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Abstract

The sensory–motor division of the avian arcopallium receives parallel inputs from

primary and high-order pallial areas of sensory and vocal control pathways, and sends

a prominent descending projection to ascending and premotor, subpallial stages of

these pathways. While this organization is well established for the auditory and

trigeminal systems, the arcopallial subdivision related to the tectofugal visual system

and its descending projection to the optic tectum (TeO) has been less investigated. In

this study, we charted the arcopallial area displaying tectofugal visual responses and

by injecting neural tracers, we traced its connectional anatomy. We found visual

motion-sensitive responses in a central region of the dorsal (AD) and intermediate

(AI) arcopallium, in between previously described auditory and trigeminal zones.

Blocking the ascending tectofugal sensory output, canceled these visual responses in

the arcopallium, verifying their tectofugal origin. Injecting PHA-L into the visual, but

not into the auditory AI, revealed a massive projection to tectal layer 13 and other
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tectal related areas, sparing auditory, and trigeminal ones. Conversely, CTB injections

restricted to TeO retrogradely labeled neurons confined to the visual AI. These

results show that the AI zone receiving tectofugal inputs sends top-down modula-

tions specifically directed to tectal targets, just like the auditory and trigeminal AI

zones project back to their respective subpallial sensory and premotor areas, as found

by previous studies. Therefore, the arcopallium seems to be organized in a parallel

fashion, such that in spite of expected cross-modal integration, the different

sensory–motor loops run through separate subdivisions of this structure.

K E YWORD S

arcopallium, tectofugal system, avian pallium, optic tectum, vision, sensory systems, pigeon,

RRID: AB_10013220, RRID: AB_2313686, RRID:AB_2313584.

1 | INTRODUCTION

The arcopallium (Arc) is a heterogeneous multinucleated region of the

avian pallium and the source of a major descending tract: The

occipitomesencephalic tract (OM; Shanahan, Bingman, Shimizu, Wild, &

Güntürkün, 2013; Zeier & Karten, 1971). A second major descending

pallial tract is the septopallio-mesencephalic tract (TSM), which arises

from anterior and posterior regions of the apical hyperpallium (HA) of

the Wulst. Located in the ventrolateral portion of the caudal telenceph-

alon, the arcopallium has been anatomically and functionally subdivided

into a central anterior, “sensorimotor” zone, and a medial posterior

“viscerolimbic” zone (Zeier & Karten, 1971). The former includes the

anterior (AA), dorsal (AD), and intermediate (AI) arcopallium, and the lat-

ter comprises the medial arcopallium (AM), the nucleus taeniae (Tn),

and the posterior arcopallium (PoA); these last two regions are regarded

by some authors as pallial components of the avian amygdala. (Atoji,

Saito, & Wild, 2006; Cohen, 1975; Herold, Paulitschek, Palomero-

Gallagher, Güntürkün, & Zilles, 2018; Jarvis et al., 2005; Jarvis et al.,

2013; Kröner & Güntürkün, 1999; Reiner et al., 2004; Schriber, 1978;

Veenman, Wild, & Reiner, 1995; Wynne & Güntürkün, 1995). An addi-

tional ventral arcopallial division (AV) combines “viscerolimbic” molecu-

lar characteristics with connectional properties related to sensory,

associative processing (Herold et al., 2018; Mello, Kaser, Buckner,

Wirthlin, & Lovell, 2019; Shanahan et al., 2013).

The sensorimotor arcopallium, in particular AI and AD, receives

the projection from primary as well as from high-order pallial areas

related to specific sensory modalities, and is thus considered a princi-

pal associative stage in the pallial connectome (Dubbeldam & Visser,

1987; Kröner & Güntürkün, 1999; Ritchie, 1979; Shanahan et al.,

2013; Wild, Arends, & Zeigler, 1985; Wild, Karten, & Frost, 1993;

Zeier & Karten, 1971). The projections coming from auditory and tri-

geminal pathways, so far studied in detail in several taxa, seem to fol-

low a common arrangement, such that neurons from the nidopallial

field surrounding the primary sensory-recipient pallial region project,

both directly and indirectly, to specific arcopallial zones. The indirect

projection is relayed by restricted fields in the caudolateral

nidopallium (NCL; Bottjer, Brady, & Cribbs, 2000; Cohen, Miller, &

Knudsen, 1998; Dubbeldam & Visser, 1987; Kröner & Güntürkün,

1999; Leutgeb, Husband, Riters, Shimizu, & Bingman, 1996; Metzger,

Jiang, & Braun, 1998; Wild & Farabaugh, 1996), specific for each sen-

sory modality, that send parallel projections to separate AI zones: The

auditory recipient zone, the intermediate ventromedial arcopallium

(AIvm) is located in the medial part of the AI (Wild et al., 1993; medial

Aa in the owl, Cohen et al., 1998), whereas the trigeminal recipient

zone is located in the lateral part of the AI (Wild et al., 1985; Wild &

Farabaugh, 1996).

The arcopallium generates two prominent projections. The

viscerolimbic zone is the origin of the hypothalamic part of the

occipitomesencephalic tract (HOM), a prominent descending projection

to subpallial structures, including the medial and lateral hypothalamus

and the limbic areas of the striatum (Atoji et al., 2006; Davies, Csillag,

Szekely, & Kabai, 1997; Wild, 2017; Zeier & Karten, 1971). Whereas

the sensorimotor arcopallium, along with a minor contribution from the

PoA, is the origin of the OM, which reaches several thalamic, mesence-

phalic, and brain stem areas (Zeier & Karten, 1971). Notably, the

descending projections stemming from the auditory and trigeminal

zones of the AI project upon areas surrounding the thalamic and

brainstem nuclei that originate the respective ascending sensory path-

way, thus closing a long-distance polysynaptic loop that seems to main-

tain a parallel organization (Wild et al., 1985; Wild et al., 1993).

The function of these feedback pathways is clearly sensorimotor.

Neurobehavioral studies have shown that the descending arcopallial

projection to oromotor regions in the brain stem related to the

ascending trigeminal system is involved in the control of the jaw

movements and pecking accuracy (Levine & Zeigler, 1981). In awake

songbirds, neurons from the nucleus robustus of the arcopallium, the

specialized vocal area related to the AI auditory zone of oscines, drive

the brainstem motor nuclei controlling song performance, firing spike

trains that are repeated with remarkable fidelity during successive

renditions of the song (Yu & Margoliash, 1996). During sleep, these

neurons fire the same pattern in response to auditory playbacks of

the bird's own song (Dave & Margoliash, 2000). In the owl, low-

intensity electrical stimulation of the auditory responsive regions of
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the arcopallium results in a space-specific regulation of sensory

responses of tectal neurons, whereas larger stimulation elicits eye sac-

cades with specific directions and amplitudes (Winkowski & Knudsen,

2006, 2008).

The main visual input reaching the sensorimotor arcopallium

comes from the tectofugal (collothalamic) pathway (Ritchie, 1979),

which is particularly well developed in birds as it conveys the majority

of retinal input to higher visual areas. The tectofugal pathway stems

from tectal ganglion cells located in layer 13 of the optic tectum

(TeO), the axons of which project to the nucleus rotundus (Rt; caudal

pulvinar in mammals) in the thalamus, which then projects to the

entopallium (E) in the telencephalon (Benowitz & Karten, 1976;

Egedi & Tombol, 1993; Fredes, Tapia, Letelier, Marín, & Mpodozis,

2010; Hellmann & Güntürkün, 2001; Karten, Cox, & Mpodozis, 1997;

Krützfeldt & Wild, 2005; Laverghetta & Shimizu, 1999; Marín et al.,

2003; Nixdorf & Bischof, 1982). The entopallium connects reciprocally

with the ventral mesopallium lying above the mesopallial lamina

(Ahumada-Galleguillos, Fernández, Marín, Letelier, & Mpodozis, 2015;

Jarvis et al., 2013; Krützfeldt & Wild, 2004, 2005), and from the over-

lying intermediate nidopallium (NI), connections radiates to several

associative areas, including the intermediolateral nidopallium (NIL) and

frontolateral nidopallium (NFL; Husband & Shimizu, 1999), and pre-

dominantly, in accordance to the connectivity pattern described for

the trigeminal and auditory systems, to the lateral aspect of the NCL,

which in turn projects to the AI (Kröner & Güntürkün, 1999; Leutgeb

et al., 1996; Metzger et al., 1998; Ritchie, 1979). The propagation of

retinal inputs along this tectofugal pathway is controlled by competi-

tive interactions mediated in the tectum by nuclei of the isthmic com-

plex, such that only the visual activity evoked by the most salient

visual stimulus reaches the Rt and the entopallium (Marín et al., 2007;

Marín et al., 2012). Conversely, electrical stimulation of the AI in the

owl is able to bias this competition, showing that the descending

arcopallial projection exerts an important top-down modulation on

the resultant ascending tectofugal transmission (Mysore & Knudsen,

2013, 2014).

However, in spite of its relevance, a comprehensive characteriza-

tion of the connectivity relating the tectofugal pathway with the Arc

is missing. Aside from Ritchie (1979) (see also Brecha (1978) and Hunt

and Brecha (1976)), no study has explored the arcopallial regions

receiving tectofugal inputs or the descending, top-down projection

from the arcopallium to the tectum in sufficient detail: Are there spe-

cific arcopallial subnuclei receiving the tectofugal input? Is it separated

from other sensory-recipient subnuclei? What is the nature of the

visual information expressed by the neurons receiving tectofugal

input? Does the descending projection to the tectum originate from

the same arcopallial zone receiving the tectofugal input? Does this

projection go specifically to the tectum? Is this descending projection

topographic? Is there a direct projection to the isthmotectal circuit, as

suggested by the physiological data?

In the present study, we used electrophysiological and anatomical

techniques, to address these questions as well as other aspects of the

arcopallial–tectofugal interaction that so far remained unclear. We

first charted the regions of the arcopallium displaying visual responses

driven by tectofugal inputs, describing some physiological characteris-

tics of these responses, seeking to resolve whether this tectofugal

zone is spatially separate from the auditory and trigeminal regions.

Second, we investigated the direct and indirect pathways followed by

the tectofugal afferents in their route to the arcopallium, and defined

the arcopallial zones in which they terminate. Finally, complementing

previous studies showing that the descending arcopallial projection to

the mesencephalon reaches the deep layers of the optic tectum

(Davies et al., 1997; Zeier & Karten, 1971), we traced the descending

projections to the intermediate and deep layers of TeO, aiming to

determine whether this projection is topographic, and whether it spe-

cifically originates from the same arcopallial area receiving the

tectofugal input.

These are important issues regarding a “hub” region that links two

major pathways in the avian brain, the descending OM tract, and the

ascending tectofugal pathway. Our results, integrated with the previ-

ous descriptions of the pallial connectivity of the auditory and trigemi-

nal systems allow a more complete understanding of the functional

connectivity of this structure, which notwithstanding the possibility of

multiple associative interactions, seems to maintain a remarkable par-

allel organization.

2 | MATERIALS AND METHODS

2.1 | Research animals

Wild-type adult pigeons (Columba livia), of both sexes, 300–350 g of

body weight, were used in these experiments. The animals were

obtained from a local dealer and kept in an institutional animal facility

environment. All the experimental procedures were approved by the

Comité Institucional de Cuidado y Uso Animal (CICUA) of the

Universidad de Chile and conformed to the guidelines of the NIH on

the use of experimental animals in research.

2.2 | Surgical and experimental procedures

2.2.1 | Surgery

For the injections of neural tracers and recording experiments, the

pigeons were deeply anesthetized by an intramuscular injection of

ketamine/xylazine mixture (ketamine 75 mg/kg, xylazine 5 mg/kg)

and placed in a stereotaxic frame in the standard orientation used by

Karten and Hodos (1967). During the experiment, the heart rate was

continuously monitored, and the body temperature was held at

39–42�C by means of a thermoregulated electric blanket. Anesthesia

was maintained during surgery and throughout the recording process

by infusing 15% of the initial dose every 60 min, via an intramuscular

cannula. Depending on the experiment type, small windows were

opened in the bone, exposing the dorsolateral part of the tectum,

above the isthmi, or the telencephalic area overlying each region of

interest, the arcopalium, the intermediate nidopallium, the dorsal

nidopallium, or the caudolateral nidopallium.
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2.2.2 | Recordings and mapping of the visual
responses in the arcopallium

Extracellular recordings were performed in the arcopallium using tung-

sten electrodes (1–2 MΩ; FHC, Bowdoin, ME) and a multi-channel

amplifier (model 3,600, AM System Inc., Everett, WA), assembled in

conventional recording system. Data were sampled continuously at

20 kHz, with a band-pass of 3 Hz to 10 kHz, using a standard PC com-

puter with a 16-channel A/D converter board (National Instruments

Corp, Austin, TX). Data acquisition and off-line analysis were per-

formed using Igor Pro 8.0 (Wavemetrics Inc., Lake Oswego, OR).

Hand-held objects, a flashlight, and a laser pointer were used as

exploratory visual stimuli and for mapping the receptive fields (RFs)

on a plastic hemifield, fitted with engraved coordinates, centered in

the animals’ eye. For systematic data recordings, visual stimulation

consisted of static or moving small spots, squares or bars presented

on a standard monitor (75 Hz flicker rate) placed 30–50 cm in front of

the animal. Looming stimulation, simulating an approaching object,

was played as an expanding dark disc over a bright background.

Bidimensional motion consisted of moving stimuli sweeping the

screen in chosen directions. Stimulus parameters were controlled with

a computer-based stimulus generator synchronized to the recording

system (Leonardo, Lohmann Research Equipment, Castrop-Rauxel,

Germany). In the anesthetized animal, the arcopallium was identified

by its characteristic irregular spontaneous spike discharges and

spindle-like low-pass activity (Figure 1). To map the visually respon-

sive area, visual responses were recorded at successive depths in reg-

ularly spaced electrode penetrations. To subsequently visualize the

recording tracts, the electrodes were painted with a DiI solution

(Marín et al., 2012), and marking lesions (5 μA, 5 s, Midgard Precision

Current Source, Stoelting Co. Wood Dale, IL) were performed in

selected penetrations. To reconstruct the recording traces, animals

were euthanized at the end of the experiment with an overdose of

anesthesia and their brains were perfused with saline and 4% parafor-

maldehyde solution in phosphate buffer. The brains were then trans-

ferred to 30% sucrose for 3 days and cut in 45–60 μm coronal

sections. Wet sections containing the arcopallium were mounted,

examined and photographed using a light transmission microscope

(BX 60, Olympus), equipped with epifluorescent illumination, and

coupled to a digital camera (Orca R2, Hamamatsu). In cases in which

F IGURE 1 Visual responses in the arcopallium. (a) Sample of extracellular multiunit recording in the arcopallium in response to the
horizontal motion of a bright spot (2�, 15�/s) across the receptive field. Top trace, low-pass filtered activity (3–100 Hz) showing the
characteristic spindle-like activity of arcopallial recordings; bottom trace high-pass (300–10 KHz) filtered spike activity of the same
recording. Units fire spontaneous barrages of spikes before stimulation and responded continuously during visual motion. (b) Cumulative
histogram of spike activity after 15 stimulus repetitions. (c) Average correlograms between the Ipc feedback signals and the visual
responses recorded in the Arcopallium (8 paired recordings) and the entopallium (inset, 30 paired recordings, taken with permission from
(Marín et al., 2012). For each paired recording, a representative correlogram was obtained by taking the spike-triggered average (STA) of
recorded visual responses, using the spike signals of the Ipc as triggering events. Note that Ipc responses are correlated with those of the
entopallium but not with those of the arcopallium
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marking lesions had been made, the sections were processed with a

standard Nissl or Giemsa protocol. To pool penetrations from differ-

ent animals, photographed sections with reconstructed penetrations

were drawn using Neurolucida (MBF Bioscience, Williston, VT) and

transferred to standard sections of the Karten and Hodos Atlas

(Karten & Hodos, 1967). A three-dimensional (3D) reconstruction of

the nucleus with the identified recording traces was obtained using

the same software (Figure 2).

