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ABSTRACT
Most systematic studies of the avian visual system

have focused on Neognathous species, leaving virtually

unexplored the Palaeognathae, comprised of the flight-

less ratites and the South American tinamous. We

investigated the visual field, the retinal topography, and

the pattern of retinal and centrifugal projections in the

Chilean tinamou, a small Palaeognath of the family Tina-

midae. The tinamou has a panoramic visual field with a

small frontal binocular overlap of 20�. The retina pos-

sesses three distinct topographic specializations: a hori-

zontal visual streak, a dorsotemporal area, and an area

centralis with a shallow fovea. The maximum ganglion

cell density is 61,900/ mm2, comparable to Falconi-

formes. This would provide a maximal visual acuity of

14.0 cycles/degree, in spite of relatively small eyes.

The central retinal projections generally conform to the

characteristic arrangement observed in Neognathae,

with well-differentiated contralateral targets and very

few ipsilateral fibers. The centrifugal visual system is

composed of a considerable number of multipolar cen-

trifugal neurons, resembling the “ectopic” neurons

described in Neognathae. They form a diffuse nuclear

structure, which may correspond to the ancestral condi-

tion shared with other sauropsids. A notable feature is

the presence of terminals in deep tectal layers 11–13.

These fibers may represent either a novel retinotectal

pathway or collateral branches from centrifugal neurons

projecting to the retina. Both types of connections have

been described in chicken embryos. Our results widen

the basis for comparative studies of the vertebrate vis-

ual system, stressing the conserved character of the

visual projections’ pattern within the avian clade. J.

Comp. Neurol. 523:226–250, 2015.
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As a group, birds rank among the most visual verte-

brates that ever lived on earth. Their reliance on vision

is manifested in very large eyes and a highly differenti-

ated visual system, in which the visual pathways and

nuclei, conforming to a common vertebrate neural Bau-

plan, are particularly distinct and well developed

(G€unt€urk€un, 2000; Karten, 1969).

However, in spite of large-scale comparative studies

exploring the allometric variations of specific brain struc-

tures (Corfield et al., 2012; Iwaniuk et al., 2005, 2010),

systematic anatomical and electrophysiological investiga-

tion of the avian visual system has focused on only few

species: the chicken (Gallus gallus; Ehrlich and Mark,

1984a,b; Koshiba et al., 2005; Luksch et al., 2001; Ver-

haal and Luksch, 2013; Wang et al., 2004, 2006), the
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rock pigeon (Columba livia; Benowitz and Karten, 1976;

Binggeli and Paule, 1969; Karten et al., 1973, 1997;

Letelier et al., 2004; Mar�ın et al., 2003, 2012; Mpodozis

et al., 1995; Remy and G€unt€urk€un, 1991; Shimizu et al.,

1994), the quail (Coturnix coturnix; Budnik et al., 1984;

Ikushima et al., 1986; Maturana and Varela, 1982; Norg-

ren and Silver, 1989a), the barn owl (Tyto alba; Bravo

and Pettigrew, 1981; Gutfreund, 2012; Gutfreund et al.,

2002; Harmening and Wagner, 2011; Knudsen, 2002;

Pettigrew and Konishi, 1976; Wathey and Pettigrew,

1989), and the zebra finch (Taeniopygia guttata; Bischof,

1988; Faunes et al., 2013; Keary et al., 2010; Schmidt

and Bischof, 2001; Schmidt et al., 1999); all of them

pertaining to the Neognathae, the grand clade to which

most extant bird species belong.

Modern birds, or Neornithes, however, include a sec-

ond extant clade, the Palaeognathae (Hackett et al.,

2008), encompassing six living families: Struthionidae

(ostrich), Dromaiidae (emu), Casuariidae (cassowaries),

Apterygidae (kiwi), Rheidae (rheas), and Tinamidae (tina-

mous) (Harshman et al., 2008). Surprisingly, apart from

a few studies (e.g., on the retinal topography of the

ostrich [Boire et al., 2001; Rahman et al., 2010], on the

photoreceptors of ostrich and rhea [Wright and Bow-

maker, 2001], or on the sensory systems of the kiwi

[Martin et al., 2007]), the Palaeognathae have been

vastly ignored by comparative neurobiologists, even

though their considerable phylogenetic distance from the

commonly studied Neognathae — 120–130 million years

(Brown et al., 2008; Haddrath and Baker, 2012) — makes

them a very interesting subject for gaining insights into

the evolution of the avian visual system and the scale of

the phylogenetic plasticity of its constituent elements.

Undoubtedly, the lack of attention toward palaeogna-

thous birds can be largely explained by their scarcity

and, not least, by their difficult manageability: most

Palaeognaths are rather large, fierce animals, such as

the ostrich or the emu, whereas the smaller kiwis

exhibit highly derived characteristics with a greatly

reduced visual system (Martin et al., 2007).

However, there is one palaeognathous group without

such drawbacks: The Tinamiformes, consisting of the

sole family Tinamidae, represent 47 species in nine

genera (Bertelli and Porzecanski, 2004; Bertelli et al.,

2014), which are endemic to the Neotropics of South

and Middle America (Cabot, 1992). They are diurnal

birds, and are generally medium-sized (the largest

about the size of a pheasant). Intriguingly, they are the

only living Palaeognathae that can fly. Even so, they are

ground-dwelling birds and make use of their short but

strong wings only to escape from immediate danger

or to reach their roost (Cabot, 1992; Conover, 1924;

Pearson and Pearson, 1955). This remarkable lifestyle

suggests well-developed sensory capacities, particularly

in the visual system, and especially in those tinamous

inhabiting open terrains, the Steppe tinamous (subfam-

ily Nothurinae; Bertelli et al., 2014).

In the present study, as a first step in an overall

investigation of the visual system of a Steppe tinamou,

the Chilean tinamou (Nothoprocta perdicaria; Fig. 1), we

mapped the extent of the visual field, examined the

topography of the retinal ganglion cell layer (GCL) and,

by injecting cholera toxin subunit B (CTB) into the eye,

traced the retinal connections to the central targets in

the brain.

MATERIALS AND METHODS

Seven adult Chilean tinamou (Nothoprocta perdicaria)

were used in this study. They were acquired from a

Chilean breeder (Tinamou Chile, Los �Angeles, Chile).

The animals were kept in cages with food and water ad

libitum. All efforts were made to minimize animal suffer-

ing, and experiments were conducted in compliance

with the guidelines of the U.S. National Institutes of

Health on the use of animals in experimental research,

with the approval of the bioethics committee of the

Facultad de Ciencias of the Universidad de Chile.

Measurement of the visual field
The visual field measurements were conducted by

the methods described in Vega-Zuniga et al. (2013).

Four animals were anesthetized with a mixture of keta-

mine (120 mg/kg IP) and xylazine (4 mg/kg IP) and

mounted in a stereotaxic head holder in the center of a

custom-built campimeter. The head was positioned so

that the palpebral fissures were aligned with the

campimeter’s equator (analysis of photographs of

Figure 1. The Chilean tinamou (Nothoprocta perdicaria) in the

wild. Lateral view and frontal portrait (inset). Photography by Ser-

gio Bitran M. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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relaxed birds showed that the normal posture of the

head is inclined downward by approximately 10� rela-

tive to this position). During the experiment, the eyelids

of the birds were held open with thin strips of masking

tape, and the eyes were kept constantly moist by apply-

ing sterile NaCl solution every few minutes. We then

used an ophthalmoscopic reflex technique to measure

the visual fields of both eyes of each bird, determining

the nasal and temporal limits of the retinal reflections

and noting the angles in a conventional latitude/longi-

tude coordinate system.

Retinal whole-mounts
For analysis of the retinal whole-mounts, we followed

the methods described by Ullmann et al. (2012). The

eyes of three animals were enucleated from their sock-

ets after phosphate-buffered saline (PBS) perfusion of

the animals (see below), their axial length was meas-

ured with digital calipers, and they were hemisected

close to the ora serrata. The vitreous body was

removed from each retina, which was then dissected

from the sclera, ending with the excision of the optic

nerve head and pecten. With forceps and fine paint-

brushes, the retina was cleared from the pigment epi-

thelium and, after flattening with four radial incisions,

was whole-mounted on gelatin-coated slides, left to dry

and firmly attach to the gelatin, and fixed overnight

with paraformaldehyde (PFA) vapors at 60�C. Afterward,

the retina was Nissl-stained, dehydrated in ascending

alcohols followed by clearing in xylene, and cover-

slipped with DPX (Sigma-Aldrich Chemie, Steinheim,

Germany). No assessment was made of possible areal

shrinkage of the retina, which is reportedly minimal in

whole-mounted retinas affixed to gelatin-coated slides

(W€assle et al., 1975).

