) that is involved in sensorimotor song acquisition
and adult song plasticity, and a posterior motor pathway (PMP) that is
involved in the motor aspect of song production (Bolhuis et al., 2010;
Farries, 2004; Moorman et al., 2011). The song nucleus HVC (acronym
used as proper name), which is located within the NCL (Matsunaga
et al.,, 2008), is of particular interest as it feeds information into both
pathways. On the one hand, it sends projections to Area X within the
striatum (AFP), and on the other hand, it sends projections to the
robust nucleus (RA) within the arcopallium (PMP) (Diiring et al., 2020;
Trusel et al., 2022) (Figure 1).

Neurons within HVC belong to one of three classes: interneurons,

neurons projecting to Area X (HVCy neurons), or neurons projecting to
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FIGURE 1 Comparison between the connectivity of the oscine song nuclei and comparable areas in the pigeon brain. (a) Schematic illustration
of the oscine song system. The anterior forebrain pathway (AFP) is depicted in blue, and the posterior motor pathway (PMP) is depicted in red. (b)
Pathways that resemble the song system in its connectivity in the pigeon brain. For abbreviations, see list.

RA (HVCga neurons), each exhibiting characteristic functional proper-
ties (Daou et al., 2013; Mooney, 2000). These differences in function
come along with distinct morphological features. It has been reported
that HVCy neurons display greater soma sizes (Mooney, 2000; Paton
et al.,, 1985) as well as different dendritic profiles (Benezra et al., 2018)
compared to HVCgra neurons. As Area X is part of the AFP and RA
is part of the PMP, HVC projections toward the two main song path-
ways are already separated at the cellular level. It is conceivable that
this target-specific specialization of HVC neurons is an evolutionary
consequence of vocal learning and might not exist in nonvocal learn-
ing species. Within the avian class, vocal learning is only found in three
groups: songbirds (Passeriformes), hummingbirds (Trochiliformes), and
parrots (Psittaciformes) (Gahr, 2000; Jarvis & Mello, 2000). These
three orders show a remarkably similar neural organization for their
song systems, although they are only distantly related (Hackett et al.,
2008; Jarvis et al., 2015). One prominent evolutionary theory, the
motor theory of vocal learning, suggests that the three avian vocal
learning systems evolved independently as specializations from a pre-
existing movement control system inherited from a common ancestor
(Feenders et al., 2008). Indeed, the authors found that in both vocal
learners and nonlearners, body movements activate the same brain
areas; in vocal learners, these brain areas are adjacent to their song
nuclei.

In nonvocal learning pigeons, however, it is not yet known whether
NCL projection neurons are segregated in a way that is similar to HVC
neurons in songbirds. In this respect, it is conceivable that pigeons rep-
resent an ancient neural system for descending premotor pathways
that served as the basis for the derived and elaborated song system.
This ancient system could guide response selection with a uniform
neuronal population with bifurcation axons controlling both arcopallial
and striatal motor output systems. The current study aims at unravel-
ling the organization of the descending premotor projections from the
pigeon NCL. Therefore, we want to answer the following overlapping
questions: First, are the arcopallial and striatal projections of the NCL
constituted by a single neuronal population with bifurcating axons or
do they consist of two divergent populations as found in oscines (Wild
et al., 2005)? Second, in case of two divergent neuronal populations,

do pigeon NCL projection neurons differ in the sizes of their somata

as reported for HVC projection neurons (Mooney, 2000; Wild et al.,
2005)? Third, can we reveal a topographic organization of the striatal
NCL projections similar to the reported topography of the arcopallial
NCL projections (Fernandez, Morales, et al., 2020)? Fourth, how are
these descending pathways from NCL and arcopallium related to the
hyperpallium apicale (HA), from which the second major descending
pathway of the avian pallium emerges? Building on previous studies
(Fernandez, Morales, et al., 2020; Kroner & Gunturkan, 1999; Veen-
man et al., 1995; Wild et al., 1985), we thus aim to shed light onto
these questions by conducting anterograde and retrograde tracing
experiments in pigeons and examining expression patterns of differ-
ent calcium-binding proteins. Ultimately, we embed our discussion into
the evolution of the avian pallio-motor system, from which possibly the

song system has emerged.

2 | METHODS
2.1 | Subjects

Twenty-six pigeons (Columba livia) of both sexes that were obtained
from local breeders were used in this study. Pigeons were housed in
individual cages with a 12-h dark/light cycle and had ad libitum access
to food and water. All surgical procedures were performed according
to the principles regarding the care and use of animals adopted by the
German Animal Welfare Law for the prevention of cruelty to animals in
agreement with the Directive 2010/63/EU of the European Parliament
of the Council of September 22,2010 and were approved by the animal
ethics committee of the Landesamt fiir Natur, Umwelt und Verbrauch-
erschutz (LANUV) NRW, Germany. All efforts were made to minimize

the number of subjects and their suffering.

2.2 | Surgical procedure and tracer injections

Animals were anesthetized by an intramuscular injection contain-
ing a 7:3 mixture of ketamine (Ketavet 100 mg/mL; Zoetis GmbH)

and xylazine (Rompun 20 mg/mL; Bayer Vital GmbH). Injections were
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administered into both breast muscles using 0.15 mL for each 100 g
bodyweight. This corresponds to 105 mg ketamine and 9 mg xylazine
per kilogram bodyweight. Prior to the surgical procedure, feathers on
top of the head and covering the ears were cut. Once the pigeons
showed no longer any pain reflexes, they were positioned in a stereo-
tactic apparatus. For arcopallial and striatal injections, a modified
stereotactic device was used, allowing for a rotation of the head
along the longitudinal axis through 90° to the left and right. At first,
10 mg lidocaine (Xylocain; Aspen Pharma Trading Limited) was applied
to the scalp for topical anesthesia. Then, the scalp was incised to
expose the cranial bone. The skull was opened with a dental drill, and
a glass micropipette (inner tip diameter 10-20 mm) mounted to a
mechanical pressure device (WPI Nanoliterinjector; World Precision
Instruments) was lowered into the different target structures accord-
ing to the stereotactic coordinates of the pigeon brain atlas (Karten
& Hodos, 1967). All tracers were injected in 2-nL or 9.2-nL steps with
10 s in between each step. When one injection was completed, the
micropipette was drawn back after a dwelling time of 5 min. Injected
volumes ranged between 30 and 350 nL, according to the size of the
targeted structure. Each animal received tracer injections of cholera
toxin subunit B (CtB; Sigma), biotinylated dextran amine (BDA; molec-
ular weight 3000; Thermo Fisher Scientific), or a combination of both
into the medial striatum (MSt), Al, HA, or NCL. Both CtB (1% in deion-
ized water) and BDA 3000 (10% in 3% dimethyl sulfoxide or 10%
in phosphate buffered saline; [PBS]) were used as retrograde trac-
ers. However, we also analyzed anterogradely labeled fibers after CtB

injections.

2.3 | Perfusion and tissue processing

After asurvival time of 2 (CtB injections) or 7 days (BDA injections), the
animals were deeply anesthetized with equithesin (10 mg pentobarbi-
tal/mL, 0.45 mL/100 g bodyweight) and transcardially perfused with
0.9% sodium chloride (NaCl) followed by cold (4°C) 4% paraformalde-
hyde (PFA) in phosphate buffer (PB; 0.12 M, pH 7.4). Brains were
removed from the skull and postfixated in 4% PFA with 30% sucrose
at 4°C for 2 h. For subsequent cryoprotection, they were immersed in
PBS with 30% sucrose for at least 24 h. To facilitate slicing, brains were
embedded in 15% gelatin/30% sucrose in PBS. Gelatin blocks were
then fixated in 4% PFA in PBS for 24 h and, after that, cryoprotected
in PBS with 30% sucrose for at least 24 h. All brains were cut in frontal
plane in 30-um or 40-um-thick slices using a freezing microtome (Leica,
Wetzlar, Germany). Slices were collected in 10 series and stored in PBS

containing 0.1% sodium azide at 4°C until further processing.

