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ABSTRACT
The dorsal ventricular ridge (DVR) is one of the main

components of the sauropsid pallium. In birds, the DVR

is formed by an inner region, the nidopallium, and a

more dorsal region, the mesopallium. The nidopallium

contains discrete areas that receive auditory, visual,

and multisensory collothalamic projections. These nido-

pallial nuclei are known to sustain reciprocal, short-

range projections with their overlying mesopallial areas.

Recent findings on the anatomical organization of the

auditory DVR have shown that these short-range projec-

tions have a columnar organization that closely resem-

bles that of the mammalian neocortex. However, it is

unclear whether this columnar organization generalizes

to other areas within the DVR. Here we examine in

detail the organization of the visual DVR, performing

small, circumscribed deposits of neuronal tracers as

well as intracellular fillings in brain slices. We show that

the visual DVR is organized in three main laminae, the

thalamorecipient nucleus entopallium; a dorsally adja-

cent nidopallial lamina, the intermediate nidopallium;

and a contiguous portion of the ventral mesopallium,

the mesopallium ventrale. As in the case of the auditory

DVR, we found a highly topographically organized sys-

tem of reciprocal interconnections among these layers,

which was formed by dorsoventrally oriented, discrete

columnar bundles of axons. We conclude that the

columnar organization previously demonstrated in the

auditory DVR is not a unique feature but a general

characteristic of the avian sensory pallium. We discuss

these results in the context of a comparison between

sauropsid and mammalian pallial organization. J. Comp.

Neurol. 523:2618–2636, 2015.
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The pallial telencephalon is considered the most vari-

able and diverse region in the brains of amniotes

(Striedter, 1997; Butler and Hodos, 2005; Murakami

et al., 2005; Sol et al., 2010). In mammals, the cortical

pallial territories have a multilayered organization in

which cells of the different layers are functionally con-

nected by radially oriented processes, which form

restricted local circuits between layers. Because of this

intrinsic connectivity, neurons included in a columnar

section radially oriented across the layers tend to have

common physiological properties and are regarded as

forming operational modules (Gilbert and Wiesel, 1989;

Mountcastle, 1997; Da Costa and Martin, 2010). In con-

trast, the pallial region of nonmammalian amniotes

seems very different from the cortex; it does not

appear to have a laminar structure, and, until recently

(see below), no functional modules or recurrent local

circuits have been described for it (Jarvis et al., 2005).

One of the main components of the sauropsid pal-

lium corresponds to the dorsal ventricular ridge (DVR),

whose pallial nature has been confirmed according to

multiple criteria, including overall connectivity, embryo-

genesis, expression of molecular markers, and topology

Grant sponsor: Fondecyt; Grant number: 1120124 (to J.M.); Grant
number: 1080094 (to J.M.); Grant number: 1110247 (to J.C.L.).

*CORRESPONDENCE TO: Jorge Mpodozis, Departamento de Biologia,
Facultad de Ciencias, Universidad de Chile, Las Palmeras 3425, ~Nu~noa,
Santiago, Chile. E-mail: epistemo@uchile.cl

Received January 27, 2015; Revised May 8, 2015;
Accepted May 12, 2015.
DOI 10.1002/cne.23808
Published online June 8, 2015 in Wiley Online Library
(wileyonlinelibrary.com)VC 2015 Wiley Periodicals, Inc.

2618 The Journal of Comparative Neurology | Research in Systems Neuroscience 523:2618–2636 (2015)

RESEARCH ARTICLE



(Reiner et al., 2004; Dugas-Ford et al., 2012; Jarvis

et al., 2013). In birds, the DVR is formed by an inner

region known as the nidopallium and a more dorsal

area known as the mesopallium. The former contains

discrete areas that receive auditory (derived from the

thalamic nucleus ovoidalis), visual (derived from the

thalamic nucleus nucleus rotundus), and multisensory

(derived from the thalamic nucleus nucleus dorsolatera-

lis posterioris) collothalamic projections (Korzeniewska

and Gunturkun, 1990; Hodos and Butler, 2005). The

presence of these collorecipient regions within the DVR

has been one of the main criteria leading to the pro-

posed homological correspondence between the DVR

and the mammalian extrastriate cortex (Karten, 1969;

Butler et al., 2011).

The anatomical organization of the auditory DVR, the

hodological equivalent of the mammalian auditory cor-

tex, has been recently investigated in detail in chicks

by Wang et al. (2010). This region is composed of two

major cytoarchitectonic zones, the nidopallial field L,

receiving auditory afferents from the thalamic nucleus

ovoidalis (homologous to the ventral division of the

mammalian medial geniculate nucleus), and a dorsally

adjacent mesopallial region, the caudal mesopallium

(CM). Wang et al. showed that the field L and the CM

constitute a system of layered cell groups (field L2a, L1

internus, L1 externus, L3) extensively interconnected by

discrete columnar bundles of axons oriented perpendic-

ular to the laminae. These axonal bundles form recipro-

cal, topographically organized, homotopical projections

among cells located in the main thalamorecipient layer

(field L2a) and cells located in the dorsally adjacent

L1and CM. Based on these results, Wang et al. (2010)

compared the organization of the field L/CM complex

with that of the columns of the mammalian auditory

cortex, proposing the existence of a correspondence at

laminar, cellular, and intrinsic circuitry levels.

Whether this type of columnar organization is a par-

ticular feature of the field L or a general characteristic

of the sensory DVR remains at present an open ques-

tion. In this regard, the current literature contains sev-

eral hints suggesting that the visual DVR may also be

organized as a system of interconnected laminae. The

visual DVR is composed of three main cytoarchitectonic

zones, an internal one, the entopallium (E), that is the

main recipient of visually driven projections from the

nucleus rotundus (homologous to the mammalian cau-

dal pulvinar nucleus); an overlaying nidopallial region,

which we will call intermediate nidopallium (NI),

referred in the literature as “entopallial belt” or

“perientopallium” (see Discussion); and a dorsally adja-

cent mesopallial region, the nucleus mesopallialis ven-

trolaterale (MVL; Benowitz and Karten, 1976; Husband

and Shimizu, 1999; Laverghetta and Shimizu, 2003;

Fredes et al., 2010). Several studies have shown the

existence of short-range projections connecting the E

to the NI and the NI to farther rostral and caudal zones

of the lateral pallium, forming a sequential arrangement

that has been considered the “classic signature” of the

DVR (Husband and Shimizu, 1999; G€unt€urk€un and

Kr€oner, 1999; Alp�ar and T€omb€ol, 2000). However, more

recent works from Kr€utzfeldt and Wild (2004, 2005)

with the zebra finch and the pigeon indicate that the

visual DVR has a much more complex organization than

previously appreciated. In addition to confirming previ-

ous findings, these authors show that the rotundal end-

ings innervate both the E and also, albeit more

sparsely, the NI. Additionally they show that, besides

targeting the NI, efferents from the E reach the underly-

ing striatum and also the MVL. In turn, and most inter-

estingly, cells of the MVL located close to the

entopallial terminal field were shown to project back to

the E, indicating the existence of reciprocal projections

between the E and the MVL. At present, however, the

detailed organization of this system of projections

remains to be established.