Retinal cross sections
Two Chilean tinamou eyes were removed immediately

after perfusion of the animal (see below), hemisected

at the ora serrata (see Fig. 4A), and postfixed for 6

hours in 4% PFA. The eyecups were then transferred

into a 30% sucrose/PBS (0.1 M: 0.023 mM NaH2PO4

and 0.08 mM Na2HPO4, pH 7.4; with NaCl 0.75%) solu-

tion until they sank. A gelatin embedding solution was

produced by adding 10 g sucrose and 12 g gelatin type

A (Sigma-Aldrich Chemie) to 100 ml H2Odest. and heat-

ing it to 55�C to dissolve the gelatin. Both the eyecups

in sucrose solution and the gelatin solution were put

into an oven at 37�C until they reached the same tem-

perature. Then the vitreous bodies were removed from

the eyecups, which were subsequently embedded in

gelatin. The gelatin–eyecup blocks were trimmed, and

put into 4% PFA for postfixation for 2–5 hours and

afterward into 30% sucrose/PBS for cryoprotection until

they sank. They were sectioned with a cryostat (Kryo-

stat 1720, Leica, Wetzlar, Germany) at 30 mm in both

the transversal and horizontal planes, and the sections

were mounted on gelatin-coated slides, Nissl-stained,

rapidly dehydrated in ascending alcohols followed by

clearing in xylene, and cover-slipped with DPX.

Visual acuity estimation of the eye
The maximal spatial resolving power (SRP) was

approximated using the sampling theorem (Hughes,

1977). This is a way to estimate the theoretical maxi-

mal visual acuity from the eye’s posterior nodal dis-

tance (PND) and the peak density of retinal ganglion

cells (RGCs) (Collin and Pettigrew, 1989; Pettigrew

et al., 1988; Ullmann et al., 2012). The inclusion of non-

ganglionic cell populations (i.e., displaced amacrine

cells) in the estimation is negligible because of the

Abbreviations

AC area centralis
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cpd cycles per degree
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DTA dorsotemporal area
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relatively very small ratio of such cells in high-density

retinal areas (Hayes and Holden, 1983). Because no

direct measurement of the PND was made, the known

approximate PND to axial length ratio of 0.60 in diurnal

birds was used as described in the literature (Boire

et al., 2001; Hughes, 1977; Martin, 1993; Ullmann

et al., 2012): PND50:60 3 axial length: The angle cov-

ering 1 mm on the retina is then: a5arctan 1 mm
PND

. Spa-

tial resolution is estimated by calculating the number of

cells covered by 1 degree of visual arc in the area cen-

tralis (AC). Because the cell density is given in cells/

mm2, the square root is applied to convert it to cells/

mm. The number of cells per degree is: cells per degre

e5 density at area of peak cell distribution
a

: Finally, the result

has to be divided by 2, because at least two cells are

necessary for one cycle of grating (one light and one

dark bar in one degree of visual angle). Thus, the SRP

is given in cycles per degree (cpd):

SRP cpd½ �5 cells per degree
2

.

Neuronal tracing experiments
For the intraocular tracer injection experiments, five

birds were sedated and anesthetized with a mixture of

4% halothane and oxygen, delivered at a constant flow

of 1 L/min using a customized mask placed around the

bill.

The skin dorsal to the eye socket was incised with a

scalpel to expose the eyeball. A small cut was made in

the dorsal sclera, through which CTB (20 ll of �0.83%

in PBS with 2% dimethylsulfoxide [DMSO]; List Biologi-

cal, Campbell, CA) was injected into the eye‘s vitreous

body with a Hamilton (Reno, NV) syringe. After the pro-

cedure, the skin wound was closed with instant adhe-

sive and treated with antiseptic povidone–iodine

solution.

The birds were then allowed to recover. After survival

periods of 5–7 days, the animals were deeply anesthe-

tized and perfused intracardially with PBS and subse-

quently 4% PFA (in PBS). The brains were dissected

from the skull, postfixed in 4% PFA, and transferred into

a 30% sucrose/PBS solution until they sank.

The brains were sectioned in the transversal plane

with a cryostat or a freezing microtome at a section

thickness of 50 mm, collected in PBS, and alternately

separated into three or four series for subsequent anti-

CTB immunohistochemistry. The sections were

immersed in 90% methanol/3% H2O2 for 10 minutes to

quench endogenous peroxidase activity, and incubated

overnight with a primary polyclonal anti-CTB antibody

raised in goat (List Biological, cat. no. 703, RRID:

AB_10013220; diluted 1:40,000 in PBS/0.3% Triton

X-100/5% normal rabbit serum). After a subsequent

1-hour incubation with a secondary biotinylated anti-

goat IgG (H1L) antibody raised in rabbit (Vector, Burlin-

game, CA; diluted 1:1,500 in PBS/0.3% Triton X-100),

ABC solution (avidin–biotin peroxidase complex; Vectas-

tain Elite ABC Kit, Vector) was added to bind to the bio-

tinylated secondary antibodies. In a final step, the ABC

peroxidase activity was used for diaminobenzidine

(DAB) precipitation by incubating the sections for 6

minutes in a 0.025% DAB/0.0025% H2O2 solution (using

DAB-buffer tablets for microscopy; Merck, Darmstadt,

Germany) in imidazole–acetate buffer/1% NiSO4 for

intensification and contrast enhancement (Green et al.,

1989).

Processed sections were mounted on gelatin-coated

slides, counterstained according to standard Nissl or

Giemsa protocols or left clear (“CTB plain”), and cover-

slipped with DPX after dehydration in ascending alcohol

series and clearing in xylene.

Stereology
Retinal whole-mounts
Microscopic examination and photographing of the his-

tological material were performed under an Olympus

BX63 microscope with an attached DP26 digital color

camera (Olympus, Tokyo, Japan).

Four retinal whole-mounts (two right eyes and two

left eyes) were analyzed. The Nissl-stained ganglion

cells were counted live by using the microscope soft-

ware CellSens Dimension v1.7 (Olympus Soft Imaging

Solutions, M€unster, Germany). Using a 360 water

immersion objective, cell counting was performed

according to the fractionator principle (Gundersen,

1977) in regions of interest (ROIs) sampled at regular

intervals, while using the focus control in order to bet-

ter differentiate cells from one another.

To define the ROIs and draw the retinal GCL isoden-

sity maps, we took photomicrographs of the entire

Nissl-stained retinal whole-mounts (stitched together by

the microscope software), projected them onto the wall

with a beamer, and drew their contours onto graph

paper at a scale of 20:1. The ROI positions were

defined by a 2 3 2-cm grid on the graph paper, which

thus corresponded to a 1 3 1-mm grid on the true-

scale retinal whole-mount. The respective coordinates

of each grid point were targeted with the motorized

microscope stage, and at each position an ROI of

100 3 100 mm was defined in the software as an

unbiased counting frame (Gundersen et al., 1988b).

According to this principle, we only counted neurons

within the ROI or touching the ROI frame at two out of

four sides (the other two being the adjacent “exclusion

edges”). RGCs could be easily distinguished from the

small, spindle-shaped glial cells (Wathey and Pettigrew,

The visual system of a palaeognathous bird
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1989), which were disregarded in the counting, but dis-

tinction from displaced amacrine cells by cytological cri-

teria (Ehrlich, 1981) would only have been feasible in

areas of low cell densities. Therefore, we decided not

to distinguish between RGCs and displaced amacrine

cells, and all our data presented here include displaced

amacrine cells, but not glial cells.

Cell counts were filled into the hand-drawn retina

map, which was then digitalized with a scanner. In Pho-

toshop CS5 (Adobe Systems, San Jose, CA), isodensity

contours were drawn to visualize the cell distribution of

the GCL across the retina. Furthermore, the total cell

number in the GCL was estimated by assuming mean

cell densities for the isodensity areas and multiplying

those values by the respective areas in mm2, according

to the following model (Vega-Zuniga et al., 2013):

Ntotal5
Xn

i51

Ai
�d i

�d i5
dinner 1 douter

2

� �
; i � 2

�d i5d; i51

8><
>:

where Ai are the isodensity areas, �d i the respective

mean densities, and dinner, douter the cell densities for the

isodensity contours confining each area, respectively.