F IGURE 2 Topographic
distribution of the visual
recordings in the arcopallium.
(a) Standardized coronal sections
summarizing the visually
responsive areas in the
arcopallium. Red represents
visual responses to two-
dimensional (2D) visual motion
along reconstructed electrode
tracts. Blue represents tract
segments where no visual
responses were recorded.
Numbers below the sections
correspond to the stereotaxic
coordinates (Karten & Hodos,
1967). (b) Three-dimensional
(3D) schematics of the same
sections displayed above. The
light orange color overlying the
intermediate arcopallium
represents the dorsal division.
(c) Schematic representing the
superposition of all receptive
fields recorded in the arc. Note

that all of them are centered in
the dorsal part of the visual field.
Scale bar = 1 mm for a; 500 μm
for b [Color figure can be viewed
at wileyonlinelibrary.com]

TABLE 1 List of antibodies and research resource identifiers

Antibody Antigen Immunogen Source, Cat.#, host, and clonality, RRID Dilution

Anti-CTB CTB (cholera toxin B subunit Purified choleragenoid

(cholera toxin B subunit

aggregate)

List Biological Laboratories Inc.,

Campbell, CA; Cat# 703; goat,

polyclonal; RRID: AB_10013220

1:80,000

Anti-PHA-L PHA-L (Phaseolus vulgaris

leucoagglutinin)

Purified Phaseolus vulgaris

erythro/leucoagglutinin (E + L)

Vector Laboratories Inc., Burlingame,

CA; Cat# AS-2300; rabbit, polyclonal;

RRID:AB_2313686

1:5,000

Alexa Fluor 488 anti-rabbit

made in donkey

Rabbit IgG (H + L) Purified rabbit IgG Jackson ImmunoResearch Labs Inc.,

West Grove, PA; Cat# 711-545-152;

donkey, polyclonal; RRID:

AB_2313584

1:500
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2.2.3 | Recordings and blocking of visual activity in
the Ipc

Recording in the isthmi was achieved using the same procedures

described above for the Arcopallium, and as detailed in previous publi-

cations (Marín et al., 2007). The Ipc neurons possess circular mid-sized

(15–20�) RFs and display characteristic bursting responses to moving

stimuli, which are easily pinpointed as the microelectrode reaches the

nucleus. To investigate the possible synchronization between visual

responses in the Ipc and the arcopallium, as reported for earlier stages

in the tectofugal pathway, simultaneous recordings were performed in

both structures, with electrodes arranged to obtain overlapping RFs

so they could be stimulated with a single moving stimulus. For each

paired recording, correlation of responses was assessed by computing

spike-triggered averages (STAs) of arcopallial multi-unit activity using

the Ipc spikes as trigger events, for 10 stimulus repetitions (see Marín

et al., 2012 for details). To transiently block visual responses in the Ipc

recording location, the recording microelectrode was replaced by a

glass micropipette with a tip diameter of 12–15 μm, filled with the

AMPA/KA receptor antagonist CNQX (200 μmol in saline). Transient

inactivation was attained by injecting 5–20 microdrops (10–50 nl total

volume), using a picospritzer (Picospritzer III, Parker Hannifin, NH).

The release of the drug was monitored by the loss of visual responses

recorded at the injection site with the same pipette.

2.3 | Injection of neural tracers

Afferent and efferent projections were assessed using the neural

tracers Phaseolus vulgaris leucoagglutinin (PHA-L, 1% in 0.1 phosphate

buffer; Vector, Burlingame, CA), Cholera toxin subunit B (CTB, 0.8% in

0.1 phosphate buffer; List Biological Laboratories Inc., Campbell, CA)

and biotinylated dextran amine 3,000 MW (BDA 3k, 10% in 0.1 M

phosphate buffer; Invitrogen, Eugene, OR). Injections were performed

using glass micropipettes of 15–25 μm tip diameter, and the tracer

was released either with a picospritzer (20–50 nl) or by iontophoresis

(5–7 μA of positive current in 5 s pulses, with a 50% duty cycle, for

10–30 min. After 5–7 days of survival time, the animals were deeply

anesthetized, perfused, post-fixed overnight and transferred for

3–4 days to 30% sucrose solution for cryo-protection.

F IGURE 3 Effect of blocking the Ipc responses on the arcopallial visual responses. (a) Schematic of the experiment representing the
simultaneous recording of visual responses in the Ipc and arc, and subsequent inactivation of Ipc using CNQX; RF, receptive field; arrows
represent repeated sweeps of a moving bright dot across the RFs. (b) Top trace (blue), extracellular spike activity recorded in the visual
arcopallium in response to the horizontal sweep of a bright spot (2�, 15�/s) through the screen monitor; middle trace (black) simultaneous
recording of the visual response in the Ipc; bottom trace (blue) same recording as above after injecting CNQX (10 nl, 200 μM) in the Ipc recording
site; horizontal line represent 1 s of stimulus duration. (c) Cumulative histogram of the arcopallial responses after 15 repetitions of the visual
stimulus, before (blue) and after (red) blocking the Ipc responses. (d) Bar graph showing the decrement of visual responses in 8 arcopallial
recording sites, after Ipc blocking [Color figure can be viewed at wileyonlinelibrary.com]
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2.4 | Histological procedures

The brains were mounted in the sterotaxic plane on the stage of a

freezing sliding microtome, and 45–70 μm sections were cut in the

transverse plane. In the cases with PHA-L injections, the collected

tissue was incubated with biotinylated rabbit anti-PHA-L antibody

(Vector, Cat# BA-0224) and processed according to the avidin–bio-

tin–peroxidase method (ABC Elite Kit, Vector). In the cases with CTB

injections, the collected tissue was incubated with goat anti-CTB anti-

body (List Biological, Cat# 703, RRID:AB_10013220, for details see

F IGURE 4 Extratelencephalic projections of the visually responsive arcopallium. (a–h) Serial reconstruction of efferent fibers after a large
PHA-L injection centered in the AI region where visual two-dimensional (2D) motion responses were recorded. In the thalamus, fiber label and
terminals are observed mainly in the nucleus of the septomesencephalic tract (SPC; e), n. dorsointermediate posterior (DIP; d, e) and the
subrotundus (SRt; d, e). Note that there are no fibers terminating upon the dorsal lateral complex of the dorsal thalamus (DLA, DLL and DLM), nor
in the ventral lateral geniculate (GLv) or the Rotundus (Rt; b–e). In the pretectal region, a dense terminal field is observed in the medial spiriform
nucleus (SpM; f). In the midbrain, fibers course and terminate densely in the lateral reticular formation (FRL) and deep tectal layers, especially in
layer 13 and 11–12 (f–h). In the pons, numerous labeled fibers terminate in the lateral pontine nucleus and surrounding area (h). Scale
bar = 1 mm. See list for abbreviations
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antibody list in Table 1) and then processed following the ABC

method. In the cases with injections of Alexa-conjugated CTB, the

sections were mounted and cover-slipped using FluorSave (Merck)

for direct observation. For experiments with double or triple injec-

tions, individual tracers were revealed as follows. First, PHA-L label-

ing was revealed by incubating the sections with rabbit anti-PHA-L

antibody (1:4,000; Vector, Cat# AS-2300, RRID:AB_2313686), then

washed in PBS and incubated with Alexa488-conjugated anti-rabbit

antibody (Jackson Immunoresearch Labs Inc., West Grove, PA, Cat#

711-545-152, RRID:AB_2313584). After being washed repeatedly in

PBS, BDA was revealed by incubating the sections in a 1% solution

of Alexa350- or Alexa488-conjugated streptavidin (depending on

the case). As the Alexa555-conjugated CTB was not affected by

these procedures, the three tracers could be observed in the same

sections under the epifluorescent microscope. In all experimental

cases, selected sections or series of sections were counterstained

with Giemsa stain.

Photomicrographs were taken with a Spot (Diagnostic Instruments,

Burroughs, MI) or a Hamamatsu camera mounted on Olympus BX

60 microscopes. Layouts of microphotographs and schematics of sec-

tions with labeled fibers and neurons were drawn in Adobe Illustrator.

3 | RESULTS

3.1 | Mapping the tectofugal arcopallium

To investigate the arcopallial zones responsive to visual stimulation,

systematic multiunit extracellular recordings were performed using

regularly spaced electrode penetrations distributed across the whole

extent of the arcopallium. Visual responses were explored moving

handheld objects or a laser beam and turning a flashlight “on” and

“off” onto a tangent screen located in front of the animal. At regular

F IGURE 5 Arcopallial terminals in the optic tectum. (a) Nissl counterstained section showing PHA-L labeled terminals in the optic tectum
after the arcopallial injection shown in Figure 4. (b) Aligned Nomarski microphotograph of an adjacent section. Labeled fibers are concentrated in
layers 12 and 13 and reach up to layer 10. (c–e) Magnification of terminals in layer 13. Labeled fibers with bulbous terminals are seen in close
proximity to the large somas (arrowheads) of layer 13 neurons. Scale bar = 100 μm for a, b; 15 μm for c, valid also for d and e. See list for
abbreviations [Color figure can be viewed at wileyonlinelibrary.com]
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intervals, when distinct visual responses were recorded, a more sys-

tematic characterization of the responses was performed presenting

computer-controlled visual stimulation on a stimulus monitor. How-

ever, as the main objective of this investigation was to survey the

tectofugal responsive areas of the arcopallium, and anesthesia seemed

to dampen neural activity, an exhaustive characterization of these

responses was considered ineffectual.

In general terms, visual spike discharges in the arcopallium were simi-

lar to those recorded at earlier stages in the tectofugal pathway, that is,

the nucleus rotundus and the entopallium (Marín et al., 2012), albeit wea-

ker and variable, especially to repeated stimulation. These discharges

occurred mixed with both a very irregular background activity and a

spindle-like local wave potential (Figure 1a), which exhibited larger ampli-

tude and regularity when the animal was in states of deep anesthesia.

Visual arcopallial multiunit responses that were systematically ana-

lyzed (n = 12) were selective to visual motion stimulation and not to static

visual stimuli, such as spots and bars, turned on and off. In a typical record-

ing site, the activity rosemoderately during the stimulus movement, about

25% as much as the averaged spontaneous discharge (Figure 1b), and

lasted a few 100 ms after the stimulus stopped (Figure 1a). All sites

responded to both looming and bi-dimensional motion, but most of them

(8 out of 12) showed a higher response to looming.

Visual receptive fields were larger than 100�, encompassing

large parts of the visual field, and even though the strong response

adaptation and variability impaired the exact assessment of their

size and limits, their spatial location was particularly biased toward

the dorsal region (Figure 2c). No recorded receptive field included

the ventral most part of the visual field.

F IGURE 6 Extratelencephalic
projections of the centrolateral
arcopallium. (a–h) Serial
reconstruction of efferent fibers
after a PHA-L injection centered
in an AI region just lateral to the
visually responsive area, with
only partial overlap into the more
medially located visually
responsive zone. Similar label is
obtained as in the more medial
zone but now fibers concentrate
in the ventral part of the tectum
(f–h). Note again the absence of
descending projections upon
DLA, GLv, and Rt (c–e). Much
fewer fibers are also noted in the
area surrounding MLd (h). Scale
bar = 1 mm. See list for
abbreviations
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A systematic survey by 55 electrode penetrations revealed a con-

fined region of the arcopallium responding to visual motion stimula-

tion (Figure 2a). Reconstructions of 33 of these electrode tracts

revealed that this visually responsive region mostly encompassed the

centromedial part of both the dorsal arcopallium (AD) and the inter-

mediate arcopallium (AI; Figure 2b) including the dorsal and ventral AI

(AId and AIv), and part of AV at the most central arcopallial levels

(A 6.5 in Figure 2a). On the contrary, the PoA, the lateral part of the

AD and AI, TnA and AM did not show responses to any of the visual

stimuli used in this study. As both the tectofugal and thalamofugal

visual pathways terminate in the arcopallium, it was relevant to assess

the main source of these visual responses.

3.2 | Effect of Ipc local inactivation on visual
responses in the arcopallium

In previous studies, we showed that visual re-entrant signals from the

nucleus isthmi parvocellularis (Ipc) impinging upon TeO control the

F IGURE 7 Detail of the efferent terminals of the arcopallium in the TeO, pons and thalamus. (a,b) Photomicrographs of terminal fields in the
dorsal and ventral TeO after PHA-L injections in the central (a) and centrolateral AI (b), from cases displayed in Figures 4 and 5. (c) Labeled
terminals in the lateral pontine nucleus (PL) obtained after the same injection presented in (b). (d) Enlarged view of the pons area. (e-f)
Photomicrographs of OM fibers and terminal fields around n. ovoidalis after a PHA-L injection in the tectofugal (e) and auditory AI (f). Note that
unlike the case in (f), where labeled fibers and terminals surround the ovoidalis complex (SOv, SPO), OM fibers originated in the tectofugal
division of the AI are absent in this area. Scale bar = 500 μm for a, b, d; 250 μm for e, f. See list for abbreviations [Color figure can be viewed at
wileyonlinelibrary.com]
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ascending flow of retinal inputs through the tectofugal pathway

(Marín et al., 2007; Marín et al., 2012). This control is strong to the

point that the bursting pattern of the Ipc feedback imprints a rhythm

on the visual signals, such that the visual responses of the Rt and the

E acquire a bursting modulation significantly synchronized to the

feedback from the Ipc. In addition, preventing the feedback from Ipc

to a tectal location suppresses responses to visual stimuli presented

in the corresponding region of the visual space in both the Rt and E.

