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ABSTRACT

The tectofugal pathway (retina - optic tectum - nucleus
rotundus - entopallium) is a prominent route mediating
visual discrimination in diurnal birds. Several lines of
evidence have shown that at the tecto-rotundal stage
this pathway is composed of multiple parallel channels.
Anatomical studies show that the nucleus rotundus is
composed of at least four subdivisions, according to dif-
ferences in cytoarchitectonic, histochemical, and hodo-
logical properties. Each of these subdivisions is in
receipt of a highly convergent, nontopographic tectal
projection, originating from a distinct subset of tecto-
rotundal neurons. Physiological studies show that neu-
rons of different subdivisions respond specifically to dif-
ferent visual dimensions, such as color, luminance, two-
dimensional motion, and in-depth motion. At present it
is less clear whether or to what extent this channel
segregation is preserved at the telencephalic stage of

the tectofugal pathway. The entopallium shows no
obvious subdivisions or laminations. Nevertheless, tract-
tracing experiments show that separate portions of the
entopallium receive efferent projections from different
rotundal subdivisions, in a way that maintains the ros-
trocaudal order of these subdivisions. In the present
study we investigate in detail the topography of the
rotundo-entopallial projection by means of anterograde
and retrograde neuronal tracers. Our results confirm
the zonal topography proposed by previous studies and
indicate that each zone in the entopallium receives a
direct and topographically organized projection from its
corresponding rotundal subdivision. These results sug-
gest that the spatial arrangement of the different rotun-
dal functional modules is preserved at the entopallial
level. J. Comp. Neurol. 518:4342-4361, 2010.
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The entopallium (E) is the largest visual structure in the
telencephalon of most birds. It receives a major thalamic
input from the nucleus rotundus thalami (Rt) through the
fasciculus prosencephali lateralis (FPL; Karten and
Hodos, 1970). The Rt, in turn, receives a visual input from
the optic tectum (TeO; Karten and Revzin, 1966). The vis-
ual route from the retina through TeO and Rt to the ento-
pallium is called the visual collothalamic (Butler, 1994) or
the tectofugal pathway (Karten and Revzin, 1966; Karten
and Hodos, 1970).

The tectofugal pathway is the main route mediating vis-
ual discrimination in most diurnal birds. Lesions in any of
the structures of this pathway result in serious deficits in
various visual tasks, such as brightness, color, pattern,
spatial frequency, and size stimuli discriminations (Hodos
and Karten, 1966, 1970, 1974; Cohen, 1967; Hodos and
Bonbright, 1974; Macko and Hodos, 1984; Hodos et al.,
1984, 1986, 1988; Kertzman and Hodos, 1988, Bessette
and Hodos, 1989). Several lines of evidence have shown
that at the tecto-rotundal stage the tectofugal pathway is
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composed of multiple parallel channels (Granda and
Yazulla, 1971; Jassik-Gerschenfeld and Guichard, 1972;
Yazulla and Granda, 1972; Frost and DiFranco, 1976;
Wang and Frost, 1992; Wang et al., 1993; Karten et al.,
1997; Laverghetta and Shimizu, 1999; Hellman and
Gunturkun, 2001; Nyugen et al., 2004). In fact, in pigeons
the Rt is composed of at least four main anatomical sub-
divisions (pars dorsalis anterioris [RtDa], pars Centralis
[RtCe], pars Posterioris [RtPost], and pars Triangularis
[RtTr]) distinguishable based on regional differences in
cytoarchitectonic, histochemical, and hodological proper-
ties (Benowitz and Karten, 1976; Nixdorf and Bischof,
1982; Martinez-de-la-Torre et al., 1990; Mpodozis et al.,
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1996; Redies et al., 2000; Hellman and Gunturkun, 2001;
Marin et al., 2003). Each of these subdivisions is in
receipt of a highly convergent, nontopographic tectal pro-
jection, originating from a distinct subset of tecto-rotun-
dal neurons. (Benowitz and Karten, 1976; Nixdorf and Bis-
chof, 1982; Martinez-de-la-Torre et al., 1990; Mpodozis
et al.,, 1996; Karten et al., 1997; Redies et al., 2000;
Hellmann and Guntunkun, 2001; Marin et al., 2003). Fur-
thermore, the Rt subdivisions seem to have functional sig-
nificance, as physiological studies show that neurons in
different regions of the Rt respond specifically to different
visual dimensions, such as color, luminance, two-dimen-
sional motion, and in-depth motion (Wang et al., 1993).

At present it is less clear whether or to what extent
this channel segregations is preserved at the telence-
phalic stage of the tectofugal pathway. The entopallium
shows no obvious subdivisions or laminations on the basis
of cytoarchitecture (Rehkamper et al., 1985), morphology
(Téombol, 1991), or the distribution of several neurochemi-
cals (Brauth et al., 1986; Dietl and Palacios, 1988; Dietl
et al, 1988a,b; Veenman and Reiner, 1994; Veenman
et al,, 1994; Hellmann et al., 1995). Nevertheless, tract-
tracing experiments show that separate portions of E
receive efferent projections from different subdivisions of
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; Kriitzfeldt
and Wild, 2005). Furthermore, behavioral experiments
show that bilateral lesions in the caudal or the rostral ento-
pallium of trained pigeons results in differential discrimina-
tion deficits for motion or grating task, respectively (Nguyen
et al., 2004). These results suggest that there is an anatom-
ical and functional segregation in the entopallium that could
reflects the channel segregation present in Rt.

Two previous anatomical studies (Kritzfeldt and Wild,
2004, 2005) have indicated heterogeneity within the E.
These studies reveal a dorsoventral partition in the E, which
differs substantially in terms of their afferent and efferent
projections. The internal (ventral) part of E shows reciprocal
projections with the nucleus mesopallialis ventrolaterale
(MVL), it is the sole source of entopallial projections to the
striatum, and hence appears to be closely related to extra-
telencephalic circuits. The external (dorsal) part, instead,
receives denser rotundal projections and most probably
projects to several nidopallial areas. This evidence implies
that the different divisions or channels in the tectofugal
pathway diverge at the level of entopallial efferents.