2.4 | Immunohistochemistry

For all immunohistochemical staining procedures, every 10th slice
of each brain was used. Tracers were visualized with a DAB (3,3-
diaminobenzidine) staining procedure in free-floating slices. When

only one tracer was injected, we followed our regular staining proto-

cols as described in the following. For staining of BDA, slices were first
rinsed in PBS (3 x 10 min). Then, they were incubated in 0.3% hydro-
gen peroxide (H,0,) in distilled water for 30 min to block endogenous
peroxidases. After that, slices were rinsed again (3 x 10 min in PBS)
and transferred into an avidin-biotin-peroxidase solution (Vector
Laboratories-Vectastain Elite ABC kit; 1:100 in PBS containing 0.3%
Triton-X-100 [PBST]) for 60 min. After further rinsing (3 x 10 min in
PBS and 1 x 5 min in 0.1 M sodium acetate buffer, pH 6.0), slices were
incubated in DAB solution, which was composed of DAB (0.2 mg/mL),
ammonium nickel sulfate (25 mg/mL), cobalt chloride (0.4 mg/mL),
ammonium chloride (0.4 mg/mL), and B-D-glucose (4 mg/mL) in 0.1 M
sodium acetate buffer (pH 6.0). The reaction was initiated by adding
glucose oxidase (80—100 uL/50 mL DAB solution), which led to the
oxidation of §-D-glucose. During the reaction, staining intensity was
visually controlled permanently, and the solution was changed every
10 min. The staining reaction was stopped after 30 min by rinsing the
slices in 0.1 M sodium acetate buffer (3 x 5 min) and PBS (3 x 5 min). For
staining of CtB, slices were first rinsed (3 x 10 min in PBS). Then, they
were incubated in 0.3% H,0O, in distilled water for 30 min and rinsed
(3 x 10 min in PBS). After that, they were transferred into 10% normal
rabbit serum (Vector Laboratories-Vectastain Elite ABC kit) in PBST
for 60 min to block unspecific binding sites. Subsequently, slices were
incubated in the primary antibody solution containing a goat anti-CtB
antibody (1:5000 in PBST; RRID: AB_211712; Calbiochem) overnight
at 4°C. Following further rinsing (3 x 10 min in PBS), slices were
incubated in the biotinylated secondary anti-goat antibody (1:500 in
PBST; Vector Laboratories-Vectastain Elite ABC kit) for 60 min at
room temperature. Following this, slices were rinsed in PBS (3 x 10
min) and incubated in an avidin-biotin-peroxidase solution (Vector
Laboratories-Vectastain Elite ABC kit; 1:100 in PBST for 60 min. There-
after, slices were again rinsed (3 x 10 minin PBSand 1 x 5minin 0.1 M
sodium acetate buffer, pH 6.0) and the DAB staining reaction was car-
ried out as described above. When BDA and CtB were injected into the
same brain, we stained the two tracers in a sequential fashion with BDA
first and CtB second. In order to be able to differentiate the two trac-
ers within the same slice, we slightly adapted the staining protocols.
For the BDA staining, the DAB reaction was modified by omitting the
addition of ammonium nickel sulfate to the DAB solution, resulting in
a brown reaction product. For the CtB staining, the protocol remained
unchanged, with the use of ammonium nickel sulfate resulting in a black
reaction product. As a last step, all slices were mounted onto gelatin-
coated slides and dehydrated in ethanol and xylene, and coverslipped
with DPX (Fluka, Munich, Germany).

For fluorescence stainings, only slices including the NCL were
selected. In addition to retrogradely BDA-labeled neurons, we visu-
alized the calcium-binding proteins calbindin (CB), parvalbumin (PV),
and calretinin (CR). Slices were first rinsed (3 x 10 min in PBS)
and then incubated in a combination of 5% normal horse serum
(Vector Laboratories-Vectastain Elite ABC kit) and 5% normal goat
serum (Vector Laboratories-Vectastain Elite ABC kit) in PBST for
30 min at room temperature to block unspecific binding sites. With-
out rinsing, slices were then incubated in either a polyclonal rabbit
anti-CB antibody (RRID:AB_10000340; Swant), guinea pig anti-PV
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antibody (RRID:AB_2665495; Swant), or guinea pig anti-CR antibody
(RRID:AB_10000342; Swant) 1:1000 in PBST with 5% bovine serum
albumin at 4°C. Seventy-two hours later, slices were rinsed (3 x 10 min
in PBS) and then incubated in a combination of streptavidin Alex-
aFluor594 conjugate (Invitrogen, Darmstadt, Germany) with either a
goat anti-rabbit AlexaFluor488 antibody (Invitrogen, Darmstadt, Ger-
many) or a donkey anti-guinea pig AlexaFluor488 antibody (Jackson
ImmunoResearch, Pennsylvania, USA). Both the secondary antibody
and streptavidin were incubated 1:500 in PBST for 90 min at room
temperature. After final rinsing (3 x 10 min in PBS), slices were
mounted onto glass slides (Superfrost Plus; Thermo Scientific) and
embedded with Fluoromount-G (SouthernBiotech, Birmingham, USA).
We ensured that exposure to light was reduced to a minimum in order

to preserve as much fluorescence as possible.

2.5 | Microscopic analysis

All slices comprising the respective structures of interest of one brain
series (every 10th slice) were analyzed. For imaging DAB stainings, we
used a ZEISS Axio Imager.M1 with mounted cameras (AxioCam MRm
ZEISS 60N-C 2/3” 0.63x for monochrome images and AxioCam 506
ZEISS 60N-C 1” 1.0x for color images) at 100x, 200x, or 400x mag-
nification. For imaging fluorescence staining, we used a ZEISS Axio
Scan.Z1 at 100x magnification. Measurement of cell sizes of NCL pro-
jection neurons was conducted by using the Image Analysis module
implemented in ZEN 3.8 Pro. Upper and lower thresholds for auto-
matic segmentation of cells were determined with Otsu method for
all individual images. Further parameters for segmentation were set to
(smooth: none; sharpen: none; minimum area: 25 pixels; separate: mor-
phology; count: 6; roundness: >0.2). After automatic segmentation was
completed, selected cells were visually double checked. Outliers were
determined for cell diameter and cell area and defined as observations
that fall below Q1—1.5 IQR or above Q3+1.5 IQR and excluded from
the data set. After that, multiple linear regression was used to test if
“brain area” predicted “cell area” and “cell diameter” after correcting

for subject and interaction effects.

3 | RESULTS

3.1 | Double tracer injections into the striatum and
arcopallium

To identify potential biprojecting NCL neurons, which target both
the MSt and the arcopallium, two different retrograde tracers were
injected into the same hemisphere, CtB and BDA. The pigeon stria-
tum consists of a medial and a lateral (LSt) part and extends in the
anteroposterior direction from A6.50 to A13.00 (Figure 2a,c,d). The
arcopallium comprises several substructures—an anterior (AA), a dor-
sal (AD), an intermediate (Al), and a medial part (AM)—and extends
from A4.50 to A8.00 (Figure 2b,d) (Herold et al., 2018). The NCL
extends from A4.00 to A7.50 (Figure 2b-d) and does not comprise fur-
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ther substructures based on its cytoarchitecture, albeit Kroner and
Guntiarkan (1999) and Herold et al. (2011) proposed a medial/lateral
division of the NCL based on its connectivity and receptor distribution
(Figure 2e). All stereotactic coordinates were obtained from the pigeon
brain atlas (Karten & Hodos, 1967).

For this experiment, eight pigeons received double tracer injections
into one or both hemispheres. CtB injections were placed at A10.00
for MSt (Figure 3a,b), and BDA injections were placed at A6.50 for Al
(Figure 3a,c). The spread of CtB was restricted to the striatum extend-
ing from A10.50 to A9.50, including MSt, LSt, and GP. The spread of
BDA was restricted to the arcopallium up to A7.00. The distribution of
CtB- and BDA-labeled neurons within the NCL is schematically shown
in Figure 3a. Numerous CtB- and BDA-labeled neurons were detected
throughout the entire NCL. After striatal injections, labeled NCL neu-
rons reached from A5.00 to A7.50. Especially toward caudal parts,
cells clustered predominantly in the ventral and ventromedial NCL,
whereas they shifted more laterally toward the ventricle in NCLI in
the rostral part (A6.50 to A7.50). The highest density of CtB-labeled
cells was detected at A6.50 and the lowest at A5.00. After arcopallial
injections, labeled NCL neurons were found in a range from A5.00 to
A7.00. In the caudal part (A5.00 to A6.00), labeled neurons were dis-
tributed in dorsal NCL and traversed closer to the ventricle in NCLI
toward rostral sections (A6.50 to A7.00). The highest density of BDA-
labeled cells was detected at A6.00, and only a small number of cells
were found at A7.00. Comparing labeled neurons of both injections, no
double-labeled and thus no biprojecting cells were detected. Instead, a
differentiated projection pattern became evident. Neurons within the
dorsal NCLI projected predominantly to the arcopallium, whereas neu-
rons in central NCL and NCLm targeted the striatum, with only a small
area of overlap at A6.50 (Figure 3a,d-f).