To extend this analysis to the visual responses in the Arc, we per-

formed simultaneous recordings in the Ipc and the visually responsive

areas of the Arc during visual motion stimulation (8 recording pairs in

6 pigeons; Figure 3a,b). Unlike what is found in the Rt and the E, visual

responses in the arcopallium were not synchronized to the Ipc feed-

back signals to TeO (Figure 1c), perhaps reflecting the multi-synaptic

character of the arcopallial responses. Nevertheless, as found in the

Rt and the E, blocking the visual responses locally in the Ipc with

CNQX (50 nl 0.2 MM, 8 experiments, 6 pigeons) produced a strong

decrement, and in some cases completely abolished the arcopallial

responses evoked from the visual area corresponding to the tectal

regions deprived of the Ipc feedback (Figure 3c,d). The distribution of

F IGURE 8 Extratelencephalic projections of the medial arcopallium. Serial reconstruction of efferent fibers resulting from a PHA-L injection
located medial to the visually responsive arcopallium. As this area corresponds to the auditory region, terminals are mostly distributed
surrounding auditory structures, such as the shell of the nucleus ovoidalis and the nucleus intercollicularis. Note that only a few scattered fibers
are seen in the tectum, all restricted to its dorsal aspect. Scale bar = 1 mm. See list for abbreviations
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visual response decrements in the deprived area had a median of 80%

(Figure 3d). This result indicates that the visual responses that we

recorded in the arcopallium were controlled by the Ipc feedback to

TeO, and thus derived from the tectofugal pathway.

3.3 | Anterograde tracing of the arcopallial
projections to TeO

We next investigated whether the visually responsive area of the

arcopallium is the source of the descending projection to TeO.

Injections of the neural tracers PHA-L and BDA 3k in the

arcopallial regions displaying motion sensitivity showed abundant

labeled fibers that descended through the OM tract to the thalamus,

mesencephalon, and brain stem (Figure 4). In the tectum, labeled

axons formed a dense band of terminals in the deep layers (Figure 4f–h),

including the periventricular gray (SGp). In coronal sections, individual

labeled fibers entered the stratum album centrale and coursed horizon-

tally for several hundred microns, spreading numerous branches along

their path, with varicose, and bulbar endings (Figures 5 and 7a,b). These

fibers and terminals were distributed between tectal layers 11 and

15, being especially dense in layer 13, with some fibers reaching up to

layer 10 (Figure 5a,b). In Nissl counterstained material, the terminal vari-

cosities, and bulbar endings were frequently found in close apposition

with cell bodies (Figure 5c–e). However, as the same structures were also

found in the space between cell bodies, a specific contact between these

elements was not evident.

F IGURE 9 Retrograde neuronal tracing after a CTB injection in the central tectum. (a–e) Serial reconstruction of labeled neurons in the
arcopallium. Cells distribute in the central AI, in an elongated field spanning AId to AV. (f) Injection site. (g) Microphotograph of a coronal
section showing CTB labeled cells arranged in an elongated field across the AI and AV. Scale bar = 1 mm for drawings; 200 μm for (g). See list for
abbreviations
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All injections (n = 10) located in the visually responsive arcopallium,

which included the centromedial parts of AD and the AI, produced

labeled fibers concentrated in the central and dorsal tectum, with a very

sparse fiber label in the ventral tectum. This was especially evident in

coronal sections, where a clear gradient was observed between the

dorsal part of the tectum, bearing a dense fiber plexus, and the ventral

tectal regions with few labeled fibers. Larger injections in the visual

arcopallium, involving more lateral regions, produced some label in the

ventral tectum but with a clear bias towards the dorsal tectum. This

bias was observed in injections performed in anterior as well as poste-

rior regions of the visually responsive Arc, in accordance with the dorsal

location of the visual receptive fields recorded in those areas (Figure 2).

In many cases, the transition limit, below which almost no fibers were

found, corresponded approximately to the tectal boundary that demar-

cates an opposite shift in the thickness of the tectal layers four and five.

This boundary extends from anterior ventral tectum to posterior dorsal

tectum and approximately coincides with the representation of the hor-

izontal meridian (Hayes & Webster, 1985).

To investigate whether more lateral injections produced a differ-

ent result, two pigeons received PHA-L injections in the arcopallial

region that was laterally adjacent to the main visually responsive zone,

one through the usual vertical approach and the other through a hori-

zontal penetration from the lateral telencephalon. In both cases, the

labeled tectal fibers were clearly confined to the ventral part of the

tectum (Figures 6 and Figure 7b), terminating also within layers

13–10. Such a restricted field of terminals was never observed in

F IGURE 10 Retrograde neuronal tracing after a CTB injection in the ventral tectum. (a–f) Serial reconstruction of labeled neurons in the
arcopallium. Presumably because of some tracer spillage along the vertical tract, cells are more widespread and perhaps more numerous in the
AId, AIv, and AV than in the case shown in Figure 8. However, they clearly extend more laterally than the visually responsive area. Scale
bar = 1 mm for drawings; 200 μm for (g). See list for abbreviations [Color figure can be viewed at wileyonlinelibrary.com]
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more medial injections, which produced terminal fields covering most

part of the central and dorsal tectum.

With respect to other descending targets, injections in the

tectofugal arcopallium produced strong fiber label in the nucleus of

the septomesencephalic tract (SPC) and other areas of the dorsal thal-

amus, including nucleus dorsointermediate posterior (DIP) and the

subrotundus (SRt; Figures 4 and 5). It is noteworthy that there were

no fibers terminating upon the principal optic nucleus of the thalamus

(OPT), the ventral lateral geniculate (GLv), the Rotundus, and the Peri-

rotundus. In the pretectal region, numerous terminals were observed

in the medial spiriform nucleus (SpM), but not in nuclei that receive

afferents from the tectum, namely, the pretectalis (Pt) and sub-

pretectalis (SP) nuclei, the magnocelular (LMmc), and parvocelular

(LMpc) mesencephalic lentiform nuclei, the interstitio-pretetecto-

subpretectalis nucleus (IPS) and the nucleus of the basal optic root

(nBOR). In the midbrain tegmentum, abundant terminal fields were

observed in the lateral reticular formation (FRL), periaqueductal gray

(GCt), and in the locus coerulus (LoC). In the isthmic region, labeled

fibers ascended from the ventral tegmentum toward nucleus inter-

collicularis (ICo) and ventral tectum, surrounding the Ipc and the Imc,

F IGURE 11 Topography of the arcopallial projection to the tectum. (a–h): Serial reconstruction of retrograde labeling in the arcopallium after
a double injection of Alexa-conjugated CTB in the dorsal (Alexa-555) and ventral (Alexa-488) tectum. Labeled neurons from the dorsal injection
(red) form a more medial band than the ventral injection (light blue). (c1) Microphotograph of the two labeled populations corresponding to the
section represented in (c). Scale bar = 1 mm for drawings; 200 μm for (c1). See list for abbreviations [Color figure can be viewed at
wileyonlinelibrary.com]
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without entering into these isthmic nuclei. Labeled fibers were not

found in the nucleus semilunaris (SLu), nor were they found in nucleus

isthmo-optic (IOn).

In the pons, numerous labeled fibers were observed surrounding

the lateral pontine nucleus, with terminals clearly ramifying and end-

ing within the nucleus itself (Figure 7d). No labeled fibers coming from

the tectofugal area were observed caudal to the pons.

3.4 | Injections in arcopallial regions surrounding the
tectofugal arcopallium

The preceding experiments consistently showed that the source of

the descending projection to the tectum corresponds to the visually

responsive arcopallial zone in the central part of the complex, plus a

more lateral region, which in spite of being visually unresponsive, spe-

cifically projected to the ventral TeO. Tracer injections into regions

further anterior or posterior to the visually responsive arcopallium

failed to reveal any evident projections upon the optic tectum. Nota-

bly, injections restricted to medial most aspects of the AI (n = 3;

Figure 8), corresponding to the auditory arcopallium, produced dense

terminal labeling in the areas surrounding the auditory nucleus

ovoidalis (Ov, Figure 7e,f), as previously described (Wild et al., 1993),

but almost no label in TeO, except few scattered fibers in the deepest

tectal layer surrounding the ventricular zone (Figure 8f–h). In the teg-

mentum, most fibers separated from the OM bundle and entered the

intercollicular zone spreading dense terminal fields within this struc-

ture surrounding the nucleus MLd (Figure 8g,h). Additionally, some

labeled fibers were observed in the lateral region of the pons without

reaching the lateral pontine nucleus.

On the contrary, injections restricted to the visually responsive

arcopallium, which produced labeling of fibers in the tectum, spared

auditory targets, especially the Ov and its surrounding area in the thal-

amus (Figure 7e). In this case, most axons followed the OM course

below Ov in route to the midbrain tegmentum, where most of the

F IGURE 12 Fiber terminals from the visual caudolateral nidopallium overlapping with tectal projecting neurons in the intermediate
arcopallium. (a–c) Photomicrograph series of coronal sections (Giemsa counterstained on the left) showing anterogradely labeled terminals in the
arcopallium after an injection in the tectofugal visual NCL (black labeling), and retrograde labeled neurons after a CTb injection in the central–
dorsal TeO (brown labeling; injections are shown in Figure 12). Both fibers and cells are concentrated in the AId, AIv, and AV, sparing
AD. Presumably because the injections are not completely in register, the overlap of cells and fibers is only partial in the anterior–posterior
dimension. Scale bar = 500 μm, valid for all images. See list for abbreviations [Color figure can be viewed at wileyonlinelibrary.com]
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fibers entered the stratum album centrale. Also, fewer fibers were

observed in the ICo and other auditory areas surrounding the dorsal

nucleus mesencephalicus lateralis (MLd; Figures 4 and 6). Likewise,

neither PHA-L injections involving the auditory nor the tectofugal

arcopallium produced labeled fibers in areas related to the trigeminal

pathway.

3.5 | Retrograde tracing of the arcopallial projection
to TeO

The source of the arcopallial projection upon the optic tectum was

reexamined retrogradely by performing restricted Cholera toxin (CTB)

injections into the tectum. The pattern of labeling obtained was con-

sistent with the anterograde tracing described above (Figures 9–11).

The major difficulty encountered in this part of the study, espe-

cially for injections aiming to the ventral tectum, was the spread of

the tracer into areas underlying the tectum, such as the periventricular

region, the lateral margin of the ICo, the reticular formation and the

tectal ventricle. Spread of tracer into the lateral margin of the ICo

resulted in more extensive labeling in the arcopallium that included

the auditory Arc. In instances with leakage of tracer near the ventricle,

far more extensive labeling of Arc was found. The charting presented

here preferentially includes those instances in which the tracer was

confined to the optic tectum.

Figure 9 shows the distribution of retrogradely labeled neurons

within the arcopallium as seen in coronal sections following an injec-

tion of CTB into the lateral aspect of the ipsilateral optic tectum. The

majority of retrogradely labeled neurons were contained within a

restricted volume spanning the AId and AIv, without invading AD

(Figure 9c,d). In the rostrocaudal axis, the labeled neurons occupied a

fair extent of AI and included the AV at more central levels. In all

cases, neurons labeled in the dorsal zone were slightly larger than

those located more ventrally.

A larger injection in the ventral tectum, charted in Figure 10,

shows a wider distribution of neurons clearly displaced to the lateral

side of AId and AIv with some scattered neurons in AV. The lateral

displacement was more evident in central sections (Figure 10c,d), as

neurons in anterior and posterior sections looked more dispersed. This

wider distribution may be explained by tracer leakage through the

vertical pipette tract used to reach the ventral tectum.

Figure 11 represents the location of labeled neurons after a dou-

ble injection of fluorescent conjugated CTB into the dorsal and ventral

TeO, the latter using a lateral approach. As expected from the antero-

grade tracing and the previous tectal injections, neurons labeled by

the ventral injection were located more laterally in the AI compared to

those labeled by the dorsal injection (Figure 11b,c). As both injections

were well confined, the location of labeled neurons did not signifi-

cantly extend to lateral aspects of the AI, nor medially into the audi-

tory region of the AI.

F IGURE 13 Afferent terminals from the intermediate nidopallium (NI) and the visual caudolateral nidopallium (NCL) co-localize with efferent
tectal projecting neurons in the intermediate arcopallium. (a–c) Coronal sections showing the injection sites in the NCL (BDA revealed with Alexa-
340 streptavidin, blue), NI (PHAL revealed with fluorescent conjugated secondary antibody, green) and tectum (Alexa-555 conjugated CTB, red).
(d): Photomicrograph of a coronal section through the arcopallium showing, in bright green, terminals from the NI (more evident in the AId), blue
terminals from the NCL in the AId, and AIv, intermingled with tectal projecting neurons (red) in the visual region of the AI. The overlap between
terminals and cells is more evident within the medial portion of AId. Note also that the cells in the ventral half of the AId vary greatly in
morphology, with larger cells in the lateral third than in the more medial portions of the nucleus. Scale bar = 1 mm for (a–c); 500 μm for (d). See
list for abbreviations [Color figure can be viewed at wileyonlinelibrary.com]
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Aside from this topography in the dorsal–ventral tectal axis, no obvi-

ous topographical organization was detected on the basis of small single

injections distributed in the anterior–posterior axis (8 injections). In gen-

eral, the smaller the injection volume in the optic tectum the smaller the

number of retrogradely labeled cells in the AI. Nevertheless, as no double

injections displaced in the anterior–posterior axis were attempted, a

topographic organization along this axis cannot be discarded.

The projections of the arcopallium upon the optic tectum appear

to be exclusively ipsilateral. Accordingly, no labeled neurons were

found in the contralateral arcopallium following injections confined to

the optic tectum.

3.6 | Tectofugal inputs to the arcopallium

Previous studies have shown that the arcopallium receives sensory

inputs mainly via two routes: Direct inputs originating in the shell

surrounding the primary, thalamo-recipient pallial areas, and indirect

inputs relayed by specific subareas of the caudal nidopallium, via the

dorso-arcopallial and fronto-arcopallial tracts. In the case of the

tectofugal pathway, direct afferents originate from the NI, which over-

lies the entopallium, and indirect afferents from a lateral zone in the

NCL, which also receives projections from the NI. To investigate the

distribution of the input terminals coming from the tectofugal areas

with respect to the output neurons projecting to the tectum, we com-

bined anterograde injections of BDA 3 k and PHA-L into the NCL and

NI, with retrograde injections of CTB into the tectum (2 pigeons).

The BDA injection into the NCL produced mesh of terminals con-

centrated in the AId and AIv, within the tectofugal area previously

defined, with some terminals extending ventrally to AV (Figure 12).

Fibers entered through the medial and dorsal aspect of the arcopallium

without leaving clear ramifications or terminals within the AD. A clear

site of fiber terminals was also observed outside the arcopallium, in the

F IGURE 14 Auditory and tectofugal AI regions are segregated in the medial–lateral axis of the AI. (a,b) Schematic (a) and coronal
section (b) of injection sites of dextran amine in the auditory Nd (magenta) and BDA in the tectofugal NCL (revealed with green streptavidin).
(c) Schematic of the photomichrograph region displayed in (d), which shows the fluorescent-labeled terminals in the AI. Although partially
overlapped, the magenta and green terminal fields are separated, with the auditory terminals from the Nd occupying a more medial region of the
AI than the tectofugal terminals (e). Scale bar = 1 mm for (a–c); 500 μm for (d) [Color figure can be viewed at wileyonlinelibrary.com]
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ventral nidopallium, above the junction between the Arc and the lateral

striatum. The tectal injection produced cellular labeling in a region

extending from AId to AV, starting somewhat below and posterior from

the field of terminals. This relative displacement was presumably pro-

duced by the position of the tectal injection, suggesting that there is a

topographic order in the anterior–posterior axis.