In the present study we investigate in detail the topog-
raphy of the rotundo-entopallial projection by means of
anterograde and retrograde neuronal tracers. Our results
confirm the zonal topography proposed by Laverghetta
and Shimizu (2003) and indicate that each zone in the
entopallium receives a direct topographically organized

Topography of rotundo-entopallial projection

projection from its corresponding rotundal subdivision.
These results suggest that the spatial arrangement of the
different functional modules present at the rotundal level
is preserved by the rotundo-entopallial projection.

MATERIALS AND METHODS

This study used a total of 22 wildtype adult pigeons
(Columba livia), 300-350 g in body weight, of both sexes.
These animals were obtained from a local dealer and kept
in an institutional animal facility with a 12-hour light/dark
cycle and free access to water and food. All the experi-
mental procedures were approved by the Science Fac-
ulty’s Ethics Committee (Comité de Etica de la Facultad
de Ciencias de la Universidad de Chile) and conformed to
the guidelines of the National Institutes of Health (NIH)
on the use of experimental animals in research.

The pigeons were deeply anesthetized by means of an
intramuscular injection of ketamine (40 mg/kg body
weight) and xylazine (12 mg/100 kg body weight). Then
the animals were mounted in the standard stereotaxic
position (Karten and Hodos, 1967) in a custom-designed
head holder that did not interfere with the animal’s visual
field. Thereafter, the skull was exposed through a skin
incision, and a craniotomy was made to expose the dorsal
telencephalon above the approximate location of either
the nucleus Rt or the entopallium, depending on the
experiment. Injections of different tracers were then made
into these structures according to the procedures
described below. After the injections the wounds were cov-
ered, the skin sutured, and treated with topical antibiotics.
During the experiment the heart rate of the animals was
continuously monitored and the body temperature was
held at 40-42°C by means of a thermoregulated electric
blanket. During surgery and recovery all wounds and pres-
sure points were treated with a commercial ointment of 5%
lidocaine. When necessary, supplementary doses of anes-
thetic (0.2 mL every 2 hours) were given to the animals.

In a first set of experiments the fluorescent, lipophilic
tracers Dil and True Blue (TB) were injected into the left
entopallium of 18 animals. In four of these cases each ani-
mal received a single injection of either Dil (two cases) or
TB (two cases). In 14 cases the animals received two
injections, one of each tracer. In an attempt to produce
small, well-defined injections and to minimize tracer diffu-
sion, the tracers were injected in their solid, crystalline
form by means of a “solid microinjector” apparatus (Marin
et al., 2001). Briefly, this consists of a blunt 36G hypoder-
mic needle, equipped with a movable internal rod, which is
connected to a syringe-like pressure chamber. When a gas
pressure pulse is applied to the chamber, the rod moves
forward and back inside the needle, pushing out a solid
load previously packed inside the needle tip. To perform
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the injections we first identified the entopallium by its
electrophysiologically recorded responses to visual stimuli
presented to the contralateral eye. Electrophysiological
signals were recorded with 1 MQ impedance tungsten
electrodes, amplified (AM Systems, Everett, WA; model
1800) and monitored in an oscilloscope (Tektronix,
Beaverton, OR; 5113) coupled to an audio monitor. Visual
responses were elicited stimulating the contralateral visual
field with a hand-held laser pointer. Once the entopallium
was electrophysiologically identified, the electrode was
replaced by the loaded microinjector, following the coordi-
nates obtained in the recording session. The injections
were made by applying a train of pressure pulses, accord-
ing to previously determined parameters (for details, see
Marin et al., 2001). The pressure source was an N2 tank
at 1,000 psi, and the pressure drive was a custom-made
picospritzer device. After 3-5 minutes the microinjector
was slowly withdrawn. In a separate set of experiments
the anterograde tracer biotinylated dextran amine (BDA
10,000 MW, Invitrogen, Carlsbad, CA) was injected into
the nucleus rotundus of both hemispheres in order to per-
form two separate experiments in one animal. To accom-
plish this, glass micropipettes of 10-15 pum tip diameter
were filled with a 10% solution of 10,000 Mr biotinylated
dextran amine (BDA; Molecular Probes, Eugene, OR) in
0.01 M phosphate buffer. Then the pipette was positioned
and advanced at the stereotaxic coordinates obtained in a
previous electrophysiological recording, as described for
the entopallium. The injection was made by applying a train
of pressure pulses, as described above. After 5-9 days
of survival, the animals were deeply anesthetized with an
overdose of a mixture of ketamine and xylazine and per-
fused via the aorta with 500-800 mL of 0.9% saline,
followed by 1,000 mL of an ice-cold solution of 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.2). After
the perfusion the brains were excised, postfixed over-
night in the paraformaldehyde solution, and then trans-
ferred for 1-2 days to a 30% sucrose solution for cryopro-
tection. The brains were then mounted in the stereotaxic
plane over the stage of a frozen sliding microtome and
60 um sections were cut in the sagittal or transverse
plane. In the cases with injections of fluorescent tracers
the sections were immediately mounted in avian saline.
In the cases with BDA injections the collected tissue was
washed for 30 minutes in phosphate-buffered saline
(PBS) and then reacted with an avidin-biotin reagent
(ABC Elite Kit, Vector Laboratories, Burlingame, CA) in
0.3% Triton X-100 in PB for 1 hour. Sections were then
washed in PBS and reacted in 0.025% diaminobenzidine
(DAB, Sigma, St. Louis, MO) and 0.3% hydrogen peroxide
in PB for 20 minutes. Sections were mounted on glass
slides, dehydrated in an ethanol/xylene series, and cover-
slipped with Permount (Fisher Scientific, Fair Lawn, NJ). In

all cases, selected sections or series of sections were coun-
terstained with cresyl violet for further analysis.