3.2 | Striatum tracer injections

To map the topographic NCL projection pattern toward the arcopallium
in greater detail and to investigate a putative topography of striatal
NCL projections, several CtB injections into either the striatum, the
arcopallium, or the NCL were conducted. For retrograde tracing of stri-
atal connections, eight birds received injections into MSt along the
anteroposterior axis at either A11.50, A10.50, or A9.50. We mainly
searched for labeled neurons within NCL and arcopallium, but we also
included the HA, as it is known to be the only second pallial structure of
the avian telencephalon with descending motor projection to both the
striatum and brainstem (Shimizu et al., 1995; Wild & Williams, 2000).
Furthermore, we included the anterior nidopallium (especially NIML)
into the analysis as it has been compared to the pallial area LMAN of
the AFP in songbirds that shows strong connections with parts of the
striatum, arcopallium, and NCL (Figure 1b). Injection sites and the dis-
tribution of labeled neurons are schematically illustrated in Figure 4.
In the following, we describe one individual case for each targeted AP
coordinate within MSt.

In case 962, the CtB injection was administered into MSt at A11.50

(Figure 4, green panel, and Figure 5a). Tracer diffusion ranged from
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Locations of striatum, arcopallium, and nidopallium caudolaterale in the pigeon brain in a cresyl violet staining. (a) Frontal section at

A10.00. (b) Frontal section at A6.00. (c) Sagittal section at L6.50. (d) Sagittal section at L2.50. (e) Nomenclature of NCL subdivisions used in this
study. We defined a medial/lateral division that follows the curvature of the NCL. For abbreviations, see list.
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FIGURE 3 Double retrograde tracing of striatal and arcopallial projections of the pigeon NCL. (a) Schematic illustration of the rostrocaudal
extent of retrogradely labeled neurons within NCL following injections of CtB into MSt and BDA into Al. A blue and a red arrow mark the cores of
the striatal and arcopallial injections, respectively. Blue dots represent retrogradely labeled CtB neurons, and red dots represent retrogradely
labeled BDA neurons. Black arrows indicate retrogradely labeled neurons within NCL after MSt injection, and brown arrows indicate retrogradely
labeled neurons within NCL after Al injection. (b) Injection site of CtB into the striatum. (c) Injection site of BDA into the arcopallium. (d) CtB
labeling in the ventromedial NCL. (e) CtB (black) and BDA (brown) labeled neurons in the overlapping area. (f) BDA-labeled neurons in the

dorsolateral NCL. For abbreviations, see list.

A11.00 to A11.75, including LSt. Retrogradely labeled neurons were
found within NIML (Figure 5d), NCL (Figure 5g), AA, AD, and Al
(Figure 5j), and HA (Figure 4). Within HA, labeled neurons ranged from
A10.50 to A11.50. Within the arcopallium, labeled neurons ranged
from A6.50 to A7.75 and were predominantly located in the lat-

eral third of Al and AD. Visual inspections revealed that Al neurons

exhibited larger soma sizes than AD neurons. Within the anterior
nidopallium, some retrogradely labeled cells were found in the ante-
rior sections of NIML between A10.50 and A11.50 directly dorsal to
the injection site within MSt. Within NCL, labeled neurons ranged
from A5.50 to A7.50 and were predominantly located in the ventral
portion.
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FIGURE 4 Schematicillustration of striatal injection sites and the
rostrocaudal extent of retrogradely labeled neurons within the NCL,
arcopallium, and anterior nidopallium. The core of the striatal injection
site is marked by an arrow. Dots represent retrogradely labeled
neurons. Each animal is allocated a different color for better
illustration. Case 962 is illustrated in green (left panel; CtB injection at
A11.50), case 837 isillustrated in red (middle panel; CtB injection at
A10.50), and case 699 is illustrated in blue (right panel; CtB injection
at A9.50). For abbreviations, see list.

In case 837, CtB was injected into MSt at A10.50 (Figure 4, red
panel, and Figure 5b). Tracer diffusion ranged from A10.50 to A11.00.
Retrogradely labeled neurons were found within NIML (Figure 5e),
NCL (Figure 5h), AD and Al (Figure 5k), and HA (Figure 4). Within HA,
labeled neurons were detected in a range from A9.00 to A13.50 with
a higher number in the anterior portion (A11.00 to A13.50). Labeled
neurons within Al were detected between A6.00 and A7.50 and were
predominantly located in the dorsomedial (Aldm) and ventromedial
(Alvm) part but shifted more laterally toward the rostral portion.
Within the anterior nidopallium, alarge number of retrogradely labeled
cells were found in NIML between A9.50 and A11.50 directly dorsal
to the injection site within MSt. Within NCL, labeled neurons ranged
from A5.50 to 7.50. At A5.50, neurons were mainly located in the
ventral portion, but some cells were also located in the dorsal NCLI.
More rostrally at A6.50, neurons were mainly located in the dorsal
NCL.
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FIGURE 5 Striatal injection sites and retrogradely labeled
neurons within NIML, NCL, and arcopallium. (a) CtB injection site at
A11.50 (case 962). (b) CtB injection site at A10.50 (case 837). (c)
Injection site at A9.50 (case 699). (d-f) Retrogradely labeled neurons
within NIML following injections of CtB at A11.50 (d), A10.50 (e), and
A9.50 (f). (g-i) Retrogradely labeled neurons within ventrocentral NCL
following injections at A11.50 (g), A10.50 (h), and A9.50 (i). (j-1)
Retrogradely labeled neurons within Al following injections of CtB at
A11.50 (j), A10.50 (k), and A9.50 (l). For abbreviations, see list.

In case 699, the CtB injection was administered into MSt at A9.50
(Figure 4, blue panel, and Figure 5c). Tracer diffusion ranged from
A9.00to A10.00. Theinjection resulted in labeled neurons within NIML
(Figure 5f), NCL (Figure 5i), and Al and AD (Figure 5I). In contrast to
the other cases, no labeled neurons were detected within HA. Concern-
ing the arcopallium, neurons were found in a range between A5.50 and
A7.00, encompassing the entire Al and most of AD. A small band of ret-
rogradely labeled neurons was found in the ventral portions of NIML
between A9.50 and A11.50 directly dorsal to the injection site within
MSt. The pattern of NCL projection neurons was similar to case 837,
with most neurons being located in the ventral portion and a smaller
number being located in the dorsal NCLI.

Moreover, injections into MSt (Figure 6a) also labeled neurons
and fibers within the VTA, substantia nigra pars compacta, and
the dorsal thalamus (nucleus dorsomedialis anterior thalami [DMA]
and the medial portion of the dorsolateral thalamic nucleus [DLM])
(Figure 6b,e-h). Moreover, we found labeled fibers within the ventral
pallidum (VP) (Figure 6c,d).
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(a

FIGURE 6 Retrogradely labeled neurons and anterogradely labeled fibers in brainstem, subpallial, and thalamic structures following a CtB
injection into the medial striatum. (a) Schematic illustration of the CtB injection site at A10.50. (b) Labeled neurons and fibers within VTA. (c)
Labeled fibers within VP. (d) Enlargement of the box depicted in panel (c). Black arrows indicate labeled fibers within VP. (e) Labeled neurons and
fibers within SNc. (f) Enlargement of the box depicted in panel (e). Black arrows indicate labeled fibers within SNc. (g) Labeled neurons and fibers
within DMA. (h) Enlargement of the box depicted in panel (g). For abbreviations, see list.