After revealing the three tracers using fluorescent secondary anti-

bodies and streptavidin (Figure 13), NI terminals were found to be

confined to the AId, fairly superimposed with the terminals coming

from NCL, which also extended more laterally in the AIv and part of

the AV. In general, the location of the afferent terminals is consistent

with the location of the efferent cells to TeO and the mapping of the

visually responsive arcopallium.

To corroborate that the tectofugal and auditory inputs termi-

nate in separate divisions of the Arc, we injected different neural

tracers in the auditory Nd and the tectofugal NCL, in one pigeon

(Figure 14). The specific location of each injection was validated

through retrogradely labeled neurons restricted to layer L1 of the

field L, in the first case, and to the NI above the entopallium, in the

second. As shown in Figure 14, in spite of substantial overlap, the

auditory and tectofugal terminal fields are clearly displaced in the

medial–lateral axis of the AI, with the auditory terminals invading a

more medial AI region.

4 | DISCUSSION

In the present report, using multiunit extracellular recordings and

neural tracing, we were able to establish that the tectofugal recipi-

ent zone in the sensorimotor arcopallium is located in the central

part of the intermediate division, much in agreement with Ritchie

(1979). Neurons in this area showed motion-sensitive visual

responses bearing the general characteristics of those recorded at

earlier stages of the tectofugal pathway: The entopallium and the

n. rotundus. We determined that these responses were indeed

driven by tectofugal inputs because blocking the Ipc feedback to

TeO, a procedure that blocks tectofugal transmission, abolished

them. Injections of PhA-L into this “tectofugal” arcopallium labeled

a dense terminal field in the deep layers of the tectum and several

regions in the brain stem, visibly sparing auditory, and trigeminal

areas. Conversely, injections restricted to the TeO labeled neurons

confined to the tectofugal arcopallium. Furthermore, the tectofugal

arcopallium has a clear stratification in the dorsoventral domain, as

the descending projection arises exclusively from the AI and not

from the AD. These results indicate that the tectum receives a top-

down, visual modulation from the arcopallium that is directly linked

to the feedforward, ascending tectofugal visual activity. They also

show that, in spite of cross-modal interactions that might exist

before the arcopallial stage and within the arcopallium itself, the

arcopallium is organized in a remarkably parallel fashion, such that

different sensory–motor feed-forward loops run through separate

subdivisions of the nucleus.

4.1 | Anatomical and functional organization of the
tectofugal arcopallium

The present report confirms the original Zeier and Karten (1971) find-

ing that the arcopallium is a major source of telencephalic input to the

optic tectum in birds. We could further assess that the projections

from the arcopallium upon the optic tectum involved a restricted zone

within the central part of the sensorimotor arcopallium that also

received the ascending tectofugal input. In general, this zone

included a region of slightly larger and darkly stained cells identi-

fied by Ritchie (1979) as the nucleus arcopallium intermedium

ventralis pars dorsalis lateralis (Avdl), and recognized by her as the

arcopallial region receiving tectofugal input. We found tectofugal

visual responses in the AD and the AI of this region, these being

responses clear and consistent across penetrations and individuals.

Notably, unlike this earlier tectofugal stages, visual responses in the Arc

were not synchronized to the Ipc feedback to TeO, denoting additional

synaptic processing.

Our anterograde and retrograde tracing showed that only neurons

in the AI and part of the AV projected to the tectum, without involve-

ment of the AD portion of the tectofugal arcopallium. No terminal

fields were observed in the AD after injections in the NCL and the NI,

which produced dense terminals fields in the AId, and AIv in the first

case, and only in the AId in the second. In some sections (see

Figure 12), the terminal fields seemed to split dorso-ventrally, resem-

bling the two, medially located terminal fields (AIdm and AIvm)

described for the auditory-recipient region (Wild et al., 1993). It is pos-

sible that the visual responses attributed to AD were indeed located in

the AId. However, our electrolytic lesions aimed to mark the upper limit

of the visual activity consistently included the AD. Thus, neurons in AD

may have dendrites extending to AId, or receive contacts from NCL

and NI terminals crossing AD. Although the AD has no downstream

projections, it is the arcopallial output field to several telencephalic tar-

gets, including the Wulst, the NI, the NCL, and the lateral striatum

(Kröner & Güntürkün, 1999; Veenman et al., 1995). The last projection

is very prominent and would thus relay visual and/or visuomotor signals

to the basal ganglia (Kröner & Güntürkün, 1999; Veenman et al., 1995).

On the other hand, neurons in the AV subdivision project to several tar-

gets in addition to TeO, including the NI, the NCL, the Wulst, and

frontal–dorsal mesopallium (Atoji & Wild, 2012, our own data).

With respect to the thalamofugal pathway, the visual pathway

that connects the retina with the Wulst (or hyperpallium) via the dor-

sal part of the thalamic lateral geniculate nucleus (GLd; Karten, Hodos,

Nauta, & Revzin, 1973), it is intriguing that on–off visual responses that

could be attributed to this pathway (Jassik-Gerschenfeld, Teulon, &

Ropert, 1976) were not recorded in the arcopallium. There are specific

and mixed sources of thalamofugal visual inputs to the Arc. The specific

sources includes a direct projection from the hyperpallium (H) and dor-

sal mesopallium (MD, according to Jarvis et al., 2013; Shimizu, Cox, &

Karten, 1995) and an indirect projection from the hyperpallial represen-

tation in the NCL, which like the other sensory-recipient NCL regions,

projects to the arcopallium (Kröner & Güntürkün, 1999). The mixed

projections originate from the NI and mesopallial zones that project to

18 FERNÁNDEZ ET AL.



the Arc and receive hyperpallial and tectofugal inputs. The arcopallial

region receiving direct input from the hyperpallium seems to coincide

with the most lateral aspect of the tectofugal arcopallium (Shimizu

et al., 1995), which did not show visual responses. Perhaps the anesthe-

sia dampened these responses, or they require specific visual contexts,

multimodal sensory stimulation, or that the animal engages in some

visuomotor behavior. In any case, it is notable that the thalamofugal

and the tectofugal systems both converge in an arcopallial region

projecting to the ventral TeO and therefore devoted to the frontal bin-

ocular visual field. Both pathways also converge in TeO itself (Casini,

Porciatti, Fontanesi, & Bagnoli, 1992; Karten et al., 1973; Miceli,

Reperant, Villalobos, & Dionne, 1987), especially in the deeper layers,

where TGC cell bodies are located. It would be of great importance to

compare the detail of their termination at the cellular level, and the

effect and behavioral contingencies of each pathway's activity.

4.2 | Spatial organization of the arcopallial projection
to the optic tectum

The visually responsive Arc responded to stimuli presented in the dor-

sal part of the visual field and projected densely to the central and

dorsal tectum, where this part of the visual field is represented

(Figures 2 and 4). However, our tracing experiments showed that

regions laterally adjacent to the visually responsive area projected to

the ventral tectum (Figures 5 and 7). These results indicate that the

visual recordings missed this part of the tectofugal zone, perhaps

because this region is more affected by the anesthesia, which clearly

depressed visual responses, or, as proposed above for the

thalamofugal system, neurons in this zone discharge under more spe-

cific sensory or motor contexts. In any case, the results clearly rev-

ealed a gross reciprocal topographic correspondence between the

ascending and the descending projections, such that activity arising in

the superior tectum or inferior tectum will activate a descending mod-

ulation directed to the same tectal region, notwithstanding a strong

bias to the superior tectum.

The arcopallial terminals in TeO distributed in layers 11–13, with

some axons reaching up to layer 10. The densest projection appears

to be upon layer 13, which supports the possibility that the arcopallial

top-down modulation is mainly directed to the neurons of origin of

the ascending tectofugal transmission. If that were the case, the

biased dorsal/ventral topography of the arcopallial descending projec-

tion may represent the differential dorsal–ventral distribution of the

TGC types (Hellmann & Güntürkün, 2001; Karten et al., 1997; Marín

et al., 2003). Under this hypothesis, the activity of a certain TGC type

could elicit an arcopallial descending modulation specifically directed

to the same TGC type. To accomplish that, the identity of each TGC

channel should be kept separate throughout the entire tectofugal

pathway, a condition at least fulfilled at early stages. The Rt possesses

at least three (though possibly more) subdivisions (Benowitz & Karten,

1976; Mpodozis et al., 1996): Dorsal anterior (RtDa), central (RtCe),

and the posterior (RtPost). The RtDa and RtCe receive the projection

of Type I TGCs in the tectum, which contain subtypes that are

presumably specific for each of these subdivisions (Hellmann &

Güntürkün, 1999, 2001; Karten et al., 1997; Marín et al., 2003). Type

I TGCs are very numerous and are more densely located in the ventral

tectum. Correspondingly, neurons in the RtDa have RFs biased to the

ventral and frontal part of the visual field. RtCe has RFs more centrally

located, and it may receive the projection of different Type I TGCs.

RtPost, on the other hand, receives the projection of Type II TGCs,

which seem to have a distribution biased to the dorsal tectum, and

consequently, RFs in RtPost are mostly located in the dorsal visual

field. The Rt neurons keep this organization in their projection to the

entopallium, such that the representation of each subdivision can be

identified along the rostrocaudal axis of this nucleus, with the RtPost-

recipient part located posterior and the RtDa-recipient part located

anteriorly in the nucleus (Fredes et al., 2010; Laverghetta & Shimizu,

2003). The entopallium connects reciprocally and topographically with

the ventrolateral mesopallium (MVL; Jarvis et al., 2013; Krützfeldt &

Wild, 2004, 2005), forming a system of radially organized axons that

leave collaterals in the NI, located in-between both structures

(Ahumada-Galleguillos et al., 2015). The NI is the main output layer of

this system, and due to the radial arrangement of its inputs, it inherits

the TGC based topography of the entopallium. The NI broadcast the

tectofugal output to several telencephalic areas, including the Wulst,

the lateral ventral intermediate mesopallium (MIVI) that surrounds the

MVL, the arcopallium and the lateral nidopallium, which comprises the

frontal lateral nidopallium (NFL), the intermediate lateral nidopallium

(NIL), and the caudal lateral nidopallium (NCL; Husband & Shimizu,

1999; Ritchie, 1979). Previous works suggested that the NI (consid-

ered as Ep and Ep2) projection to the lateral pallium was segregated in

the anterior–posterior axis, such that the anterior NI projected to the

NFL, the central NI to the NIL, and the posterior NI to the NCL

(Husband & Shimizu, 1999). However, Fernández et al. (2019) have

shown that the entire NI projects to each of its targets including the

mentioned nidopallial areas and the Arc, and therefore, a complete

representation of the Rt subdivisions should be expected in all struc-

tures. Nonetheless, in accordance with Husband and Shimizu (1999),

Fernández et al. (2019) also found that the RtDa-related zone in the

anterior NI projects more densely to the NFL than to the NCL. In addi-

tion, the RtCe projection seems to be heavily oriented to the striatum,

which may thus leave a weak representation of this division in the

NI. Thus, the NCL and the Arc may receive a biased representation of

the Rt, with an over-representation of the posterior subdivision. As a

result of this parallel organization, Type I and Type II TGCs may

receive a top-down modulation that is specifically linked to their

respective ascending activity, and the dorsal–ventral correspondence

reflects in part the differential distribution of these cells in the tectum.

In other words, assuming an enlarged representation of the posterior

Rt division in the Arc, the descending projection to TeO would be

biased to the dorsal tectum, in as much the Type II TGCs in this region

are more densely distributed. Nevertheless, even if this was the case,

a gross spatial topography within each channel might be maintained,

in view of the fact that in other species such as the owl, the arcopallial

modulation of the tectal sensitivity seems to be topographically orga-

nized and spatially restricted (Mysore & Knudsen, 2013, 2014;

Winkowski & Knudsen, 2006, 2008).
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4.3 | Parallel organization of the sensorimotor
arcopallium and the avian DVR

Despite the complexity of sensory processing in the avian telencepha-

lon, the different sensory modalities seem to follow a common pattern.

In the case of the DVR, the primary recipient pallial fields are the visual

entopallium, the auditory Field L and the trigeminal basorostral nucleus

(Bas; Jarvis et al., 2005; Reiner et al., 2004). These nidopallial regions

share several molecular and embryological characteristics, and at early

stages of development are disposed in a continuous nidopallial lamina,

called intercalated pallium (Jarvis et al., 2013). Each of these primary

sensory areas connects with neurons in the nidopallium and ventral

mesopallial fields forming a radial pattern of reciprocal connections

(Ahumada-Galleguillos et al., 2015; Bottjer et al., 2000; Dubbeldam &

Visser, 1987; Jarvis et al., 2013; Krützfeldt & Wild, 2004, 2005; Wang,

Brzozowska-Prechtl, & Karten, 2010). The nidopallial field overlying the

respective sensory-recipient nidopallial nuclei is the main output layer

of each system, which broadcast the sensory activity to several telence-

phalic areas, as described above for the tectofugal system, especially to

the AI and the nidopallium in the caudal telencephalon. In the case of the

auditory system, the layer 2a of Field L, in receipt of the thalamic auditory

fibers, connect reciprocally with the caudal mesopallium (MC), and axons

from both fields ramify in L1, which is sandwiched in between (Wang

et al., 2010). This layer along with L3, which also receives fibers from

MC, constitutes the output of this system and both send fibers to AI and

to the dorsal nidopallium (Nd) medial and contiguous to the NCL (Wild

et al., 1993). A similar hodology is observed for the trigeminal system,

where the nucleus basalis, in direct receipt of fibers from the dorsal prin-

cipal trigeminal nucleus, connects reciprocally with the frontoventral

mesopallium (MFV) and projects to the frontotrigeminal nidopallium

(NFT) which, laying above basalis and receiving afferents from the MFV,

project to theNCL and AI (Dubbeldam&Visser, 1987;Wild et al., 1985).

The work of Metzger et al. (1998) in the chick and Kröner and

Güntürkün (1999) in the pigeon showed that the Nd-NCL constitutes

a major high-order telecephalic region where different afferent sen-

sory systems are received in widely overlapping yet separable distinct

zones. In addition to feedback to the output fields of the respective

sensory system and to the overlying mesopallium, each NCL zone pro-

jects to the sensorimotor AI via the dorsal arcopallial tract. The audi-

tory Nd fibers terminate in the medial part of the AI (Aivm of Wild

et al., 1993) whereas the trigeminal NCL fibers terminate in the lateral

aspect of the AI (Wild et al., 1985; Wild & Farabaugh, 1996). These

terminal fields overlap with the fibers coming directly from the output

fields of each primary nidopallial area. The present results along with

Ritchie (1979) add to these previous findings showing that the

tectofugal system, through an analogous direct and NCL-mediated

connectivity, reaches an intermediate region in the AI, between the

auditory and trigeminal recipient field (see schematics in Figure 15).