Here we examine in detail the organization of the vis-

ual DVR in chicks (Gallus gallus), placing small, circum-

scribed injections of neuronal tracers as well as

intracellular fillings in brain slices. We show that the

visual DVR is composed of three differentiated, highly

interconnected layers, internal (thalamorecipient, E),

intermediate (efferent, NI), and external (associative,

MV). As in the case of the auditory DVR, interconnec-

tions among these layers were formed by dorsoventrally

oriented, discrete columnar bundles of axons that fol-

low a precise topographic arrangement. We discuss

these results in the context of a comparison of the pal-

lial organization between sauropsids and mammals.

MATERIALS AND METHODS

Animals
In total 65 chicks (Gallus gallus) between 1 and 7

days posthatching were used. All the experimental pro-

cedures were approved by the Science Faculty’s Ethics

Committee, Universidad de Chile, and conformed to the

guidelines of the National Institutes of Health (NIH) on

the use of experimental animals in research.

Deposits of biocytin in vital slices
Forty chicks (P1–P5) were deeply anesthetized with a

mixture (3:1) of 1% ketamine and 2% xylazine and then

decapitated. The brains were quickly removed from the

skull and submerged for 10 minutes in a cooled (48C)

chamber filled with sucrose-substituted Krebs solution
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(240 mM sucrose, 3 mM KCl, 3 mM MgCl2, 23 mM

NaHCO3, 1.2 mM NaH2PO4, 11 mM D-glucose) continu-

ously bubbled with carbogen (95% O2, 5% CO2). Brains

were then manually blocked and sectioned at 500-

1,000 mm on a vibratome (Leica VT 1200) in either the

coronal or the sagittal plane. Brain slices were collected

and submerged in a chamber containing artificial cere-

brospinal fluid (ACSF; 119 mM NaCl, 2.5 mM KCl,

1.3 mM Mg2SO4, 1.0 mM NaH2PO4, 26.2 mM NaHCO3,

11 mM D-glucose, 2.5 mM CaCl2) at room temperature

and continuously bubbled with carbogen. Sections were

then transferred to a chamber filled with ACSF located

on the stage of a dissecting microscope, and minute

deposits of biocytin crystals (Sigma-Aldrich, St. Louis,

MO; B4261) were manually placed under visual guid-

ance in selected visual DVR locations, using a fine

(100-mm tip diameter) tungsten needle. Different tar-

gets in the visual DVR were readily identified by the dif-

ferential opacity that they exhibit in wet slices (Fig. 1).

After the injections, the slices were maintained for

approximately 5 hours in a chamber with ACSF solution

and then fixed by immersion in 4% paraformaldehyde in

0.1 M phosphate buffer (pH 7.2). After 24 hours in the

fixative solution, slices were transferred to a

Figure 1. Characterization of the visual DVR. A: Sagittal series of unstained sections (50 mm) through the telencephalon of a hatching

chick (2 days old). Both the entopallium (E) and the lateral striatum (LSt) are readily distinguishable. The lamina mesopallialis (LM, dashed

line) can be approximated. Note in the lateralmost section (right) a bundle of rotundal axons coursing across the LSt toward the E. B:

Detail of the boxed area in A. A faint, dusty-like opacity above the LM delimits the external lamina of the ventral mesopallium (MVex). C:

Same section as in B stained with Nissl. Note the cytoarchitectonic differences among the different layers. Dashed lines in B indicated

the apparent boundaries between layers. D: An equivalent wet, unstained section taken from a 10-day-old chick. Note the axonal proc-

esses running between the E and the MVex. The LM is also appreciable. NI, nidopallium intermedium; MVin, mesopallium ventrale, internal

layer; MD, mesopallium dorsale; LPS, lamina palliosubpallialis. In this and subsequent figures, “d” bar indicates dorsal orientation and “l”

bar indicates lateral orientation. The schema included in A indicates approximately the sagittal plane of section used in this study. Abbrevi-

ations apply to subsequent figures. Scale bar 5 1 mm in A; 200 mm in D (applies to B-D).
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cryoprotective 30% sucrose solution until they sank. Sli-

ces were then resectioned into 50–70-mm-thick sec-

tions with a freezing sliding microtome (Leitz 1400).

The resulting sections were incubated in avidin-biotin-

peroxidase complex solution (ABC Elite Kit; Vector Lab-

oratories, Burlingame, CA) diluted 1:200 in PBS with

0.3% Triton X-100 for 1 hour at room temperature, then

incubated for 5–7 minutes in 0.025% 3-3 diaminobenzi-

dine (DAB; Sigma) with 0.01% hydrogen peroxide in PB,

mounted on gelatin-coated slides, and stained with

0.05% osmium tetroxide for 30 seconds. Then, sections

were dehydrated, cleared, and coverslipped with Per-

mount (Fisher Scientific, Pittsburgh, PA). Selected sec-

tions were counterstained with Nissl (Merck cresyl

violet acetate), to visualize the general divisions of the

pallium and to corroborate the location of injection

sites and terminal regions.

Deposits of DiI in fixed slices
Ten chicks were deeply anesthetized with the keta-

mine/xylazine mixture and perfused transcardially with

100 ml of 0.9% saline, followed by 100 ml of an ice-

cold solution of 4% paraformaldehyde in 0.1 M phos-

phate buffer (pH 7.2). After the perfusion, the brains

were excised and postfixed for 2–3 hours in the para-

formaldehyde solution. Then, the brains were mounted

on the stage of a vibratome (Campden Instruments

752M) and sliced at 500-1,500 mm in either the coronal

or the sagittal plane. Slices containing the structures of

interest were transferred to a dish located on the stage

of a dissecting microscope. Deposits of crystals of DiI

(Molecular Probes, Eugene, OR; D 282) onto the

selected targets were achieved manually under visual

guidance, with the aid of a fine needle. Injected slices

were then incubated at 378C for 2 weeks. After the

incubation period, the slices were resectioned into 100-

mm-thick sections with a vibratome (Leica VT 1200)

and collected on gelatinized slides.