Taken together, retrogradely labeled neurons within NCL were
detected after all injections, but with the highest number after injec-
tions into the caudal MSt. Retrograde labeling within NIML was also
always observable but most extensively for injections into the mid MSt.
Labeled neurons within HA were detected after injections into the
rostral MSt only. Numerous labeled neurons within Al were detected
after injections into the caudal MSt, but only few neurons after injec-
tions into the more rostral portions. Moreover, few neurons within AD
were detected after all injections, with a slightly higher number after
injections into the mid MSt. Additionally, retrogradely labeled neu-
rons and anterogradely labeled fibers were found within the brainstem,
subpallial, and thalamic structures.

3.3 | Arcopallium tracer injections

For retrograde tracing of arcopallial connections, six birds received
CtB injections into Al along the anteroposterior axis at either A7.50,
A6.50, or A5.50. Two of these birds also received an injection into con-
tralateral MSt and were therefore also included in the striatal tracing
described above. We searched for labeled neurons within NCL and HA.
Injection sites and the distribution of labeled neurons are schematically
illustrated in Figure 7. In the following, we describe one individual case
for each targeted AP coordinate within Al.

In case 937, CtB was injected into the Al at A7.50 (Figure 7, green
panel, and Figure 8a) leading to retrogradely labeled neurons within
NCL (Figure 8d) and within HA at A11.50. Within NCL, they ranged
from A5.00 to A6.50 and were located along the ventricle in NCLI.
In case 458, the CtB injection was administered into the Al at A6.50

(Figure 7, red panel, and Figure 8b), resulting in a similar pattern of

FIGURE 7 Schematicillustration of arcopallial injection sites and
the rostrocaudal extent of retrogradely labeled neurons. The core of
the arcopallial injection site is marked by an arrow. Dots represent
retrogradely labeled neurons. Each animal is allocated a different
color for better illustration. Case 937 is illustrated in green (left panel;
CtB injection at A7.50), case 458 is illustrated in red (middle panel;
CtB injection at A6.50), and case 903 is illustrated in blue (right panel;
CtB injection at A5.50). For abbreviations, see list.
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FIGURE 8 Arcopallial injection sites and retrogradely labeled neurons within NCL. (a) CtB injection site at A7.50 (case 937). (b) Injection site
at A6.50 (case 458). (c) Injection site at A5.50 (case 903). (d-e) Retrogradely labeled neurons within lateral NCL following injections at A7.50 (d)
and A6.50 (e). (f) Retrogradely labeled neurons within ventral NCL following an injection at A5.50. For abbreviations, see list.

labeled neurons within the NCL (Figure 8e). In contrast to case 937,
no neurons were found in HA. In case 903, CtB was injected into
the Al at A5.50 (Figure 7, blue panel, and Figure 8c), but the tracer
spread also included the TnA and PoA. Labeled neurons were solely
detected within the NCL (Figure 8f), ranging from A6.50 to A5.50.
Neurons were predominantly located within the ventral portion close
to the arcopallium. Only a few neurons were detected in the dorsal
NCLI.

Taken together, we found labeled neurons within HA after injection
into rostral Al only. Apart from this finding, all detected neurons were
confined to the NCL. Labeled neurons after injections into the more
rostral portions of Al displayed a similar pattern of distribution, with
numerous cells clustered along the lateral ventricle in NCLI. Labeled
neurons after injection into caudal Al were notably less numerous and
rather scattered.

3.4 | HA tracer injections

For retrograde tracing of HA projections, two birds received bilateral
CtB injections into HA at either A13.50 or A11.50. With respect to
Shimizu et al. (1995), the injection at A13.50 corresponds to the ven-
tral HA, whereas the injection at A11.50 rather corresponds to the
dorsal HA. We searched for labeled neurons within the arcopallium,
TnA, PoA, and the NCL. Injection sites and the distribution of labeled
neurons are illustrated in Figure 9. In case 972 (blue illustrations in
Figure 9a and Figure 9b), CtB was injected into HA at A13.50, and in
case 062 (red illustrations in Figure 9a and Figure 9c), CtB was injected
into HA at A11.50 . In both cases, we observed a similar pattern of
retrogradely labeled neurons within NCL between A5.50 and A7.50
(Figure 9d,e) and within the ventral arcopallium (Av) at A6.50. We fur-
thermore detected labeled neurons in the PoA at A6.50 (Figure 9f). We

did not observe any labeling in TnA.

3.5 | NCL tracer injections

For anterograde and retrograde tracing of NCL projections, three birds
received bilateral CtB injections into the NCL at A6.50. Injections were
administered along the mediolateral axis at either L4.00, L6.50, or
L8.00. We searched for labeled fibers and neurons within the arcopal-
lium, TnA, PoA, MSt, LSt, anterior nidopallium, and HA. Injection sites
and the distribution of labeled neurons and fibers are schematically
illustrated in Figures 10a, 11a,b, and 12a,b.

In case 914 (green illustrations in Figures 10-13), CtB was injected
at L4.00. A network of anterogradely labeled terminating fibers and
retrogradely labeled neurons was observed in Al, Alvm, Aldm, AM, and
PoA, ranging from A5.50 to A6.50 (Figure 10b,e). Within the striatum,
terminating fibers were predominantly detected in the lateral somatic
portion of MSt (sMSt) between A8.50 and A11.50 (Figure 11c,f), which
means that the medial limbic portion of MSt was mainly spared.
As expected, no labeled neurons were detected within the striatum
after NCL injections. Apart from that, extensive retrograde labeling
could also be detected in the medial part of the anterior nidopal-
lium (NIM) ranging from A8.50 to A11.50. In the posterior sections
between A8.50 and A9.50, the full extent of NIM was covered with
labeled cells. For the more anterior sections between A10.50 and
A11.50, retrograde labeling was mainly observed in the dorsal part of
NIM (Figure 11b,i). Additionally, within HA, neurons as well as fibers
were detected throughout the entire rostral extent between A11.50
and A13.50 (Figure 12c,f). Moreover, we found retrogradely labeled
neurons within the auditory field L1 (Figure 13a,b).

In case 921 (red illustrations in Figure 10-13), the CtB injection
was placed at L6.50. Labeled neurons and fibers were detected within
Al between A5.50 and A7.50 (Figure 10c,f). At A5.50, neurons were
distributed in a scattered fashion, whereas terminal fibers were clus-
tered in the center of Al. Moreover, fibers were found within TnA. At
A6.50, fibers terminated in the medial Al, stretching into Alvm. Labeled
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FIGURE 9 Schematicillustration of the hyperpallial injection sites and rostrocaudal extent of retrogradely labeled neurons. (a) The core of the
CtB injection site at A13.50 is marked with a blue arrow, whereas the injection site at A11.50 is marked with a red arrow. Blue dots represent
retrogradely labeled neurons after injection at A13.50, and red dots represent retrogradely labeled neurons after injection at A11.50. (b) CtB
injection site at A13.50 (case 972). (c) CtB injection site at A11.50 (case 062). (d) Labeled neurons in NCLI at A6.50 after CtB injection at A13.50
(case 972). (e) Labeled neurons in NCLI at A6.50 after CtB injection at A11.50 (case 062). (f) Labeled neurons in the ventral Al and PoA at A6.50

after CtB injection at A11.50 (case 062). For abbreviations, see list.

neurons were mainly detected within the ventral portion of Al, but
some neurons were also found within AM. Furthermore, there were
some terminating fibers found in PoA. At A7.50, terminating fibers
were clustered in central Al, while neurons were adjacently clustered
in more medial Al. Within the striatum, we detected terminating fibers
that ranged from A8.50 to A11.50 and were predominantly located
within the somatic portions of MSt and LSt (sLSt). Different densi-
ties of labeled fibers revealed a clear border between somatic and
limbic portions of the MSt (Figure 11d,g). Moreover, extensive retro-
grade labeling was found in the anterior nidopallium between A8.50
and A11.50. In the more posterior sections between A8.50 and A9.50,
retrograde labeling was rather located within the nidopallium inter-
medium (NI) dorsal to the entopallium (Figure 13c,d). In the more
anterior sections between A10.50 and A11.50, retrograde labeling was
most extensive in NIML (Figure 11b,j). Furthermore, the injection also
resulted in labeled fibers and neurons within HA, ranging from A11.50
to A13.50 (Figure 12d,g).