Therefore, the intermediate arcopallium replicates in the medial–

lateral axis the organization of overlapping, yet separate sensory fields

observed in the Nd-NCL region. Remarkably, this parallel organization

is largely maintained in the arcopallial descending projection conveyed

by the OM tract, as neurons within the terminal fields of the different

sensory Arc subdivisions project back to the specific sensory struc-

tures that originate the ascending projection, and not to those per-

taining to the other systems (Figure 15). Interestingly, the arcopallial

fibers terminate around the primary sensory nuclei rather than termi-

nating within the nuclei themselves. Thus, fiber terminals from the

auditory Aivm form dense terminal fields in the shell of the nuclei

ovoidalis (SOv) and semilunaris paraovoidalis (SPO) of the thalamic

ovoidalis complex (Wild et al., 1993). Also, terminals are located in the

mesencephalic nucleus intercollicularis (ICo), in the interface region

that surrounds MLd and in the “shell” region surrounding the dorsal

and ventral nuclei of the lateral lemniscus. Likewise, the descending

fibers from the arcopallial trigeminal field terminate in premotor neu-

rons of the parvicellular reticular formation (Rpc) and around the tri-

geminal brainstem complex, and not into the nuclei themselves

(Arends & Dubbeldam, 1982; Berkhoudt, Klein, & Zeigler, 1982; Wild

et al., 1985; Wild & Krützfeldt, 2012). In the case of fibers from the

tectofugal AI, they terminate in structures surrounding the Rt in the

dorsal thalamus, keeping up with this rule. However, in so far as these

fibers may contact the TGC neurons, they would constitute an inter-

esting exception.

4.4 | Comparison with other vertebrates

The different domains of the sensorimotor arcopallium maintain the

parallel organization of the sensory system pathways observed at ear-

lier stages. Several researchers have hypothesized that precursors of

these pathways were present in stem amniotes and they further

evolved in the respective collothalamic pathways observed in extant

sauropids and mammals (Butler, 1994; Butler, Reiner, & Karten, 2011;

Güntürkün & Bugnyar, 2016; Jarvis et al., 2005; Jarvis et al., 2013;

Karten, 1991; Reiner et al., 2004). Under this view, the sensory-

recipient pallial fields in the avian DVR are equivalent to the lateral,

collothalamic-recipient regions of the neocortex of mammals, and by

extension, the sensorimotor arcopallium would be equivalent to

premotor or motor cortical areas (for a different perspective see

Puelles et al., 2000). However, there have been different thoughts as

to whether this equivalence involves these structures as a whole or

might instead be circumscribed to specific circuits and layers. An influ-

ential idea proposes that cell types and connections across stages in

each sensory pathway of the avian pallium are homologous to those

formed across layers in the mammalian neocortex (Karten, 1991;

Karten & Shimizu, 1989; Reiner, 1991; Wang et al., 2010). In this view,

the thalamo-recipient neurons of the entopallium, Field L and Bas

would be homologous to layer IV neurons of the corresponding visual,

auditory, and trigeminal cortices, whereas the AI neurons that give rise

to the OM tract would be homologous to the extratelencephalic projec-

tion neurons of cortical layers V and VI. Although this hypothesis is

supported by abundant hodological, morphological, and molecular data

(Chen, Winkler, Pfenning, & Jarvis, 2013; Dugas-Ford & Ragsdale,

2015; Dugas-Ford, Rowell, & Ragsdale, 2012; Jarvis et al., 2013; Mello

et al., 2019; Pfenning et al., 2014), the lack of descending connections

from the primary pallial sensory structures to the thalamic sensory neu-

rons that project upon the telencephalon is intriguing, and challenges
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the existence of a layer VI equivalent population in the avian DVR. This

reciprocal connectivity is a prominent characteristic of the mammalian

neocortex, where primary sensory areas receive thalamic afferents to

granular layer IV and pyramidal neurons from layer VI return a projec-

tion to the afferent neurons in the thalamus. In the case of the mamma-

lian tectofugal system, layer IV neurons in the posterior temporal

cortex (TP or POR) receive the rotundal (caudal pulvinar) afferents, and

neurons mainly from layer VI project back to the pulvinar, presumably

to the same cells that originate the ascending input (Abramson &

Chalupa, 1985; Bennett et al., 2019; Deichler et al., 2018; Robson &

Hall, 1977; Zhou, Maire, Masterson, & Bickford, 2017). This projection

also exists in the avian thalamofugal visual and somatosensory

pathways, as the visual and the somatosensory divisions of the Wulst

(the presumptive homologues to the primary visual and somatosensory

cortices) emit descending projections back upon their respective affer-

ent nuclei in in the thalamus, the GLd (Miceli et al., 1987; Miceli et al.,

2008) and DIVA (Wild & Williams, 2000). On the other hand, cell

homology between AI and Layer V may find support in the AI projec-

tion to the SRt and surrounding thalamic areas, including those around

ovoidalis, which by hodological criteria can be considered equivalent to

second-order or matrix thalamic nuclei. In mammals, these nuclei are

specifically targeted by neurons from cortical layer V. Like layer V neu-

rons, the AI also gives rise to long-range descending projections to the

midbrain tectum and tegmentum, as well as to the lateral pons.

F IGURE 15 Parallel organization of the sensorimotor arcopallium and the avian DVR: Schematic showing the parallel connectivity maintained

by the trigeminal, auditory, and visual tectofugal pathways, represented in different colors, in their route to the arcopallium. Each sensory zone in
the AI projects, through the OM tract, back to the region surrounding, or near the respective extratelencephalic ascending source and related
premotor areas [Color figure can be viewed at wileyonlinelibrary.com]
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Furthermore, recent receptor and gene expression studies have shown

a close similarity between regions of the arcopallium, including AI, and

cortical layer V–VI cell populations (Chen et al., 2013; Dugas-Ford

et al., 2012; Jarvis et al., 2013; Mello et al., 2019; Pfenning et al., 2014).

Taken together, the present study demonstrates that there is a

remarkable similarity in the projections of the descending connections

of the intermediate arcopallium and that of the projections of specific

cells and circuits of the mammalian cortex. These findings imply that

the avian forebrain and the mammalian cortex share a common evolu-

tionary origin. The afferent connectivity and projection pattern of

each arcopallial sensory division is comparable in both their specificity

and manner of termination to the pathways arising from each of the

corresponding sensory cortical areas of mammals, perhaps to specific

layers of these areas. Recent studies on teleost fish (Ito & Yamamoto,

2009; Trinh, Harvey-Girard, Teixeira, & Maler, 2016) and lampreys

(Ocaña et al., 2015; Suryanarayana, Robertson, Wallen, & Grillner,

2017) provide persuasive evidence that the commonality and antiq-

uity of many central telencephalic circuits may extend across the

breadth of vertebrate evolution of the past 530 million years.

4.5 | Functional considerations

The significant channel separation reported here, both in the afferent

connectivity leading to the Arc and in the descending OM pathway to

the thalamic and brainstem nuclei, agree with previous studies men-

tioned above (Figure 15). It is possible that the connectivity is even

more specific than assumed, as cells could receive separate inputs and

yet be intermingled in the Arc and in the NCL. However, even if

cross-modal interactions were limited in the direct feed-forward con-

nections, there is substantial space for interactions in the multiple

recurrent connections established by each system. The NCL and the

mesopallium project back to the output nidopallial field of each sensory

system, which also receive the input from the Wulst and other associa-

tive telencephalic areas (Atoji & Wild, 2012; Kröner & Güntürkün,

1999; Metzger et al., 1998; Ritchie, 1979). The ventral mesopallium

projecting to the NCL and AI compartments also integrate inputs from

the primary telencephalic fields, as well as from associative nuclei in the

thalamus (Atoji & Wild, 2012). In other words, the parallel feed-forward

connections would permit that ascending sensory activity flow rapidly

through the DVR to the respective AI sensory fields. In the tectofugal

system, for example, at least under anesthesia, the feed-forward activ-

ity is manifested in the AI as visual motion responses analogous to

those recorded at earlier tectofugal stages. However, in a behaving ani-

mal, these responses presumably take a much more complex form and

strongly vary according to the behavioral context confronted by the

animal. In those conditions, as the recurrent and associative interactions

acquire a preponderant role, cross-modality might also manifest in neu-

ral responses at many stages within these pathways. Nevertheless,

given the specific connectivity of the OM tract, the outcome of this

integration would still be focused upon the earlier stages of the respec-

tive sensory systems.

Presumably, the principal effect of the arcopallial descending activ-

ity is to control the ascending sensory flow, similar to the way that

descending cortical projections modulate afferent activity in mammals

(Chakrabarti & Schwarz, 2018; Hirai et al., 2018; Huffman & Henson

Jr., 1990; Mello, Vates, Okuhata, & Nottebohm, 1998). This modulation

may also change the tuning (Ogasawara, McHaffie, & Stein, 1984) and

sensitivity (Zhao, Liu, & Cang, 2014) of sensory neurons, and bias the

operation of the subcortical circuits in which these neurons are

involved, contributing, for example, to stimulus selection and attention

and to adapt the ongoing behavior to the animal's contextual needs

(Comoli et al., 2012; Fecteau & Munoz, 2006; Knudsen, 2007, 2018;

May, 2006). In the owl, low-intensity focal stimulation of the Arc

increases the visual responses of tectal neurons at tectal locations

corresponding to the Arc stimulation site, and at the same time

decreases visual responses at other tectal locations (Mysore &

Knudsen, 2014; Winkowski & Knudsen, 2006, 2008). This effect

involves the circuit formed by the tectum and the isthmic nuclei,

which implements a winner-take-all mechanism for stimulus com-

petition (Marín et al., 2007; Marín et al., 2012; Mysore & Knudsen,

2013; Wang, Luksch, Brecha, & Karten, 2006). Because the present

results show that in pigeons none of the isthmic nuclei received an

arcopallial projection, this top-down effect might result from OM

fibers contacting the basal dendrites of the tectal Shepherd's crook

neurons, which transmit visual activity from TeO to the isthmi

(Garrido-Charad et al., 2018). Importantly, the Ipc nucleus boosts

the visual transmission by the TGC neurons to the Rt (Gonzalez-

Cabrera, Garrido-Charad, Mpodozis, Bolam, & Marín, 2016; Marín

et al., 2012) and thus to the Arc, closing again the loop of connec-

tions. Therefore, the arcopallium would control the TGC output,

either indirectly, through Shepherd's crook neurons, or directly by

possible synaptic contacts onto the TGCs themselves. In this func-

tion, the Arc may act in concert with the visual Wulst descending

axons, which also terminate in deep tectal layers. In mammals, vir-

tually all visually responsive cortical areas project to the superior

colliculus (SC; Harting, Updyke, & Van Lieshout, 1992; Harvey &

Worthington, 1990; May, 2006). Specifically, the tectofugal-

recipient cortex (area TP or POR), densely projects to the superfi-

cial layers of the SC (Bennett et al., 2019; Wang & Burkhalter,

2013) where, as we here suggest for the AI, they may contact the

TGC neurons. In the case of the mouse V1, descending axons do

make direct synaptic contacts upon TGC dendrites, potentiating the

visual responses transmitted by the TGCs to the mouse caudal pulvinar

(Fredes, Vega-Zuniga, Karten, & Mpodozis, 2012; Masterson, Zhou,

Akers, Dang, & Bickford, 2018). Furthermore, V1 stimulation can drive

TGCs activity and provoke defensive behaviors presumably mediated

by the TGC-Rt pathway (Liang et al., 2015; Zhao et al., 2014; Zhou,

Masterson, Damron, Guido, & Bickford, 2018; Zingg et al., 2017).

On the other hand, the arcopallial OM projection could combine

modulatory effects upon sensory neurons with descending motor

commands to motor or premotor neurons (Zeier & Karten, 1971). In

owls, larger stimulation currents in the Arc elicit head saccades with

specific directions and amplitudes (Knudsen, Cohen, & Masino, 1995;

Winkowski & Knudsen, 2006, 2008), in a similar fashion as stimulation

of the frontal eye field area of primates and other mammals produce

eye saccades (Robinson & Fuchs, 1969). Likewise, lesions of the
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trigemino-recipient arcopallial region in pigeons produce pecking defi-

cits similar to those seen after damage to central trigeminal structures

(Levine & Zeigler, 1981). Perhaps the clearest motor function of the

arcopallium is seen in songbirds, where neurons from the nucleus

robustus of the arcopallium (RA), the specialized nuclear AI core

related to the auditory zone characteristic of this group, drive the

brainstem motor nuclei controlling song performance (Amador,

Boari, & Mindlin, 2017; Doupe, Solis, Kimpo, & Boettiger, 2004;

Mooney, 2009; Nottebohm, 2005). Different populations of RA neu-

rons fire specific sequences of spike bursts that are thoroughly

repeated during successive renditions of the song (Yu & Margoliash,

1996). These are translated, via direct RA connections upon motoneu-

rons of the hypoglossal and respiratory nuclei, into the appropriate

combinations of syringeal muscle activation and respiratory patterning

producing the song (Leonardo & Fee, 2005; Vicario, 1991). The RA

neurons also project to the dorsomedial nucleus of the ICo (DM),

another premotor structure presumably involved in song production

(Amador et al., 2017; Horita et al., 2012; Jarvis, Scharff, Grossman,

Ramos, & Nottebohm, 1998; Wild, Li, & Eagleton, 1997). Interestingly,

these motor connections of the auditory arcopallium are exclusive to

the RA, whereas the AI shell area that surrounds RA projects to the

ICo (surrounding the DM) and to the reticular region surrounding the

hypoglossal and respiratory nuclei, just as the auditory arcopallium in

pigeons (Mello et al., 1998). A similar core–shell differentiation is seen

in the rest of components of the song system of songbirds, including

the nuclei projecting to RA, such as the “higher vocal center” (HVC),

the lateral magnocellular nucleus of the anterior nidopallium (LMAN)

and the area X of the striatum (Bottjer et al., 2000; Bottjer & Altenau,

2010; Feenders et al., 2008; Jarvis et al., 2013; Mello et al., 1998).

The respective shell divisions form an interconnected circuit substan-

tially separated from the circuit formed by the core divisions; being

the shell circuit as the ancestral condition shared by most birds, and

the core circuit the novelty in the songbirds’ brain. It seems that the

differentiation of a song circuit involving “core” specializations, includ-

ing a RA nucleus directly driving motor structures, and song learning

evolved together. In a similar vein, the “motor theory for vocal learn-

ing” of Feenders et al. (2008) proposes that these ancestral circuits

converging in AI comprise a more general motor system that uses sen-

sory information to control body movements. These authors used

immediate early genes as activity markers to define the lateral aspect

of the intermediate arcopallium (LAI) as a dedicated motor division of

the arcopallium in several avian species (see also Jarvis et al., 2013).