In vitro intracellular filling
These experiments followed the procedures

described by Wang et al. (2006). Briefly, 15 animals (1–

6 days posthatching) were deeply anesthetized with the

ketamine/xylazine mixture and then quickly decapi-

tated. The brains were removed and immediately trans-

ferred to a chamber containing cooled (48C) sucrose-

substituted Krebs solution. Middle and posterior brains

were dissected, and the telencephalic hemispheres

were manually split through the midline. From each

hemisphere, sagittal 500-mm-thick slices were prepared

and maintained as described above. Selected slices

containing the visual DVR were then transferred to a

chamber placed on the stage of an inverted microscope

(Olympus BX51WI) and continuously perfused with car-

bogenated ACSF solution. Under these conditions, the

structures of interest were clearly recognizable by the

opacity differences. To fill neurons, we used sharp elec-

trodes (60–90 MX) made of borosilicated capillary tub-

ing (FHC; 1.5 mm 3 0.75 mm) pulled in a vertical

puller (Kopf model 720). The electrodes were backfilled

with 5% biocytin-HCl (Sigma-Aldrich) in KAc 0.5 M,

coupled to the head stage of an intracellular DC ampli-

fier (Cygnus Technologies IR 183A), mounted on a

three-axis hydraulic manipulator attached to the stage

of the microscope, and manually approximated to the

tissue surface. Target cells were visualized under infra-

red/DIC microscopy, and only healthy cells, recogniz-

able by their irregular somatic profiles, were selected.

Cell penetration, indicated by a sudden voltage drop,

was achieved with a capacitive pulse. The tracer solu-

tion was iontophoretically injected into the neuron with

1–3 nA of positive current during 2–4 minutes. Slices

containing filled cells were fixed overnight in 4% PFA in

PBS 0.01 M and transferred to the cryoprotective

sucrose solution until they sunk. Then, the slices were

resectioned into 60-mm-thick sections with a freezing

microtome (Leitz 1400). To reveal the filled neurons,

the sections were treated with the ABC/DAB/osmium

intensification protocol described above.

Data acquisition and analysis
Histological material was analysed, drawn, and photo-

graphed with a conventional epifluorescence micro-

scope (Olympus BX61) equipped with a camera lucida

attachment and coupled to a highly sensitive digital

camera (Spot RT 100; Diagnostic Instruments, Sterling

Heights, MI). Confocal images of selected sections

were obtained with a microscope (Zeiss Axiovert 200)

equipped with a spinning-disk confocal unit (Perki-

nElmer Ultraview; 325 lens, 0.8 numerical aperture).

Image contrast adjustments, annotations, and photo-

montage were performed in Adobe Photoshop. Final fig-

ures were prepared in Adobe Illustrator.

RESULTS

Characterization of the visual DVR
As stated in the introductory paragraphs, the visual

DVR has been characterized mainly in adult pigeons

and zebra finches and comprises three main dorsoven-

trally apposed regions: An internal nidopallial one, the

entopallium (E), in receipt of dense afferents from the

nucleus rotundus; an overlying nidopallial “girdle,”

which we call the nidopallium intermedium (NI) after

Karten and Hodos (1967); and the portion of the ventral

division of the mesopallium located above the NI,

Layers and columns in the avian pallium
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designated by Reiner et al. (2004) as the mesopallium

ventrale (MV). To define the visual DVR better in perina-

tal chicks, we examined sagittal series of wet unstained

tissue as well as the corresponding series stained with

Nissl (Fig. 1).

In wet tissue, the E was readily distinguishable as a

zone of high opacity, consequent to the refractivity of

the dense plexus of myelinated axons formed by the

rotundal afferents (Kr€utzfedt and Wild, 2005; Fredes

et al., 2010). The lamina palliosubpallialis (LPS), marking

the boundary between the E and the underlying lateral

striatum (LSt), appeared clearly defined as well. The lam-

ina mesopallialis (LM), delimiting the nidopallial/meso-

pallial border, was barely evident in hatchling chicks but

became conspicuous at 5 days posthatching (Fig. 1D).

The NI was then easily identifiable as the region delim-

ited by the LM and the external most entopallial border.

At this stage, bundles of myelinated axons can be clearly

seen running across the NI, following a straight course

between the E and the MV (Fig. 1D).

In Nissl stained material, the visual DVR features a

complex, multilayered cytoarchitecture (Fig. 1C). The E

appears as a uniform field of densely packed, small

somata, with no evident subdivisions or stratifications.

A subtle internal/external stratification, such as that

described for other species at adult stages (Karten and

Hodos, 1970; Kr€utzfeldt and Wild, 2005; see Discus-

sion), appeared in our material in some instances, but

we were unable to find it consistently. The boundary

between the E and the NI was clearly recognizable

because the NI contained larger and less densely

packed neurons clustered in dorsoventrally oriented

rows, which are presumably organized along and

between the columnar bundles of axons that run across

the NI. The NI may contain further subdivisions because

at central sagittal levels a thin and dense layer of cells,

Figure 2. Multiple deposits of biocytin into the E in a sagittal vital slice (500 mm) of the visual DVR. A-D: Lateromedial series of histo-

chemically reacted sections (50 mm) taken from the experimental slice. The dashed line ventral to the E indicates the lamina palliosubpal-

lialis. The dashed line dorsal to the NI indicates the lamina mesopallialis. Limits of the E are also indicated by dashes. Note the axonal

bundles running between each deposit site in the E and the MVex. At the MVex, discrete regions containing labeled terminals are readily

appreciated (dash-bounded areas in A). E: Camera lucida reconstruction (Z projection) of the A-D series of sections. Contrast was reversed

for better visualization. Boundaries between the different regions are indicated by dashed lines. Solid white represents crystal deposits.

Solid lines represent axonal processes. Fine dots represent axonal terminals at the MVex and nonspecific labeling at the E. Note at the

MVex the discrete patches of retrogradely labeled cells that appear to be immersed within the fields of labeled terminals. The posterior-

most deposit, located outside the E, also originates a “column” of dorsally oriented labeled processes. In this and subsequent figures, “a”

bar indicates anterior orientation. Scale bars 5 1 mm.
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located immediately above the entopallial boundary, is

hinted at by the cytoarchitecture (not shown). The LM

was readily distinguishable, and above it the MV

appears stratified in two main layers, an internal one

(MVint) and an external, cell-dense layer (MVex). The

MVex is also hinted at in wet tissue, as a dusty-

appearing, faint opacity band situated above the axo-

nal bundles running between the E and the MV (Fig.