In case 959 (blue illustrations in Figure 10-13), CtB was injected
into the NCL at L8.00, but tracer spread also included the adja-
cent nidopallium caudocentrale. A dense network of labeled fibers
was found in the lateral portion of Al, ranging from A5.50 to A7.50
(Figure 10d,g). Moreover, few fibers were found within TnA. Labeled
neurons were mainly found within the medial portion of Al, spread-
ing into AM. More caudally, at A5.50, neurons were also detected
within lateral Al. Within the striatum, most fibers were found within
sMSt and sLSt (Figure 11e,h). In comparison to case 921, the den-
sity of fibers was slightly increased. After NCL injections, no labeled

neurons were detected within the striatum. Moreover, extensive

retrograde labeling was found in the anterior nidopallium between
A8.50 and A11.50. In the more posterior section between A8.50 and
A9.50, retrograde labeling was mainly found in the lateral nidopal-
lium intermedium (NIL), whereas in the anterior sections between
A10.50 and A11.50, retrograde labeling was especially strong in
NIML (Figure 11b,k). We also found retrogradely labeled neurons
within the nidopallium frontotrigeminale (NFT) between A12.00 and
A13.00 (Figure 13e/f). Furthermore, within HA, only sparse neu-
rons and thin fibers were found despite a massive injection volume
(Figure 12e,h).

Taken together, tracer injections into the NCL revealed a dense net-
work of efferent and afferent connections with several telencephalic
structures. Among all examined areas, the connection between the
NCL and arcopallium was the most notable with a highly topographic
organization of termination fields within the more caudal Al. Ascend-
ing projections from the arcopallium to the NCL do not seem to follow
this pattern. Concerning areas adjacent to the arcopallium, we found
a reciprocal connection to PoA and a few labeled fibers within TnA.
The projection pattern to the striatum was also topographic but to
a much lesser degree compared to the efferents to the arcopallium.
Moreover, we found retrogradely labeled cells within the anterior
nidopallium that followed a topographic pattern. The lateral NCL injec-
tions resulted in retrograde labeling within NIL and NIML, whereas the
more medial NCL injections resulted in retrograde labeling predomi-
nantly within NIM and NIML. The intermediate NCL injections on the
other hand led to retrograde labeling in NI dorsal to the entopallium
and within NIML. We also detected a reciprocal connection between
the NCL and HA.
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FIGURE 10 Schematicillustration of NCL injection sites and the rostrocaudal extent of retrogradely labeled neurons and anterogradely
labeled fibers within the arcopallium and adjacent limbic areas. (a) The core of the NCL injection site is marked by an arrow. Dots represent
retrogradely labeled neurons, whereas streaks represent anterogradely labeled fibers. Each animal is allocated a different color for better
illustration. Case 914 is illustrated in green (CtB injection at L4.00), case 921 is illustrated in red (CtB injection at L6.50), and case 959 is illustrated
in blue (CtB injection at L8.00). (b-d) Labeled neurons and fibers within the arcopallium and the adjacent limbic areas PoA and TnA at A6.50
following NCL injections at L4.00 (b), L6.50 (c), and L8.00 (d). (e) Enlargement of the box depicted in panel (b). Labeled neurons embedded in a fiber
network within Alvm at A6.50. (f) Enlargement of the box depicted in panel (c). A fiber network and few labeled neurons in the center of Al at
A6.50. (g) Enlargement of the box depicted in panel (d). A dense fiber network in Al at the border to PoA at A6.50. For abbreviations, see list.

3.6 | Morphology and calcium-binding protein
expression of NCL projection neurons

To measure soma sizes of the two types of NCL projection neurons
(NCL neurons projecting to Al [NCL,,] and NCL neurons projecting
to MSt [NCLyst]), two birds received CtB injections into both the Al
of one hemisphere and the MSt of the other. These birds stem from
the tracing experiments described above. We found that NCLys; neu-
rons (9.19 um? + 2.108 SD, N = 2.758) had larger soma diameter
than NCL,,, neurons (8.64 um2 + 2.078 SD, N = 11.666). A multi-
ple linear regression was used to test if “brain area” predicted “soma
diameter”. We found that the overall regression was statistically sig-
nificant (F = 46.979, p < .001, RZ = .009). Moreover, we found that
“brain area” (8 = .064, t = 2.171, p = .030) significantly predicted
“soma diameter” after correcting for subject (3 = .033, t = 1.247,
p =.212) and interaction effects (8 =.023, t = 0.561, p = .575) (Figure
14a).

We found that NCLyg; neurons (69.76 um? + 31.254 SD, N = 2.758)
had larger somata than NCL,.., neurons (61.95 um? + 30.421 SD,
N=11.666). Amultiple linear regression was used to test if “brain area”
significantly predicted soma area. We found that the overall regres-
sion was statistically significant (F = 57.580, p < .001, R? = .012).
Moreover, we found that brain area (8 =.069, t = 2.305, p = .021) sig-
nificantly predicted soma area after correcting for subject (8 = .018,
t=0.674,p=.501) and interaction effects (3=.039,t=0.947,p =.344)
(Figure 14b).

Next, we decided to examine whether NCL,,., heurons were colo-
calized with the calcium-binding proteins CB (Figure 15a-c), PV
(Figure 15d-f), and CR (Figure 15g-i). In zebra finches, it has been
shown that HVC interneurons but not HVC projection neurons express
calcium-binding proteins (Wild et al., 2005). We now wanted to inves-
tigate whether this also applies to pigeon NCL,,, neurons. For this
experiment, three birds received unilateral BDA injections into Al.

First, we conducted DAB stainings with one brain series of each bird
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FIGURE 11 Schematicillustration of NCL injection sites and the rostrocaudal extent of anterogradely labeled fibers within the medial and
lateral striatum and retrogradely labeled neurons within the nidopallium. (a) The core of the NCL injection site is marked by an arrow. Each animal
is allocated a different color for better illustration. Case 914 is illustrated in green (CtB injection at L4.00), case 921 is illustrated in red (CtB
injection at L6.50), and case 959 is illustrated in blue (CtB injection at L8.00). (b) Rostrocaudal extent of anterogradely labeled fibers within the
medial and lateral striatum and retrogradely labeled neurons within the nidopallium following NCL injections at L4.00 (left green panel), L6.50
(middle red panel), and L8.00 (right blue panel). (c-e) Labeled fibers within the medial striatum at A8.50 following injections at L4.00 (c), L6.50 (d),
and L8.00 (e). Dotted lines indicate the border between IMSt and sMSt. (f-h) Labeled fibers within the medial striatum following injections at L4.00
(f), L6.50 (g), and L8.00 (h). (i-k) Retrogradely labeled neurons within NIM and NIML following NCL injections at L4.00 (i), L6.50 (j), and L8.00 (k).

For abbreviations, see list.

to check for successful retrograde labelling within NCL. Then, we
conducted fluorescence stainings and visualized retrogradely BDA-
labeled neurons together with either CB, PV, or CR. We did not
observe co-localization of BDA with any of the calcium-binding pro-
teins (Figure 15). As we did not observe CR expression within our
retrogradely labeled cluster in the NCL (Figure 15h), we verified our
staining in other areas such as LSt, where we detected reliable CR

expression (Figure 15j-I).

4 | DISCUSSION

The aim of the present study was to gain detailed insight into the orga-

nization of the two descending premotor projections that originate

from the multimodal NCL in pigeons. First, we tested whether NCL
neurons projecting to MSt and Al are constituted by a single neuronal
population with bifurcating neurons, or whether they form two distinct
populations as found in songbirds. For that purpose, we injected trac-
ers into MSt and Al and scanned the NCL for double-labeled neurons.
We did not find a single bifurcating cell, but instead a remarkably dif-
ferentiated projection pattern to both target areas. Second, we found
morphological differences between the two neuronal populations as
NCLpmst neurons possessed significantly larger somata than NCL,,,
neurons. Moreover, we quantified calcium-binding protein expression
of NCL,,, neurons and found that they were negative for CB, PV, and
CR. Third, we aimed at describing the two descending NCL projections
in more detail by examining their topographic organization. For that,

we injected tracers into MSt and Al at different stereotactic anteropos-
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FIGURE 12 Schematicillustration of NCL injection sites and the
rostrocaudal extent of retrogradely labeled neurons and
anterogradely labeled fibers within HA. (a) The core of the NCL
injection site is marked by an arrow. Each animal is allocated a
different color for better illustration. Case 914 is illustrated in green
(CtB injection at L4.00), case 921 is illustrated in red (CtB injection at
L6.50), and case 959 is illustrated in blue (CtB injection at L8.00). (b)
Rostrocaudal extent of retrogradely labeled neurons and
anterogradely labeled fibers within HA following NCL injections at
L4.00 (left green panel), L6.50 (middle red panel), and L8.00 (right blue
panel). (c, d) Labeled neurons and fibers within the rostral HA at
A12.50 following NCL injections at L4.00 (c), L6.50 (d), and L8.00 (e).
(f-h) Enlargement of labeled neurons and fibers following NCL
injections at L4.00 (f), L6.50 (g), and L8.00 (h). For abbreviations, see
list.

teriorcoordinates and into NCL at different stereotactic mediolateral
coordinates. We revealed a weak topographic NCL projection toward
the striatum and confirmed a strong topographic organization of
the NCL projection toward Al with clearly distinguishable termina-
tion fields. Forth, we found reciprocal connections between HA and
the entire mediolateral extent of the NCL, and between HA and Al.
However, none of these projections were organized in a topographic

manner.