The sections were examined and photographed using a
conventional epifluorescent microscope (Olympus Bx 60)
with a digital color camera and associated software (Spot
Digital Camera; Diagnostic Instruments, Sterling Heights,
MI). To study the location, distribution, and intensity of
the fluorescent retrogradely labeled cells in the nucleus
rotundus, a series of microphotographs was taken of
every third section. Depending on the tracer used, the
digital images were taken with the blue or red channel,
setting the camera exposure time in a way that the more
intensely labeled cells just reached the highest pixel
value (255), which was then used for all photographs of a
given case. The photographs were transferred to Adobe
Photoshop CS3 (Adobe Systems, Mountain View, CA) and
combined to reconstruct views of the whole sections. As
only two different tracers were used in these experi-
ments, color was not essential in order to display the
results. Thus, both channels were transformed to gray
scale, and the red channel was inverted in contrast, in
such a way that the red cells appeared black and the blue
cells appeared white in the final reconstructed image.
The shape and trajectory of anterograde labeled rotundal
axons inside the entopallium were reconstructed in draw-
ings based on serial sections using a camera lucida
attached to the microscope. Once the fibers were recon-
structed the drawings were scanned and the digital ver-
sion obtained. For all nonfluorescent figures minor aes-
thetic manipulations such as contrast and white balance
corrections were carried out in Adobe Photoshop CS3.

RESULTS

Boundaries and subdivisions of the
entopallium

Kritzfeldt and Wild (2005) observed in pigeons that
the E is readily distinguishable in the transverse plane as
a zone of higher opacity in unstained, wet-mounted tis-
sue. We reproduced these observations and confirmed
that the limits of the E were comparable to those
described in the transverse plane in the pigeon stereo-
taxic atlas (Karten and Hodos, 1976) (Fig. 1B). We then
carried out similar observations in a series of parasagittal
wet-mounted sections. This allowed us to better define
the limits of the E at the most lateral and medial parasag-
ittal levels (Fig. 1A). None of these observations gave evi-
dence of a rostrocaudal partition of E. We then attempted
to delimit the E by labeling its rotundal afferences. To that
end we performed a triple BDA injection into Rt, aimed to
fill the whole extent of the nucleus. The tracer spread to
some other structures of the dorsal thalamus, such as
the OPT (not shown), which are not relevant for this study,
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Figure 1. Differential opacity of the entopallium in fixed, wet tissue. D-F: Sagittal, J-L: transverse sections through the telencephalon
mounted in water. Note the central high opacity zone corresponding to the entopallium (E). A-C,G-I: The same sections stained with Nissl.
The E is outlined in the Nissl sections with a dotted line following the high opacity zone of the wet sections. Note the indentation indi-
cated with an arrowhead (B,E). The approximate rostrocaudal and lateromedial stereotaxic coordinates in accordance with the pigeon ste-
reotaxic atlas (Karten and Hodos, 1977) are indicated in the right inferior corner of the pictures. Scale bar = 1 mm.

as the Rt is the only known source of thalamic projections
to the E (Benowitz and Karten, 1976). The results of these
injections revealed, in the sagittal plane, a very dense
field of labeled terminals (Fig. 2) that closely matched the
entopallial limits previously revealed from the wet tissue
(Fig. 1). A more detailed analysis of the pattern of labeling

suggests a rostrocaudal subdivision of E into three dif-
ferent partitions, defined by a differential density of the
rotundal terminals. The anterior partition appears as a po-
lygonal, drop-shaped area, clearly discernible from the
more caudal regions by the higher density of its rotundal
afferents, especially evident at lateral levels (Fig. 2A,B).
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Figure 2. Anterogradely labeled fibers from the Rt delimit three zones in the entopallium. A-C: Sagittal sections at different lateromedial coor-
dinates, showing dense terminal fields after a large BDA injection in the ipsilateral nucleus rotundus. D-F: Higher magnification of the entopallial
zones of the sections on the left. The caudal and rostral zones, which appear innervated by a higher density of rotundal terminals, are outlined
by broken lines. Note in the dorsomedial aspect of the E the presence of a region with very low density of terminals (indicated by the aster-
isks). Rostral is to the right and caudal to the left. The approximate lateromedial stereotaxic coordinates in accordance with the pigeon stereo-
taxic atlas (Karten and Hodos, 1977) are indicated in the right inferior corner of A-C. Scale bars, left column = 1 mm,; right column = 2 mm.

The central partition exhibited a relatively minor density
of label, and appeared as a trapezoid, “volcanic cone,”
with its basis lying on the ventral pallial /striatal boundary
and a narrow apex oriented anterodorsally (Fig. 2B). The
posterior partition also presented a high density of la-
beled terminals, and appeared as a lenticular area
encompassing the dorsal posterior crescent of E. This
partition also dorsally embraced the central area of the E
in the rostrocaudal axis (Fig. 2C).