1B). Subsequent observations showed that the MVex,

but not the MVint, is the main target of the entopal-

lial projections (see below). Thus, MVex seems to cor-

respond to the MVL described by Kr€utzfeldt and Wild

(2004) for the zebra finch. Above the MVex, the dor-

sal division of the mesopallium, designated as the

mesopallium dorsale (MD) by Reiner et al. (2004),

can be clearly distinguished because somata in the

MD appear larger and more sparsely distributed that

those in the MV.

Local circuits in the visual DVR
We sought to unravel the connectivity between the

main components of the visual DVR implementing three

different “in vitro” experimental approaches: First, we

prepared brain slices to perform minute, well-defined

deposits of biocytin crystals (transverse 15 instances,

sagittal 15 instances) in different components of the

visual DVR. This approach was complemented by man-

ual deposits of small lipophilic crystals (DiI; transverse

20 instances, sagittal 10 instances) on fixed slices. In

addition, we attempted to perform intracellular fillings

of the principal cellular morphotypes that compose the

visual DVR.

Figure 3. Multiple deposits of biocytin into the E in a transverse vital slice (500 mm) of the visual DVR. A: Histochemically reacted section

(50 mm) taken from the experimental slice. Boundaries of the E appear clearly distinguishable. Note that the bundles of axons originating

from the medial and central deposit ended in discrete terminal zones at the MVex. Some retrogradely labeled cell bodies around the ter-

minal zones are also evident. B: Camera lucida reconstruction of the central “column” shown in A. Solid black represents crystal deposits.

Solid lines represent axonal processes. Fine dots represent axonal terminals at the MVex and nonspecific labeling at the E. Note that ret-

rogradely labeled cells are localized within and around the terminal zone. In this and subsequent figures, “m” bar indicates medial orienta-

tion. The schema in A indicates approximately the transverse plane of section used in this study. Scale bars 5 200 mm.
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Deposits of crystals tracers into definite E loci

revealed compact and discrete bundles of labeled fibers

emerging from each of the injection sites (Figs. 2, 3,

sagittal and coronal views, respectively). These fibers fol-

low a straight, dorsoventral course across the NI and the

MVint (Figs. 10B,C, 12A,C), finally to form a well-defined,

dense terminal zone within a discrete locus at the MVex

(Figs. 5, 10B,C). Confinement of the labeled terminals

within the limits of the MVex was appreciable in

unstained wet slices and was readily confirmed in the

same slices after counterstaining with Nissl (Fig. 4). Indi-

vidual terminals feature a dense mesh of varicose, fine

processes that arise from the main axon at a single

branching point. Furthermore, a characteristic cluster of

retrogradely labeled cells of stellar morphology (see

below) was evident in all cases (Figs. 5B,C, 10C,D). Most

Figure 4. Double deposit of biocytin into the E in a transverse vital slice (500 mm thick) of the visual DVR. A: Histochemically reacted,

Nissl-counterstained section (50 mm) taken from the experimental slice. Dashed lines indicated boundaries between the different zones.

Asterisks indicated the position of the deposits. Note that the dorsal fields of labeled terminals are indeed located within the MVex. Note

also a field of labeled terminals at the LSt. B: Detail of the lateral field of terminals at MVex. Incoming axons split into several fine

branches, forming a dense mesh of terminals. Some individual axons (arrowheads) proceed farther. Scale bars 5 200 mm.

Figure 5. Retrogradely labeled cells and terminals at the MVex after a double deposit of biocytin into the E in a sagittal vital slice (500

mm thick) of the visual DVR. Photographs were taken from a histochemically reacted 50-mm section. A: Labeled terminals and cells at the

MVex. Incoming axons form a dense mesh of very fine terminals. Several labeled cells appear intermingled within the terminal field. B:

Retrogradely labeled cell at the MVex (arrow in A). C: Retrogradely labeled cell in MD (arrow in A). Note the characteristic spiny stellar

morphology exhibited by these cells. Scale bars 5 100 mm in A; 50 mm in B,C.

P. Ahumada-Galleguillos et al.
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of these cells lie intermingled with the terminal fields,

but some of them were located in the MD, restricted to

the zone immediately adjacent to the terminal field (Figs.

3B, 5C). Rare retrogradely labeled cells and some

labeled terminals were also found in the MVint, always

in close contiguity with the MVex terminal fields.

When multiple deposits were made in the same slice

(30 instances), the absence of processes running hori-

zontally between the injection sites or between the

resulting terminal fields was noteworthy. This is a strong

indication of a columnar (between layers) rather than a

horizontal (within layers) organization of these projec-

tions. We performed these multiple injections on

sagittal (15 instances) as well as transverse (15 instan-

ces) slices, sampling nearly all rostrocaudal and latero-

medial aspects of E (Fig. 6). In all instances, we found

that the position of the resulting labeled zones in the

MVex covaried directly with the position of the injection

sites in the E, indicating that this system of projections

follows a precise, direct topographic arrangement. We

found that this system of projections involves also the

medial margin of the E and a corresponding portion of

the medial aspect of the MVex (Fig. 7). This latter fea-

ture has not been described previously.

The results described above clearly indicate the exis-

tence of reciprocal, homotopic columnar projections

Figure 6. Schematic representation of representative cases with single and multiple deposits of biocytin into the E. Each schema is a

scaled-down version of a detailed camera lucida reconstruction of a histochemically reacted section taken from the experimental slice.

Dashed lines indicate the boundaries between the different regions. Solid black represents crystal deposits. Dark gray represents terminal

fields at the MV. Light gray represents terminal fields at the LSt. A-O: Rostral to caudal series of coronal slices. P-S: Sagittal slices. Labels

in the left schema of each row apply to all schemas in the row. Note that the system of axonal columns span trough all rostrocaudal and

lateromedial entopallial levels. Note also that the terminal fields at the LSt appear only in the cases in which the tracer deposits compro-

mise the ventral aspect of the E. In some instances, crystal deposits do not result in transport of the tracer. Scale bars 5 200 mm.

Layers and columns in the avian pallium
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between the E and the MVex. Because the tracer

deposits masked the putative “column-forming” ele-

ments at the entopallial side, we performed restricted

injections of crystalline tracers into different loci of the

MVex to characterize these hidden elements better

(Figs. 8, 9, 10A,B). As expected, each of these injec-

tions resulted in the labeling of well-defined bundles of

axons originating from the injection site and running in

Figure 7. Single deposit of DiI into the medial margin of the E in a transverse vital slice (500 mm) of the visual DVR. Confocal images

were obtained from a 50-mm section. Dashed lines indicated boundaries between the different regions. A: Crystal deposit and resulting

pattern of label. Note that the labeled axons run toward a medially located locus at the MVex. B: Detail of the resulting retrogradely

labeled cells at the MVex. Scale bars 5 200 mm.