Nevertheless, in as much as the AI of songbirds and other species

maintains a similar medio-lateral organization as the pigeon sensory–

motor AI, the LAI would correspond to the trigeminal–somatosen-

sory–motor division of the AI and not necessarily to a special motor

area. In that regard, recently, Mello et al. (2019) published a detailed

molecular characterization of the Arc in the zebra finches, in which

the RA has a similar molecular print as the dorsal AI (AId), both for-

ming a continuous mediolateral band. This band seems to contain

most of the extratelencephalic projection cells of the Arc, which from

medial to lateral project to auditory (Mello et al., 1998; Vicario, 1991;

Wild et al., 1997); visual (Sadananda, Korte, & Bischof, 2007; Wild &

Gaede, 2016), and trigeminal (Wild & Farabaugh, 1996; Wild &

Krützfeldt, 2012) perisensory and premotor structures. Likewise, affer-

ents originated in the HVC and the laterally adjacent visual and trigeminal

representations in the NCL, terminate in the same mediolateral disposi-

tion within this RA-AId band (Bottjer et al., 2000; Mello et al., 1998;

Wild & Farabaugh, 1996). Therefore, the arrangement of sensory affer-

ents and extratelencephalic efferents of the AId in finches seems to

resemble the parallel organization presented here for the pigeon AI, indi-

cating that this is a conserved motif of the sensory–motor arcopallium.

Although this parallel sensorimotor organization seems to favor the pro-

posal that vocal motor connections evolved out of descending projections

related to the medial most auditory division (Margoliash, Fortune, Sutter,

Yu, Wren-Hardin, et al. 1994; Mello et al., 1998), they might as well have

co-opted connections from a trigeminal–somatosensory division, which

reach more caudal levels in the brainstem. Certainly, understanding the

auditory to motor transformation in song production may require a thor-

ough comparative approach, in which detailed circuit neuroanatomy is

contrasted with behavior in song learner and nonlearner taxa.

Overall, the parallel organization of the intermediate arcopallium and

the specificity of its descending connections are consistent with the

orderly arrangement of circuits and pathways of the avian telencephalon.

This well-differentiated hodology highlights the organizational complex-

ity of the avian brain and contributes to explain the richness and variety

of sensorimotor behaviors exhibited by this vertebrate clade.

ACKNOWLEDGMENTS

We gratefully acknowledge Solano Henriquez for expert technical

help. This work was supported by FONDECYT Grants 1110281,

1151432, and 1170027.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

M.F., C.M., E.D., J.M., H.J.K., and G.J.M. designed research. M.F., C.M.,

E.D., H.J.K., and G.J.M. performed experiments. M.F., C.M., E.D., E.S.,

S.F., J.M., H.J.K., and G.J.M. prepared figures and analyzed data.

G.J.M. wrote the manuscript with contributions of all authors.

DATA AVAILABILITY STATEMENT

The data and images that support the findings of this study are avail-

able from the corresponding authors upon request.

ORCID

Máximo Fernández https://orcid.org/0000-0001-7019-8567

Jorge Mpodozis https://orcid.org/0000-0003-0786-5579

Gonzalo J. Marín https://orcid.org/0000-0003-2961-6469

FERNÁNDEZ ET AL. 23

https://orcid.org/0000-0001-7019-8567
https://orcid.org/0000-0001-7019-8567
https://orcid.org/0000-0003-0786-5579
https://orcid.org/0000-0003-0786-5579
https://orcid.org/0000-0003-2961-6469
https://orcid.org/0000-0003-2961-6469


REFERENCES

Abramson, B. P., & Chalupa, L. M. (1985). The laminar distribution of corti-

cal connections with the tecto- and cortico-recipient zones in the cat's

lateral posterior nucleus. Neuroscience, 15(1), 81–95.
Ahumada-Galleguillos, P., Fernández, M., Marín, G. J., Letelier, J. C., &

Mpodozis, J. (2015). Anatomical organization of the visual dorsal ven-

tricular ridge in the chick (Gallus gallus): Layers and columns in the

avian pallium. Journal of Comparative Neurology, 523(17), 2618–2636.

https://doi.org/10.1002/cne.23808

Amador, A., Boari, S., & Mindlin, G. B. (2017). From perception to action in

songbird production: Dynamics of a whole loop. Current Opinion in Sys-

tems Biology, 3, 30–35. https://doi.org/10.1016/j.coisb.2017.03.004
Arends, J. J., & Dubbeldam, J. L. (1982). Exteroceptive and proprioceptive

afferents of the trigeminal and facial motor nuclei in the mallard (Anas

platyrhynchos L.). Journal of Comparative Neurology, 209(3), 313–329.

https://doi.org/10.1002/cne.902090309

Atoji, Y., Saito, S., & Wild, J. M. (2006). Fiber connections of the compact

division of the posterior pallial amygdala and lateral part of the bed

nucleus of the stria terminalis in the pigeon (Columba livia). Journal of

Comparative Neurology, 499(2), 161–182. https://doi.org/10.1002/

cne.21042

Atoji, Y., & Wild, J. M. (2012). Afferent and efferent projections of the

mesopallium in the pigeon (Columba livia). Journal of Comparative Neu-

rology, 520(4), 717–741. https://doi.org/10.1002/cne.22763
Bennett, C., Gale, S. D., Garrett, M. E., Newton, M. L., Callaway, E. M.,

Murphy, G. J., & Olsen, S. R. (2019). Higher-order thalamic Circuits

Channel parallel streams of visual information in mice. Neuron, 102,

477–492.e5. https://doi.org/10.1016/j.neuron.2019.02.010
Benowitz, L. I., & Karten, H. J. (1976). Organization of the tectofugal visual

pathway in the pigeon: A retrograde transport study. Journal of Com-

parative Neurology, 167(4), 503–520. https://doi.org/10.1002/cne.

901670407

Berkhoudt, H., Klein, B. G., & Zeigler, H. P. (1982). Afferents to the trigemi-

nal and facial motor nuclei in pigeon (Columba livia L.): Central connec-

tions of jaw motoneurons. Journal of Comparative Neurology, 209(3),

301–312. https://doi.org/10.1002/cne.902090308
Bottjer, S. W., & Altenau, B. (2010). Parallel pathways for vocal learning in

basal ganglia of songbirds. Nature Neuroscience, 13(2), 153–155.

https://doi.org/10.1038/nn.2472

Bottjer, S. W., Brady, J. D., & Cribbs, B. (2000). Connections of a motor

cortical region in zebra finches: Relation to pathways for vocal learn-

ing. Journal of Comparative Neurology, 420(2), 244–260.
Brecha, N. (1978). Some observations on the organization of the avian optic

tectum: Afferent nuclei and their tectal projections [PhD Dissertation].

State University of New York, Stony Brook, NY.

Butler, A. B. (1994). The evolution of the dorsal pallium in the telencepha-

lon of amniotes: Cladistic analysis and a new hypothesis. Brain

Research. Brain Research Reviews, 19(1), 66–101.
Butler, A. B., Reiner, A., & Karten, H. J. (2011). Evolution of the amniote

pallium and the origins of mammalian neocortex. Annals of the

New York Academy of Sciences, 1225, 14–27. https://doi.org/10.1111/

j.1749-6632.2011.06006.x

Casini, G., Porciatti, V., Fontanesi, G., & Bagnoli, P. (1992). Wulst efferents

in the little owl Athene noctua: An investigation of projections to the

optic tectum. Brain, Behavior and Evolution, 39(2), 101–115. https://

doi.org/10.1159/000114108

Chakrabarti, S., & Schwarz, C. (2018). Cortical modulation of sensory flow

during active touch in the rat whisker system. Nature Communications,

9(1), 3907. https://doi.org/10.1038/s41467-018-06200-6

Chen, C. C., Winkler, C. M., Pfenning, A. R., & Jarvis, E. D. (2013). Molecu-

lar profiling of the developing avian telencephalon: Regional timing

and brain subdivision continuities. Journal of Comparative Neurology,

521(16), 3666–3701. https://doi.org/10.1002/cne.23406

Cohen, D. H. (1975). Involvement of the avian amygdalar homologue

(archistriatum posterior and mediale) in defensively conditioned heart

rate change. Journal of Comparative Neurology, 160(1), 13–35. https://
doi.org/10.1002/cne.901600103

Cohen, Y. E., Miller, G. L., & Knudsen, E. I. (1998). Forebrain pathway for

auditory space processing in the barn owl. Journal of Neurophysiology,

79(2), 891–902.
Comoli, E., Das Neves Favaro, P., Vautrelle, N., Leriche, M., Overton,

P. G., & Redgrave, P. (2012). Segregated anatomical input to sub-

regions of the rodent superior colliculus associated with approach and

defense. Frontiers in Neuroanatomy, 6, 9. https://doi.org/10.3389/

fnana.2012.00009

Dave, A. S., & Margoliash, D. (2000). Song replay during sleep and compu-

tational rules for sensorimotor vocal learning. Science, 290(5492),

812–816.
Davies, D. C., Csillag, A., Szekely, A. D., & Kabai, P. (1997). Efferent con-

nections of the domestic chick archistriatum: A phaseolus lectin antero-

grade tracing study. Journal of Comparative Neurology, 389(4), 679–693.
Deichler, A., Carrasco, D., Gonzalez-Cabrera, C., Letelier, J. C., Marín, G., &

Mpodozis, J. (2018). The nucleus pretectalis principalis: A pretectal

structure hidden in the mammalian thalamus. The Journal of Compara-

tive Neurology, 527, 372–391. https://doi.org/10.1002/cne.24540
Doupe, A. J., Solis, M. M., Kimpo, R., & Boettiger, C. A. (2004). Cellular, cir-

cuit, and synaptic mechanisms in song learning. Annals of the New York

Academy of Sciences, 1016, 495–523. https://doi.org/10.1196/annals.
1298.035

Dubbeldam, J. L., & Visser, A. M. (1987). The organization of the nucleus

basalis-neostriatum complex of the mallard (Anas platyrhynchos L.) and

its connections with the archistriatum and the paleostriatum complex.

Neuroscience, 21(2), 487–517.
Dugas-Ford, J., & Ragsdale, C. W. (2015). Levels of homology and the

problem of neocortex. Annual Review of Neuroscience, 38, 351–368.
https://doi.org/10.1146/annurev-neuro-071714-033911

Dugas-Ford, J., Rowell, J. J., & Ragsdale, C. W. (2012). Cell-type homolo-

gies and the origins of the neocortex. Proceedings of the National Acad-

emy of Sciences of the United States of America, 109(42),

16974–16979. https://doi.org/10.1073/pnas.1204773109
Egedi, G., & Tombol, T. (1993). A Phaseolus lectin anterograde tracing

study of the rotundo-telencephalic projections in the domestic chick.

Journal für Hirnforschung, 34(3), 317–333.
Fecteau, J. H., & Munoz, D. P. (2006). Salience, relevance, and firing: A pri-

ority map for target selection. Trends in Cognitive Sciences, 10(8),

382–390. https://doi.org/10.1016/j.tics.2006.06.011
Feenders, G., Liedvogel, M., Rivas, M., Zapka, M., Horita, H., Hara, E., …

Jarvis, E. D. (2008). Molecular mapping of movement-associated areas

in the avian brain: A motor theory for vocal learning origin. PLoS One,

3(3), e1768. https://doi.org/10.1371/journal.pone.0001768

Fernández, M., Ahumada-Galleguillos, P., Sentis, E., Marin, G., &

Mpodozis, J. (2019). Intratelencephalic projections of the avian visual

dorsal ventricular ridge: Laminarly segregated, reciprocally and topo-

graphically organized. Journal of Comparative Neurology. https://doi.

org/10.1002/cne.24757

Fredes, F., Tapia, S., Letelier, J. C., Marín, G., & Mpodozis, J. (2010). Topo-

graphic arrangement of the rotundo-entopallial projection in the

pigeon (Columba livia). Journal of Comparative Neurology, 518(21),

4342–4361. https://doi.org/10.1002/cne.22460
Fredes, F., Vega-Zuniga, T., Karten, H., & Mpodozis, J. (2012). Bilateral and

ipsilateral ascending tectopulvinar pathways in mammals: A study in

the squirrel (Spermophilus beecheyi). Journal of Comparative Neurology,

520(8), 1800–1818. https://doi.org/10.1002/cne.23014
Garrido-Charad, F., Vega-Zuniga, T., Gutierrez-Ibanez, C., Fernandez, P.,

Lopez-Jury, L., Gonzalez-Cabrera, C., … Marín, G. J. (2018). "Shep-

herd's crook" neurons drive and synchronize the enhancing and sup-

pressive mechanisms of the midbrain stimulus selection network.

Proceedings of the National Academy of Sciences of the United States of

24 FERNÁNDEZ ET AL.

https://doi.org/10.1002/cne.23808
https://doi.org/10.1016/j.coisb.2017.03.004
https://doi.org/10.1002/cne.902090309
https://doi.org/10.1002/cne.21042
https://doi.org/10.1002/cne.21042
https://doi.org/10.1002/cne.22763
https://doi.org/10.1016/j.neuron.2019.02.010
https://doi.org/10.1002/cne.901670407
https://doi.org/10.1002/cne.901670407
https://doi.org/10.1002/cne.902090308
https://doi.org/10.1038/nn.2472
https://doi.org/10.1111/j.1749-6632.2011.06006.x
https://doi.org/10.1111/j.1749-6632.2011.06006.x
https://doi.org/10.1159/000114108
https://doi.org/10.1159/000114108
https://doi.org/10.1038/s41467-018-06200-6
https://doi.org/10.1002/cne.23406
https://doi.org/10.1002/cne.901600103
https://doi.org/10.1002/cne.901600103
https://doi.org/10.3389/fnana.2012.00009
https://doi.org/10.3389/fnana.2012.00009
https://doi.org/10.1002/cne.24540
https://doi.org/10.1196/annals.1298.035
https://doi.org/10.1196/annals.1298.035
https://doi.org/10.1146/annurev-neuro-071714-033911
https://doi.org/10.1073/pnas.1204773109
https://doi.org/10.1016/j.tics.2006.06.011
https://doi.org/10.1371/journal.pone.0001768
https://doi.org/10.1002/cne.24757
https://doi.org/10.1002/cne.24757
https://doi.org/10.1002/cne.22460
https://doi.org/10.1002/cne.23014


America, 115(32), E7615–E7623. https://doi.org/10.1073/pnas.

1804517115

Gonzalez-Cabrera, C., Garrido-Charad, F., Mpodozis, J., Bolam, J. P., &

Marín, G. J. (2016). Axon terminals from the nucleus isthmi pars

parvocellularis control the ascending retinotectofugal output through

direct synaptic contact with tectal ganglion cell dendrites. Journal of

Comparative Neurology, 524(2), 362–379. https://doi.org/10.1002/

cne.23860

Güntürkün, O., & Bugnyar, T. (2016). Cognition without cortex. Trends in

Cognitive Sciences, 20(4), 291–303. https://doi.org/10.1016/j.tics.