Retinal cross sections
Because of the high density of neurons in the GCL, a

modified optical disector method (Hatton and Von Bar-

theld, 1999) was applied to remedy the problem of bias

due to differential shrinkage in frozen nervous tissue

sections (Carlo and Stevens, 2011). Under the micro-

scope using a 360 water immersion objective and dif-

ferential interference contrast (DIC), RGCs were

counted in 30-mm-thick retinal cross sections across

the whole section thickness in a 33.3-mm-long (x-axis;

parallel to the GCL) counting frame with an exclusion

edge on one side (Gundersen, 1977; Gundersen et al.,

1988a,b). In the y-axis no exclusion edge was neces-

sary, because the GCL was counted in its full width

(see Fig. 4). An exclusion surface was defined in the

uppermost focal plane of the section by only counting

Nissl-stained perikarya coming into best focus below it.

By these rules, counting was performed at 13 random

positions around and within the foveal depression in

three adjacent sections containing the AC. The numbers

thus acquired resembled the numbers of cells/999

mm2 of retinal surface (30 3 33.3 mm), respectively,

and their mean was converted to cells per 1 mm2 by

multiplication with 1,001.

Estimation of centrifugal neurons
The total number of centrifugal neurons in the dorsal

isthmic region was estimated by using an unbiased opti-

cal fractionator stereology approach (West, 1999; West

et al., 1991), similar to the method previously described

(Guti�errez-Ib�a~nez et al., 2012). In the histological mate-

rial of one tinamou, all sections of one out of four series

(i.e., every fourth section) that contained retrogradely

labeled neurons were analyzed by randomly superimpos-

ing a 0.01-mm2 square grid, and defining an unbiased

counting frame (Gundersen, 1977) of 0.05 3 0.05 mm2

at each grid node. At each counting frame position, the

section thickness was measured with the microscope

focus, and guard zones were established at the upper

and lower surface to account for sectioning irregularities.

The guard zones were defined so that the z-space in

between them had a known fraction of the section thick-

ness (about 2/3), such that a cuboid was formed under

the counting frame. This counting cuboid was unbiased

in that three adjacent sides of it served as “exclusion

edges” and the other three as “inclusion edges” (Gun-

dersen et al., 1988a). Neurons were counted when their

perikarya came into focus residing inside the cuboid or

touching one of the inclusion sides and not touching any

of the exclusion sides. Furthermore, the mean diameters

of all counted cell profiles (n 5 180 contralateral, n 5 14

ipsilateral) were measured in the microscope software.

Coefficients of error (CEs) for the retinal cross section

as well as the centrifugal neurons counts were calcu-

lated with Scheaffer’s equation (Schmitz and Hof, 2000).

RESULTS

Visual field measurements
Figure 2 depicts the results from the ophthalmo-

scopic visual field analysis. Because the results from all

eight eyes measured were highly similar (with the

standard deviations at each coordinate mostly far below

10�, and in the frontal binocular visual field always

below 4�), we show only one representative case. The

Chilean tinamou possesses a maximum frontal binocu-

lar overlap of 20� (Fig. 2A,B), which is located about

13� above the line connecting the pupil with the tip of

the bill (Fig. 2A). The overlap extends some 80� from

above to below, with its biggest (and generally broader)

field above the bill tip. The bill’s projection falls amid

the binocular field. Within the horizontal plane (Fig. 2B),

the tinamou has, in addition to the binocular overlap, a

monocular field of 140� (thus, each eye has a field of

160�). The blind sector to its rear measures 60�. Alto-

gether, the bird has a panoramic visual field of 300�.

Eye morphology, retinal topography, and
regional specializations

Five enucleated eyes were measured with a digital

caliper. The axial length (AL) was 10.68 6 0.43 mm, the

Q. Krabichler et al.
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transverse diameter 14.79 6 0.25 mm, and the corneal

diameter (CD) 6.26 6 0.41 mm. The “eye shape,” the

log10 of the CD:AL ratio (Hall and Ross, 2007), was

20.232. The three flat-mounted retinal whole-mounts

analyzed had an average area of 257.1 6 4.3 mm2.

Stereological analysis of the Nissl-stained GCL allowed

us to estimate the quantity of neurons in the GCL and

reveal the topographical specializations of the Chilean

tinamou retina. The total number of neurons in the GCL

was estimated at 4.3 6 0.2 3 106. The average neuron

density across the entire retinal surface is thus

16.8 6 0.8 3 103 neurons/mm2.

Drawing isodensity contours with predefined thresh-

olds revealed three types of retinal topographical spe-

cializations. Because all three retinal topography maps

were very congruent, we show only one representative

map (Fig. 3). Close to the center lies a high-density

area centralis (AC; Fig. 3C), slightly nasally to the optic

disk and pecten oculi. The maximum RGC density esti-

mated in this region is 61.9 6 2.3 3 103 RGCs/mm2,

more than 3.5 times the average neuron density in the

retina. Dorsally and slightly temporally to this area,

there is a broad dorsotemporal area (DTA; Fig. 3B) of

high neuron density between 30 and 40 3 103 neu-

rons/mm2, which is segregated from the AC by a nar-

row part of lower neuron density. A horizontal visual

streak extends nasally and temporally from the AC, dor-

sal to the pecten. It is of slightly lower neuron density

than the DTA, ranging from 20 to 30 3 103 neurons/

mm2. Insets in Figure 3 illustrate the scope of variation

in GCL neuron density and RGC morphology, which

occurs across different topographical areas of the ret-

ina. In the outer, low-density periphery (Fig. 3A), the

RGCs tend to be larger and fewer than in the high-

density areas (e.g., AC or DTA).

Retinal cross-section structure
We made retinal cross-sections for two distinct rea-

sons. First, microscopy of the whole-mounts suggested

that in high-density areas the RGCs were stacked over

one another, which compromised the achievement of con-

fident cell counts in such regions. We reasoned that we

could test our results by applying optical dissector ster-

eology to cross sections. Second, in the whole-mounts it

was not possible to ascertain whether the AC of the Chil-

ean tinamou retina contained a true fovea or not. Freshly

dissected retinae appeared to have a moderate depres-

sion at this position with a slightly different color, visible

under a stereomicroscope (Fig. 4A). Therefore, we sec-

tioned two retinae at 30 mm, one transversally and one

horizontally, and studied the central region in more detail.

Figure 4B depicts a transverse section at the level of

the AC, which is located dorsal to the nasal portion of

the optic nerve head (compare Fig. 3). Because we had

prepared the complete section series, and another one in

Figure 2. Visual field and binocular overlap. A: Perspective view of an orthographic projection of the tinamou’s frontal binocular visual field

and the pectens. The maximum binocular overlap is approximately 20� azimuth (conventional latitude/longitude system). The tip of the bill

points toward 213� latitude (cross), and is completely encompassed by the binocular overlap. B: Plan view of the azimuthal plane through

the visual field along 0� latitude. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the horizontal plane, we could ascertain that the section

shown passes through the very center of the AC, showing

the clearest representation of the depression. As the

inset of the AC (Fig. 4C) shows, the depression can be

distinguished in the GCL and all subsequent layers down

to the outer nuclear layer (ONL), except for the inner and

outer segments of the photoreceptors (IS 1 OS). Thus,

the Chilean tinamou retina appears to possess a concavi-

clivate fovea, although shallow and little pronounced.

In the AC, the GCL is approximately 25–30 mm thick

and contains five to six stacked layers of RGCs, which

appear to be organized in a gross columnar fashion. A

similar organization can be seen in the inner nuclear

layer (INL), which contains densely packed bipolar,

amacrine and horizontal cells. It has a pronounced

thickness, ranging from 100 to 125 mm in the perifoveal

region. In regions of lower cell densities, the stacking

decreases and the columnar organization vanishes (Fig.

4C–E). Accordingly, the other retinal layers (INL, ONL,

and the photoreceptor segments [IS 1 OS]) are less

thick in regions of lower RGC density (Fig. 4D,E), with

the exception of the inner plexiform layer (IPL), which

in the DTA is even thicker than in the AC (100–105 vs.

60–80 mm).

Our stereological analysis of the AC in the GCL cross

sections (see Materials and Methods) yielded 58.1 6 2.3

3 103 RGCs/mm2 of retinal surface (CE 5 0.0109). If

only samples in the center of the foveal depression

were taken into account, the estimation was slightly

lower (57.6 6 2.4 3 103 RGCs/mm2 of retinal surface;

CE 5 0.0337); in the case of all samples except those in

the fovea, it was slightly higher (58.4 6 2.5 3 103

RGCs/mm2 of retinal surface; CE 5 0.0081).

SRP estimation
The theoretical maximum of visual acuity (i.e., the

SRP) was estimated from the eye’s axial length and

RGC density in the AC (see Materials and Methods).