Zonal topography in the rotundo-entopallial
projection

We sought to confirm the existence of these partitions
and to investigate a possible relation between them and
the rotundal subdivisions. For this purpose we carried out
a series of experiments aimed at locating BDA injections
in each of the rotundal subdivisions. In the first experi-
ment the BDA injection was localized in the rostral part of
the dorsal thalamus. Notwithstanding the large size of the
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deposit, only the dorsal anterior subdivision (Da) of the
rotundus was injected. This experiment resulted in the an-
terograde labeling of a drop-shaped region, a region that
closely matched the anterior partition of E described
above. No other labeling could be seen in the E (Fig. 3E,F).
In this case a bundle of labeled fibers that seems to
leave the E in an oblique direction towards the dorsal
anterior telencephalon was also clearly visible. These
fibers likely originate from the thalamic OPT, which was
also involved in the tracer deposit. In a subsequent
experiment we performed a BDA injection into the ventral
portion of the central Rt (Fig. 3C). This injection resulted
in a dense field of anterogradely labeled axons mainly re-
stricted to the ventral part of the central partition of E.
Some labeled axons were also located in the posterior
partition, probably as a consequence of the spread of
tracer to the posterior Rt. The anterior partition of the E
appeared largely free of terminals (Fig. 3D). In the next
experiment we performed an injection that affected
mainly the dorsal moiety of the central Rt. In this case
some of the tracer also spread to the posterior subdivi-
sion, as shown in Figure 3A. This injection resulted in
dense labeling of a patch of terminals mainly located within
the dorsal aspect of the central partition of E. The labeled
fibers extended also rostrally and caudally from this locus.
The anterior partition of E, as well as the ventral half of it,
was free of significant label (Fig. 3B). Finally, we carried
out a BDA injection in the posterior division of Rt. Although
the tracer diffusion reached partially the central Rt, the
field of anterograde labeled fibers was mostly circum-
scribed within the limits of the posterior partition of E
(compare Fig. 3A,C). The labeled terminals also extend to
the ventral zone of the central partition, probably as a con-
sequence of the tracer diffusion to the Ce (Fig. 3G,H). No
labeled fibers were observed in the anterior or dorsal E.
These results confirm the existence of a zonal organization
in the rotundo-entopallial projection, as proposed by other
authors (Benowitz and Karten, 1976; Nixdorf and Bishof,
1982; Laverghetta and Shimizu, 2003; Kritzfeldt and Wild,
2004), and suggest that each subdivision of the Rt projects
to a specific domain of E, in a way that preserves the ros-
trocaudal order of the rotundal subdivisions.

Topography in the rotundo-entopallial
projection

In the previous experiments we observed that BDA
injections into the dorsal and ventral portions of central
Rt resulted in a differential dorsoventral pattern of label-
ing in the E. This prompted us to ask about the possible
presence of a topographic arrangement within the projec-
tion from a given rotundal subdivision to its recipient
entopallial zone. To answer this question we performed a

Topography of rotundo-entopallial projection

series of minute injections of liposoluble retrograde trac-
ers (Dil and True Blue), injected in crystalline form to
avoid the diffusion of the tracers. The size of the injected
crystals did not exceed 50 um in diameter. In a first set of
experiments we performed two separate injections, one
of True Blue and the other of Dil, into the rostral aspect of
E. Figure 4 shows the injection site and the location of
the retrogradely labeled cells in a representative case. In
this case the True Blue crystal was located closer to the
lateral part of the nucleus, while the Dil crystal was posi-
tioned closer to its medial border. As a result of these
injections, retrogradely labeled neuronal cell bodies were
located exclusively in the dorsal anterior rotundal subdivi-
sion (Da). Furthermore, it was possible to distinguish two
well-defined cell clusters in accordance with the trans-
ported tracer: those cells labeled with True Blue were
located in the lateral region of Da, while those cells la-
beled with Dil were distributed closer to the medial region
of Da. These clusters overlapped in the central region of
Da, where some double-labeled cells were observed. In a
second set of experiments we carried out double injec-
tions in the central region of E. Figure 5 shows a repre-
sentative case, in which the True Blue crystal was located
closer to the midline, while the Dil crystal was positioned
100 pm more lateral and ~100 um more ventral than the
True Blue crystal. As expected, the clusters of retro-
gradely labeled cells were mostly located in the centralis
subdivision of Rt, although some bodies were also
observed in the posterior Rt and triangularis subdivision.
As in the previous case, the two cell clusters were segre-
gated in accordance with the type of crystals: the True
Blue labeled cells were located lateroventrally within the
Ce subdivision, while the somata labeled with Dil were
located dorsomedially within the Ce. Some double-la-
beled cells were also observed distributed in the area of
superimposed clusters. In the next set of experiments we
performed double injections in the posterior partition of
E. Figure 6 shows the results of a representative case, in
which the True Blue crystal was located closer to the mid-
line, while the Dil crystal was located 150 um laterally
and 100 um ventrally. As expected, the resulting retro-
gradely labeled cells were exclusively located in the pos-
terior subdivision of Rt. In accordance with the previous
experiments, the labeled cells formed two well-defined
cell clusters: the Dil-labeled cells were located in the ven-
trolateral region of Post, while the True Blue labeled
somata were located in the dorsomedial part of Post.

Control experiments

The previous results suggest the existence of a fine
topographic relation between the rotundal subdivisions
and their corresponding entopallial partitions. To control
for possible technical artifacts, we devised two different
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Figure 3. Zonal topography in the rotundo-entopallial projection. Sagittal sections showing BDA injection sites (left) and the resulting an-
terograde label in the E (right). A,B: An injection encompassing mainly the dorsal moiety of the central subdivision of Rt (Rt-Ce), with
some diffusion of tracer into the posterior subdivision (Rt-Post), produces a termination zone confined to the dorsocaudal part of the E,
while the rostral zone is completely free of label. C,D: An injection into the ventral moiety of Rt-Ce produces a termination zone confined
to the ventral zone of the E. E,F: An injection encompassing the principal optic thalamic nuclei (OPT) and the dorsal anterior subdivision of
the rotundus (Rt-Da) produces a termination zone only at the rostral part of the E. G,H: An injection into the Rt-Post, with some diffusion
of tracer into the Rt-Ce produces a termination localized in the posterior and ventromedial region of the E. Scale bars = 1 mm.
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Figure 4. Distribution of labeled cells in dorsal anterior Rt, after a double injection of Dil and True Blue crystals in the rostral entopallium.
Left column: Drawings of a series of transverse sections containing the rotundus, at different rostrocaudal coordinates. The cell bodies la-
beled with Dil and True Blue are represented as black triangles and gray squares, respectively; open circles indicate double-labeled cells.
Upper right: Fluorescent microphotograph corresponding to the most anterior schematic is displayed on the right. In order to show the
image in gray scale a contrast modification was carried out, such that the black and white colors correspond to the Dil and True Blue label-
ing, respectively. Lower right: Transverse section showing the position of the crystals in the rostral portion of the entopallium; the black and
gray arrowheads indicate the Dil and True Blue crystals, respectively. Note that two clusters of labeled cells, displaced in the mediolateral
axis, are found only in the dorsal anterior subdivision of the Rt. The approximate rostrocaudal stereotaxic coordinates in accordance with
the pigeon stereotaxic atlas (Karten and Hodos, 1977) are indicated in the left side of each drawing and photograph. Scale bars = 1 mm.
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Figure 5. Double injection into the caudal zone of the E and the resulting retrogradely labeled cells in the Rt. Note that the cells are
mainly located in the posterior Rt subdivision, with the only exception of three cells located in triangularis. Note also the topographic rela-
tion between the position of the labeled cellular clusters in the Rt and the location of the crystals in the E. Scale bars = 1 mm.
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Figure 6. Double injection in the central zone of the E and the resulting retrogradely labeled cells in the Rt. Note that the labeled cells
are mainly located in the Rt centralis. Note also that there is a topographic relationship between the position of the crystals in the E and
the retrogradely labeled cell clusters. Scale bars = 1 mm.