2016.02.001

Harting, J. K., Updyke, B. V., & Van Lieshout, D. P. (1992). Corticotectal

projections in the cat: Anterograde transport studies of twenty-five

cortical areas. Journal of Comparative Neurology, 324(3), 379–414.

https://doi.org/10.1002/cne.903240308

Harvey, A. R., & Worthington, D. R. (1990). The projection from different

visual cortical areas to the rat superior colliculus. Journal of Comparative

Neurology, 298(3), 281–292. https://doi.org/10.1002/cne.902980303
Hayes, B. P., & Webster, K. E. (1985). Cytoarchitectural fields and retinal

termination: An axonal transport study of laminar organization in the

avian optic tectum. Neuroscience, 16(3), 641–657.
Hellmann, B., & Güntürkün, O. (1999). Visual-field-specific heterogeneity

within the tecto-rotundal projection of the pigeon. European Journal of

Neuroscience, 11(8), 2635–2650.
Hellmann, B., & Güntürkün, O. (2001). Structural organization of parallel

information processing within the tectofugal visual system of the

pigeon. Journal of Comparative Neurology, 429(1), 94–112.
Herold, C., Paulitschek, C., Palomero-Gallagher, N., Güntürkün, O., &

Zilles, K. (2018). Transmitter receptors reveal segregation of the

arcopallium/amygdala complex in pigeons (Columba livia). Journal of Com-

parative Neurology, 526(3), 439–466. https://doi.org/10.1002/cne.24344
Hirai, D., Nakamura, K. C., Shibata, K. I., Tanaka, T., Hioki, H., Kaneko, T., &

Furuta, T. (2018). Shaping somatosensory responses in awake rats:

Cortical modulation of thalamic neurons. Brain Structure & Function,

223(2), 851–872. https://doi.org/10.1007/s00429-017-1522-z
Horita, H., Kobayashi, M., W-c, L., Oka, K., Jarvis, E. D., & Wada, K. (2012).

Specialized motor-driven dusp1 expression in the song Systems of

Multiple Lineages of vocal learning birds. PLoS One, 7(8), e42173.

https://doi.org/10.1371/journal.pone.0042173

Huffman, R. F., & Henson, O. W., Jr. (1990). The descending auditory path-

way and acousticomotor systems: Connections with the inferior

colliculus. Brain Research. Brain Research Reviews, 15(3), 295–323.
Hunt, S. P., & Brecha, N. (1976). The avian optic tectum: A synthesis of

morphology and biochemistry. In H. Vanegas (Ed.), Comparative neurol-

ogy of the optic Tectum (pp. 619–648). New York: Plenum Press.

Husband, S. A., & Shimizu, T. (1999). Efferent projections of the ectostriatum

in the pigeon (Columba livia). Journal of Comparative Neurology, 406(3),

329–345.
Ito, H., & Yamamoto, N. (2009). Non-laminar cerebral cortex in teleost

fishes? Biology Letters, 5(1), 117–121. https://doi.org/10.1098/rsbl.

2008.0397

Jarvis, E. D., Güntürkün, O., Bruce, L., Csillag, A., Karten, H., Kuenzel, W., …

Butler, A. B. (2005). Avian brains and a new understanding of verte-

brate brain evolution. Nature Reviews Neuroscience, 6(2), 151–159.

https://doi.org/10.1038/nrn1606

Jarvis, E. D., Scharff, C., Grossman, M. R., Ramos, J. A., & Nottebohm, F.

(1998). From whom the bird sings: Context-dependent gene expres-

sion. Neuron, 21(4), 775–788. https://doi.org/10.1016/S0896-6273

(00)80594-2

Jarvis, E. D., Yu, J., Rivas, M. V., Horita, H., Feenders, G., Whitney, O., …

Wada, K. (2013). Global view of the functional molecular organization

of the avian cerebrum: Mirror images and functional columns. Journal

of Comparative Neurology, 521(16), 3614–3665. https://doi.org/10.

1002/cne.23404

Jassik-Gerschenfeld, D., Teulon, J., & Ropert, N. (1976). Visual receptive

field types in the nucleus dorsolateralis anterior of the pigeon's thala-

mus. Brain Research, 108(2), 295–306.
Karten, H. J. (1991). Homology and evolutionary origins of the ‘neocortex’.

Brain, Behavior and Evolution, 38(4–5), 264–272.
Karten, H. J., Cox, K., & Mpodozis, J. (1997). Two distinct populations of tec-

tal neurons have unique connections within the retinotectorotundal

pathway of the pigeon (Columba livia). Journal of Comparative Neurology,

387(3), 449–465.
Karten, H. J., & Hodos, W. (1967). A stereotaxic atlas of the brain of the

pigeon, Columba livia. Baltimore: Johns Hopkins Press.

Karten, H. J., Hodos, W., Nauta, W. J., & Revzin, A. M. (1973). Neural con-

nections of the "visual wulst" of the avian telencephalon. Experimental

studies in the piegon (Columba livia) and owl (Speotyto cunicularia).

Journal of Comparative Neurology, 150(3), 253–278. https://doi.org/

10.1002/cne.901500303

Karten, H. J., & Shimizu, T. (1989). The origins of neocortex: Connections

and lamination as distinct events in evolution. Journal of Cognitive Neu-

roscience, 1(4), 291–301. https://doi.org/10.1162/jocn.1989.1.4.291
Knudsen, E. I. (2007). Fundamental components of attention. Annual

Review of Neuroscience, 30, 57–78. https://doi.org/10.1146/annurev.

neuro.30.051606.094256

Knudsen, E. I. (2018). Neural circuits that mediate selective attention: A

comparative perspective. Trends in Neurosciences, 41(11), 789–805.

https://doi.org/10.1016/j.tins.2018.06.006

Knudsen, E. I., Cohen, Y. E., & Masino, T. (1995). Characterization of a fore-

brain gaze field in the archistriatum of the barn owl: Microstimulation and

anatomical connections. Journal of Neuroscience, 15(7 Pt 2), 5139–5151.
Kröner, S., & Güntürkün, O. (1999). Afferent and efferent connections of

the caudolateral neostriatum in the pigeon (Columba livia): A retro- and

anterograde pathway tracing study. Journal of Comparative Neurology,

407(2), 228–260.
Krützfeldt, N. O., & Wild, J. M. (2004). Definition and connections of the

entopallium in the zebra finch (Taeniopygia guttata). Journal of Compar-

ative Neurology, 468(3), 452–465. https://doi.org/10.1002/cne.10972
Krützfeldt, N. O., & Wild, J. M. (2005). Definition and novel connections of

the entopallium in the pigeon (Columba livia). Journal of Comparative

Neurology, 490(1), 40–56. https://doi.org/10.1002/cne.20627
Laverghetta, A. V., & Shimizu, T. (1999). Visual discrimination in the pigeon

(Columba livia): Effects of selective lesions of the nucleus rotundus.

Neuroreport, 10(5), 981–985.
Laverghetta, A. V., & Shimizu, T. (2003). Organization of the ectostriatum

based on afferent connections in the zebra finch (Taeniopygia guttata).

Brain Research, 963(1–2), 101–112. https://doi.org/10.1016/s0006-

8993(02)03949-5

Leonardo, A., & Fee, M. S. (2005). Ensemble coding of vocal control in

birdsong. Journal of Neuroscience, 25(3), 652–661. https://doi.org/10.

1523/JNEUROSCI.3036-04.2005

Leutgeb, S., Husband, S., Riters, L. V., Shimizu, T., & Bingman, V. P. (1996).

Telencephalic afferents to the caudolateral neostriatum of the pigeon.

Brain Research, 730(1–2), 173–181.
Levine, R. R., & Zeigler, H. P. (1981). Extratelencephalic pathways and

feeding behavior in the pigeon (Columba livia). Brain, Behavior and Evo-

lution, 19(1–2), 56–92. https://doi.org/10.1159/000121634
Liang, F. X., Xiong, X. R. R., Zingg, B., Ji, X. Y., Zhang, L. I., & Tao, H. Z. W.

(2015). Sensory cortical control of a visually induced arrest behavior

via corticotectal projections. Neuron, 86(3), 755–767. https://doi.org/

10.1016/j.neuron.2015.03.048

Marín, G., Letelier, J. C., Henny, P., Sentis, E., Farfan, G., Fredes, F., …

Mpodozis, J. (2003). Spatial organization of the pigeon tectorotundal

pathway: An interdigitating topographic arrangement. Journal of Compara-

tive Neurology, 458(4), 361–380. https://doi.org/10.1002/cne.10591
Marín, G., Salas, C., Sentis, E., Rojas, X., Letelier, J. C., & Mpodozis, J.

(2007). A cholinergic gating mechanism controlled by competitive

FERNÁNDEZ ET AL. 25

https://doi.org/10.1073/pnas.1804517115
https://doi.org/10.1073/pnas.1804517115
https://doi.org/10.1002/cne.23860
https://doi.org/10.1002/cne.23860
https://doi.org/10.1016/j.tics.2016.02.001
https://doi.org/10.1016/j.tics.2016.02.001
https://doi.org/10.1002/cne.903240308
https://doi.org/10.1002/cne.902980303
https://doi.org/10.1002/cne.24344
https://doi.org/10.1007/s00429-017-1522-z
https://doi.org/10.1371/journal.pone.0042173
https://doi.org/10.1098/rsbl.2008.0397
https://doi.org/10.1098/rsbl.2008.0397
https://doi.org/10.1038/nrn1606
https://doi.org/10.1016/S0896-6273(00)80594-2
https://doi.org/10.1016/S0896-6273(00)80594-2
https://doi.org/10.1002/cne.23404
https://doi.org/10.1002/cne.23404
https://doi.org/10.1002/cne.901500303
https://doi.org/10.1002/cne.901500303
https://doi.org/10.1162/jocn.1989.1.4.291
https://doi.org/10.1146/annurev.neuro.30.051606.094256
https://doi.org/10.1146/annurev.neuro.30.051606.094256
https://doi.org/10.1016/j.tins.2018.06.006
https://doi.org/10.1002/cne.10972
https://doi.org/10.1002/cne.20627
https://doi.org/10.1016/s0006-8993(02)03949-5
https://doi.org/10.1016/s0006-8993(02)03949-5
https://doi.org/10.1523/JNEUROSCI.3036-04.2005
https://doi.org/10.1523/JNEUROSCI.3036-04.2005
https://doi.org/10.1159/000121634
https://doi.org/10.1016/j.neuron.2015.03.048
https://doi.org/10.1016/j.neuron.2015.03.048
https://doi.org/10.1002/cne.10591


interactions in the optic tectum of the pigeon. Journal of Neuroscience,

27(30), 8112–8121. https://doi.org/10.1523/JNEUROSCI.1420-07.

2007

Marín, G. J., Duran, E., Morales, C., Gonzalez-Cabrera, C., Sentis, E.,

Mpodozis, J., & Letelier, J. C. (2012). Attentional capture? Synchro-

nized feedback signals from the isthmi boost retinal signals to higher

visual areas. Journal of Neuroscience, 32(3), 1110–1122. https://doi.
org/10.1523/JNEUROSCI.4151-11.2012

Margoliash, D., Fortune, E. S., Sutter, M. L., Yu, A. C., Wren-

Hardin, B. D., & Dave, A. (1994). Distributed representation in the

song system of oscines: evolutionary implications and functional con-

sequences. Brain Behav Evol, 44(4-5), 247–264. https://doi.org/10.

1159/000113580

Masterson, S. P., Zhou, N., Akers, B. K., Dang, W., & Bickford, M. E. (2018).

Ultrastructural and optogenetic dissection of V1 corticotectal terminal

synaptic properties. The Journal of Comparative Neurology, 527,

833–842. https://doi.org/10.1002/cne.24538
May, P. J. (2006). The mammalian superior colliculus: Laminar structure

and connections. Progress in Brain Research, 151, 321–378. https://
doi.org/10.1016/S0079-6123(05)51011-2

Mello, C. V., Kaser, T., Buckner, A. A., Wirthlin, M., & Lovell, P. V. (2019).

Molecular architecture of the zebra finch arcopallium. The Journal of

Comparative Neurology, 527, 2512–2556. https://doi.org/10.1002/

cne.24688

Mello, C. V., Vates, G. E., Okuhata, S., & Nottebohm, F. (1998). Descending

auditory pathways in the adult male zebra finch (Taeniopygia guttata).

Journal of Comparative Neurology, 395(2), 137–160.
Metzger, M., Jiang, S., & Braun, K. (1998). Organization of the dorsocaudal

neostriatal complex: A retrograde and anterograde tracing study in the

domestic chick with special emphasis on pathways relevant to imprint-

ing. Journal of Comparative Neurology, 395(3), 380–404.
Miceli, D., Reperant, J., Villalobos, J., & Dionne, L. (1987). Extratelencephalic

projections of the avian visual Wulst. A quantitative autoradiographic

study in the pigeon Columbia livia. Journal für Hirnforschung, 28(1), 45–57.
Miceli, D., Reperant, J., Ward, R., Rio, J. P., Jay, B., Medina, M., &

Kenigfest, N. B. (2008). Fine structure of the visual dorsolateral ante-

rior thalamic nucleus of the pigeon (Columba livia): A hodological and

GABA-immunocytochemical study. Journal of Comparative Neurology,

507(3), 1351–1378. https://doi.org/10.1002/cne.21635
Mooney, R. (2009). Neurobiology of song learning. Current Opinion in Neuro-

biology, 19(6), 654–660. https://doi.org/10.1016/j.conb.2009.10.004
Mpodozis, J., Cox, K., Shimizu, T., Bischof, H. J., Woodson, W., & Karten, H. J.

(1996). GABAergic inputs to the nucleus rotundus (pulvinar inferior) of the

pigeon (Columba livia). Journal of Comparative Neurology, 374(2), 204–222.
https://doi.org/10.1002/(SICI)1096-9861(19961014)374:2<204::AID-

CNE4>3.0.CO;2-6

Mysore, S. P., & Knudsen, E. I. (2013). A shared inhibitory circuit for both

exogenous and endogenous control of stimulus selection. Nature Neu-

roscience, 16(4), 473–478. https://doi.org/10.1038/nn.3352
Mysore, S. P., & Knudsen, E. I. (2014). Descending control of neural bias

and selectivity in a spatial attention network: Rules and mechanisms.

Neuron, 84(1), 214–226. https://doi.org/10.1016/j.neuron.2014.08.019
Nixdorf, B. E., & Bischof, H. J. (1982). Afferent connections of the

ectostriatum and visual wulst in the zebra finch (Taeniopygia guttata

castanotis Gould)-an HRP study. Brain Research, 248(1), 9–17.
Nottebohm, F. (2005). The neural basis of birdsong. PLoS Biology, 3(5),

e164. https://doi.org/10.1371/journal.pbio.0030164

Ocaña, F. M., Suryanarayana, S. M., Saitoh, K., Kardamakis, A. A.,

Capantini, L., Robertson, B., & Grillner, S. (2015). The lamprey Pallium

provides a blueprint of the mammalian motor projections from cortex.