Because the focal length of the tinamou eye was not

directly measured, the evaluation is partly based on the

assumption that there is a constant PND to axial length

ratio of 0.6 in birds (Hughes, 1977; Martin, 1993; Ull-

mann et al., 2012). The focal length was thus estimated

at 6.41 mm. As described above, two different values

Figure 3. Topographical distribution of neurons in the retinal ganglion cell layer (GCL).The shaded scale on the right indicates the neural

density within the respective isodensity contours (in cells/mm2). Insets on the left show photomicrographs of Nissl-stained regions at rep-

resentative positions: near the border (A), in the dorsotemporal area (B), and in the area centralis (C), demonstrating the substantial den-

sity differences within the GCL. The black patch marks the position of the pecten. Dorsal is up and nasal is to the right (as indicated by

arrows). Scale bar 5 50 lm in C (applies to A–C); 5 mm in topography map to the right. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 4. The retinal structure and the shallow fovea of the tinamou. A: Photo of a hemisected eyecup (same orientation as in Figure 3; n

5 nasal, t 5 temporal). The central fovea (arrow) is clearly visible as a small depression located dorsal to the pecten. B–E: Nissl-stained

transverse sections (30 lm) of the retina displaying the retinal laminae; from inner to outer: ganglion cell layer (GCL), inner plexiform layer

(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and the inner (IS) and outer segments (OS) of the pho-

toreceptors. B: Overview of a section through the area centralis and the optic nerve head (ONH) with the pecten (P) attached. Sclera (S)

and retinal pigment epithelium (RPE). C: Enlarged view of a section through the middle of the area centralis (as marked in B). Note the shal-

low fovea manifested as a small depression in the GCL and INL, and the pronounced thickness of the retinal layers. The ganglion cells form

stacks of about five to six cells. The elevation of the retina in the central aspect is an artefact due to a wrinkle in the retina formed by

detachment from the retinal pigment epithelium (RPE) during fixation. D: Detail of dorsotemporal area. The layers are generally thinner than

in the area centralis (except for the IPL, which is thicker), and the GCL contains notably fewer neurons. E: Detail of the GCL near the ven-

tral border of the retina. Note that most layers are thinner, the photoreceptor segments are much shorter, and the ganglion cells are

scarcer and larger. Scale bar 5 5 mm in A; 1 mm in B; 100 lm in C–E. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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of the maximum RGC density in the AC were obtained:

The retinal whole-mount analysis yielded 61.9 6 2.3 3

103, and the cross-section three-dimensional stereology

58.3 61.3 3 103 RGCs/mm2. Using both values

resulted in SRP estimations of 14.0 and 13.6 cycles/

degree, respectively.

The Chilean tinamou brain
The dissected brain of the adult Chilean tinamou

(Fig. 5) measures approximately 2 cm in length from

the tip of the olfactory bulb to the posterior end of the

medulla. The three birds used for the tracer experi-

ments weighed between 386 and 540 g (442 6 85 g),

and their brains weighed 1.93 6 0.12 g after perfusion

and postfixation. These values lie amid those of related

tinamou species, and also the allometric relation of

body weight to brain weight falls in line with other Tina-

midae (Corfield et al., 2008). The Chilean tinamou

brain’s shape is roughly similar to a pigeon or chicken

brain. The visual Wulst of the telencephalon is fairly

conspicuous from the outside, and the lobe of the optic

tectum (TeO) is well developed and relatively large.

Primary visual projections
Transverse section series with various counterstain-

ing procedures (Nissl, CTB Nissl, CTB Giemsa) or with

plain anti-CTB immunohistochemistry were produced of

the five available Chilean tinamou brains with intraocu-

lar injections of CTB. Retinal terminals were found in all

retinorecipient areas known from neognathous birds: in

the dorsal and the ventral thalamus, the hypothalamus,

the pretectum, the tectum, and the accessory optic

system (Figs. 6–9). The vast majority of retinal afferents

made a complete decussation at the chiasma opticum

(Figs. 6, 7) and were therefore confined to the contra-

lateral hemisphere (with respect to the eye that had

received the tracer injection). Careful scrutiny also

revealed sparse ipsilateral fibers and terminals, which

were found in some dorsal thalamic, pretectal, and AOS

structures (see below), but not at all in the TeO.

Dorsal thalamus
The well-known components of the avian dorsolateral

geniculate (GLd) complex (classically also called the

nucleus opticus principalis thalami [OPT]) receive a sub-

stantial retinal input (Figs. 7C,D, 8A). In the n. dorsola-

teralis anterior thalami, pars lateralis (DLL), the largest

nucleus of the GLd complex, the retinal terminals were

distributed exclusively into its ventral portion (Figs.

7C,D, 8A). The n. dorsolateralis anterior thalami, pars

magnocellularis (DLAmc), which could be delimited from

the laterally adjoining DLL by its slightly larger cells,

received very few retinal fibers, mostly confined to its

anterior ventral part (Fig. 8A). The n. lateralis dorsalis

optici principalis thalami (LdOPT) appeared heavily inner-

vated by retinal fibers, where they formed large termi-

nal clusters, very distinct from other retinorecipient

zones (Fig. 8A). Although this nucleus was difficult to

distinguish from the adjacent DLL in plain Nissl mate-

rial, it appeared as a very well-defined nucleus when

the retinal projections were visualized. Another dorsal

thalamic structure clearly receiving retinal terminals

was the n. suprarotundus (SpRt; Fig. 8A). Retinal fibers

without terminals were further seen in the n. superficia-

lis parvocellularis (SPC; data not shown).

As has been mentioned before, the vast majority of

retinal projections to the GLd were confined to the

Figure 5. Photographs of the dissected brain. From dorsal (top),

lateral (middle), and ventral (bottom). Ce, cerebellum; CO,

chiasma opticum; Tel, telencephalon; TeO, optic tectum. Scale

bar 5 5 mm.
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contralateral hemisphere, but sparse terminals were

also found in two ipsilateral GLd subunits: the DLL and

the LdOPT (data not shown).

Ventral thalamus
As in all birds, the ventral thalamus of the Chilean

tinamou is dominated by the n. geniculatus lateralis,

pars ventralis (GLv; Figs. 7B–E, 8C). The GLv shows a

laminated structure (Guiloff et al., 1987), with two

clearly visible laminae: the lamina interna (GLv-li) with

tightly packed somas receiving very sparse retinal

afferents, and a neuropil layer (GLv-ne) with dense ret-

inal terminals (Vega-Zuniga et al., 2014). Another

nucleus of the avian ventral thalamus is the n. latera-

lis anterior thalami (LA), which showed a high density

of retinal terminals (Figs. 7A,B, 8B). This nucleus

appears very large in the tinamou compared with the

pigeon, for example (G€unt€urk€un and Karten, 1991). In

addition, we found a low density of fibers and termi-

nals in the n. marginalis tractus optici (nMOT; Figs.

7B–D, 8B) which, as in other birds, first appears at

the rostral margin of the thalamus and continues to

form an envelope around the LA (G€unt€urk€un and

Karten, 1991), and more caudally around the n. rotun-

dus (Rt) just below the DLL. In the n. ventrolateralis

thalami (VLT), which lies between the GLv and Rt and

is a known retinorecipient region in birds (Schulte

et al., 2006), we found only a few sparse terminals

(Fig. 7D).

In terms of ipsilateral retinal projections in the ven-

tral thalamus, we found only a few scattered terminals

in the anterior portion of the LA (data not shown).

Hypothalamus
Retinal afferents to the hypothalamus were not very dense

and terminated in a diffuse region at the dorsal border of

the anterior optic tract (Figs. 7A,B, 9A). We could not dif-

ferentiate between a lateral and a medial part as

described in the pigeon (Shimizu et al., 1994). Instead, the

projection pattern we found seemed to conform only

to the lateral structure described there. Following the

nomenclature put forward by Cantwell and Cassone (2006),

we call it the visual suprachiasmatic nucleus (vSCN).