experiments. A first control consisted of localizing crys- experiments described above, this should result in closer
tals of Dil and True Blue as close as possible (50 pum) in and intermingled clusters of retrogradely labeled cells in
the central region of E (Fig. 7). According to our previous Rt. As expected, the retrogradely labeled cells were
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Figure 7. Closely located injections in the central region of the E and the resulting retrograde labeled cells in the Rt centralis and triangu-
laris. The crystals are very close to each other and the diffusion halos are superimposed. Correspondingly, the labeled cell clusters in the
Rt have a large superimposed area with a high proportion of double-labeled cells. Nevertheless, the cluster maintains their topographic
relation with the position of the crystals in the E. Scale bars = 1 mm.

located mainly in the Ce subdivision of Rt, although some clusters of cells superimposed was much larger than in
labeled cell bodies where also seen in the triangularis the previous cases and contained many double-labeled
subdivision. The area where the two differentially labeled cells. However, even in this extreme case the location
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and orientation of these clusters reflects the position of
the crystals in the E, as the cells labeled with Dil tended
to be located more dorsally than those labeled with True
Blue (Fig. 7). A second control consisted in localizing the
crystals as far apart as possible in the central region of E.
This should result in two clearly distinct clusters of retro-
gradely labeled cells in Rt, with minimum overlap between
them. In this instance the Dil crystal was located closer
to the midline, while the True blue crystal was located
500 pum more lateral and 50 um more ventral than the Dil
one (Fig. 8). As expected, the retrogradely labeled cells
were largely restricted to the central Rt and distributed in
two clearly defined, differentially labeled clusters, with no
overlapping boundaries. The position of these clusters cor-
related well with the position of the crystals in E, as the
cells labeled with Dil were mainly located in the dorsal
region of Ce, while the cells labeled with True Blue were
located in the lateroventral region of Ce.

Topology of the rotundo-entopallial
projections

To reveal more precisely the topological organization of
the rotundo-entopallial projections, we attempted to cor-
relate the position of the injection sites in E with the posi-
tion of the resulting clusters of labeled cells in Rt. To that
end, we first attempted to localize each of the injection
sites in E, as well as each of the resulting clusters of la-
beled cells in Rt, in a 3-axis coordinate system. For the
injection sites in the E, mediolateral and dorsoventral
coordinates were estimated relative to the profile of the
nucleus, according to the following procedure: first we
measured the distance of the crystal’s geometrical center
to the medial, or dorsal, limit of the nucleus (e.g., the “b”
distance in Fig. 9) and then we measured the total latero-
medial, or dorsoventral, size of the nucleus (e.g., the “a”
distance in the Fig. 9). The quotient between “b” and “a,”
that is, the normalized distance (d) of that crystal with
respect to the medial or dorsal boundary of the E in that
specific section, was used as the mediolateral or dorso-
ventral coordinate of each injection site. A similar proce-
dure was applied to estimate the coordinates of the retro-
gradely labeled cell clusters in Rt. In this instance, the
geometric center of each cluster was estimated as the
center of the zone of maximum density of labeled cells. In
both nuclei the anteroposterior coordinates of the rele-
vant points were estimated from the stereotaxic atlas
(Karten and Hodos, 1967), using the location of represen-
tative brain structures in each section as landmarks.

We used these values to generate nine plots correlat-
ing all possible axis combinations (Fig. 9). The correlation
coefficients were statistically significant (Pearson Prod-
uct-Moment Correlation Coefficient Table, P > 0.05) only

Topography of rotundo-entopallial projection

for the correlations between the lateromedial axis in the
Rt vs. the lateromedial axis in E (n = 18, r = 0.45), and
the rostrocaudal axis in Rt with the rostrocaudal axis in E
(n=11,r=0.55). The correlation between the dorsoven-
tral axis in Rt vs. dorsoventral axis in E approached signifi-
cance (n = 17, r = 0.412), but all other regressions (all
other combinations of axes) yielded insignificant correla-
tion coefficients (not shown).

Arborization of the rotundal terminals
in the E

To determine the shape and area of arborization of the
rotundal terminals in E, we attempted to anterogradely
label single rotundal fibers by means of small pressure
injections of BDA in the Rt. Due to the limitations of this
technique, only in a few instances were we able to
observe reasonably well-isolated rotundal axons. In the
best of our cases, the BDA injection was located in the
dorsalmost part of Da (not shown). In accordance with
our previous results, we found a single labeled axon in
the dorsal part of the anterior zone of the E (Fig. 10). We
proceeded to a camera lucida reconstruction of all sec-
tions in which parts of the axon were distinguishable, in
all focal planes. The reconstruction shows that after enter-
ing the E, the principal branch of the axon follows a straight
ventral-to-dorsal course for about 100 um, without leaving
synaptic buttons or varicosities, until it reached the point
of bifurcation where two thinner branches appeared and
began to generate fine arborizations, leaving profuse vari-
cosities as they climbed dorsally (Fig. 10, superior row). In
accordance with our double injection results the arboriza-
tion span of this axon was no more than 150 um. Similar
morphological characteristic were observed in all other
cases in which we obtained reasonably well-labeled single
axons (Fig. 10, inferior row).