Current Biology, 25(4), 413–423. https://doi.org/10.1016/j.cub.2014.
12.013

Ogasawara, K., McHaffie, J. G., & Stein, B. E. (1984). Two visual corticotectal

systems in cat. Journal of Neurophysiology, 52(6), 1226–1245. https://
doi.org/10.1152/jn.1984.52.6.1226

Pfenning, A. R., Hara, E., Whitney, O., Rivas, M. V., Wang, R., Roulhac,

P. L., … Jarvis, E. D. (2014). Convergent transcriptional specializations

in the brains of humans and song-learning birds. Science, 346(6215),

1256846. https://doi.org/10.1126/science.1256846

Puelles, L., Kuwana, E., Puelles, E., Bulfone, A., Shimamura, K., Keleher, J.,

… Rubenstein, J. L. (2000). Pallial and subpallial derivatives in the

embryonic chick and mouse telencephalon, traced by the expression

of the genes Dlx-2, Emx-1, Nkx-2.1, Pax-6, and Tbr-1. Journal of Com-

parative Neurology, 424(3), 409–438.
Reiner, A. (1991). A comparison of neurotransmitter-specific and

neuropeptide-specific neuronal cell types present in the dorsal cortex

in turtles with those present in the isocortex in mammals: Implications

for the evolution of isocortex. Brain, Behavior and Evolution, 38(2–3),
53–91. https://doi.org/10.1159/000114379

Reiner, A., Perkel, D. J., Bruce, L. L., Butler, A. B., Csillag, A., Kuenzel, W., …
Avian Brain Nomenclature, F. (2004). Revised nomenclature for avian

telencephalon and some related brainstem nuclei. Journal of Compara-

tive Neurology, 473(3), 377–414. https://doi.org/10.1002/cne.20118
Ritchie. (1979). Intratelecephalic visual connections and their relationship to

the archistriatum in the pigeon (Columba livia) [PhD Dissertation], Uni-

versity of Virginia, Charlottesville, VA.

Robinson, D. A., & Fuchs, A. F. (1969). Eye movements evoked by stimula-

tion of frontal eye fields. Journal of Neurophysiology, 32(5), 637–648.
https://doi.org/10.1152/jn.1969.32.5.637

Robson, J. A., & Hall, W. C. (1977). The organization of the pulvinar in the

grey squirrel (Sciurus carolinensis). I. Cytoarchitecture and connections.

Journal of Comparative Neurology, 173(2), 355–388. https://doi.org/
10.1002/cne.901730210

Sadananda, M., Korte, S., & Bischof, H. J. (2007). Afferentation of a caudal

forebrain area activated during courtship behavior: A tracing study in

the zebra finch (Taeniopygia guttata). Brain Research, 1184, 108–120.
https://doi.org/10.1016/j.brainres.2007.09.040

Schriber, H. (1978). Electrophysiological investigation of the archistriato-

hypothalamic pathway in the pigeon (Columba livia). Pflügers Archiv,

375(1), 31–37.
Shanahan, M., Bingman, V. P., Shimizu, T., Wild, M., & Güntürkün, O.

(2013). Large-scale network organization in the avian forebrain: A con-

nectivity matrix and theoretical analysis. Frontiers in Computational

Neuroscience, 7, 89. https://doi.org/10.3389/fncom.2013.00089

Shimizu, T., Cox, K., & Karten, H. J. (1995). Intratelencephalic pro-

jections of the visual wulst in pigeons (Columba livia). Journal of Com-

parative Neurology, 359(4), 551–572. https://doi.org/10.1002/cne.

903590404

Suryanarayana, S. M., Robertson, B., Wallen, P., & Grillner, S. (2017). The

lamprey Pallium provides a blueprint of the mammalian layered cortex.

Current Biology, 27(21), 3264–3277. https://doi.org/10.1016/j.cub.

2017.09.034

Trinh, A. T., Harvey-Girard, E., Teixeira, F., & Maler, L. (2016). Cryptic lami-

nar and columnar organization in the dorsolateral pallium of a weakly

electric fish. Journal of Comparative Neurology, 524(2), 408–428.
https://doi.org/10.1002/cne.23874

Veenman, C. L., Wild, J. M., & Reiner, A. (1995). Organization of the avian

"corticostriatal" projection system: A retrograde and anterograde path-

way tracing study in pigeons. Journal of Comparative Neurology, 354(1),

87–126. https://doi.org/10.1002/cne.903540108
Vicario, D. S. (1991). Organization of the zebra finch song control system:

II. Functional organization of outputs from nucleus Robustus archi-

striatalis. Journal of Comparative Neurology, 309(4), 486–494. https://
doi.org/10.1002/cne.903090405

Wang, Q., & Burkhalter, A. (2013). Stream-related preferences of inputs to

the superior colliculus from areas of dorsal and ventral streams of

mouse visual cortex. Journal of Neuroscience, 33(4), 1696–1705.
https://doi.org/10.1523/JNEUROSCI.3067-12.2013

Wang, Y., Brzozowska-Prechtl, A., & Karten, H. J. (2010). Laminar and

columnar auditory cortex in avian brain. Proceedings of the National

26 FERNÁNDEZ ET AL.

https://doi.org/10.1523/JNEUROSCI.1420-07.2007
https://doi.org/10.1523/JNEUROSCI.1420-07.2007
https://doi.org/10.1523/JNEUROSCI.4151-11.2012
https://doi.org/10.1523/JNEUROSCI.4151-11.2012
https://doi.org/10.1159/000113580
https://doi.org/10.1159/000113580
https://doi.org/10.1002/cne.24538
https://doi.org/10.1016/S0079-6123(05)51011-2
https://doi.org/10.1016/S0079-6123(05)51011-2
https://doi.org/10.1002/cne.24688
https://doi.org/10.1002/cne.24688
https://doi.org/10.1002/cne.21635
https://doi.org/10.1016/j.conb.2009.10.004
https://doi.org/10.1002/(SICI)1096-9861(19961014)374:2%3C204::AID-CNE4%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1096-9861(19961014)374:2%3C204::AID-CNE4%3E3.0.CO;2-6
https://doi.org/10.1038/nn.3352
https://doi.org/10.1016/j.neuron.2014.08.019
https://doi.org/10.1371/journal.pbio.0030164
https://doi.org/10.1016/j.cub.2014.12.013
https://doi.org/10.1016/j.cub.2014.12.013
https://doi.org/10.1152/jn.1984.52.6.1226
https://doi.org/10.1152/jn.1984.52.6.1226
https://doi.org/10.1126/science.1256846
https://doi.org/10.1159/000114379
https://doi.org/10.1002/cne.20118
https://doi.org/10.1152/jn.1969.32.5.637
https://doi.org/10.1002/cne.901730210
https://doi.org/10.1002/cne.901730210
https://doi.org/10.1016/j.brainres.2007.09.040
https://doi.org/10.3389/fncom.2013.00089
https://doi.org/10.1002/cne.903590404
https://doi.org/10.1002/cne.903590404
https://doi.org/10.1016/j.cub.2017.09.034
https://doi.org/10.1016/j.cub.2017.09.034
https://doi.org/10.1002/cne.23874
https://doi.org/10.1002/cne.903540108
https://doi.org/10.1002/cne.903090405
https://doi.org/10.1002/cne.903090405
https://doi.org/10.1523/JNEUROSCI.3067-12.2013


Academy of Sciences of the United States of America, 107(28),

12676–12681. https://doi.org/10.1073/pnas.1006645107
Wang, Y., Luksch, H., Brecha, N. C., & Karten, H. J. (2006). Columnar pro-

jections from the cholinergic nucleus isthmi to the optic tectum in

chicks (Gallus gallus): A possible substrate for synchronizing tectal

channels. Journal of Comparative Neurology, 494(1), 7–35. https://doi.
org/10.1002/Cne.20821

Wild, J. M. (2017). The ventromedial hypothalamic nucleus in the zebra

finch (Taeniopygia guttata): Afferent and efferent projections in rela-

tion to the control of reproductive behavior. Journal of Comparative

Neurology, 525(12), 2657–2676. https://doi.org/10.1002/cne.24225
Wild, J. M., Arends, J. J., & Zeigler, H. P. (1985). Telencephalic connections

of the trigeminal system in the pigeon (Columba livia): A trigeminal sen-

sorimotor circuit. Journal of Comparative Neurology, 234(4), 441–464.
https://doi.org/10.1002/cne.902340404

Wild, J. M., & Farabaugh, S. M. (1996). Organization of afferent and effer-

ent projections of the nucleus basalis prosencephali in a passerine,

Taeniopygia guttata. Journal of Comparative Neurology, 365(2), 306–328.
https://doi.org/10.1002/(SICI)1096-9861(19960205)365:2<306::AID-

CNE8>3.0.CO;2-9

Wild, J. M., & Gaede, A. H. (2016). Second tectofugal pathway in a song-

bird (Taeniopygia guttata) revisited: Tectal and lateral pontine projec-

tions to the posterior thalamus, thence to the intermediate nidopallium.

Journal of Comparative Neurology, 524(5), 963–985. https://doi.org/10.
1002/cne.23886

Wild, J. M., Karten, H. J., & Frost, B. J. (1993). Connections of the auditory

forebrain in the pigeon (Columba livia). Journal of Comparative Neurol-

ogy, 337(1), 32–62. https://doi.org/10.1002/cne.903370103
Wild, J. M., & Krützfeldt, N. E. (2012). Trigeminal and telencephalic projec-

tions to jaw and other upper vocal tract premotor neurons in song-

birds: Sensorimotor circuitry for beak movements during singing.

Journal of Comparative Neurology, 520(3), 590–605. https://doi.org/
10.1002/cne.22752

Wild, J. M., Li, D., & Eagleton, C. (1997). Projections of the dorsomedial

nucleus of the intercollicular complex (DM) in relation to respiratory-vocal

nuclei in the brainstem of pigeon (Columba livia) and zebra finch (Taeniopygia

guttata). Journal of Comparative Neurology, 377(3), 392–413.
Wild, J. M., & Williams, M. N. (2000). Rostral wulst in passerine birds.

I. Origin, course, and terminations of an avian pyramidal tract. Journal

of Comparative Neurology, 416(4), 429–450.

Winkowski, D. E., & Knudsen, E. I. (2006). Top-down gain control of the

auditory space map by gaze control circuitry in the barn owl. Nature,

439(7074), 336–339. https://doi.org/10.1038/nature04411
Winkowski, D. E., & Knudsen, E. I. (2008). Distinct mechanisms for top-down

control of neural gain and sensitivity in the owl optic tectum. Neuron,

60(4), 698–708. https://doi.org/10.1016/j.neuron.2008.09.013
Wynne, B., & Güntürkün, O. (1995). Dopaminergic innervation of the tel-

encephalon of the pigeon (Columba livia): A study with antibodies

against tyrosine hydroxylase and dopamine. Journal of Comparative

Neurology, 357(3), 446–464. https://doi.org/10.1002/cne.903570309
Yu, A. C., & Margoliash, D. (1996). Temporal hierarchical control of singing

in birds. Science, 273(5283), 1871–1875.
Zeier, H., & Karten, H. J. (1971). The archistriatum of the pigeon: Organization

of afferent and efferent connections. Brain Research, 31(2), 313–326.
Zhao, X. Y., Liu, M. N., & Cang, J. H. (2014). Visual cortex modulates the

magnitude but not the selectivity of looming-evoked responses in the

superior Colliculus of awake mice. Neuron, 84(1), 202–213. https://
doi.org/10.1016/j.neuron.2014.08.037

Zhou, N., Masterson, S. P., Damron, J. K., Guido, W., & Bickford, M. E.

(2018). The mouse Pulvinar nucleus links the lateral Extrastriate cor-

tex, striatum, and amygdala. Journal of Neuroscience, 38(2), 347–362.
https://doi.org/10.1523/JNEUROSCI.1279-17.2017

Zhou, N. A., Maire, P. S., Masterson, S. P., & Bickford, M. E. (2017). The mouse

pulvinar nucleus: Organization of the tectorecipient zones. Visual Neuro-

science, 34, E011. https://doi.org/10.1017/S0952523817000050

Zingg, B., Chou, X. L., Zhang, Z. G., Mesik, L., Liang, F. X., Tao, H. W., &

Zhang, L. I. (2017). AAV-mediated anterograde transsynaptic tagging:

Mapping corticocollicular input-defined neural pathways for defense

behaviors. Neuron, 93(1), 33–47. https://doi.org/10.1016/j.neuron.

2016.11.045

How to cite this article: Fernández M, Morales C, Durán E,

et al. Parallel organization of the avian sensorimotor

arcopallium: Tectofugal visual pathway in the pigeon (Columba

livia). J Comp Neurol. 2019;1–27. https://doi.org/10.1002/cne.

24775

FERNÁNDEZ ET AL. 27

https://doi.org/10.1073/pnas.1006645107
https://doi.org/10.1002/Cne.20821
https://doi.org/10.1002/Cne.20821
https://doi.org/10.1002/cne.24225
https://doi.org/10.1002/cne.902340404
https://doi.org/10.1002/(SICI)1096-9861(19960205)365:2%3C306::AID-CNE8%3E3.0.CO;2-9
https://doi.org/10.1002/(SICI)1096-9861(19960205)365:2%3C306::AID-CNE8%3E3.0.CO;2-9
https://doi.org/10.1002/cne.23886
https://doi.org/10.1002/cne.23886
https://doi.org/10.1002/cne.903370103
https://doi.org/10.1002/cne.22752
https://doi.org/10.1002/cne.22752
https://doi.org/10.1038/nature04411
https://doi.org/10.1016/j.neuron.2008.09.013
https://doi.org/10.1002/cne.903570309
https://doi.org/10.1016/j.neuron.2014.08.037
https://doi.org/10.1016/j.neuron.2014.08.037
https://doi.org/10.1523/JNEUROSCI.1279-17.2017
https://doi.org/10.1017/S0952523817000050
https://doi.org/10.1016/j.neuron.2016.11.045
https://doi.org/10.1016/j.neuron.2016.11.045
https://doi.org/10.1002/cne.24775
https://doi.org/10.1002/cne.24775

	Parallel organization of the avian sensorimotor arcopallium: Tectofugal visual pathway in the pigeon (Columba livia)
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Research animals
	2.2  Surgical and experimental procedures
	2.2.1  Surgery
	2.2.2  Recordings and mapping of the visual responses in the arcopallium
	2.2.3  Recordings and blocking of visual activity in the Ipc

	2.3  Injection of neural tracers
	2.4  Histological procedures

	3  RESULTS
	3.1  Mapping the tectofugal arcopallium
	3.2  Effect of Ipc local inactivation on visual responses in the arcopallium
	3.3  Anterograde tracing of the arcopallial projections to TeO
	3.4  Injections in arcopallial regions surrounding the tectofugal arcopallium
	3.5  Retrograde tracing of the arcopallial projection to TeO
	3.6  Tectofugal inputs to the arcopallium

	4  DISCUSSION
	4.1  Anatomical and functional organization of the tectofugal arcopallium
	4.2  Spatial organization of the arcopallial projection to the optic tectum
	4.3  Parallel organization of the sensorimotor arcopallium and the avian DVR
	4.4  Comparison with other vertebrates
	4.5  Functional considerations

	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