Pretectum and AOS
Several pretectal structures showed innervation from

the retina (Figs. 7D,E, 9B): The n. lentiformis mesence-

phali (LM), which is divided into a medial (LMm) and a

lateral (LMl) lamina (following the nomenclature by

Gamlin and Cohen, 1988a,b; Pakan and Wylie, 2006;

Pakan et al., 2006; Sorenson et al., 1989) juxtaposed

between the ventral and dorsal strata optica medial to

the TeO, showed very dense retinal innervation. Imme-

diately lateral to the LM, a broad sheet with similarly

dense retinal projections constitutes the tectal gray

(GT). Other retinorecipient structures are found dorsally

to the n. pretectalis (PT): Following the nomenclature of

Gamlin and Cohen (1988a), these are the area

Figure 6. Projection pattern of retinal terminals in the contralateral optic tectum. Series of coronal Nissl-stained sections across

the brain, demonstrating the contralateral retinal afferents to the TeO. The sections stem from one complete CTB-reacted series,

presented at anteroposterior intervals of 400 lm. Note that the entire TeO is labeled, illustrating that the tracer was taken up

by the whole extent of the retina. Scale bar 5 5 mm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 7. Overview of the retinal projections to central targets in the brain. A–F: Each panel displays a coronal section, counterstained

with Giemsa, from rostral (A) to caudal (F), along with a corresponding schematic of the CTB-labeled retinal terminal fields. All typical tar-

get areas receiving contralateral retinal input are well-developed. They are observed in the hypothalamus (vSCN; A,B), the thalamic ventro-

lateral geniculate complex (LA, GLv; A–E) and adjoining regions (nMOT, VLT; B–D), the dorsolateral geniculate complex (GLd; C,D), the TeO

(D–F), the pretectum (LMm, LMl, GT, AP, APd; D–F), and the accessory optic system (nBOR; F). Also visible is the centrifugal isthmo-optic

tract (TIO; F), which includes the tract of the deep tectal pathway (Tdp; compare Fig. 11). For abbreviations, see list. Scale bars 5 1 mm

in C (apply to A–F). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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pretectalis (AP) and especially its dorsal subdivision, the

area pretectalis pars dorsalis (APd), which was strongly

labeled (Fig. 7F). In all these structures (the GT, LM,

AP, and APd), very sparse ipsilateral retinal terminals

were also found (data not shown). At the posterior mar-

gin of the optic tract, we found dense retinal terminals

in the nucleus of the basal optic root (nBOR; Figs. 7F,

9C), which forms part of the accessory optic system

Figure 8. Detailed view of the retinal projection pattern to the

contralateral thalamus. A: Photomicrographs of a coronal section

through the anterior thalamus showing the retinorecipient sub-

structures of the GLd complex. The strongest input is found in

the DLLv, SpRt, and LdOPT, the latter appearing very distinct due

to the strongly labeled dense terminals. The DLAmc receives very

little or no retinal input. B: Terminal fields in the LA and the sur-

rounding nMOT. C: Dense terminals in the lamina externa of the

GLv in the ventral thalamus. Counterstained with Giemsa. For

abbreviations, see list. Scale bar 5 200 lm in C (applies to A–C).

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 9. Detailed view of retinal projections to the hypothalamus,

pretectum, and accessory optic system. A: Photomicrograph of a cor-

onal section through the hypothalamus showing scattered terminal

fields in the vSCN. B: In the pretectum, dense terminal fields are

found in the GT and the two substructures of the LM (LMl and LMm).

C: The GT continues toward the posterior until adjoining the nBOR.

Counterstained with Giemsa. For abbreviations, see list. Scale

bar 5 200 lm in C (applies to A–C). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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(AOS). Sparse terminals were also found on the ipsilat-

eral side (data not shown).

Optic tectum
The whole anteroposterior and dorsoventral extent of

the TeO was labeled by anti-CTB immunohistochemistry

(Fig. 6), showing that the intraocularly injected tracer

had been taken up uniformly across the entire retina.

All retinal projections were exclusive to the contralat-

eral TeO. Dense terminals were found in the superficial

layers (L2–L7) of the stratum griseum et fibrosum super-

ficiale (SGFS). The layers that receive retinal afferents

vary considerably in thickness along the dorsoventral

axis of the TeO (Fig. 10). Whereas in the dorsal aspect,

L3 and L4 cover more than half the width of all retinor-

ecipient layers taken together, in the lateral aspect

they cover little more than a third and in the ventral

aspect less than a third. By contrast, L5 gains in width

Figure 10. Morphology of the tectal layers. Lamination pattern in the dorsal (A), lateral (B), and ventral (C) TeO, and enlarged view of the

CTB-reacted retinorecipient layers (D). Relative widths of tectal layers vary considerably from dorsal to ventral. The retinorecipient layer L5

increases from dorsal to ventral, whereas L2 and L3, and also L4, diminish. L6 and L7, in contrast, have a relatively constant width. Layer

L8 is very conspicuous compared with other birds, not only because of its thickness, but most notably because it contains retinal termi-

nals (arrowheads in D). All sections are stained with Nissl. Scale bar 5 200 lm in C (applies to A–C); 100 lm in D. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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from dorsal to ventral, occupying little over a quarter of

the total thickness dorsally, to almost a half laterally

and more than a half ventrally. Layers L2, L6, and L7

do not change notably in width, although L6 contains a

substantially lower density of neurons in the ventral

aspect than in the lateral and dorsal aspects.

In addition to the classical tectal retinorecipient

layers 1–7, a considerable amount of retinal terminals

surpassed L7 and entered L8 (Figs. 10, 11). Here they

formed sparse ramifications, mostly in the outer

two-thirds of the lamina, but sometimes throughout its

extent. L9 did not contain any terminals or fibers.

Figure 11. Deep tectal terminals after intraocular CTB injection. A: Overview of a coronal section through the contralateral TeO, with the

indication of subsequent insets (BD). B: Origin of the deep pathway and terminals in L11–13. A fiber tract enters the TeO laterally (left

arrow), branching off from the isthmo-optic tract (TIO). The fibers run along the periventricular zone (upward arrows) and turn radially out-

ward to reach their target areas (downward arrows). Note also that retinal terminals exceeding the classical retinorecipient layers 1–7 and

entering L8 can be distinguished (arrowheads; compare Fig. 10). C,D: Detailed photomicrographs of deep tectal varicosities (arrows) in the

dorsal (B), lateral (C), and ventral (D) parts of the TeO, demonstrating their ubiquity. As in B, retinal terminals in L8 are very conspicuous

(arrowheads). Counterstained with Giemsa. Scale bar 5 1 mm in A; 500 lm in B; 200 lm in C,D.
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Notably, in all intraocular injections, we found a

sparse but evident amount of fibers and terminals form-

ing a conspicuous band from layers L11 through L13

(Fig. 11). The density and distribution of these deep

tectal terminals was fairly uniform across the entire TeO

from anterior to posterior, but was more concentrated in

the dorsal than in the ventral TeO (Fig. 11B–D). These

"deep terminals" do not correspond to retinal fibers cours-

ing radially from layer 7 toward the deep tectal layers.

Instead, they represent terminals of axons that branch off

Figure 12. The isthmo-optic region of the Chilean tinamou, demonstrated by an intraocular CTB-injection. Coronal sections through

the isthmic region ipsilateral (A,C E) and contralateral (B,D,F) to the injected eye. Note that although no structured isthmo-optic

nucleus (ION) is distinguishable in Nissl-stained sections (A,B), anti-CTB reaction reveals a large number of contralateral, and a lower

number of ipsilateral, retrogradely labeled centrifugal neurons (C,D). The great majority of these neurons are large (>20 lm) and

multipolar (E,F), resembling the ectopic cells surrounding the ION of Neognathous birds. A and C as well as B and D, respectively,

are consecutive sections from two series of the same brain, thus representing almost identical positions. Orientations given in A and

B apply for all panels of their respective columns. On the contralateral side, the oculomotor nucleus trochlearis (nIV) also contains

some retrogradely labeled neurons (see D), presumably from tracer spill into the periocular space. C and D are counterstained with

Giemsa. E and F are extended focal imaging (EFI) extractions of z-stacks. ECR, ectopic cell region. Scale bar 500 lm in A (applies to

A,B) and C (applies to C,D); 20 lm in E (applies to E,F). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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from the isthmo-optic tract (TIO; Fig. 11A,B) and then

proceed laterally into the TeO, running along L15 and the

tectal ventricle. Thereafter, they bend off to cross radially

through layers L14 and L13 toward their terminal location

(Fig. 11A,B). The terminals have a striking morphology,

with large bulbous-like varicosities that are distributed in

layers L11 and L12, and more densely in L13 (Fig. 11C,D).

L10 is almost completely free of such terminals.

Centrifugal neurons (ION)
In the dorsocaudal isthmus of the midbrain, a large

quantity of retrogradely labeled neurons was found on

the contralateral side (Fig. 12D), and a minor quantity on

the ipsilateral side (Fig. 12C). These retinopetal (centrifu-

gal) neurons were scattered over a considerable area

within the neuroanatomical region of the avian isthmo-

optic nucleus (ION) and its ectopic cell region (ECR).

However, in Nissl-stained sections a clear nuclear organi-

zation as observed in most birds was not recognizable

(Fig. 12A,B; see also Guti�errez-Ib�a~nez et al., 2012).