Figure 8. Double deposit of biocytin into the MVex in a transverse vital slice (500 mm thick) of the visual DVR. A: Histochemically reacted

50-mm section showing the deposit sites. Dashed lines indicated boundaries of the different regions. B: Camera lucida reconstruction of

the “column” consequent to the medial deposit indicated in A. Compact black dots represent crystal deposit. Solid lines represent axonal

processes. Fine dots represent axonal terminals. Note that retrogradely labeled cells appear mostly restricted to the dorsal aspect of the

E. Labeled terminals are evident at the NI as well as at the Ed. Scale bars 5 200 mm.
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a straight course across the MVint and the NI, finally to

terminate forming restricted terminal zones in the E

(Figs. 8, 9). Labeled terminals in these zones were of

low density and spanned the dorsal two-thirds of the E.

However, occasionally we saw labeled axons running

farther ventrally, reaching the pallial/subpallial border

Figure 9. Multiple deposits of biocytin into the MVex in a coronal vital slice (500 mm thick) of the visual DVR. Photographs were taken

from a histochemically reacted 50-mm section. Contrast was inverted for better visualization. A: Deposit sites. Dashed lines indicated

boundaries of the different regions. Note the bundles of axons arising from each deposit and the corresponding terminal fields in the E.

B,C: Details of the central “column” (asterisk in A). B: Detail of the superior boxed area. Note at the NI the fine axonal terminals arising

from the main course of the axons (arrowheads). C: Detail of the inferior dashed area in A. Axonal terminals are evident at the NI as well

as at the Ed. Scale bars 5 200 mm.

Figure 10. Camera lucida reconstructions of four representative cases of crystal deposits of biocytin into different components of the vis-

ual DVR. These were single deposits, performed each in a different transverse slice. Solid black represents crystal deposits. Solid lines

represent axonal processes. Fine dots represent axonal terminals. Dashed lines indicated boundaries between the different regions. A,B:

Deposits into the MVex. C,D: Deposits into the E. Labeled terminals at the NI were evident in A and B only. Note that retrogradely labeled

cells at the E are restricted to its dorsalmost aspect in both A and B. Some retrogradely labeled cells are evident at the NI in different

instances. See text for details. Ed, dorsal aspect of the entopallium; Ev: ventral aspect of the entopallium. Scale bars 5 200 mm.
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(Figs. 8B, 10A,B). Individual terminals had a characteris-

tic morphology, featuring short ramifications endowed

with varicosities, which arose at regular intervals from

the main axons (Figs. 9, 12B). Furthermore, a charac-

teristic set of retrogradely labeled spiny stellate neu-

rons (see below), located within and around the

terminal zone, was evident in each of these instances.

In all cases, most of the labeled cells appeared to be

distributed within the dorsal two-thirds of the E, includ-

ing some located at the limit between the E and the NI

(Fig. 10A,B). Retrogradely labeled cells located ventrally

in the E were rare and appeared only in instances in

which the injection site encompassed a portion of the

MVint.

Figure 11. Cell types in the visual DVR. Camera lucida reconstructions. Laminar location of the cells is indicted. Asterisks indicate cell fil-

lings. Scale bar 5 200 mm.
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Column-forming cell types and projections
In several of the tracer experiments, a “Golgi like”

quality of staining of retrogradely labeded cells was

observed, as shown in Figures 5 and 7. This allowed us

to study with some detail the morphology and projection

pattern of the principal neuronal types involved in the

columnar projections. Entopallial “column-forming” neu-

rons had small to medium-sized polygonal cell bodies

(major axis 15.5 6 2.7 lm, mean area of 170 lm2,

n 5 50) and featured a characteristic stellar morphology

with multiple (five to seven), short primary dendrites

departing radially from the soma. These dendrites exhib-

ited abundant dendritic spines and gave rise to only one

or two secondary branches (Fig. 11). Mesopallial

column-forming neurons also had a stellate morphology,

but they were larger than the entopallial cells (major

axis 19.8 6 2.4 lm, mean area 244 lm2, n 5 35) and

featured more, longer, and more branched spiny primary

dendrites. Camera lucida reconstructions of several of

these cellular elements, some of them labeled by means

of cell filling, are depicted in Figure 11.

Additionally, in several instances, it was possible to

follow the entire course of individual axons from the

injection sites to their corresponding terminal zones (Fig.

12). We found that most of the axons that we observed

departing from the E to the MVex did not give rise to

noticeable side branches or collaterals at the NI level.

In contrast, most of the axons from the MV to the E

gave rise to several short branches that ended in fine

varicosities as they ran through the NI, which suggests

that the MV is a much more significant source of affer-

ents to the NI than the E. These results indicate also

that entopallial and mesopallial cells involved in interlam-

inar connections do not originate significant projections

within their lamina of origin, further stressing the colum-

nar organization of the interlaminar projections.

The ventral region of the entopallium gives
rise to striatal projections

Deposit of either biocytin or DiI in E revealed the

presence of axonal projections arising from the

injected locus and following a ventral course toward

the underlying lateral striatum. These axons were not

of rotundal origin because they formed clear terminal

fields within the LSt (Figs. 4A, 13). These E-LSt projec-

tions were evident only in cases in which the injection

sites compromised the ventral aspect of the E (Figs. 6,

13). Injection sites contained within the dorsal oine-

third of E did not give rise to striatal projections in any

instances.

Figure 12. Representative “column-forming” elements. A: Confocal image of a entopallial cell retrogradely labeled from a DiI deposit in

the MVex. The axon of this cell reaches the deposit site without giving rise to noticeable side branches at the NI. B: Confocal image of an

axon anterogradely labeled after a deposit of DiI at the MVex (not shown). Note at the NI level several short branches departing from the

main course. At the dorsal entopallium, the axon terminates, forming several varicose branches. C: Camera lucida reconstruction of an

axon anterogradely labeled after a biocytin deposit into the dorsal entopallium. Note the fine terminal processes at the MVex/Md level.

Scale bars 5 50 mm in A,B; 100 mm in C.
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DISCUSSION

Recent comparative studies have substantially

stressed the similarities between mammalian and sau-

ropsid’s pallial territories. In particular, the pallial nature

of the avian DVR, once controversial, has now been

widely recognized. In addition, the homological corre-

spondence between cell types that form specific

nuclear masses of the DVR and cells types that form

specific layers of the mammalian cortex (the nucleus-

to-lamina hypothesis), proposed initially by Karten

(1969), has gained considerable support, especially

after several recent studies analyzing the expression of

molecular markers (Jarvis et al., 2005, 2013; Butler

et al., 2011; Dugas-Ford, 2012). However, possible sim-

ilarities at the level of the interconnections and local

circuits between pallial components have been

emphasized less, mainly because of the relative scarcity

of studies addressing in detail the internal organization

of the sauropsid DVR. In this regard, the work of Wang

et al. (2010) represents a substantial contribution

because it shows the existence of recurrent local cir-

cuits within the components of the auditory DVR that

closely resemble the columnar arrangement of the

interlaminar circuits of the mammalian cortex.