4.1 | Distribution and morphology of NCL,,., and
NCLys: projection neurons

The major aim of this study was to examine the descending premotor
projections of the NCL and to find out whether the projections to the
arcopallium and striatum are anatomically separated within the NCL.
By doing so, we explored a possible evolutionary scenario in which the
pigeon premotor projections possibly resemble the ancient avian neu-
ral precursor for the derived and specialized oscine song system. We
administered injections into the arcopallium and striatum and analyzed
retrograde labeling within the NCL. Even though the NCL does not
encompass any clearly visible cytoarchitectonic subdivisions, Herold
et al. (2011) proposed a medial/lateral division based on receptor fin-
gerprint patterns. Accordingly, the lateral NCL (NCLI) refers to the NCL
portion close to the ventricle where input from all secondary sensory
areas arrives and arcopallial projections emanate, whereas the medial
NCL (NCLm) lies more inward and mainly harbors neurons with striatal
projections (Kréner & Gintirkin, 1999). We verified that MSt projec-
tion neurons predominantly occupied NCLm, resembling frontostriatal
circuits, while arcopallial projection neurons were mostly located in
NCLI, with only a small area of overlap between these divisions. These
findings are in line with earlier tracing studies that also suggested
that the NCL is divisible into a medial and a lateral projection field
(Kroner & Guintirkin, 1999). Using double tracing techniques, we now
could show that NCLm and NCLI neurons with striatal and arcopallial
projections, respectively, constitute two separate populations.

Since these two populations resemble the pattern of AFP and PMP
neurons in songbirds, we wanted to know if the morphological differ-
ences known for HVCg and HVCy neurons also exist for NCL,,, and
NCLyst neurons. Indeed, we found that on average, NCLys; neurons
possess larger somata than NCL,,, neurons. This finding is in line with
songbird studies as multiple authors found HVC cells to be larger than
HVCga neurons (Katz & Gurney, 1981; Mooney, 2000; Nixdorf et al.,
1989; Paton et al., 1985; Wild et al., 2005). Although the absolute cell
sizes differ between species (e.g., canaries overall have smaller cells
than zebra finches), the relative differences between HVCga and HVCy
neurons remain constant (Mooney, 2000; Paton et al., 1985; Wild et al.,
2005). This also holds true for pigeon NCL projection neurons that are
mostly smaller than those in the zebra finch HVC and more comparable
to canary HVC projection neurons. Furthermore, we found that cell size
distributions of both types of NCL projection neurons overlapped con-
siderably as is the case for zebra finch HVC neurons (Paton et al., 1985;
Wild et al., 2005). Soma size positively correlates with axon length
(Cullheim, 1978; Lee et al., 1986). If this holds true for NCL neurons,
we presume that the larger NCLys; neurons have longer axons as the
distance between NCL and MSt is substantially longer than between
NCL and Al. Furthermore, differently sized neurons often vary in mul-
tiple other morphological characteristics such as diameter, membrane
surface, or combined length of their dendrites, number of termina-
tions, and the shape of the three-dimensional space that their dendritic
trees occupy (Cullheim et al., 19873, 1987b). These morphological dif-

ferences between neurons are also critically linked to their function
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FIGURE 13 Nidopallial injection sites and retrogradely labeled neurons within the auditory field L1, visual NI, and trigeminal NFT. (a)
Schematic illustration of the CtB injection site into the dorsomedial tip of the NCL at L4.00 and retrogradely labeled neurons within field L1. (b)
Retrogradely labeled neurons within field L1. (c) Schematic illustration of the CtB injection site into the NCL at L6.50 and retrogradely labeled
neurons within visual NI. (d) Retrogradely labeled neurons within NI. (e) Schematic illustration of the CtB injection site into the NCL at L8.00 and
retrogradely labeled neurons within the trigeminal NFT. (f) Retrogradely labeled neurons within NFT. For abbreviations, see list.

(Brown et al., 2008). Hence, the size difference of the NCL projection
neurons is a hint for distinct functions of the two pathways as was
already shown in songbirds by in vivo and in vitro electrophysiological
studies (Daou et al., 2013; Peng et al., 2012).

In addition to labeled neurons within NCLm, we found extensive
retrograde labeling within the anterior nidopallium following MSt
injections. These cell clusters were mainly found in NIML, which is con-
sistent with findings of earlier studies (Kréner & Gunttrktn, 1999),
overall confirming a projection similar to the LMAN-Area X connec-
tion of the AFP in songbirds (Figure 1a). Moreover, we revealed a
reciprocal connection between the rostral part of HA and the NCL
(Figure 12a,b) as well as descending projections from rostral HA to
rostral Al (Figure 7) and to MSt (Figure 4). The most rostral part
of HA is assumed to be comparable to the primary motor cortex

(M1) in mammals (Medina & Reiner, 2000) and receives input from

the thalamic ventrointermediate area (VIA), which in turn receives
input from the SNr, deep cerebellar nuclei, and the dorsal pallidum
(Medina & Reiner, 1997; Medina et al., 1997). This pallido-VIA-HA
pathway seems to resemble the pallido-thalamo-motor-cortical loop of
mammals (Medina & Reiner, 1997, 2000). As the rostral HA targets pre-
motor brainstem areas including the nucleus ruber (Wild, 1992), our
findings indeed contribute to the idea that the rostral HA resembles

the mammalian motor cortex (Wild & Williams, 2000).

4.2 | Modality-specific pallio-motor loops

A further aim of the current study was to analyze the topography of
the scrutinized projections. We were able to discern distinct projec-

tion fields with NCLys; neurons clustering predominantly in NCLm
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FIGURE 14 Relative frequency distributions of the sizes of
CtB-labeled NCL projection neurons. (a) Frequency distributions of
the diameter of retrogradely labeled NCL neurons projecting to either
Al (NCL,,co) or MSt (NCLyst). (b) Frequency distributions of the area
of retrogradely labeled NCL neurons projecting to either Al (NCL,co)
or MSt (NCLyst)- The ordinate depicts the relative frequency of
measured cells at the sizes depicted on the abscissa.

and NCL,, neurons in NCLI along the ventricle. Next, we investi-
gated the input from the NCL to the arcopallium more thoroughly and
found that the termination fields within Al were clearly distinguish-
able (Figure 10a), thereby confirming recent findings by Fernandez,
Morales, et al. (2020) and other tracing studies. These studies found
that the dorsomedial NCL sends auditory information to the medial
part of Al (Fernandez, Morales, et al., 2020; Wild et al., 1993), whereas
the central part of NCL relays visual information to the central Al
(Fernandez, Morales, et al., 2020). Finally, the lateral NCL provides
trigeminal input to the lateral part of Al (Wild & Farabaugh, 1996; Wild
et al., 1985). A similar organization of NCL efferents has also been
demonstrated in songbirds (Paterson & Bottjer, 2017). The authors
showed that arcopallial termination fields of projections from the dor-
sal NCL (dNCL) are located within the dorsal Al (Ald), evading the song
nucleus RA, and then converge onto the Av. The projection from HVC
to RA, while not being organized topographically in itself (Foster & Bot-
tjer, 1998), adds a further stream more medial to the above-described
topography that is exclusive to vocal learning species. Thus, projec-
tions from HVC and the adjacent visual and trigeminal NCL terminate

in a similar mediolateral topography across RA and Ald (Bottjer et al.,

2000; Mello et al., 1998; Wild & Farabaugh, 1996). Overall, the organi-
zation of arcopallial afferents in songbirds seems to mimic the parallel
arrangement found in pigeons.