Our stereological estimation of the number of retro-

gradely labeled centrifugal neurons yielded 4,120 cells

(CE 5 0.0658) and 323 cells (CE 5 0.0963) on the con-

tralateral and the ipsilateral side, respectively. Mean

diameters of contralateral profiles varied from 8.2 to

24.5 mm, with an average of 16.4 6 3.1 mm. Those of

ipsilateral profiles varied from 12.6 to 22.2 mm, with an

average of 17.6 6 2.7 mm. Note that the neurons’ orien-

tations could not be taken into account for the meas-

urements. Morphologically, the neurons were mostly

large and multipolar (Fig. 12E,F), whereas smaller

monopolar and fusiform neurons resembling typical

avian isthmo-optic neurons were scarce.

DISCUSSION

In this study, we provide the first results of a system-

atic investigation of the visual pathways of a Palaeogna-

thae representative, the Chilean tinamou (Nothoprocta

perdicaria). We show that the retina of the tinamou pos-

sesses an elevated number of ganglion cells arranged in

three distinct topographical specializations: an area cen-

tralis (AC) with a shallow fovea, a horizontal visual streak,

and a dorsotemporal area (DTA). Accordingly, the visual

field is highly panoramic, with a restricted frontal binocu-

lar overlap. As can be seen in our neuronal tracer data,

the normal avian pattern of retinal central projections is

well-developed and differentiated. However, we also

found a remarkable projection to the deep layers of the

TeO labeled after intraocular CTB injection. Similar projec-

tions have previously been described in embryonic chick-

ens but are absent in adult animals (Wizenmann and

Thanos, 1990; Omi et al., 2011).

Although no clear ION (Rep�erant et al., 2006) is dis-

tinguishable (Fig. 12A,B; Guti�errez-Ib�a~nez et al., 2012),

we found a high number of retrogradely labeled centrifu-

gal neurons in the dorsal isthmic region, some of them

projecting to the ipsilateral retina (Fig. 12C–F). Because

tinamous represent a “basal” avian group, their centrifu-

gal visual system may represent the link between the

well-defined ION of most neognathous birds and the

centrifugal visual system of the closest living relatives to

birds, crocodiles (M€uller and Reisz, 2005), who like the

Chilean tinamou, also show a diffuse arrangement of the

isthmo-optic neurons (M�edina et al., 2004).

Visual field
Visual field measurements can tell us a great deal

about animals’ ecology and behavior (Martin, 2007).

The most interesting aspects are the size and position

of the frontal binocular overlap, the general extent of

the lateral monocular fields, and the size of the blind

area behind the bird. With respect to the binocular

field, Martin (2007) distinguishes three main types in

birds: Type 1 fields, with a binocular overlap between

20� and 30�, the bill’s projection falling centrally or

slightly below the center, and with a blind area behind

the head; type 2 fields with �10� overlap, the bill at its

periphery or outside, and no blind area to the rear; and

type 3 fields, with large overlaps and large blind areas

behind (owls). According to this schematic, the Chilean

tinamou barely has a type 1 field (Fig. 2), which is

mostly found in birds that forage by visual guidance of

the bill (e.g., pecking), and/or that care for their chicks

by feeding them (Martin et al., 2005; Martin, 2007). Tin-

amous do forage by pecking and by using their bill to

dig in the ground for food (Cabot, 1992). In comparison

with the other Palaeognaths studied, the binocular field

of the Chilean tinamou appears to be similar to that of

TABLE 1.

Primary Antibody Used in This Study

Antigen Immunogen Details Dilution

CTB (cholera toxin subunit B) Purified choleragenoid (cholera
toxin subunit B aggregate)

List Biological, goat polyclonal,
cat. no. 703,
RRID:AB_10013220

1:40,000
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the ostrich (Martin and Katzir, 1995), and larger than

that of the kiwi, which is a nocturnal bird with a speci-

alized olfactory sense (Martin et al., 2007).

The binocular field of the Chilean tinamou is presum-

ably rather restricted, but with the aid of convergent

eye movements it could become larger and include the

retinal DTAs (especially around the bill). This could pro-

vide increased spatial resolution, and perhaps stereopsis.

It may also provide functions for optic flow-field integra-

tion, which seems to be an important function of binocu-

larity in birds (Martin and Katzir, 1999; Martin, 2007).

RGC density and visual acuity
The Chilean tinamou shows a variety of traits and

specializations, which indicate a strong reliance on its

visual sense. The “eye shape” value of 20.232 is typi-

cal of a diurnal bird (Hall and Ross, 2007; Lisney et al.,

2012a). In the retina, we found a high overall quantity

of approximately 4.3 million neurons. We could not

quantify the ratio of the displaced amacrine cell popula-

tion included in our data, because a distinction by mor-

phological criteria (Ehrlich, 1981) was not practicable in

retinal areas of high neuron densities (Collin and Petti-

grew, 1988; Lisney and Collin, 2008; Lisney et al.,

2012b; Wathey and Pettigrew, 1989). In various neo-

gnathous birds, displaced amacrine cells have been

reported to constitute varying portions of the GCL neu-

rons, for instance 30–35% (Ehrlich, 1981) or 32% (Chen

and Naito, 1999) in the chicken, 11% (Hayes, 1984) or

40% (Binggeli and Paule, 1969) in the pigeon, or 20–

30% in the quail (Muchnick and Hibbard, 1980). Argu-

ably, we could have applied one of those ratios to our

data, but given the considerable variation among Neo-

gnathae, we did not see a benefit in doing so.

Despite this caveat, the overall GCL count found in

the tinamou is high compared with similar counts esti-

mated for many other birds, such as Galliformes (Bud-

nik et al., 1984; Ehrlich, 1981; Ikushima et al., 1986;

Lisney et al., 2012b), Anseriformes (Fern�andez-Juricic

et al., 2011; Lisney et al., 2013; Rahman et al., 2007a),

Columbiformes (Binggeli and Paule, 1969), Passeri-

formes (Coimbra et al., 2006, 2009; Rahman et al.,

2006, 2007b), various Strigiformes (barn owl, northern

saw-whet owl, short-eared owl; Lisney et al., 2012a;

Wathey and Pettigrew, 1989), Procellariiformes (Hayes

and Brooke, 1990), Sphenisciformes (Coimbra et al.,

2012), and Struthioniformes (ostrich; Boire et al.,

2001). Of all the avian species studied so far, the Chil-

ean tinamou is only surpassed by some particularly vis-

ually-specialized ones, for instance some owls (snowy

owl, great horned owl, great gray owl, barred owl, and

northern hawk owl; Lisney et al., 2012a), probably king-

fishers (Moroney and Pettigrew, 1987), and Falconi-

formes (Inzunza et al., 1991), although in the latter two

cases no total RGC number quantifications have been

provided by the authors.

With respect to the maximal GCL neuron density, the

Chilean tinamou also ranks high among birds, if not

vertebrates. In Neognathae, the displaced amacrine cell

density is reportedly uniform across the entire retina

(Ehrlich, 1981) and of a negligible magnitude for RGC

estimations in high-density areas (Bravo and Pettigrew,

1981; Collin and Pettigrew, 1988). Therefore, our esti-

mation of 61.9 3 103 neurons/mm2 in the AC probably

corresponds to true RGCs (see above), almost reaching

the values obtained in eagles and hawks, who possess

65 and 62 3 103 cells/mm2 in the foveal region of

their GCL, respectively (Inzunza et al., 1991).

However, visual acuity is not only limited by the den-

sity of RGCs, but also by the eye’s focal length, which

is proportional to its axial length (Hall and Ross, 2007;

Martin, 1993; Walls, 1942). The theoretical SRP can be

estimated from the eye’s focal length and the maximal

RGC density under the assumption that one cycle of

grating can be resolved by two adjacent ganglion cells

(Collin and Pettigrew, 1989; Pettigrew et al., 1988; Ull-

mann et al., 2012). The Chilean tinamou’s relatively

high SRP value of 13.6–14.0 cycles/degree, higher

than, for example, phasianid Galliformes such as the

chicken (6.5–8.6 cycles/degree; Gover et al., 2009;

Schmid and Wildsoet, 1998) or the quail (4.3–4.9

cycles/degree; Lee et al., 1997), reflects the relatively

small eyes of this bird, for which the high RGC density

can only partly compensate. In contrast, the ostrich,

despite its relatively low maximal RGC density of

approximately 9,000 cells/mm2, has a high estimated

SRP of between 17.0 and 22.5 cycles/degree (Boire

et al., 2001) because of its large eyes (axial length

39 mm; Martin and Katzir, 1995). Thus, the high num-

ber and density of RGCs in the Chilean tinamou retina

can be seen as a way to increase visual acuity within

the anatomical constraint of a relatively small eye size.