Here we have explored the intrinsic organization of

the avian visual DVR, with the aim of unraveling the

specific pattern of connections among its different cel-

lular components. As stated in the introductory para-

graphs, the efferent connections of the E have been

studied previously by several authors (Husband and Shi-

mizu, 1999; Alp�ar and T€omb€ol, 2000; Laverghetta and

Shimizu, 2003; Kr€utzfeldt and Wild, 2004, 2005). These

Figure 13. E-LSt projections. A: Microphotograph of a histochemically reacted section (50-mm) taken from a sagittal slice with multiple

deposits of biocytin into the dorsal aspect of the E. Note that the LSt appears free of significant label. B: Histochemically reacted section

taken from a “quasisagittal” slice with multiple deposits of biocytin into the ventral aspect of the E. The LSt appears outlined by a mesh

of labeled processes. C: Microphotograph of a histochemically reacted section taken from a sagittal slice with two deposits of biocytin

(asterisk) into the ventral E. In this case, the relative minor density of the resulting labeling at the LSt allows a clear visualization of indi-

vidual labeled terminals (arrowheads). Scale bars 5 200 mm in A,B; 100 mm in C.
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studies have shown that the E provides short-range pro-

jections to three main targets, the underlying striatum,

the “entopallial belt” or perientopallium (which we call

NI), and the overlying MVL. However, a detailed analy-

sis of these projections is still lacking. Our results con-

firm and extend these previous findings by showing that

the cytoarchitecture and internal circuitry of the visual

DVR are much more complex than previously appreci-

ated and follow a pattern strikingly similar to that of

the auditory DVR.

Visual DVR internal organization
We found that the entopallial-mesopallial projection

described previously by Alp�ar and T€omb€ol (2000) and

Kr€utzfeldt and Wild (2005) is organized as a system of

reciprocal projections formed by dorsoventrally ori-

ented, discrete columnar bundles of axons, which follow

a precise topographic homotopic arrangement between

the two regions. Entopallial column-forming neurons

were located mainly in the dorsal half of the E and fea-

tured a stellate morphology with a restricted number of

relatively short, spiny, primary dendrites, which

extended in all directions from the soma. The axonal

terminals of these cells in the MV formed a dense band

that clearly defined a laminar partition, which we call

the MVex. These entopallial axons rarely extended col-

laterals to the NI, although we cannot discard the pos-

sibility that these axons established “en passant”

synapses within the NI. In turn, MVex cells contributing

to the columns were medium-sized neurons, also featur-

ing spiny stellate morphology. Most of these cells were

intermingled with the entopallial terminals at the MVex,

but some of them were located dorsally, at the immedi-

ately adjacent MD. Axons of these cells en route to the

E frequently give rise to several branches toward the NI

ending in several short ramifications across the dorsal

two-thirds of the E, in close contact with the entopallial

column-forming cells (see Fig. 12).

It is worthwhile to note a significant discrepancy

between our results and those previously reported by

Kr€utzfeldt and Wild (2004, 2005). According to these

authors, E-MV projections originate from cells located

in ventral aspect of the E, whereas our results indicate

that these cells are mostly restricted to the dorsal half

of the E. This discrepancy might be due in part to the

different methods employed. We performed minute

injections of crystalline tracers into brain slices, a

method that allows maximizing the precision of the

location and extension of the tracer deposits, whereas

Kr€utzfeldt and Wild performed “in vivo” injections of

tracer solutions, a method that is inherently more

uncertain with regard to location and extension of the

tracer placements. Such methodological differences

may be important when dealing with small brain

structures.

We were unable to find clear evidence showing the

involvement of projections from cells of the NI or the

MVint in the intrapalilal circuits described above. Retro-

gradely labeled cells in the NI were evident only in

those experiments in which the tracer injections were

localized close to the MV/NI border and were very

infrequent or absent in all other cases. This result hints

at the existence of NI projections to the internal most

lamina of the MV. We attempted to address this ques-

tion by performing intracellular fillings of NI cells in

brain slices. Our preliminary results show that NI is

formed by large stellate cells, with multiple primary

spiny dendrites. The axons of these cells split into sev-

eral fine branches shortly after departing from the

soma. Some of these branches appear to follow an

ascending course toward the MV and others a descend-

ing course toward the entopallium. Unfortunately, so

far, we have not been able to follow the entire course

of these branches to their end targets. The detailed

morphological characterization of the cell types forming

the internal circuits of the visual DVR will require fur-

ther studies.

Previous authors have described how projections

from the visual DVR to other pallial zones, such as the

arcopallium and the laterofrontal and laterocaudal nido-

pallium, arise mainly from cells in the NI and to a minor

extent from cells in the E (Husband and Shimizu, 1999;

Kr€utzfeld and Wild, 2005). It has to be noted that in

these previous studies the NI appear to be designated

partially or totally as “perientopallium” (Ep/Ep2). We

have recently started a reevaluation of this question,

performing restricted retrogradely tracer injections into

the pallial targets of the visual DVR (Fern�andez et al.,

2013). Our initial results indicate that projections from

the visual DVR originate exclusively from cells in the NI,

with no noticeable involvement of cells in the E or the

MV. These projections appear to be topographically

organized and seem to originate from different subpo-

pulations of cells intermingled within the NI. Thus,

instead of a uniform cell mass, the NI may be envis-

aged as being composed of different types of special-

ized neurons, involved in long-range intrapallial

projections and perhaps also in short-range projections

within the visual DVR.

On the other hand, several lines of evidence suggest

that the NI may receive sparse projections from the Rt.

After large injections of CTb into the Rt, anterograde

labeled rotundal fibers appear to form a diffuse “crown”

that arises from the E and extends across the internal-

most aspect of the NI. That same crown of fibers is

also very evident in wet, unstained tissue (see Figs. 1
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and 2 of Fredes et al. 2010). Furthermore, we previ-

ously found that injections of DiI crystals into the NI of

pigeons “in vivo” resulted in the labeling of substantial

numbers of cells in the Rt (Ahumada et al., 2012). How-

ever, after more local injections of CTb into the Rt, only

very few labeled fibers and terminals could be found at

the NI (unpublished result). In most instances, these

fibers enter the NI from the E, suggesting that they

arise as collaterals of the Rt-E fibers. Thus, in addition

to the entopallium, which receives very dense afferents

from the Rt, the visual DVR may contain a more exter-

nal thalamorecipient layer, the NI, receiving sparse

afferents from Rt. In the absence of more definitive

studies, it is difficult to assess the functional relevance

of the Rt-NI projection, but its existence cannot be

overlooked. In particular, the cells of origin of this pro-

jection as well its synaptic targets should be clarified

further.