Our work also contributes to studies of the arcopallium that demon-
strated that Al and AD receive projections from higher associative
pallial areas as well as from primary sensory areas (Dubbeldam &
Visser, 1987; Fernandez, Morales, et al., 2020; Kréner & Gunturkin,
1999; Shanahan et al., 2013; Wild et al., 1985, 1993; Zeier & Karten,
1971). These studies found that the nidopallial areas surrounding the
primary sensory pallial areas of the auditory, visual, and trigeminal
pathways project to specific arcopallial regions both directly and indi-
rectly via relay stations in the NCL (Bottjer et al., 2000; Cohen et al.,
1998; Dubbeldam & Visser, 1987; Fernandez, Morales, et al., 2020;
Kroner & Guntirkin, 1999; Leutgeb et al.,, 1996; Metzger et al., 1998;
Wild & Farabaugh, 1996). Our study confirmed these nidopallial origins
of secondary sensory input into the NCL as we revealed projections
from the auditory field L1 to the dorsomedial NCL (Figure 13a,b), from
the visual NI to the central NCL (Figure 13c,d), and from the trigeminal
NFT to the lateral NCL (Figure 13gf). It is known that field L receives
input from the dorsal nucleus mesencephalicus lateralis (MLd) via the
nucleus ovoidalis (Ov) (Karten, 1967; Wild et al., 1993; Figure 16, green
panel), and NI receives visual input from the entopallium, which in
turn receives afferents from the optic tectum (TeO) via the nucleus
rotundus (Rt) (Fernandez, Ahumada-Galleguillos, et al., 2020; Husband
& Shimizu, 1999; Karten & Hodos, 1970; Krutzfeldt & Wild, 2005;
Figure 16, red panel). NFT receives direct trigeminal input from the
principal sensory trigeminal brainstem nucleus (PrV) (Kobylkov et al.,
2020) but also indirect input via the nucleus basalis (Fernandez et al.,
2021; Wild et al., 1985; Figure 16, blue panel). Interestingly, the sepa-
rate Al zones send descending projections through the OM and target
the specific nuclei within the brainstem, midbrain, and thalamus that
give rise to the described ascending sensory pathways. In particular,
the auditory Al targets the surrounding areas of Ov and MLd, the visual
Al targets the surrounding areas of Rt and TeO, and the trigeminal Al
targets the surrounding area of PrV (Fernandez, Morales, et al., 2020;
Wild et al., 1993). These surrounding areas then project back to their
respective core nucleus, thereby forming closed and topographically
organized modality-specific loops (Figure 16).

A further finding of our tracing experiments was a weak topographic
organization of the NCL projections toward the striatum (Figure 11).
The avian striatum encompasses a medial (MSt) and lateral part (LSt)
and receives input from several pallial somatic as well as limbic struc-
tures (Kuenzel et al., 2011; Wild, 1987). It is known from other tracing
studies that limbic afferents reach the most medial portion of the
MSt, whereas somatic afferents reach the lateral two third of MSt and
most of LSt (Kuenzel et al., 2011; Veenman et al., 1995). Our findings
resemble this border between limbic and somatic striatum as the termi-
nation field of auditory NCL efferents was restricted to IMSt, whereas
visual and trigeminal termination fields rather occupied sMSt and LSt
(Figure 11). However, the overall topography of NCLys;: projections
was by far not as pronounced as found for NCL,.., projections. We
were especially not able to distinguish between visual and trigeminal

termination fields. This is in line with the idea of Alexander et al. (1986)
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FIGURE 15 Overlay of retrogradely BDA-labeled NCL,,, neurons with CB, PV, and CR. (a, d, g) Retrogradely labeled neurons within NCL
after BDA injection into Al. (b, e, h) Neurons positive for either CB, PV, or CR, respectively, at the same site. Note that no CR-positive neurons were
found within our retrogradely labeled cluster in the NCL. (c, f, i) No overlay of NCL,,, neurons with any of the calcium-binding proteins was
detected. (j-1) To show that the CR staining itself was successful, however, we included pictures from the LSt within the same slice, where we found
CR-positive neurons. Overall, no NCL,,, heuron was positive for any of the tested calcium-binding proteins. For abbreviations, see list.

who proposed a generalized model of mammalian cortico-striato-
pallidal-thalamo-cortical loops with an aggregating convergence of
cortical inputs along the circuit. While distinct pallial areas project to
partially overlapping portions of the striatum, these striatal areas send

further converging efferents to the GP and SNr, which in turn project

to restricted nuclei within the thalamus. Similarly, the avian striatum
receives afferents from many different regions of the pallium includ-
ing the higher associative areas NCL and NIML (Kréner & Guntirkin,
1999; Veenman et al., 1995). The information from the striatum is

then further relayed via the GP and SNr to the thalamus (Jiao et al.,
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FIGURE 16 Simplified illustration of parallel modality-specific
pallio-motor loops in the pigeon brain. Ascending auditory (green),
visual (red), and trigeminal (blue) inputs reach the NCLin a
medial-to-lateral topography via modality-specific relay stations in the
brainstem, midbrain, thalamus, and pallium. Moreover, the NCL sends
modality-specific output to Al in the same medial-to-lateral
organization. The Al in turn sends efferents via the OM back to the
specific sensory structures that form the origins of the ascending
pathways, thus closing the modality-specific parallel loops. To be exact,
OM fibers do not terminate directly in Ov, MLd, Rt, and TeO, but in
adjacent areas surrounding the respective nuclei (Fernandez, Morales,
et al., 2020; Wild et al., 1993). For better illustration, this is not
depicted here. Note that Kobylkov et al. (2020) recently identified a
new direct connection between PrVv and NFT, which is not depicted
here. For abbreviations, see list.

2000). Finally, the thalamus projects back to the NCL and NIML (Kitt &
Brauth, 1982; Kréner & Gunturkin, 1999). Overall, this circuit resem-
bles cortico-striato-thalamo-cortical loops in mammals. Nevertheless,
these loops are not modality specific and therefore not comparable
to the above-described parallel pallio-motor loops involving arcopallial
projections.

Our findings also revealed that HA is linked to each of the three
modality-specific pallio-motor loops via its reciprocal connections
with the auditory, visual, and trigeminal NCL. Moreover, we found
a reciprocal connection with Al and a descending projection to the
striatum, thereby confirming earlier tracing studies (Kréner & Giin-
turkin, 1999; Veenman et al., 1995). Overall, our data indicate that
HA can interact with the pallio-motor loops at various stages. Beyond

our findings, earlier experiments demonstrated that especially the
tectofugal visual stream is directly influenced by HA via the tractus
septo-mesencephalicus (TSM), which innervates the deep layers of TeO
(Adamo, 1967; Karten et al., 1973; Kroner & Gunturkin, 1999; Miceli
et al,, 1987). These HA efferents modulate tectal and rotundal activ-
ity as shown by visual wulst stimulation as well as inactivation (Bagnoli
et al., 1977, 1979; Britto, 1978; Folta et al., 2004, 2007). The deep
layers of TeO give rise to descending tectomotor output projections
but also innervate Rt (Hellmann et al., 2004), which in turn sends
ascending information to the entopallium (Figure 16). Thus, both the
ascending pathway to the Rt (Folta et al., 2004) and the descending
tectomotor output pathways (Folta et al., 2007) are influenced via the
TSM.

Moreover, we revealed that input from the anterior forebrain to
NCL is organized in a topographic manner. We found that the medial
NCL receives input from the medial NI (NIM) and NIML, the central
NCL is strongly innervated by neurons from NI dorsal to the entopal-
lium and NIML, and the lateral NCL receives its input from the more
lateral NI (NIL) and NIML. This is in line with other tracing studies that
found that the NI-NCL connection is reciprocal and topographic along
both the anteroposterior as well as the mediolateral axis (Fernandez,
Ahumada-Galleguillos, et al., 2020; Kréner & Glntirkin, 1999). Within
NI, NIML is regarded as comparable to the song nucleus LMAN. Even
though there is no direct connection between LMAN and HVC, a recip-
rocal and topographically organized connection exists between LMAN
and dNCL, which is adjacent to HVC (Paterson & Bottjer, 2017). In this
respect, NIML and LMAN share a similar anatomical location and con-
nectivity within the nidopallium, but whether they also share functional
properties needs further investigation. The few existing behavioral
studies on NIML function suggest that the nucleus is involved in execut-
ing sequential behavior (Hahn & Rose, 2023; Helduser & Gunttrkin,
2012; Helduser et al., 2013; Rook, Tuff, Packheiser, et al., 2021) but
does not modulate the variability of behavior (Helduser et al., 2014) as
itis suggested for LMAN (Hampton et al., 2009).