Retinal topography
Topographical specializations in the retinal cell distribu-

tion have long been recognized to be of importance for

eco-behavioral functioning of vertebrate vision (Hughes,

1977). Three distinct types of areae (AC, horizontal visual

streak, and DTA) characterized by elevated retinal cell

densities are frequently found in birds (G€unt€urk€un, 2000),

and all of them are present in the Chilean tinamou (Figs.

3, 4). The AC, which subserves the bird’s lateral visual

field, contains in addition to the already-discussed high

RGC density a shallow concaviclivate fovea (Fig. 4A,B).

This type of fovea, in contrast to the deep convexiclivate

type (Walls, 1963), covers a wider retinal area and has
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been proposed to accomplish a better functionality in vig-

ilance behavior (Fern�andez-Juricic, 2012). In comparison,

the most basal Neognathae and thus closest neogna-

thous relatives, Galliformes, generally do not possess a

fovea in their retina (Lisney et al., 2012b), although the

quail has been reported to have a shallow one (Ikushima

et al., 1986). It has to be noted, however, that the tina-

mou specimens used in this study were acquired from a

breeder. Thus, the shallowness of the fovea could be the

result of domestication, which has been reported to alter

the fundus oculi considerably (Walls, 1942; Wood, 1917),

and wild tinamous might possess a more pronounced

fovea than described here.

Distinct from the AC, a large DTA covers almost a

quadrant of the Chilean tinamou retina (Fig. 3). The pres-

ence of a DTA (or area dorsalis) is an often-found retinal

feature of granivorous birds (Budnik et al., 1984;

G€unt€urk€un, 2000), because it covers the anteroventral

aspect of the visual field and thus aids in object (food)

recognition and pecking behavior (Martin, 2007; Nalbach

et al., 1990). Fittingly, the Chilean tinamou’s diet, which

consists mostly of seeds and sometimes insects, is gath-

ered by pecking and digging with the beak (Cabot,

1992; Conover, 1924). Interestingly, in contrast to this

idea, a number of phasianid Galliformes reportedly lack

a DTA, even though they are ground-foragers (Lisney

et al., 2012b). Thus, other factors may contribute to the

presence or absence of a DTA in a bird species, and it

is definitely curious that the basal tinamou possesses

this feature whereas many Galliformes do not.

Engulfing the AC, but distinct from the DTA, the

tinamou retina also features a horizontal visual streak

(Fig. 3). According to the Terrain Hypothesis (Hughes,

1977), this specialization frequently evolves in animals

living in open or semi-open habitats without dense arbo-

real vegetation, because it provides them with improved

visual capacities for scanning the horizon, e.g., for pred-

ators. Quite a number of studies support this proposi-

tion, such as in the red kangaroo Macropus rufus

(Hughes, 1975), the giraffe Giraffa camelopardalis (Coim-

bra et al., 2013), anatid ducks (Lisney et al., 2013), the

Canada goose Branta canadensis (Fern�andez-Juricic

et al., 2011), seabirds (Hayes and Brooke, 1990), and

non-nocturnal owls living in open habitats (Lisney et al.,

2012a), and even in such distant species as nonverte-

brate crabs (Zeil et al., 1986) or coleoid cephalopods

(Talbot and Marshall, 2011). Also, another palaeogna-

thous bird species, the ostrich Struthio camelus (Boire

et al., 2001), which lives in the savannas and Sahel of

Africa, possesses a pronounced horizontal visual streak.

The Chilean tinamou conforms well to this hypothesis,

because it lives exclusively in open habitats (Cabot,

1992; Conover, 1924).

Central retinal projections
The overall pattern of retinal projections in the Chil-

ean tinamou is mostly consistent with the pattern found

in Neognathous birds, implying that this shared organi-

zation of the avian visual system was fully present in

the last common ancestors of Palaeognathae and Neo-

gnathae over 120 million years ago, and has in both

groups remained highly conserved during this long time

span of separate evolution.

Dorsal thalamus
Representing the first stage of the thalamofugal pathway,

the dorsal lateral geniculate (GLd) of the tinamou

receives considerable input (Figs. 7C,D, 8A), although

clearly not as much as the TeO. Similar to the pigeon

(G€unt€urk€un and Karten, 1991; G€unt€urk€un et al., 1993;

Miceli et al., 1975, 2008) and the quail (Watanabe,

1987), the strongest retinorecipient GLd elements are

the ventral portion of the DLL (5 DLLv of Miceli et al.,

2008), its most ventral subdivision, the SpRt, and the

LdOPT (we adhere to the nomenclature of G€unt€urk€un and

Karten, 1991, whereas others have identified it as the

DLAlr [Ehrlich and Mark, 1984a; Watanabe, 1987], or as

a portion of the DLLd [Miceli et al., 1975, 2008]). The

high density and defined pattern of retinal input in the

LdOPT suggest that it is an important relay of the tina-

mou’s thalamofugal pathway, similar to what is assumed

in neognathous birds (Ehrlich and Mark, 1984a; Wata-

nabe, 1987). In addition, it contains conspicuously large

retinal terminals (Fig. 8A), analogous to what has been

noted in the pigeon (G€unt€urk€un and Karten, 1991).

Ventral thalamus
The ventral thalamus of the tinamou appears to be very

similar compared with other birds. The LA and GLv are

well developed (Figs. 7A–E, 8B,C), and the GLv-ne of

the latter is densely innervated by retinal terminals. The

nMOT (Figs. 7B–D, 8B), which may be the homologue

of the mammalian intergeniculate leaflet (IGL;

G€unt€urk€un and Karten, 1991; Harrington, 1997), has

rather scarce retinal innervation compared with the

pigeon (G€unt€urk€un and Karten, 1991); however, its gen-

eral neuroanatomical organization is very similar.

Hypothalamus
Retinal input to the avian hypothalamus is mainly confined

to a small lateral portion (Cantwell and Cassone, 2006;

Cassone and Moore, 1987; Cooper et al., 1983; Gamlin

et al., 1982; Norgren and Silver, 1989b; Shimizu et al.,

1994). Some studies also report scarce retinal afferents

to a second, medial hypothalamic division, e.g., in the

pigeon (Shimizu et al., 1994) and in the chicken (Cantwell
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and Cassone, 2006). In the palaeognathous tinamou we

could not find any retinal terminals or fibers in the medial

hypothalamic region; however, we found input to the lat-

eral portion (Figs. 7A, 9A), which we call the vSCN, follow-

ing the nomenclature of Cantwell and Cassone (2006).

Interestingly, in the closest extant relatives of birds, the

crocodiles, retinohypothalamic projections to both a lat-

eral and a medial portion of the hypothalamus have been

described (Derobert et al., 1999).

Pretectum and AOS
We generally found the typical avian retinal projection

pattern to the pretectum and AOS (Figs. 7D–F, 9B,C)

that, for example, has been described in the chicken

(Ehrlich and Mark, 1984a), the quail (Norgren and Silver,

1989a), and the pigeon (Gamlin and Cohen, 1988a). On

the contralateral side, the projections comprise a large

and densely labeled GT, LMm, and LMl, as well as a

substantial nBOR of the AOS. Furthermore, the AP and

especially its dorsal subdivision (APd) were labeled from

retinal input, similar to the description by Gamlin and

Cohen (1988a) and Shimizu et al. (1994) in the pigeon.

Optic tectum
The tinamou’s TeO, which in birds generally receives

the majority of retinal fibers (Benowitz and Karten,

1976; Luksch, 2003; Mpodozis et al., 1995; Ram�on y

Cajal, 1909; Wylie et al., 2009), is particularly promi-

nent (Fig. 6). Its retinorecipient layers 1–7 receive

dense afferents (Fig. 10D), suggesting a tectofugal

pathway of considerable proportions. The dominance of

the tectofugal pathway appears to be a common trait in

Tinamiformes, because two other species of this family

are reported to possess large tectofugal components

relative to brain volume (Bee de Speroni and Carezzano,

1995; Iwaniuk et al., 2010).

The general organization of the Chilean tinamou TeO

is similar to that of neognathous birds. Altogether, its

lamination appears to be more complex than in the

chicken TeO (Karten, 2007), but not as complex as a

passerine TeO (Faunes et al., 2013; Karten et al.,

2013). The relative width changes of the various tectal

layers from dorsal to ventral (especially L5; see Results;

Fig. 10) are generally similar to findings in the pigeon

(Karten et al., 1997). In the pigeon, however, the

change in L5 is more dramatic (compare Fig. 6 of

Karten et al., 1997) and whereas in the pigeon L4 is

almost nonexistent in the ventral TeO, in the tinamou it

remains a thin but distinct lamina (Fig. 10C).