Given these results, the visual DVR can be under-

stood as a complex composed of three main differenti-

ated layers, internal (thalamorecipient, E), intermediate

(efferent, NI), and external (associative, MV). Each of

these layers appears to be composed of specific sub-

layers. Interconnections among these layers seem to

form operational modules in which cells located in

homotopic positions in each layer would be synaptically

linked by an interlaminar local loop of recurrent axonal

processes. According this view, the activity of each

module could be driven by an incoming thalamic axon

and would result in the modulation of the activity of the

efferent cells, which would be akin to the mechanism

observed in mammalian intracortical circuits (see

below). A detailed physiological analysis of the synaptic

interactions that take place in this intrapallial circuit

will be necessary to validate these conjectures. A sche-

matic representation of these findings is presented in

Figure 14.

The striatal connection
Entopallial projection to the adjacent lateral striatum

has been described previously (Dubbeldam and Visser,

1987; Alp�ar and T€omb€ol, 2000). Kr€utzfeldt and Wild

(2004, 2005) described this projection as “robust” and

showed that it arises from cells located in the internal

most aspect of the E. In our experiments, we found

that fiber bundles reaching the LSt were evident only

after tracer injections compromising the internal half of

the E (see Fig. 13). We found that these projections

also appear to have a topographic/columnar arrange-

ment because the bundles of labeled fibers arising from

the injection site seemed to be spatially restricted and

followed a straight course through the entopallial/

striatal junction, to end forming definite terminal

domains within the LSt (Fig. 13).

Pallial projections to subpallial structures have been

extensively documented in mammals. These projections

arise from pyramidal cells located mostly at layer V in

all cortical regions, including sensory areas (McGeorge

and Faull, 1989). In contrast, projections from the tha-

lamorecipient cortical layer IV to the striatum are not

known to exist in primary sensory cortices. Thus, pro-

jections to the striatum from the thalamorecipient

region of the visual DVR, such as the one demonstrated

here, may represent a feature peculiar to the avian

clade and seem to indicate that the influence of sen-

sory processes on subpallial structures is more direct

in birds than in mammals.

Subdivisions of the entopallium
The entopallium shows no obvious subdivisions on

the basis of cytoarchitecture (Rehkamper et al., 1985)

or cellular morphology (T€omb€ol et al., 1988; T€omb€ol,

1991). Parcelations of E based on the distribution of

Figure 14. Visual DVR modular interlaminar circuit. The width of

the lines represents the purported relative size of the indicated

projections. Dashed lines indicate dubious but possible projec-

tions. See text for details. NCL, caudolateral nidopallium; NIL,

intermediate-lateral nidopallium; NFL, frontolateral nidopallium;

Arc, arcopallium. Other abbreviations as in Figure 1.
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several neurochemicals, such as parvalbumin and cal-

bindin, have produced somewhat inconsistent results

(Brauth et al., 1986; Dietl and Palacios, 1988; Veenman

and Reiner, 1994; Veenman et al., 1994; Hellmann

et al., 1995). Karten and Hodos (1970) first proposed a

partition of the E into an internal “core” (Ec) and an

external “belt” (Ep), based on cytoarchitectonic differen-

ces and differential density of rotundal afferents as

assessed by axonal degeneration methods. As noted

above, the term “Ep” was subsequently used in several

studies to designate totally or partially the NI region,

introducing some degree of confusion into the litera-

ture. Despite methodological differences and

“semantic” discrepancies, the segregation proposed by

Karten and Hodos coincides, albeit not exactly, with the

partition of the E into an internal (ventral, Ei) and an

external (dorsal, Ex) domain, proposed later by

Kr€utzfeldt and Wild (2004, 2005), based on cytoarchi-

tecture, immunohistochemical properties, and differen-

tial density of rotundal endings as assessed by tract

tracing methods. In this regard, our results lend further

support to this segregation; we suggest, based on dif-

ferential projections patterns, that the entopallium may

be constituted by two different populations of neurons,

an internal, LSt-projecting group and a more external,

MV-projecting group.

On the other hand, several tract tracing experiments

support the notion that separate portions of E receive

afferent projections from the different subdivision of

the Rt in a way that maintains the rostrocaudal order of

the rotundal subdivisions (Benowitz and Karten, 1976;

Nixdorf and Bishof, 1982; Laverghetta and Shimizu,

2003; Kr€utzfeldt and Wild, 2005). In the most recent of

these studies, Fredes et al. (2010) investigated in detail

the topography of the Rt-E projections in the pigeon,

identifying three rostrocaudally segregated entopallial

regions, anterior, central, and posterior, each of which

receives afferents from a specific Rt subdivision. In

addition, Fredes et al. show that the projections from

each of the Rt subdivisions to their corresponding ento-

pallial targets followed a strict topographic order. Con-

sidering the shape and spatial arrangement of the

entopallial areas, Fredes et al. (2010) proposed that

the central area, which receives afferents from the cen-

tral subdivision of Rt, corresponds to the internal ento-

pallial domain (Ei) described by Kr€utzfeldt and Wild

(2004, 2005) and hinted at in the present study. The

external domain (Ex) would then correspond as a whole

to the anterior and posterior entopallial areas, which

receive afferents mainly from the dorsal anterior and

posterior subdivisions of Rt respectively.

This issue is of relevance because Rt subdivisions

are known to receive projections from different

populations of tectal ganglion cells and to exhibit dif-

ferent visual sensorial properties and appear to medi-

ate the perception of different visual attributes

(Benowitz and Karten, 1976; Wang et al., 1993; Mpo-

dozis et al., 1996; Karten et al., 1997; Hellmann and

G€unt€unk€un, 2001; Marin et al., 2003). Thus, one can

expect the existence of an anatomical and functional

segregation within the E reflecting the segregation of

visual channels that is apparent at the Rt. In fact,

behavioral experiments show that bilateral lesions in

the caudal or the rostral entopallium of trained pigeons

results in differential discrimination deficits for motion

or a grating task, respectively (Nguyen et al., 2004). At

present, however, it is unclear how, and to which

extent, this expected segregation takes places, both at

the E and in its subsequent projections. By considering

together our results and the proposition from Fredes

et al. (2010), we speculate that one of the labeled

lines forming the tectofugal system, specifically the

one involving the central entopallium, is concerned

mainly with interactions with subpallial structures,

although the other two discernible labeled lines, those

involving the rostral and caudal entopallium, contribute

to the columnar system of interactions with other com-

ponents of the visual pallium. Alternatively, one can

also speculate that each of the entopallial subdivisions,

and hence each of the labeled lines composing the

tectofugal system, may give rise, at the entopallial

level, to a dorsal, pallial (MV)-projecting stream and a

ventral, subpallial (LSt)-projecting stream. Distinguish-

ing between these two alternatives will require a care-

ful anatomical study of the efference of each of the

entopallial areas.