DISCUSSION

Zonal topography in the rotundo-entopallial
projection

Several previous studies have shown that each of the
different subdivision of Rt projects to a definite region of
E, in such a way that the rostrocaudal order of the rotun-
dal subdivisions is maintained in the corresponding ento-
pallial regions (Benowitz and Karten, 1976; Nixdorf and
Bishof, 1982; Laverghetta and Shimizu, 2003; Kriutzfeldt
and Wild, 2004). We sought to confirm the existence of
this zonal topography, and to investigate if there is a cor-
respondence between the entopallial projection zones of
each of the rotundal subdivisions and the rostrocaudal
partitions suggested in our previous experiments. For this
purpose we carried out small BDA injections localized in
each rotundal subdivision, and then processed the tissue
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Figure 8. Well-separated injections in the central region of the E and the resulting retrogradely labeled cells in the Rt centralis and trian-
gularis. The crystals are separated by ~500 um from each other. Note that there are no double-labeled cells and the labeled cells clusters
are separated by at least 100 um. The distribution of the labeled cell clusters corresponds to the topographic location of the crystals in E.
Scale bars = 1 mm.

in the sagittal plane. The results of these experiments region of E, and that these regions succeed each other
readily confirm the zonal topography, as they show that rostrocaudally in the same order as their corresponding
each of the rotundal subdivisions projects to a different Rt subdivisions.
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Figure 9. Correlation between the crystal position in the entopallium and the position of the labeled cell clusters in the Rt. A-C: Each
plot correlates to the normalized position values of the crystals in the E and the normalized position values of the corresponding labeled
cell cluster in the Rt. D: The photograph illustrates the procedure for position normalization. In this case, the distance from the center of
the crystal to the medial border of the E (b) and the width of the E (a) were measured. The quotient between these two values corre-
sponds to normalized distance of the crystal to the medial border of E (d). The same procedure was applied to the dorsomedial axis. For
the rostrocaudal axis however, measurements of the approximate anteroposterior stereotaxis coordinates (Karten and Hodos, 1977) were
used as points for the plots. Only the lineal regressions between the axes with significant correlation coefficients are shown. These graphs
indicate that there is a topographic projection from Rt to the E that keeps the same three orthogonal axes.

In addition, if the pattern of entopallial anterograde
label resulting from each of our single injections experi-
ments is superimposed, it becomes evident that the
rotundal terminals cover the complete entopallium, con-
firming the results of our multiple BDA injection experi-
ment. Further, if the resulting entopallial labeling areas
after the injections in the centralis subdivision are super-
imposed, and the area labeled after the injection in the
posterior subdivision is subtracted, it highlights a central
area whose shape matches well the shape of the central
entopallial area suggested by the results of the BDA triple
injection. This central area spans most of the ventral por-
tion of E, and is characterized by a comparatively low den-
sity of rotundal terminals (Figs. 2B, 3D).

Our interpretation of these results is the following: The
subdivision-specific rotundal afferents defines three dif-

ferent rostrocaudal partitions in the E: Anterior, Central,
and Posterior. The anterior, drop-shaped zone is defined
by high-density afferents from the dorsal-anterior subdivi-
sion of the Rt. The caudal zone is characterized by high-
density afferents coming from the posterior rotundal sub-
division; this entopallial zone is triangular in shape, and
its longer side corresponds with the dorsocaudal bound-
ary of E. Finally, the central zone is defined by the compa-
ratively less dense afferents from the central rotundal
subdivision (Fig. 11).

Point-to-point topography in the
rotundo-entopallial projection

As stated above, previous studies in the rotundo-ento-
pallial projection have shown a zonal, rostrocaudal segre-
gation of the rotundal afferents onto E that was confirmed
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Figure 10. Reconstruction of two rotundal axon terminals in the E, after localized BDA injections in the nucleus rotundus. A,D: Low-power
photographs of sagittal (A) and coronal (D) sections through the telencephalon showing the anterogradely labeled fibers in the entopallium.
B,E: Higher-magnification photographs of the corresponding boxed areas on the left, each showing the morphology of one terminal fiber in
the E. C,F: Camera lucida reconstruction of the terminal fibers, based in two contiguous sections of 60 um. Note that the width of the
branching area in both terminals is no larger than 150 pm. Scale bars, left = 1 mm; right: = 50 um.

in the present study. In addition, we noticed that the BDA
injections into the dorsal and ventral portions of the Rt-
Ce result in segregated dorsal and ventral labeled areas
within the central entopallial zone, suggesting a finer to-
pography in the projection from Ce to its entopallial zone.
We decided to investigate this possibility by injecting dif-
ferent retrograde tracers in their crystalline form, using a
solid tracer microinjector (Marin et al., 2000). This tech-
nique allowed us to produce injection sites without super-
imposed diffusion halos, even when the crystals were
less than 100 um apart from each other. We found that si-
multaneous injections of two different tracers into one of
the three rostrocaudal entopallial zones resulted in retro-
gradely labeled cells confined to one of the three rotundal
subdivisions, further supporting the zonal topography pre-
viously described. Furthermore, we found that the retro-
gradely labeled cells were always grouped together form-
ing two clusters, and that these clusters were located
within the corresponding rotundal subdivision in such a
way that their relative positions correlated well with the
relative positions of the crystals in the entopallium.

Thus, these results strongly suggest a “point-to-point,”
topographical organization in the projection of each

rotundal subdivision to its recipient entopallial zone. The
results of the control experiments, as well as the quanti-
tative spatial analysis of our data, further confirm these
results, and indicate that the rotundo-entopallial map fol-
lows a direct topological arrangement. Interestingly, since
the rotundal fibers enter the E from its ventral aspect, we
cannot discount the possibility that our more ventral crys-
talline injections may have labeled some rotundal fibers
terminating at more dorsal levels, thus leading to a more
imprecise dorsoventral distinction of the retrogradely la-
beled cluster of cells inside Rt.