4.3 | Evolutionary considerations and comparison
to the oscine brain

A main aim of this study was to examine a possible evolutionary sce-
nario in which a basic avian motor system developed into a more
specialized song system. Among all avian vocal learners (songbirds,
hummingbirds, and parrots), the two song pathways exhibit striking
similarities and as a conclusion, it was hypothesized that these path-
ways have evolved independently under strong genetic and epigenetic
constraints from a preexistent motor pathway (Feenders et al., 2008;
Jarvis, 2019). Feenders et al. (2008) corroborated their hypothesis by
demonstrating that movement-associated areas in male songbirds are
directly adjacent to the vocal nuclei. Thus, it is plausible that within the
oscine song system, HVC projections to the Area X within MSt (AFP)
and to RA within the arcopallium (PMP) have developed from more dif-
fuse NCL projections toward the striatum and arcopallium as found in

nonvocal learners.
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Ebbesson (1980) proposed that neuronal specialization is achieved
by a process that he called parcellation. He assumed that in the
beginning of vertebrate evolution, neural systems were rather diffuse,
undifferentiated, and richly interconnected. In conjunction with the
development of complex behaviors, these systems became increasingly
structured during evolution by the selective loss of previous connec-
tions and the aggregation of subsystems. Selective pressures could
then have regulated the precise degree of parcellation in a given organ-
ism. Studies showed that within oscine HVC, projection neurons target
either Area X or RA, but have no other efferent connections (Mooney
& Prather, 2005; Nottebohm et al., 1982). If we suppose that these
specialized neurons evolved by parcellation, we could conclude that
in less differentiated avian brains, biprojecting neurons might occur
within an area overlapping with HVC. These neurons might constitute
a preliminary stage of the more specialized neurons we observe within
the oscine song system. However, we did not find biprojecting neurons
within the NCL of nonvocal learning pigeons, but instead a differen-
tiated projection pattern in which two distinct neuronal populations
target either the striatum or the arcopallium. We conclude that it is
unlikely that the oscine song system has evolved by parcellation in
sensu (Ebbesson, 1980).

For an alternative explanation, it is conceivable that HVC neurons
have evolved via other yet unknown mechanisms. Possibly, pigeon
NCL projection neurons do not constitute a more primitive precur-
sor system but are already specialized to serve particular functions
that differ from the oscine song system. In a revised scenario, HVC
neurons might have evolved from ancestral motor circuits through
duplication (Chakraborty & Jarvis, 2015) or the strengthening of these
pathways (Petkov & Jarvis, 2012) that later specialized for vocal con-
trol (Feenders et al., 2008). This idea is supported by our finding that
HVC and NCL projection neurons share a similar connectivity as well
as neurochemical and morphological features.

Regarding its connectivity, the auditory dorsomedial tip of the NCL
is particularly interesting as it assumes a similar anatomical position
as HVC (Farries, 2004). The nonoscine auditory NCL and oscine HVC,
especially its surrounding shelf region, display similar projection pat-
terns as they both have reciprocal connections to the auditory field
L-complex and the caudomedial nidopallium (Shaevitz & Theunissen,
2007; Shanahan et al., 2013), and send output to Alvm, which in turn
sends projections to thalamic and midbrain auditory centers (Mello
et al., 1998; Wild et al., 1993). It has been suggested that the cir-
cuit between the oscine HVC shelf and RA shelf, called RA cup, is
homologous to the nonoscine projection from the auditory NCL to
Aldm/Alvm (Vates et al., 1996). This comparison is also supported by
similar descending projections of oscine RA and nonoscine Aldm/Alvm
as they both target the nucleus intercollicularis (ICo), the lateral mes-
encephalic nucleus, and the shell region of the Ov (Vates et al., 1996;
Wagner et al., 2003; Wild et al., 1993). However, there are also some
downstream projections that are exclusive to RA. For example, while
RA neurons target the dorsomedial nucleus of ICo (DM) (Amador et al.,
2017; Horita et al., 2012; Jarvis et al., 1998; Wild et al., 1997), RA
cup projects to the surrounding area of DM within ICo comparable to

the auditory arcopallium in pigeons (Mello et al., 1998). This separa-

tion within a core and shell region is not only observed in HVC and RA
but also for LMAN and Area X (Bottjer & Altenau, 2010; Bottjer et al.,
2000; Feenders et al., 2008; Jarvis et al., 2013; Mello et al., 1998). It
seems that especially the connections of the shell regions are compara-
ble between vocal learners and nonlearners, suggesting that the shell
circuits might be the ancestral condition from which the core circuits
evolved in songbirds (Fernandez, Morales, et al., 2020). In this regard,
the HVC projection to RA might be a subdivision of the HVC shelf-Ald
circuit that has specialized for vocal control (Farries, 2001). This idea
is also supported by neurochemical similarities between these areas
as it was, for example, shown that Ald and RA share various molecular
markers (Mello et al., 2019; Nevue et al., 2020). Similarly, NCL and Al as
well as HVC and RA express Cadherin-6B, suggesting that this expres-
sion is conserved between vocal learners and nonlearners (Matsunaga
etal.,, 2008; Redies et al.,2001). Additionally, also the HVCr projection
neurons and NCL,,., projection neurons seem to have neurochemical
similarities. We could not detect any NCL,,., neurons in pigeons that
express CB, PV, or CR just as it is known that HVCg neurons seem to
be negative for these calcium-binding proteins in songbirds (Wild et al.,
2005). In birds, CB-positive neurons, for example, have been detected
in the auditory system (Kenigfest et al., 2017; Pinaud et al., 2006), in
the hippocampus (Montagnese et al., 1993; Rook et al., 2023), and in
the visual system (Heyers et al., 2008). Here, dominant CB expression
was found in structures belonging to the thalamofugal pathway but not
in the tectofugal pathway, suggesting a function-selective expression
pattern. The conserved expression of Cadherin-6B and the seeming
absence of calcium-binding proteins in both HVCga and NCL,,, neu-
rons support the idea that the HVC-RA pathway might have evolved
from the NCL-Al pathway.

Nonetheless, we want to note that our evolutionary considerations
must be regarded with caution as we only investigated one repre-
sentative of nonvocal learners (pigeons) and compared our results
to literature on mainly one representative of vocal learners (zebra
finches). To draw more generalized conclusions that apply to the entire
groups of vocal nonlearners and learners, more species of both groups
should be investigated. Although different bird species share funda-
mental principles of NCL organization such as its position within the
pallium or the occurrence of dopaminergic baskets, more subtle fea-
tures such as the size and position of subdivisions were shown to vary
between chickens and pigeons (nonvocal learners) as well as between
zebrafinches and crows (vocal learners; von Eugen et al., 2020). Thus, it
is conceivable that the NCL might also differ in other aspects between

representatives of the same group.

5 | CONCLUSION

The present study demonstrates that the intratelencephalic premotor
connections in pigeons are highly organized. While topographic NCL-
Al projections are embedded within a system of parallel modality-
specific motor loops, such a modality specificity is not present for
NCL-striatum projections. From an evolutionary perspective, we con-

clude that NCL projection neurons do not seem to constitute a
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preliminary state of specialized neurons as found in the oscine HVC,
thereby contradicting the parcellation theory. Instead, they appear to
be already specialized in a fashion that serves particular functions.
Novel techniques such as optogenetics that were recently made avail-
able in birds (Roberts et al., 2012; Rook, Tuff, Isparta, et al., 2021) can
shed light on the different roles of NCL and HVC projection neurons.
Overall, our study indicates that the auditory NCL, NIML, and Ald of
nonvocal learning pigeons resemble the oscine HVC/dNCL, LMAN, and
RA cup regions, respectively, based on their connectivity.
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