The columnar organization of the sensorial
DVR

It is easy to appreciate the striking similarities

between the organization of the visual DVR revealed

here and the organization of the auditory DVR (Wang

et al., 2010). In both cases, the most salient feature is

the presence of a system of axonal columns connecting

reciprocally a sensory recipient nidopallial territory with

an overlaying mesopallial territory. In both cases an

intermediate nidopallial territory, also receiving the

columnar axons, originates projections toward other

pallial areas. In addition, in both cases these major

layers appear to contain specialized sublayers, distin-

guishable both cytoarchitectonically and by their spe-

cific connections within the local circuit. Furthermore,

the main cells types forming these circuits exhibit simi-

lar morphology, even when the entopallial column-

forming cells appear to be larger than their auditory

counterparts.

Layers and columns in the avian pallium
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Moreover, this columnar organization seems not to

be restricted to the auditory and visual DVR but also

appears to extend to the somatosensory DVR. In fact,

even when the issue has not been addressed in detail,

results reported from several studies suggest that the

nidopallial nucleus basalis, which receives trigeminally

derived somatosensory afferents, send topographic pro-

jections in turn toward the overlaying mesopallial zone

(Dubbeldam and Visser, 1984; Atoji and Wild, 2012). We

have obtained preliminary data indicating that this pro-

jection follows a highly organized columnar arrangement

strikingly reminiscent of the one illustrated here (Ahu-

mada, Fernandez, and Mpodozis, unpublished data). Our

results also hint at the existence of projections from

nucleus basalis to the adjacent striatal region, further

suggesting strong similarities in the organization of the

visual and somatosensory DVR territories.

In addition to sensory territories, the DVR contains

several associative regions, which are also formed by

the apposition of cytoarchitectonically distinct zones,

such as the frontal and caudal divisions of the lateral

pallium and the archopallium. A detailed study of the

internal organization of these associative regions is nec-

essary to clarify whether the “columnar principle” can

be extended to the DVR as a whole.

Organization of the ammniote pallium: radial
columns or recurrent local circuits?

From the initial works of Mountcastle and his col-

leges (1955, 1957), the concept of cortical column has

become a fundamental framework for the study of sen-

sorial and cognitive brain functions in mammals (Mount-

castle, 1997). However, although physiologically defined

columns have been characterized and extensively stud-

ied in a diversity of cortical areas, the “anatomical real-

ity” of the cortical columns has remained elusive. In

particular, it has been difficult to characterize, within

the complex network of diverse cell types and synaptic

interactions forming the cortex, anatomically defined

modules matching the spatial dimensions of the physio-

logical columns (Horton and Adams, 2005; for review

see Da Costa and Martin, 2010).

The attempts to reconcile this apparent mismatch

between the functional and the anatomical architecture

of the cortex have led to the proposal of a “canonical

cortical circuit” (Douglas and Martin, 1991). According

to this proposition, the cortex should be envisaged as

composed of repetitive local interlaminar circuits,

whose operation gives rise to dynamically defined neu-

ronal ensembles that act as basic computational mod-

ules. A fundamental feature of these canonical circuits

is the existence of reciprocal, homotopical synaptic

interactions between superficial and deep cortical

layers. In the case of the sensory cortices, it is thought

that these canonical circuits act on the incoming tha-

lamic axons, amplifying and gating sensory-related

activity toward other brain regions.

Overall, the accumulated evidence leads us to

hypothesize that, despite the differences in cytoarchi-

tecture and cell morphology (see Wild and Kr€utzfeldt,

2010), the avian and mammalian pallium seem to

embody a common operational organization that might

be called a “canonical pallial circuit.” Both structures

appear to share at least a comparable pattern of inter-

nal connectivity, which includes as a relevant feature

the presence of local interlaminar recurrent circuits

driven by the thalamic afferents. Further support for

this hypothesis will require additional, detailed, anatomi-

cal and physiological studies of the organization of the

DVR. Preliminary physiological experiments from our

laboratory have shown that electric stimulation of a dis-

crete locus in the entopallium elicits a spatially

restricted profile of activity across all layers of the vis-

ual DVR, which is consistent with a columnar organiza-

tion in the DVR (Fernandez and Mpodozis, unpublished

results; see also Engelage and Bischof, 1989). Such

results indicate that the notion of a canonical pallial cir-

cuit has at least a heuristic value for the study of the

visual DVR and thus deserves to be considered further.

CONCLUSIONS

Despite the phylogenetic distance between birds and

mammals, avian and mammalian pallial territories

appear to share a high degree of homological corre-

spondence at the hodological, cellular, embryological,

and developmental genetic levels (Aboitiz, 2011; Dugas-

Ford et al., 2012; Jarvis et al., 2013). In addition, and

according to our results, these structures may also

share a common operational principle, which we have

called the “canonical pallial circuit.”

Anatomical differences between these structures,

however, cannot be overlooked because they reflect

the different evolutionary trajectories that these line-

ages have followed upon divergence from their common

ancestor. In particular, the cytoarchitectonic layout, as

well as the morphological features of some of its con-

stituent cellular types, appears characteristically differ-

ent in each case. Pyramidal cells, perhaps the more

conspicuous cell type of the mammalian cortex, seem

to be absent in the avian pallium.

As a result of these differences, the hypothesized

canonical pallial circuits of birds and mammals would

have to be implemented by different structural sub-

strates. For example, whereas in birds only axonal proc-

esses participate in interlaminar interactions, in

P. Ahumada-Galleguillos et al.
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mammals both axonal processes and specialized den-

drites of the pyramidal cells participate of these inter-

actions. Under these circumstances, the question of

whether this hypothesized common operational organi-

zation stems from common ancestry or is the result of

an evolutionary convergence becomes highly interest-

ing. A common ancestry would imply that an opera-

tional feature, i.e., a network of synaptic relationships

between neuronal elements, can be conserved during

evolution independently of the conservation of the

actual elements performing such operation. Extensive

comparative studies, including other groups of

amniotes, will be needed to answer these questions.
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