Taken together, these observations show that the ana-
tomical organization of the rotundo-entopallial projection
is much more fine and precise than previously appreciated.
Furthermore, these results strongly suggest that, in the
tectofugal pathway, a highly convergent stage (the tectoro-
tundal projection) is followed by a highly topographic sub-
sequent stage (the rotundo-entopallial projection). It is
interesting to note that this pattern seems to be the gen-
eral organization also for the descending streams of the
tectofugal pathway (Hellmann et al., 2004).

Previous studies have shown that tectorotundal projec-
tions are highly convergent, in such a way that every
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Figure 11. Schematic representations of three different rotundo-entopallial projections models. A: Zonal topography (Laverghetta and
Shimizu, 2003). The rostrocaudal order of the rotundal subdivisions is maintained by the rotundo-entopallial projections. No topography
inside each module is specified. B: The E is divided in internal and external divisions: E externus (Eex) and E internus (Ei) (Krutzfeldt and
Wild, 2005). The Eex is characterized by a comparative higher density of rotundal terminals than the Ei. It is not specified whether Eex
and Ei are present throughout all rostrocaudal levels nor the rotundal origin of the afferences to Eex and Ei. C: Topographic arrangement
proposed in the present study. The E has three main rotundal termination zones, each receiving the projections from the corresponding
rotundal subdivisions. Each of the rotundo-entopallial subdivisions is topographically organized. As the rotundal terminations in the medial
(M) entopallial zone are less dense than the anterior (A) and posterior (P) zones, the internal entopallial subdivision of Kriitzfeldt and Wild
(2005) may correspond to our M zone. D: Hypothetical transversal sectioning at a rostral level indicated by the vertical lines in C showing
how the differential terminal density observed in a transverse section by Kriitzfeldt and Wild (2005) could correspond to a composition of
the projection from Da and Ce rotundal subdivisions.

visual locus in the Rt receives afferents from a subpopula- entire contralateral hemifield; Morenkov and Pivovarov,
tion of tectal cells originating in all regions of the tectal 1975; Wang et al., 1993), and the receptive fields of
surface (Marin et al., 2003). Accordingly, receptive fields these cells superimpose each other almost totally. This
of rotundal neurons are spatially gigantic (half or the high degree of convergence seems to imply that the
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relative spatial position of the rotundal cells is of no func-
tional importance. However, according to our results, the
spatial position of the rotundal neurons seems to be im-
portant, as the rotundus-entopallial projection follows a
topographic pattern, through which the relative spatial
position of each rotundal locus is replicated at the ento-
pallial level. Furthermore, these results imply that the
same array of tectal cells that drives the visual activity of
a particular rotundal locus also drives the activity of the
corresponding entopallial locus. The consequences of
this anatomical arrangement on the spatial properties of
the entopallial receptive fields become then very interest-
ing, and deserve to be investigated further.

Projection pattern of nucleus triangularis

Nucleus triangularis has been distinguished as a valid
rotundal subdivision in several previous studies (Benowitz
and Karten, 1976; Mpodozis et al., 1996; Marin et al.,
2003). However, in the present study we failed to identify
an entopallial partition in receipt of projections from the
Tr. Nucleus triangularis is a small target, and we were
unable to perform tracer injections discrete enough as to
compromise mainly this structure. Our crystalline tracer
injections in the E, even when discrete, also failed to
reveal a distinct entopallial region in receipt of Tr affer-
ences. In fact, we found a discrete number of retrogradely
labeled cells in Tr after all and each one of our crystalline
injections, regardless of the location of the injection in
the E (Figs. 4-8). These retrograde labeled cells were
more numerous when the crystals were placed in the cen-
tral entopallial partition than in the caudal or anterior por-
tions (compare Figs. 4-8). These results suggest that nu-
cleus triangularis project mainly to the central, but to all
partitions of the entopallium, with no evident topographi-
cal order. A further detailed study of this issue will be nec-
essary to clarify these observations.

Arborization of the rotundal fibers on the
entopallium

The results of our double-injection and control experi-
ments suggest that the rotundal terminal arborizations
should span no further than 300 pum, since a 100-um sep-
aration between the crystals results in a small proportion
of double-labeled cells, while 500 pm of separation pro-
duce no double-labeled cells. Previous studies on the
morphology of the rotundal axons in E have shown that
they emit numerous varicosities and side branches. How-
ever, as these studies have been based on extracellular
injections or the Golgi method (To6mbdl et al., 1993; Egedi
and Tombol, 1993, 1994), they lack the precise descrip-
tions of the morphology and arborization pattern of indi-
vidual axons.

We also attempted to label the arborization of individ-
ual rotundal fibers by making small extracellular BDA
injections into the Rt. Due to the limitations of this tech-
nique, we obtained only a few fibers distinguishable as
individual axons. We observed that these axons enter the
E by its ventral base, and follow mainly a dorsoventrally
oriented course. The ventral segment of these axons was
devoid of ramifications and varicosities. Once the axons
progressed dorsally, they began to arborize profusely in
thinner branches, which finally arborized again in proc-
esses that exhibited a high density of varicosities. These
varicosities are most probably synaptic buttons, as previ-
ously demonstrated by electron microscopy (Tombodl
et al.,, 1993; Egedi and Tombdl, 1994). This implies that
even when the axons follow a course of several hundreds
microns inside the E, their synaptic domains are re-
stricted to their terminal branches. In our cases, the size
of these branching regions (major axis) does not exceed
150 um, which is in close agreement with the results of
our double-injection experiments. However, due to the
limited nature of our sample, these results require a more
thorough validation. Intracellular filling of cells in the dif-
ferent rotundal subdivisions may be required to yield a
complete and reliable map of the rotundal fiber morphol-
ogy in the E.