We found that layer 8 is relatively prominent in the

tinamou, and, interestingly, although classically consid-

ered non-retinorecipient, it receives retinal terminals

throughout the TeO (Fig. 10D; arrowheads in Fig. 11).

To our knowledge, this has not been reported in an

adult bird. However, an even denser L8 projection

appears to be present in a neognathous Caprimulgi-

form, the band-winged nightjar Caprimulgus (Systellura)

longirostris (Juan E. Salazar and Jorge Mpodozis, manu-

script in preparation, personal communication). It has

been shown in chicken that during embryonic develop-

ment, retinal fibers pervade the classical retinorecipient

layers 1–7 and intrude into L8 and L9; a few even

intrude into L10. This transient projection progresses

until E14, begins to degenerate at E16, and is almost

gone by E17 (Omi et al., 2011). Possibly, this embry-

onic projection is maintained in some birds such as the

Chilean tinamou and the band-winged nightjar. Because

both birds possess an enlarged L8, this retinal projec-

tion may have to do with a functional specialization of

this lamina.

We regard the finding of fibers and terminals in the

deep tectal layers 11–13 (Fig. 11) as a very significant

result. Because they were labeled by intraocular tracer

injections, they either represent a projection from reti-

nal neurons or collateral branches from ION neurons

projecting to the retina.

In embryonic chickens, a very similar pathway has

been described by Omi et al. (2011), which first appears

at E8–E9, degenerates from E14 onward, and entirely

disappears after hatching. These authors assumed that

this projection originated in the retina, stating that the

“retinal fibers. . .run [dorsally] along the medial edge of

the TeO after invading the tectum and turn toward the

lateral side.” The fibers that seem to give rise to the

deep tectal terminals in the tinamou fit rather well with

this description in that they seem to enter the tectum at

its dorsomedial margin and then turn laterally. However,

when these fiber bundles are followed along the trans-

verse section series from anterior to posterior, they sur-

prisingly form a continuum with the TIO (Fig. 11B;

compare Fig. 7F). Thus, they may be either retinal fibers

running along the TIO, or they may even be bifurcating

side branches of the TIO providing a feedback from the

centrifugal system to the TeO. In fact, Wizenmann and

Thanos (1990) traced a transient projection from centrif-

ugal ION neurons to the tectum between E9 and E16,

which was corroborated by double-labeling experiments.

It is therefore probable that the results reported by Omi

et al. (2011) represent the same transient projection

from the ION to the TeO, rather than a retinal projection.

At present, we cannot decide between either possibilities

and further experiments will be needed to clarify the

source of these terminals. Whatever the case, the deep

tectal pathway of the adult tinamou would be equivalent

to pathways transiently expressed in Neognaths such as

the chicken.
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Centrifugal visual system
The centrifugal visual system of birds generally con-

sists of two components, the organized ION and a sur-

rounding region of “ectopic cells” (EC) (Clarke and

Cowan, 1975; Hayes and Webster, 1981; Miceli et al.,

1999; Wilson and Lindstrom, 2011), both respectively

projecting to the retina in a characteristic fashion

(Nickla et al., 1994; Uchiyama et al., 2004). Although

most birds examined to date possess a well-defined

ION, a recent large-scale comparative study in which

the authors examined Nissl material of several dozen

bird species could not find any distinguishable ION in

the Chilean tinamou (Guti�errez-Ib�a~nez et al., 2012).

Similarly, two other palaeognathous birds were previ-

ously reported to lack an ION—the brown kiwi (Craigie,

1930) and the ostrich (Verhaart, 1971).

Retrograde labeling from our intraocular tracer experi-

ments has now revealed that the Chilean tinamou pos-

sesses a considerable population of centrifugal neurons

(Fig. 12). These cells appear to correspond mostly to ECs,

for several reasons: First, they are not organized in a dis-

tinctive nuclear structure as is the typical neognathous

ION. Second, we were unable to identify tufted monopolar

neurons resembling “true” ION neurons of Neognathae

(Cowan, 1970; Miceli et al., 1995). Instead, all of the tina-

mou’s centrifugal neurons appear to be large and multipo-

lar (Fig. 12E,F), like the ECs of neognathous birds (Cowan

and Clarke, 1976). Third, a portion of the cells project to

the ipsilateral retina (Fig. 12C,E), a common characteristic

of avian ECs (Rep�erant et al., 2006).

Intriguingly, the tinamou isthmo-optic system bears a

striking resemblance to the centrifugal visual system

of crocodilians, the closest extant relatives of birds

(M€uller and Reisz, 2005). The homology of the centrifu-

gal visual system in the Archosauria is stressed by the

finding that the large majority of centrifugal neurons of

both Crocodylus niloticus (M�edina et al., 2004) and Cai-

man crocodilus (Ferguson et al., 1978) reside in an isth-

mic region with the same embryological origin as the

avian isthmo-optic system (rhombomere 0) (Clarke and

Cowan, 1976; Cowan and Clarke, 1976; M�edina et al.,

2004; O’Leary and Cowan, 1982; Rep�erant et al.,

2007).

Like avian ECs (and tinamou isthmo-optic neurons),

the crocodilian isthmo-optic system does not possess

any clearly organized nuclear structure (M�edina et al.,

2004). In addition, morphologically the crocodilian cen-

trifugal neurons closely resemble the ECs of birds,

because in both the crocodile and the caiman most of

these neurons are multipolar or fusiform. Although the

existence of a few monopolar neurons resembling neo-

gnathous ION cells was reported in the crocodile, they

do not project exclusively to the contralateral retina

like neognathous “true” ION cells (M�edina et al., 2004),

and furthermore, the caiman completely lacks such

cells (Ferguson et al., 1978).

Therefore, it is possible that the “true” isthmo-optic

nucleus is a synapomorphy of Neognathae, and some

characteristics of the basal “crocodilian” condition (e.g.,

only “ectopic” centrifugal neurons) are maintained in

palaeognathous birds. The alternative possibility would

be that a “true” ION was present in the last common

ancestor of Palaeognathae and Neognathae, but was sec-

ondarily reduced in the tinamou. In fact, this may have

occurred in some nonbasal neognathous species of the

order Procellariiformes and the closely related pelicans

(Guti�errez-Ib�a~nez et al., 2012). Unfortunately, no retro-

grade tracing studies have been conducted in these spe-

cies, so the existence of a perhaps small but “true” ION

cannot be ruled out. A well-organized ION is such a wide-

spread condition in Neognathae that it seems likely that

a palaeognathous centrifugal visual system composed of

ectopic cells as in the tinamou is indeed an ancestral

condition and unique among birds. On the grounds of

these points, the centrifugal visual system of Palaeogna-

thae such as the Chilean tinamou may represent an inter-

mediate stage between crocodiles and neognathous

birds, filling a gap of approximately 250 million years

since the crocodile-bird split (M€uller and Reisz, 2005).

CONCLUSIONS: WHY STUDY TINAMOUS?

The present study provides for the first time a com-

prehensive description of the visual system of a palae-

ognathous bird, including its visual field, retinal

topography, and retinal connections. Although it is clear

that in general the visual system is highly conserved

across the Amniote phylum, the comparative study of a

basal bird may help to elucidate important aspects of

its evolution in finer detail. Because of the long evolu-

tionary divergence between the Neognathae and Palae-

ognathae, both similarities and differences between

these clades are of interest. The similarities (conserved

characteristics) may represent the basal avian condi-

tions that existed in their common ancestors over 120

million years ago, whereas the differences illustrate

which elements of the avian visual system have been

subjected to evolutionary change.

At the level of retino-central connectivity of the tina-

mou, two elements have emerged as interesting differ-

ences to Neognathae and deserve further investigation:

First, the adult deep tectal terminals, which in Neogna-

thae have only been reported at embryonic stages; and

second, the centrifugal visual system, which appears to

resemble more closely the crocodilian than the neogna-

thous avian condition.
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Future research should also investigate the tinamou’s

higher visual projections, as well as the central organi-

zation of other sensory pathways. Qualitative observa-

tions of Nissl-stained material (as is shown in Fig. 6)

reveal interesting cytoarchitectonics in field L, the n.

basalis, the arcopallium, and the Wulst. A better under-

standing of the tinamou’s pallial circuits would contrib-

ute to widening the basis for comparative studies

across vertebrates, providing new insights about the

evolution of the pallium and of the brain organization as

a whole.
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