Anatomic divisions in the entopallium:
rostrocaudal versus dorsoventral partitions

In an attempt to reveal possible anatomical subdivi-
sions in the E, Kriitzfeldt and Wild (2005) performed large
injections of BDA in the Rt. Their results support the exis-
tence of a rostrocaudal zonation of the rotundal afferents
to the E, as previously demonstrated by Laverghetta and
Shimizu (2003). In addition, they also propose a dorso-
ventral partition of the E in two layers: internal (ventral)
and an external (dorsal), distinguishable by a differential
pattern of labeling of the rotundal afferents (higher den-
sity in the E external), and by the presence in the E inter-
nal of a relatively dense population of parvalbumin posi-
tive neurons (but note this last pattern is inverted in the
zebrafinch entopallium; Kriitzfeldt and Wild, 2004). Fur-
thermore, the E internal appears to be reciprocally con-
nected with the mesopallial MVL, and also seems to be
the sole source of entopallial projections to the lateral
striatum.

Our results, however, show that the rostral and caudal
entopallial zones receive at their full dorsoventral extent
a homogeneous density of projections from the rotundus,
suggesting that the internal-external partition is not pres-
ent at these entopallial levels. Similarly, we found that
the central entopallial zone also presents a
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homogeneous, but less dense, distribution of rotundal
afferent fibers (Fig. 2B).

These discrepancies could be partially due to the dif-
ferent plane of brain sectioning used in these studies.
Kritzfeldt and Wild (2004, 2005) processed their material
in the transverse plane, while in the present study we
used transverse as well as sagittal sectioning. This is a
significant difference, because it is the sagittal, but not
the transverse sectioning that allows the visualization of
the full rostrocaudal profile of E, thereby making possible
a direct observation of the shape and extent of the rostro-
caudal regions defined by the rotundal afferents. Taking
this into account, and considering that Kriitzfeldt and
Wild (2005) did not indicate whether their internal-exter-
nal partition was present at all rostrocaudal levels of the
E, we think that a way to reconcile these discrepancies is
to propose that our central E region corresponds to the E
internal proposed by Kriitzfeldt and Wild (2005). Both the
central (present study) and internal (Kriitzfeldt and Wild,
2005) divisions share the shape, the extension, and a rel-
atively minor density of rotundal terminals (Figs. 2B, 3D).
Similarly, we propose that the external subdivision of
Kritzfeldt and Wild (2005) corresponds to the dorsal
caps of our anterior and posterior regions (Fig. 11). In
other words, we propose that the entopallium externum
of Kritzfeldt and Wild (2005) is in receipt of rotundal
afferences that mainly derive from the dorsal-anterior and
posterior subdivisions, while the E internum receives
rotundal afferences mainly from the centralis subdivision.
Validation of this proposition will require further detailed
studies, starting with a more precise description of the
morphology of rotundal terminals in each of the entopal-
lial regions.

Parallel pathways in the tectofugal system
As stated in the introduction, several anatomical and
physiological studies have shown that each of the rotun-
dal divisions receives afferents from different populations
of tectal ganglion cells, and that cells in these subdivi-
sions are selectively activated by different visual attrib-
utes (Wang et al., 1993). These segregations seem to be of
functional significance, since selective lesion studies indi-
cate that the rostral and caudal rotundal subdivisions are
differentially involved in visual discriminations (Laverghetta
and Shimizu, 1999). Such differential involvement per-
sists at the entopallial level, as behavioral studies indi-
cate that rostral and caudal zones of the entopallium
have a differential role in visual discriminations (Nguyen
et al.,, 2004). Taken together, these results indicate that
the tectofugal system of birds is composed of at least
three independent channels (although probably more
channels are present; see Hellmann and Gunturkun,
2001), through which different aspects of visual opera-
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tions are segregated. In this view, the rostral, medial, and
caudal divisions of the entopallium we illustrate here can
be regarded as the pallial stages of this segregated orga-
nization. Furthermore, the topographic arrangement we
have found in the rotundo-entopallial projections seems
to indicate that the functional segregation of the tectofu-
gal system that originates at the rotundal stage is pre-
served at the pallial stage. However, physiological studies
have shown that the receptive fields of entopallial cells
do not simply replicate the visual properties of rotundal
neurons. In particular, entopallial neurons responded
selectively to moving bars, preferring those moving paral-
lel to their longest axis and have receptive fields with
oddly defined borders (Engelage and Bishop, 1996). Thus,
the entopallium cannot be considered simply as a telen-
cephalic relay of the tectofugal system. The nature of the
visual operations that take place at the entopallium then
becomes very interesting and deserves to be thoroughly
investigated from the perspective of the functional segre-
gations that take place in the tectofugal system.

On the other hand, the ascending tectofugal parallel
streams seem to depart subsequent to the entopallial
level. Kriitzfeldt and Wild (2005) have shown that the in-
ternal E division, or, according to us, the medial entopal-
lial subdivision, is the sole source of projections to the
pallial MVL. The projection areas of the posterior and
rostral divisions of the E are at present not clear, but it
is likely that they may generate similar patterns of termi-
nation in other pallial areas, each performing as func-
tional mirror images of the corresponding entopallial
subdivision. Interestingly, this pattern of multiple visual
pallial areas that start to emerge from this and previous
studies resembles the organization of the mammalian
visual extrastriate cortex, where a complete map of the
visual space can be detected physiologically in many re-
stricted areas, each of which is selectively sensitive to a
different visual attribute, such as movement, color, lumi-
nance, etc. (Nassi and Callaway, 2009). Thus, future
studies are required to better understand the organiza-
tion of the entopallium efferents, focusing on the identi-
fication of the different visual streams that seem to
depart from the E. The convergence of these visual
streams in higher association or premotor areas is of
particular interest, and could give important clues about
the generation of the complex visually guided behaviors
exhibited by birds.
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